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Abstract Fusarium wilt caused by Fusarium oxysporum f.

sp. lycopersici (Fol) is a major fungal disease of tomato

(Solanum lycopersicum L.). Xylem sap protein 10 (XSP10)

and Salicylic acid methyl transferase (SlSAMT) have been

identified as putative negative regulatory genes associated

with Fusarium wilt of tomato. Despite their importance as

potential genes for developing Fusarium wilt disease tol-

erance, very little knowledge is available about their

expression, cell biology, and functional genomics. Semi-

quantitative and quantitative real-time PCR expression

analysis of XSP10 and SlSAMT, in this study, revealed

higher expression in root and flower tissue respectively in

different tomato cultivars viz. Micro-Tom (MT), Arka

Vikas (AV), and Arka Abhed (AA). Therefore, the highly

up-regulated expression of XSP10 and SlSAMT in biotic

stress susceptible tomato cultivar (AV) than a multiple

disease resistant cultivar (AA) suggested the disease sus-

ceptibility nature of these genes for Fusarium wilt. Sub-

cellular localization analysis through the expression of

gateway cloning constructs in tomato protoplasts and

seedlings showed the predominant localization of XSP10 in

the nucleus and SlSAMT at the cytoplasm. A strong in vivo

protein–protein interaction of XSP10 with SlSAMT at

cytoplasm from bi-molecular fluorescent complementation

study suggested that these two proteins function together in

regulating responses to Fusarium wilt tolerance in tomato.

Keywords Cytoplasm � Nucleus � Fusarium wilt � In vivo �
XSP10 � SlSAMT

Abbreviations

XSP Xylem sap protein

SAMT Salicylic acid methyl transferase

MeSA Methyl salicylate

RT-PCR Reverse transcriptase polymerase chain

reaction

qRT-PCR Quantitative real time polymerase chain

reaction

PPI Protein–protein interactions

Split-YFP Split-yellow fluorescence protein

Bi-FC Bimolecular fluorescence complementation

TRAX Translin-associated factor X

CCoAOMT Caffeoyl-CoA O-methyltransferase

Introduction

Tomato (Solanum lycopersicum. L) is grown worldwide as

a major crop and consumed because of its high nutrition

value and fibre content (Ranjan et al. 2012). Owing to
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vulnerability to abiotic and biotic stresses plants have

developed various mechanisms to manage these stresses

(Dresselhaus and Hückelhoven 2018). Fusarium wilt

caused by fungal pathogen Fusarium oxysporum f. sp.

lycopersici (Fol) has brought drastic negative impact by

jeopardizing crop yield of tomato (Goswami and Kistler

2004). Fol enters the plant through the mechanistic route

during injury, colonizes the apoplastic spaces of the root

cortex, covers the stele and the xylem vascular tissues. This

leads to clogging of vessels, yellowing of leaves, wilting,

and finally cell death (Joshi, 2018). Upon infection, Fol

secretes effector molecules to suppress host genes and

defense-related proteins (Gawehns et al. 2015).

Xylem sap proteins (XSPs) belong to a unique non-

specific lipid-binding protein (nsLTPs) family (Rep et al.

2003a). nsLTPs family contains a conserved motif with

8-cysteine residues which form intramolecular disulphide

bonds (Rep et al. 2003a). The nsLTPs family protein,

XSP10 represents a compatible protein required for Fol to

develop complete Fusarium wilt disease (Krasikov et al.

2011). Further, the XSP10 is involved in trafficking

essential lipids from intracellular membrane to pathogen

resulting in disease susceptibility in tomato (Blein et al.

2002). Xylem sap protein is functionally characterized in

Brassica oleracea (Ligat et al. 2011), Brassica napus (Luo

and Zhang 2019), Cucumis sativus (Buhtz et al. 2004),

Solanum lycopersicum (HOUTERMAN et al. 2007),

Cucurbita maxima (Satoh 2006), Glycine max (Subrama-

nian et al. 2009), Zea mays (Alvarez et al. 2008), Pyrus

communis (Biles and Abeles 1991) and Gossypium hirsu-

tum (Yang et al. 2019). Apart from XSP10 protein, one-

dimensional electrophoresis data have shown a high

accumulation of pathogenesis related proteins (PRPs),

chitinase, peroxidase, and b-1,3, glucanases in Fol infected

xylem tissues (Rep et al. 2003b).

Salicylate (SA) is a key precursor to methyl salicylate

(MeSA) which is an important plant volatile substance that

functionally activates plant-herbivory defense response

(Tieman et al. 2010). MeSA is involved in local priming

and systemic acquired resistance (SAR) (Liu et al. 2011).

S-Adenosyl-L-methionine: salicylic acid carboxyl methyl

transferase (SAMT) was isolated from petals of the annual

California plant Clarkia breweri (Ross et al. 1999),

Stephanotis floribunda (Pott et al. 2003), Antirrhinum

majus (Snapdragon) (Negre et al. 2002), Arabidopsis

thaliana, Hoya carnosa, and Petunia hybrid (Effmert et al.

2005). The structure of SAMT indicates that the presence

of Trp residue in position 226 forms part of the salicylic

acid-binding site in Clarkia brewerii (Zubieta et al. 2003).

SAMT encodes a protein that releases MeSA as by-product

(Ament et al. 2010). However, the involvement of SA and

JA induces Fol disease susceptibility (Di et al. 2017).

Recent experimental data shows SlSAMT-knockdown

reduced susceptibility to virulent root invading fungus Fol

(Ament et al. 2010). Constitutive expression of MeSA in

Arabidopsis thaliana leads to disease susceptibility to the

bacterial pathogen Pseudomonas syringae and fungal

pathogen Golovinomyces orontii (Koo et al. 2007). In

the transgenic Arabidopsis plant, over-expression of

AtBSMT1 accumulated higher MeSA but did not develop

SAR in pathogen infected leaves (Liu et al. 2010). It has

been shown that over-expression of SlSAMT1 provides

long term protection against Xanthomonas campestris

(Xcv) infection (Tieman et al. 2010). It has also been

demonstrated that MeSA and SA inhibit citrus canker

caused by Xanthomonas citri (Lima Silva, 2019).

Despite their known significant role as putative disease

susceptible genes of Fol, little is known about the

expression levels, their cell biology, and protein partners of

XSP10 and SlSAMT in cultivated tomato. Here, we per-

formed a systematic expression study of XSP10 and

SlSAMT genes in different tissues of tomato cultivars such

as viz. Micro-Tom (MT), Arka Vikas (AV), and Arka

Abhed (AA) for their tissue-specific expression, and to

identify the most susceptible tomato cultivar associated

with Fusarium wilt. Further, we performed transient in vivo

cell biological analysis to understand the sub-cellular

localization and identify strong protein–protein interacting

partners of XSP10 and SlSAMT in tomato protoplast and

seedlings. The current study provides knowledge on cell

and molecular biology of two key Fusarium wilt responsive

genes XSP10 and SlSAMT in tomato that can be explored to

unravel their functional significance in developing Fusar-

ium wilt tolerance.

Materials and methods

Plant materials and growth condition

Seeds of different tomato cultivars MT, AV, and AA were

procured from ICAR-IIHR, Bangalore, India. The seeds

were surface sterilized with 70% ethanol for 5 min, fol-

lowed by washing with 4% sodium hypochlorite (W/V) for

10 min and thrice with distilled water. The sterile seeds

were germinated in dark for 3 days in � MS (Murashige

and Skoog) media supplemented with 3% sucrose and

0.3% Gelrite (Sigma Aldrich) followed by growing in the

plant growth chamber at 25–28 �C,70% relative humidity,

16/8 h photoperiod with a light intensity of 150 lE
m-2 s-2. Early grown 10–12 days old seedlings were then

transferred to soil-rite in the ratio of 4:1:1 (cocopeat:per-

lite:vermiculite) for flowering and fruit development.
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In silico analysis of XSP10 and SlSAMT

The information of nucleotide sequences of XSP10 and

SlSAMT was accessed from NCBI and Sol-Genomics

Network (https://solgenomics.net/). NCBI-BLAST search

for identifying the homologs of XSP10 and SlSAMT pro-

teins in the Solanaceae family was performed. The best hits

aligned amino acid sequences thus obtained were imported

into DNAMAN software (https://www.lynnon.com/) and a

molecular phylogenetic tree was constructed by the

neighbor-joining statistical method with 1000 bootstrap

replicates. SMART online tools (http://smart.embl-heidel

berg.de/) were used to predict the gene structure, domain

architecture and graphically represented by IBS.1 software

(Liu et al. 2015).

In silico predictions of localization and interactions

The protein sequences of XSP10 and SlSAMT were

retrieved from BLASTP and imported into online software

predictor CELLO.2.GO (Yu et al. 2014). The localizations

were predicted according to the best hit score having user-

specified threshold E-value 0.001 (default) (Yu et al. 2014).

In silico protein interaction prediction of XSP10 and

SlSAMT with stress-associated proteins was carried out

using STRING.11.0 tool (Szklarczyk et al. 2015). The

amino acid sequences were uploaded in multiple sequence

FASTA format and protein–protein networks (PPNs) were

generated based on text mining, co-expression, and

experimental database (Szklarczyk et al. 2015). The

interaction correlation value was considered as strong

(0.5–1), moderate (0.3–0.5), and weak (0.1–0.3) (Zhang

and Zhang 2019). The nodes describe the protein encoded

by a single gene and edges for the association of specific

binding of proteins.

RNA isolation and cDNA synthesis

Tissues of the root, stem, leaf, flower, fruit, and seed of

three tomato cultivars namely MT, AV, and AA were

collected. Total RNA was extracted using E.N.Z.A � Plant

RNA kit, USA. 100 mg of each tissue was ground with

liquid nitrogen for tissue rupture. About 40lL of RNAse –

free water was added to get the final eluted product.

A Prime ScriptTM RT reagent Kit with gDNA Eraser

(Clontech, Takara) was used in synthesizing cDNA tran-

scripts from each of 1 lg aliquots of non-denaturing total

RNA.

Semi-quantitative PCR and qRT-PCR

The tomato cultivars used for the study were Micro-Tom

(MT), Arka Vikas (AV) and Arka Abhed (AA). MT has

been recognized as one of the model cultivars for tomato

research as it shares some important advantages with

Arabidopsis such as small size, short life cycle and suited

for indoor cultivation (Masahito Shikata and Hiroshi Ezura

2016). AV is developed by ICAR-IIHR Bangalore which is

tolerant to moisture stress but susceptible to wilt disease.

Plants of AV are semi-determinate with dark green foliage

suitable for cultivation in kharif/rabi seasons and matures

in about 140 days (Upreti and Thomas 2015). AA is

developed by ICAR-IIHR Bangalore which is resistant to

multiple diseases such as tomato leaf curl (Ty2 ? Ty3),

bacterial wilt, early blight and late blight (Ph2 ? Ph3).

Plants of AV are semi-determinate with dark green foliage

suitable for kharif/rabi cultivation and matures in about

150 days (Sunitha, 2020). Six different tissues namely root,

stem, leaf, flower fruit, and the seed of each cultivar were

tested for the expression of XSP10 and SlSAMT. The

elongation factor a 1(EFa1) was used as an internal control

in both RT-PCR and qRT-PCR. Semi-quantitative PCR of

XSP10 and SlSAMT genes was performed by using the

DNA polymerase EmraldAmp � GT master mix (Takara

Bio INC). For RT-PCR the thermocycling program was

used as follows: 94�C for 5 min, 55�C for 45 s, 72�C for

15 s followed by 35 cycles. Using SYBR green fluo-

rophores (Applied Biosystems), the q-PCR program was

set as follows 95�C for 7 min, 60�C 30 s, for 40 cycles.

The melting curve was observed at 60�C for 30 s (Applied

Biosystems, USA). All data analyses were performed fol-

lowing the method (Livak and Schmittgen 2001). For sta-

tistical analysis, the experiment was performed with three

independent biological replicates and each reaction was set

up with three technical replicates. The experiment was

repeated thrice. For setting control measurements with high

CT (cycle threshold) levels were arbitrarily set to one. The

parametric two sample t-test measurement was employed.

Primers used in the study are given in Table S1.

Generation of Gateway sub-cellular localization

constructs

The primers were designed for cloning open reading

frames (ORFs) of XSP10 and SlSAMT gene flanking

gateway adaptor sites attB1 in forward and attB2 sites in

reverse orientation. The PCR product was cloned into the

entry vector pDNR221 using BP Clonase II enzymes

(Gateway TM Technology, Invitrogen) (Gehl et al. 2009).

Entry clones of XSP10 genes with oriented (?) stop codon

and (–) no stop codon were confirmed by restriction

enzyme PVUII, and SlSAMT with BbSI and MluI followed

by Sanger sequencing using M13 universal primers. All the

positive clones were aligned using online MUSCLE soft-

ware. The positive BP clones were incorporated into binary

expression vectors pENSG-YFP (N-terminal) and pEXSG-
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YFP (C-terminal) using LR Clonase II enzymes (Gateway
TM Technology, Invitrogen). The final LR clones were

confirmed by digesting with enzymes AvaI for XSP10 and

EcoRV for the SlSAMT gene with ( ?) stop codon and (–)

no stop codon orientation. Virtual gateway cloning con-

structs were designed using the Vector NTI software tool

(Thermo Fisher, Life Technologies).

Generation of Gateway split-YFP constructs

The target genes were PCR amplified with Gateway

adapter primers without stop codon and purified by Mini

elute gel extraction kit (Qiagen, Germany) and cloned in

pDNR221 by BP Clonase II (Gateway TM Technology,

Invitrogen). The BP clones of both SlTRAX and

SlCCoAOMT constructs were confirmed by restriction

enzyme PVUII followed by Sanger sequencing using M13

primers. The BP clones were cloned into split-YFP

expression vectors pE-SPYNE and pE-SPYCE through

site-specific recombination using LR Clonase II (Gateway
TM Technology, Invitrogen). The gateway split-YFP con-

structs pE-SPYNE directs N-terminals fusion and pE-

SPYCE for C-terminals fusion (Gehl et al. 2009). The final

destination clones of SlTRAX and SlCCoAOMT were con-

firmed by digesting with restriction enzymes PVUII and

EcoRI.

Tomato protoplast isolation and transformation

The young leaves of 3-week old tomato seedlings were

collected with a sterile scalpel for harvesting healthy pro-

toplast following the protocol standardized for Arabidopsis

with little modification (Yoo et al. 2007). Briefly, fresh

enzymatic solution (1.5% cellulase, 0.4% macerozyme,

20 mM MES at pH 5.7, 0.4 M tris–Hcl, 10 mM CaCl2,

20 mM KCl, 0.1% BSA) was prepared and the tissues

digested for 4 h in dark with shaking at 40 rpm. The

digested protoplasts were filtered using 75 lm nylon mesh.

The filtered protoplasts were centrifuged at 100 g for 2 min

and the pellet was resuspended with pre-cooled W5 solu-

tion (154 mM NaCl, 125 mM Cacl2, 5 mM KCl, 2 mM

MES at pH-5.7, 0.1 M glucose. Then finally resuspended in

MMG solution (400 mM mannitol, 15 mM Mgcl2, 4 mM

MES at pH 5.7). For protoplast transformation, 2 lg of

DNA was gently transfected into 100lL healthy tomato

protoplasts with 40% PEG (PEG-4000) solution. Proto-

plasts transfected with empty plasmids were used as neg-

ative controls. The transformed protoplasts were cultured

in dark at room temperature overnight and observed under

confocal laser scanning microscopy (Leica Microsystems,

Germany). Each experiment was repeated three times.

Particle bombardment (Gene delivery) using

PDS1000 He system

Bombardment of constructs into tomato seedlings was

carried out with little modifications using the PDS1000 He

system as described (Ueki et al. 2013). Briefly, * 5 lg of

DNA of the target construct was coated with 30 mg of

1 lm gold particles. The bombardment was carried out on

the abaxial side of the cotyledons of tomato seedlings with

a helium pressure of 1100 psi. After bombardment,

cotyledons were incubated in dark for 24 h inside a petri

dish with wet filter paper and observed under confocal laser

scanning microscopy.

Confocal laser scanning microscopy

The transfected tomato protoplast cells and seedlings with

respective constructs were visualized in TCS SP5 confocal

laser-scanning microscope (Leica Microsystems, Wetzlar,

Germany). YFP was excited with the argon laser (488 nm).

The fluorescence of YFP was detected using the emission

filters, BP500-530 nm, and BP555-615 nm, respectively.

A red filter was used as a negative control to detect aut-

ofluorescence emitted by chlorophyll pigment (Guadagno

et al. 2017). Images were acquired sequentially line-by-line

with a resolution of 512 9 512 pixels and 400-Hz scanning

speed. Images were processed and exported in TIFF for-

mat. The threshold peak of the YFP region of interest

(ROI) was quantified by L-XAS in-built confocal software.

Fusarium wilt assay

The pathogenic fungal strain Fusarium oxysporum f.sp.

lycopersici Snyder and Hansen (1322) was procured from

ITCC, New Delhi. The fungus was grown in PDA for five

days at 27�C. Using the root dip method (Mes et al. 1999),

tomato seedlings of Arka Vikas (AV) and Arka Abhed

(AA) were inoculated with virulent Fol1322. For bioassay,

4-week-old tomato seedlings were placed in spore sus-

pension (0.5 9 107 spores/ml), and inoculated plantlets

were immediately re-potted in the soil. A disease pro-

gression assessment was performed after three weeks of

post-infection. Plant weight and disease index score were

examined for 20 plants/treatment. Disease severity was

estimated using a Disease Index (DI) by grading 0–4, using

the formula [0, no symptoms; (1) slightly swollen or bent

hypocotyl; (2) one or two brown vascular bundles in

hypocotyl; (3), at least two brown vascular bundles and

growth distortion (strong bending of the stem and asym-

metric development); (4) all vascular bundles are brown,

plant either dead or very small and wilted] (Rep et al. 2004;

van der Does et al. 2019). A statistical one-way analysis of

variance (ANOVA) and pairwise comparison with
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Student’s t-test for the weight measurements and the non-

parametrical Kruskal–Wallis test for the disease index was

performed using PRISM 9.0 GraphPad software

(Table S3). Each assay was repeated twice.

Rapid microscopy assay

For microscopy assay, 10–12 days old tomato seedlings

were treated as described by (van der Does et al. 2019).

The roots were gently washed with sterile water to remove

the media attached to the tips of the roots system. Clean

seedlings were placed in Petri dishes, with the roots spread

out on the bottom of the dish and the hypocotyl leaning to

the vertical wall, the cotyledons and leaves sticking outside

the petri dish. The dish was filled with 25 ml water, to

which Fol spores were added to a final concentration of

0.5 9 107 spores/ml. The roots were stained with trypan

blue and inspected microscopically 24 h after inoculation

(van der Does et al. 2019). The intensity of root colo-

nization by Fol was measured as described by (de Lamo

et al. 2018; Prihatna et al. 2018).

Results

In silico analysis of XSP10 and SlSAMT genes of S.

lycopersicum

Based on extensive literature mining and reported func-

tional roles as putative susceptible genes for Fol in tomato

(Solanum lycopersicum L.), XSP10 and SlSAMT genes

have been chosen for the study. The XSP10 gene (gene ID:

101,258,342) with a genomic region of 674 base pairs (bp)

encodes a protein with 112 amino acids and a molecular

mass of 10 kDa. It consists of two functional exons. Exon 1

with a size of 321 bp and exon 2 of 17 bp and an N-ter-

minal signal peptide of 21 bp (Fig. 1A). A structural

domain trypsin a amylase (21-106 bp) with 4-helices fol-

ded topology forming right-handed superhelix, ZnF UBR1

(23-99 bp), a zinc finger N recognition site, and BowB

(55–106 bp), a Bowman-Birk type proteinase inhibitor

(Fig. 1B). From the Sol-Genomics Network database,

amino acid sequences were extracted to study the phylo-

genetic relationship of XSP10 with those of different

Solanaceae family. Comparative analysis of multi-se-

quence alignment showed rich proline and cysteine resi-

dues within the conserved domain structure (Fig. 1C). The

molecular phylogenetic analysis of XSP10 showed 100%

identity to those of Nicotiana tabacum and Nicotiana

tomenlosiformis species, 99% identity to Solanum tubero-

sum and Solanum pennellii, 96% identity to Solanum chi-

lense and Nicotiana attenuata (Fig. 1D).

Salicylic acid methyl transferase (SlSAMT) of Solanum

lycopersicum (gene ID: 100,529,139) consists of a genomic

region of 2253 bp. It has a CDS of 1086 bp spanning

across 4 exons located on chromosome 9, encoding 361

amino acid residues with a molecular mass of 43.32 kDa

(Fig. 1E). The predicted functional domain methyl trans-

ferase ranges between 38 and 359 bp (Fig. 1F). The amino

acid alignments have shown to contain high glutamic acid

(E) residues within the diverse Solanaceae family

(Fig. 1G). Molecular phylogenetic analysis of SlSAMT

revealed 100% identity to those of Datura wrightii and

Atropa belladona and 90% identity to that of Nicandra

physalodes (Fig. 1H).

Tissue-specific expression analysis of XSP10

and SlSAMT in different tomato cultivars

To understand the primary mRNA transcript expression

levels of XSP10 and SlSAMT genes in different tomato

cultivars, semi-quantitative PCR (RT-PCR) and qRT-PCR

were performed. RT-PCR was performed initially to test

the expression pattern in different tissues. It was observed

from the RT-PCR results that XSP10 showed its expression

in all the tissues across three cultivars tested while strong

expression was observed in root and least in leaf (Fig. 2A–

C). The fruit tissue with the least expression was taken as a

control for measurement of relative expression (Fig. 2D).

The expression of XSP10 in different tissues of three

different tomato cultivars was further quantified and ana-

lyzed by qRT-PCR. MT showed a highly upregulated

expression of XSP10 in the root (13.8 fold) followed by

the stem (4.5 fold), flower (4.0 fold), leaf (0.2 fold), and

seed (0.2 fold). AV showed the highest expression of

XSP10 in roots (10.17 fold) followed by the stem (9.8 fold),

leaf (6.0 fold), flower (5.1 fold), and seed (2.6 fold)

(Fig. 2D). AA also showed the highest expression of

XSP10 in the root (8.7 fold), followed by the stem (6.6

fold), flower (3.1 fold), leaf (2.6 fold), and seed (0.7 fold)

(Fig. 2D). The results indicate higher expression of the

XSP10 gene in roots in general in all three cultivars tested.

Interestingly, XSP10 showed higher expression in AV

compared to AA in most of the tissues tested (Fig. 2D).

Similarly, the expression level of SlSAMT in different

tissues of three tomato cultivars was measured. It was

observed that the SlSAMT gene showed expression in all

the tissues across three cultivars tested while strong

expression was observed in flowers and least in fruit and

seed (Fig. 2A–C). Through qRT-PCR it was observed that

in MT, the highest expression level of SlSAMT was

observed in flower (8.9 fold) followed by leaf (5.3 fold),

root (2.6 fold), stem (1.9 fold), and fruit (1.9 fold) while

seed was chosen as a basal reference for qRT-PCR because

of its least expression (Fig. 2E). In AV, the highest
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Fig. 1 Schematic representation of gene structure, multiple sequence

alignment, and phylogenetic analysis of XSP10 and SlSAMT genes of

tomato. A Gene structure of XSP10 which comprised of two exons

interspaced by an intron with a gene size of 3491 kb. B domain

structure of XSP10 consists of a signal peptide, trypsin a amylase, and

Bow B located within the trypsin amylase domain. C Deduced amino

acid sequence alignment of XSP10 with other plants of the

Solanaceae family by using DNAMAN software. Identical and

conserved amino acid residues are shaded in black (100% similarity)

and grey (75%) similarity. D Phylogenetic tree generated by

Neighbour-Joining method. Bootstrap values were shown as a percent

of 1000 replicates. E Gene structure of SlSAMT which comprised of

four exons and three introns with a gene size of 2253 bp. F Conserved

domain structures have a common methyl transferase domain.

G Deduced amino acid sequence of SlSAMT alignment with other

members of the Solanaceae family. H Phylogenetic analysis of

SlSAMT compared with the Solanaceae family
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expression of SlSAMT was observed in flower (9.3 fold)

followed by the stem (8.6 fold), leaf (5.6 fold), root (3.1

fold) fruit (0.7 fold) (Fig. 2E). AA showed mRNA

expression levels of SlSAMT highest in flower (7.6 fold),

followed by leaf (5.2 fold), stem (5.1 fold), fruit (1.6 fold),

and root (1.1 fold). Interestingly, SlSAMT showed highly

up-regulated expression in wilt susceptible cultivar (AV)

compared to multiple disease resistant cultivars (AA) in

most of the tissues tested (Fig. 2E).

Overall, the results showed that XSP10 strongly

expressed in root while SlSAMT in flower tissue in all three

tomato cultivars while both genes showed highly upregu-

lated expression in wilt susceptible tomato cultivar (AV)

than multiple disease resistant cultivar (AA). The qRT-

PCR data with detailed statistical analysis of XSP10 and

SlSAMT genes is given in Table S2.

Analysis of sub-cellular localization of XSP10

and SlSAMT

Despite the importance of XSP10 and SlSAMT as suscep-

tible genes to Fol, little is known about their cell biology.

The current study aimed to understand their sub-cellular

localization through the transient cell biological approach

in protoplasts and seedlings of tomato (S. lycopersicum).

XSP10 was predicted to be localized to the cell membrane,

with a maximum score of 4.27, and nucleus (0.198) and

SlSAMT predicted to be localized to the cytoplasm (2.44)

and nucleus (1.12) (Fig. S1 A–B). To study their sub-cel-

lular localization in vivo, XSP10 and SlSAMT have been

cloned into binary plant expression vectors with N and C

terminal YFP fusions using Gateway cloning technology.

The virtual gateway cloning information of subcellular

localization constructs is given in Fig. S2. The positive

clones were further confirmed by Sanger sequencing

(Fig. S3 A–D) and restriction digestion (Fig. S1).

YFP:XSP10 and XSP10:YFP showed predominant local-

ization at the nucleus as well as at the cell membrane in

tomato protoplasts (Fig. 3A, C). The empty expression

vectors pENSG-YFP and pEXSG-YFP used as negative

controls did not show any YFP signals (Fig. 3B, D). As an

independent confirmation, YFP:XSP10 and XSP10:YFP

constructs were transformed into tomato seedlings through

gene gun PDS 1000/He system and observed through

Fig. 2 Expression analysis of XSP10 and SlSAMT genes in different

tissues of three different tomato cultivars through semi-quantitative

PCR and qRT-PCR. A–C Semi-quantitative PCR based expression of

XSP10 and SlSAMT in different tissues (root, stem, leaf, flower, fruit

and seed) of tomato cultivars MT, AV, and AA. The expected

amplicon size was 118-bp for EF1a, 114-bp for XSP10, and 120-bp

for SlSAMT. EF1a was used as an internal control. Expression

quantification of XSP10 (D) and SlSAMT (E) genes in different tissues
of three tomato cultivars. EF1a was used as a house-keeping gene

control. All statistical data were calculated in mean ± standard

deviation. The error bar represents the standard deviation of the

sample. The level of significance was performed by parametric t-test
(*p\ 0.05), **p\ 0.01, ***p\ 0.001) using XLSTAT software.

The asterisk symbol indicates significant differences. The experiment

was set up with three biological replicates and three technical

replicates for each sample. Each experiment was repeated thrice and

the results were concordant
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confocal microscopy. Both YFP: XSP10 and XSP10:YFP

showed predominant localization at the nucleus (Fig. 3E,

F). The localization signals of XSP10: YFP were clear and

consistent compared to YFP: XSP10.

Tomato protoplast cells transformed with YFP: SlSAMT

and SlSAMT: YFP showed strong in vivo sub-cellular

localization in the cytoplasm (Fig. 4A, C). The negative

controls pENSG-YFP and pEXSG-YFP did not show any

YFP signals (Fig. 4B, D). Tomato seedlings independently

transformed with YFP: SlSAMT and SlSAMT: YFP

through gene gun PDS 1000/He system also showed clear

in vivo localization in the cytoplasm (Fig. 4E, F). To

exclude the false positives/negatives, the fluorescent sig-

nals of each construct of XSP10 and SlSAMT were

quantified using XLS confocal software in comparison to

negative controls and found to be true fluorescent signals

(Fig. S4 A–J). A comprehensive summary of in silico and

in vivo sub-cellular localization of XSP10 and SlSAMT

along with available literature to-date is given in Table 1.

In vivo protein–protein interaction of XSP10

and SlSAMT with stress-responsive proteins

Fusarium wilt is a complex ubiquitous disease that might

be regulated by multiple host genes and there may be a

cross-talk of plant-microbial interaction and plant defense

pathway genes involved. Hence it is necessary to identify

the interacting partners as regulatory proteins that might be

functioning together in imparting tolerance to Fusarium

wilt. Accordingly, the in silico network data prediction

showed a strong interaction between XSP10 & SlTRAX

with a score of 0.81; strong interaction between SlSAMT &

SlCCoAOMT with a score of 0.771 and XSP10 and

SlSAMT with a score of 0.41. The nodes describe the

Fig. 3 Sub-cellular localization of N and C terminal YFP fusions of

XSP10 in tomato protoplasts and seedlings under confocal micro-

scopy. Tomato protoplasts transformed with N terminal (A) and C

terminal (C) YFP fusion of XSP10 which showed its predominant

localization in the nucleus. Tomato seedlings transformed through the

PDS/1000 system with N terminal (E) and C terminal (F) fusion of

XSP10 also showed strong localization in the nucleus. DAPI stained

cells of each construct were used as a comparative marker

that showed a clear nuclear signal (a, e, i, m, q, u). Tomato

protoplasts transformed with empty plasmid pENSG-YFP used a

negative control for N terminal (B) and pEXSG-YFP for C terminal

(D) YFP fusions which did not show any YFP signal (f and n). Arrows

highlight the sub-cellular localization of XSP10 in the nucleus and

DAPI stained cells in the nucleus only. Scale bar 25 lM
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protein encoding by a single gene and edges for the asso-

ciation of specific binding of proteins (Fig. S5 A–C).

To validate the in silico findings and identify the protein

interactors of XSP10 and SlSAMT in vivo, a systematic

Split-YFP (Bi-FC) assay was performed in tomato proto-

plasts. Here the split-YFP constructs of XSP10 and

SlSAMT and putative interacting predicted partners

SlCCoAOMT and SlTRAX with no stop codon were tag-

ged with either the N- or C-terminal half of yellow fluo-

rescent protein (YFP) variants. The split-YFP constructs of

each partner were generated in split-YFP expression vec-

tors pE-SPYNE and pE-SPYNE using the Gateway cloning

approach (Fig. S5 d–k). The virtual split-YFP constructs

were generated initially using the Vector NTI software tool

(Thermo Fisher, Life Technologies) (Fig. S1). The split-

YFP constructs were transformed into tomato protoplasts

and visualized under confocal microscopy. XSP10 showed

strong interaction with SlSAMT and the interaction was

observed to be taking place at the cytoplasm (Fig. 5A).

XSP10 also showed strong interaction with SlTRAX and

the site of interaction was in the cytoplasm (Fig. 5B).

SlSAMT showed moderate interaction with SlCCoAOMT

in the cytoplasm (Fig. 5C). A very weak interaction was

also observed between SlSAMT and SlTRAX (Fig. 5D) as

well as between XSP10 and SlCCoAOMT (Fig. 5E).

Empty split-YFP expression vectors co-expressed in pro-

toplasts were used as negative controls which did not show

any YFP signals (Fig. 5F). The strength of the interaction

between the proteins was determined based on the fluo-

rescence quantification signals measured by XLS confocal

software as represented in (Fig. S4 k–p). A comprehensive

comparison summary of in silico and in vivo interactions of

XSP10, SlSAMT, and stress-responsive proteins SlTRAX

and SlCCoAOMT are given in Table 1.

Fig. 4 Sub-cellular localization of N and C terminal YFP fusions of

SlSAMT in tomato protoplasts and seedlings under confocal

microscopy. Tomato protoplasts transformed with N terminal (A)
and C terminal (C) YFP fusion of SlSAMT showed clear localization

in the cytoplasm. Tomato seedlings transformed through the PDS/

1000 system with N terminal (E) and C terminal (F) fusion of

SlSAMT also showed strong localization in the cytoplasm. DAPI

stained cells of each construct which was used as a comparative

marker show a clear nuclear signal (a, e, i, m, q,u). Tomato

protoplasts transformed with empty plasmid pENSG-YFP used as a

negative control for N terminal (B) and pEXSG-YFP as C terminal

(D) YFP fusions which did not show any YFP signal (f and n). Arrows

highlight the sub-cellular localization of SlSAMT in the cytoplasm

while DAPI stained cells in the nucleus. Scale bar 25 lM
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Phenotypic evaluation of wilt disease in cultivars

Arka Vikas and Arka Abhed to Fol 1322 infection

To study the role of fungal root colonization, a rapid

microscopy assay was performed in 10–12 days old seed-

lings of wilt susceptible cultivar AV and multiple disease

resistant cultivar AA. Atleast 20 roots of each cultivar were

examined under microscopy. Our result shows early stages

of susceptible wilt root colonization in AV compared to

AA (Fig. 6 A, B). Microscopy observation reveals\ 84%

of fungal mycelium colonizes in root hairs of AV while

below 25% of fungal hyphae colonized in AA. After 24 h,

hyphae were found to attached the root hairs and colonized

more intensively at the root surface and apex. After

attachment, hyphae started to grow predominantly along

the junction of the epidermal cells. In addition, there was a

mass hyphal growth of Fol in root hairs of AV compared to

AA. Moreover, the significance difference (p***\ 0.001)

was evaluated and the intensity of root colonization was

higher in AV compared to AA (Table S3).

Also, to test the response of wilt disease phenotype in

susceptible cultivar AV and multiple diseases resistant

cultivar AA. The Fol inoculation bioassay (Mes et al.

1999) was carried out on four-week-old plants of AV and

AA inoculated with Fol 1322 to define the negative regu-

latory function and susceptibility nature of XSP10 and

SlSAMT genes. After three weeks of post-inoculation,

average fresh weight and the disease index were calculated

in both the tomato cultivars. Stunting, chlorosis, necrosis,

vascular wilt and cell death are the disease symptoms of the

plant caused by Fol (Di et al. 2017; Prihatna et al. 2018).

Phenotypic data analysis revealed that AV leaves infected

with Fol showed chlorotic, leaf epinasty and mild wilt

symptoms than AA, as shown in Fig. 6C. The disease

index (DI) of 20 plants/ treatment was measured to each

cultivar upon Fol1322 infection. The average weight of the

infected plants was calculated. The fresh weight of infected

AA is significantly higher (p***\ 0.001) compared to

infected AV (Fig. 6D). The DI of AA plants was signifi-

cantly (p**\ 0.01) attenuated relative to that of AV plants

(Fig. 6E). The result was consistent in all two repetitions

(Table S3). Overall, our data suggested that fusarium wilt

disease symptoms were higher in AV than AA upon

Fol1322 infection.

Table 1 Summary of comparison of sub-cellular localization and in vivo protein–protein interactions of XSP10, SlSAMT and their stress

associated proteins

Sl.

no.

Split-YFP Interactors In silico

prediction

(STRING)

In vivo Split-

YFP analysis

(Our study)

In vivo

localization

site (Our

study)

Sub-cellular

localization

prediction

(Cello2.GO)

Sub-cellular localization (literature and our

study)

1 SlSAMTpE-SPYNE

X

XSP10pE-SPYCE

? ? ? ? ? Cytoplasm Extracellular

and cytoplasm

XSP10: Extracellular space in Solanum
lycopersicum (Rep et al. 2003b)(Literature)

Nucleus (our study)

SlSAMT: Cytoplasm of snap dragon

(Kolosova et al. 2001)(Literature)

Cytoplasm (our study)

2 XSP10pE-SPYCE

X

SlTRAXpE-SPYNE

? ? ? ? ? ? Cytoplasm Cytoplasm SlTRAX: Found in cytoplasm of Arabidopsis
thaliana, Oryza sativa and nucleus of

Mammalian cells (Chennathukuzhi et al.

2001)

3 SlSAMTpE-SPYCE

X

SlCCoAOMTpE-SPYNE

? ? ? ? Cytoplasm Cytoplasm SlCCoAOMT: Found in cytosol of sugarcane

and maize (Ruelland et al. 2003)

4 SlSAMTpE-SPYCE

X

SlTRAX pE-SPYNE

? ? Cytoplasm Extracellular and

cytoplasm

5 SXSP10pE-SPYCE

X

SlCCoAOMTpE-SPYNE

? ? Cytoplasm Extracellular and

cytoplasm

??? indicate strong signal (0.5–1), (direct interaction); ? ? , indicate moderate signal (0.3–0.5), (indirect interaction); ? , indicate weak/no

signal (0.1–0.3), (weak/no interaction)
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Discussion

XSP10 is predominantly expressed in root

and SlSAMT is highly expressed in flower tissue

of tomato cultivars

XSP10 is a lipid binding protein of S. lycopersicum whose

tissue-specific expression was not known. The present

study revealed the strong expression of XSP10 in the root

tissue of different tomato cultivars. XSP30, a xylem sap

protein of Cucumis sativus was shown to specifically

express in roots but could not detect in any other organs

(Masuda et al. 1999). The highly upregulated expression of

XSP10 in root tissue of tomato cultivars indicates its pos-

sible regulatory function in plant defense during pathogen

penetration from root tissues.

The present study revealed the predominant expression

of SlSAMT in flower tissues of different tomato cultivars. It

was reported earlier that SlSAMT was highly expressed in

flower buds with low expression in young and mature

leaves and no expression in other tissues (Tieman et al.

2010). Our data of expression of SlSAMT is consistent with

the work (Tieman et al. 2010). The higher expression of

SlSAMT in flowers might be due to its involvement in

catalytic properties in tissue-specific protection and volatile

molecule formation (Tieman et al. 2010). It was demon-

strated that AtBSMT1 can be dispersed in sepals of flowers,

leaf trichomes, and hydathodes under normal growth con-

ditions in Arabidopsis (Chen et al. 2003). Transcriptional

and post-translational regulation of SAMT has shown

methyl transferase involved in flower development of

Stephanotis floribunda (Pott et al. 2003). In our study,

Fig. 5 In vivo protein–protein interaction of XSP10, SlSAMT, and

stress associated proteins in tomato protoplasts under confocal

microscopy. A. Tomato protoplasts co-transformed with split-YFP

constructs of SlSAMT and XSP10 proteins showed clear signals in

the cytoplasm. B Strong positive interaction of XSP10 with SlTRAX

at cytoplasm. C Moderate interaction of SlSAMT with SlCCOAOMT

at cytoplasm. D Weak interaction of SlSAMT with SlTRAX. E Weak

interaction of XSP10 with SlCCOAOMT. F Tomato protoplasts co-

transformed with empty plasmid used as a negative control for split-

YFP fusions which did not show any YFP signal. DAPI stained cells

of each construct which was used as a comparative marker show a

clear nuclear signal (a, e, i, m, q, u). Arrows highlight the strong

interactions (b, f, j) while DAPI stained cells in the nucleus. Scale bar

8 lm, 10 lm and 25 lm
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SlSAMT transcripts level was higher in AV compared to

MT followed by AA with the least mRNA expressed in the

fruit. This indicates a low MeSA accumulation by the

catalytic activity of SlSAMT-encoding enzymes in the fruit.

It confirms earlier speculation that SlSAMT activity may

decline in fruits due to early biosynthesis of MeSA in early

developing organs (Tieman et al. 2010). In agreement with

our previous studies, MeSA, a derivative of salicylate

might be involved in early biological processes during fruit

ripening by modulating the SA biosynthetic pathways.

There are three physiological races of pathogen isolates

(1, 2, and 3) that are distinguished by their host-specific

pathogenicity in tomato cultivars (Nirmaladevi et al. 2016).

XSP10 was tested with F. oxysporum f. sp. lycopersici

(Fol) isolate either with a virulent race 2 isolates of Fol

(Fol007) or with an avirulent race 1 isolate Fol004 (Rep

et al. 2005) in tomato (Solanum lycopersicon cv. Money-

maker GCR161). It was reported that XSP10-silenced lines

did not affect I-mediated resistance and it remained fully

resistant against the avirulent Avr1-carrying Fol004 isolate

race1 (Krasikov et al. 2011). However, seedlings inocu-

lated with the virulent strain Fol007 revealed a significantly

high average weight, a lower disease index, and a smaller

percentage of dead plants after infection in the XSP10-

Fig. 6 Phenotypic evaluation of wilt susceptible cultivar Arka Vikas

(AV) and multiple disease resistant cultivar Arka Abedh (AA) to Fol
1322 infection. Root colonization by Fol at 24 h after inoculation

observed using bright-field microscopy (A). The red arrow indicates

fungal colonization to the root surface. The intensity of colonization

was measured as the area of mycelia against the total area of an image

and quantified by Image J software (B). Image quantification was

based on gray levels of 8-bit images. The asterisk symbol represents a

significant difference (***P\ 0.001). Root dip bioassay of 4 –weeks

old tomato seedlings of Arka Vikas and Arka Abhed (C) inoculated
with Fol 1322 observed at 21 days post inoculation. (D) Disease

symptoms were scored by measuring the fresh weight above the

cotyledon and (E) disease index (0–4) of independent 20 plants/

treatment. Plant weight was subjected to a pairwise comparison

Students t-test, whereas disease index (DI) was determined by non-

parametric Kruskal–Wallis test (*p\ 0.05,**p\ 0.01,***p\ 0.001)

using PRISM.9.0 GraphPad software
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silenced plants (Krasikov et al. 2011). Similarly, the pre-

vious data also revealed that the SlSAMT gene was found

disease susceptibility in tomato cultivar Moneymaker

GCR161 inoculated with race-2 isolate of F. oxysporum f.

sp. lycopersici (Fol007; virulent on GCR161) (Ament et al.

2010). However, silencing of SlSAMT did not affect I-

mediated resistance of GCR161 to the race-1 isolate

Fol004 (Ament et al. 2010).

The non-uniformity of expression of XSP10 and

SlSAMT in different tomato cultivars could be due to the

genotypic variations between the cultivars as expected. The

variations could also be due to natural exposure of organs

associated with various stresses induced by symbiotic

pathogens (Liu et al. 2012). At the molecular level, the

reason for the variation of gene expression might be due to

the involvement of gene conformity and cis-acting pro-

moter structure (Das and Bansal 2019).

Interestingly, both XSP10 and SlSAMT genes have

shown highly upregulated expression in AV, a known wilt

susceptible cultivar (Upreti and Thomas 2015) than AA, a

known multiple disease resistant tomato cultivar (Nir-

maladevi et al. 2016). The results also support by the fact

that the TDF (transcript-derived fragment) gene expressed

highly in a susceptible cultivar of Hop than a resistant

cultivar upon Verticillium albo-atrum infection (Cregeen

et al. 2015). These findings suggest that both XSP10 and

SlSAMT as Fusarium wilt disease susceptible genes might

likely co-expressed and negatively regulate genetic toler-

ance to Fol.

XSP10 is predominantly localized to the nucleus
and SlSAMT is localized to the cytoplasm

The computational approach of predicting subcellular

localization of proteins has been an area of interest in

recent years (Dönnes and Höglund 2004). CELLO2GO

software is a reliable and user-friendly tool to predict

protein localization (Yu et al. 2014). By targeting the query

sequences, the in silico localization of XSP10 was pre-

dicted in the extracellular region and the nucleus. On the

other hand, transient studies are an important and reliable

alternative to stable plant transformation due to the cost-

effective and non-tedious nature of techniques (Huo et al.

2017; Baruah et al. 2020; Saikia et al. 2020).

Few xylem sap proteins of Brassica oleraceae were

found to be located in the cell wall (Ligat et al. 2011).

These small proteins might involve in the transfer of lipid

molecules to the extracellular space and accompany few

other ns-LTPs proteins of the prolamine superfamily for

recycling in the endosperm, and seed wall development

(Eklund and Edqvist 2003). It was shown that the majority

of non-specific lipid transfer protein (nsLTPs) localized to

apoplastic space (Salminen et al. 2016). Over 54% of the

identified XSPs have been predicted to be localized in

intracellular space, which might be present in exosomes of

tomato (de Lamo et al. 2018). In Gossypium sp, XSPs have

a significant contribution to the reinforcement of cell wall

(Zhang et al. 2015).

In silico analysis of the current study showed the

localization of XSP10 to cell membrane and nucleus while

the in vivo analysis in both protoplasts and seedlings of

tomato showed its predominant localization in the nucleus.

Our findings suggest that the XSP10 protein at the nuclear

compartment may play a significant role not only in the

post-translation and protein modifications but also in

transcriptional activation during stress response function

(Salminen et al. 2016). It might also be involved in lipid

molecule signaling during pathogenic attacks (Salminen

et al. 2016) and cell wall development (Zhang et al. 2015).

Salicylic acid (SA) is an important plant hormone which

activates and regulates metabolic pathway in response to

abiotic and biotic stresses (Hayat et al. 2010). As a mobile

signal, SA is first detected in the cytoplasm, later in the

chloroplast, and stored in the vacuole in the glycosylated

form (Maruri-López et al. 2019). CELLO2GO predicted

the localization of SlSAMT protein mainly to the cyto-

plasm. The in vivo study in protoplast and seedlings of

tomato also showed its predominant localization to the

cytoplasm. A previous study in snapdragon flower showed

localization of SAMT in the cytosol (Kolosova et al. 2001).

This cytosolic protein may regulate cellular and metabolic

signaling pathways apart from the indirect and direct

response during fungal-host tomato interaction (Ament

et al. 2010). The current findings also reveal that many

uncharacterized novel stress derived cytosolic proteins may

modulate SlSAMT proteins with a functional cross-talk of

any hormonal signaling pathways but prone to Fusarium

stress susceptibility (FSS). Taken together, the in vivo sub-

cellular localization results revealed the site of the function

of XSP10 as the nucleus and SlSAMT as the cytoplasm.

XSP10 showed strong interactions with SlSAMT
and SlTRAX in the cytoplasm

The biological interactomics system is evaluated by gene

ontology (GO), domain-motif interaction (DMI), co-ex-

pression, and co-localization (Yue et al. 2016). The in

silico approach has helped to integrate systematic annota-

tion of different pipelines of in vivo protein–protein

interactions (PPIs) of XSP10, SlSAMT, and their stress-

responsive partners (Fig.S4 a–c).

Split-YFP is a well-established method for transient

in vivo PPIs in plant cells (Gehl et al., 2009). From the

current study, a strong interaction of XSP10 was observed
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with SlSAMT in the cytoplasm. XSP10 localized to the

nucleus and cell membrane while SlSAMT localized to

cytoplasm however, their in vivo interaction taking place at

the cytoplasm. This suggests that XSP10 is not only tran-

scriptionally activated but trans-located later in presence of

SlSAMT in the cytoplasm to carry out stress response

function (Dempsey et al. 2011). This result shows the

functional accountability of post-translational modification.

The strong interaction between XSP10 and SlSAMT

unveils the cellular and molecular connectivity, which

might influence a functional role during Fol colonization.

SlTRAX is a DNA binding protein having both I-2 CC and

NB-ARC domains. TRAX, a stress-associated protein is

known to be localized in the cytoplasm of Arabidopsis

thaliana and Oryza sativa (Chennathukuzhi et al. 2001;

Chittela et al. 2014). The strong interaction at cytoplasm

suggests that nuclear localized proteins XSP10 and

SlTRAX might shuttle from the nucleus to cytoplasm and

involved in a fundamental role in vesicular trafficking,

mRNA transport, and signal transduction. An earlier report

showed TRAX was involved in translational processes,

mRNAs vesicular trafficking, and nuclear localization

signal peptide in mammalian cells (Chennathukuzhi et al.

2001). During Fol colonization, SlTRAX might play a

negative role along with XSP10. SlSAMT showed strong

interaction with CCoAOMT in the cytoplasm. CCoAOMT

is an enzyme that falls under O-methyl transferase family

and composed of monolignol (Walker et al. 2016). They

are mainly active in the cytosol of monocots i.e. sugarcane

and maize (Ruelland et al. 2003). In Zea mays,

ZmCCoAOMT2 is not only associated with lignin and

secondary cell wall formation but also confer resistance to

multiple pathogen attacks (Yang et al. 2017). This strong

evidence gives a clue where SlSAMT protein might func-

tion as a negative regulator of Fol suppressing the positive

functions of SlCCoAOMT. This is also evident from the

indirect (weak) interaction of XSP10 with SlCCoAOMT as

well as SlSAMT with SlTRAX.

Often, split-YFP fluorescence might give false positive

signals or artifacts. However, the systematic fluorescence

quantification of each interacting partner in comparison to

negative controls has excluded this possibility. In vivo

results were in agreement with in silico interaction pre-

dictions. Taken together, in vivo protein–protein interac-

tion results suggest that XSP10, SlSAMT, and SlTRAX

function and co-expressed together in regulating responses

to Fusarium stress susceptibility (FSS) in tomato.

XSP10 and SlSAMT enhance wilt disease
susceptibility in cultivar Arka Vikas compared
to Arka Abhed upon Fol 1322 infection

The pathogen F.oxysporum lycopersici (Fol) develops the

disease symptoms by infecting the roots of tomato plants

(Prihatna et al. 2018). The consistent difference was cor-

related in root colonization between rmc and 76 R by Fol

Race 3 isolates. Thus, it provides a reliable assessment to

differ the phenotypes to Fol Race 3 tolerance and suscep-

tibility (Prihatna et al. 2018). It has been reported that root

hairs are the entry point for fungal hyphae into the upper

and inner surface of maize. It could happen as the roots of

resistant maize lines have few root hairs and are less

heavily colonized than susceptible lines (Wu et al. 2013).

So far, several aspects of this study exemplified the epi-

dermal cell recognition, colonization and root infection by

gfp-labeled F.oxysporum f.sp. radicis lycopersici in tomato

(Lagopodi et al. 2002). In case of wilt disease caused by

Fol, the root tips are among the other sites for initial

infection (Olivain and Alabouvette 1999). The genetic

diversity and pathogenicity virulence caused by Fol strains

were observed in tomato cultivar AV. The pathogenic

strains resulting in vascular wilt disease in different tomato

cultivars solely depend on their virulence (Nirmaladevi

et al. 2016). Besides contributing to virulence, few effector

molecules were recognized by the tomato resistance gene

(R-genes) products conferred avirulence to a fungal

pathogen (Cao et al. 2018). Differential expression of

genes upon infection with Verticillium albo-atrum has

indicated higher fungal infection in susceptible Hop culti-

var than resistant Hop cultivar (Cregeen et al. 2015). It is

generally understood that the resistance trait is under the

molecular mechanism of genetic control (Upreti and Tho-

mas 2015). The concept of genetic variation in susceptible

cv. AV and multi-resistant cv. AA indicates XSP10 and

SlSAMT might play a negative role in genetic tolerance to

Fol. qRT-PCR results of our study are in accordance with

these findings where XSP10 and SlSAMT were highly

expressed in AV than AA. Taken together, our findings

suggest that XSP10 and SlSAMT enhance fusarium wilt

disease susceptibility in cv. AV compared to multiple

disease resistant cv. AA upon Fol infection.

Conclusions and future prospects

The present study revealed the tissue-specific expression of

XSP10 and SlSAMT, two putative disease susceptible genes

associated with Fusarium wilt of tomato. The highly up-

regulated expression of these two genes in biotic stress

susceptible tomato cultivar than a resistant cultivar hints at
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their possible role as negative regulators of Fusarium wilt

tolerance. XSP10 localized predominantly at the nucleus

while SlSAMT localized to the cytoplasm. However, they

both interact at cytoplasm in vivo along with SlTRAX. A

strong in vivo interaction of XSP10 with SlSAMT and

stress-associated SlTRAX in the cytoplasm indicates their

possible functional site for Fusarium wilt tolerance

response is cytoplasm.

The current study is highly significant in providing cell

and molecular insights for understanding the negative

regulatory mechanism of XSP10 and SlSAMT in Fusarium

wilt tolerance. A systematic genetic analysis of XSP10 and

SlSAMT through dual-gene CRISPR/Cas editing and

functional analysis in stably transformed tomato lines

would reveal their role in genetic tolerance to Fol.
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