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Verticillium dahliae colonizes vascular tissue and causes vascular discoloration in susceptible hosts. Two well-
defined races exist in V. dahliae populations from tomato and lettuce. In this study, proteins and metabolites
Race obtained from stems of race 1-incompatible (Beefsteak) and -compatible (Early Pak) tomato cultivars were
Remorin characterized. A total of 814 and 584 proteins in Beefsteak; and 456 and 637 proteins in Early Pak were
Flavonoids identified in stem extracts of plants inoculated with races 1 and 2, respectively. A significant number of defense-
related proteins were expressed in each tomato-V. dahliae interaction, as anticipated. However, phenylalanine
ammonia-lyase (PAL), an important defense-associated enzyme of the phenylpropanoid pathway, in addition to
remorin 1, NAD-dependent epimerase/dehydratase, and polyphenol oxidase were uniquely expressed in the
incompatible interaction. Compared with the uninoculated control, significant overexpression of gene ontology
terms associated with lignin biosynthesis, phenylpropanoid pathway and carbohydrate methylation were
identified exclusively in the incompatible interaction. Phenolic compounds known to be involved in plant de-
fense mechanisms were at higher levels in the incompatible relative to the compatible interactions. Based on our
findings, PAL and enzymes involved defense-related secondary metabolism and the strengthening of cell walls is
likely critical to confer resistance to race 1 of V. dahliae in tomato.

Significance: Verticillium dahliae, a soilborne fungal pathogen and a widely distributed fungal pathogen, colonizes
vascular tissue and causes vascular discoloration in roots and stems, leaf wilting, and death of susceptible plant
hosts. It causes billions of dollars in annual crop losses all over the world. The study focused on the proteomic
and metabalomic of V. dahliae interactions (incompatible with Beefsteak and compatible with Early Pak tomato
cultivars). Based on our findings, PAL and enzymes involved defense-related secondary metabolism and the
strengthening of cell walls is likely critical to confer resistance to race 1 of V. dahliae in tomato.

1. Introduction

Verticillium dahliae is a widely distributed fungal pathogen that
causes vascular wilt diseases on over 200 plant species [27,30,47]. The
fungus infects roots and invades the xylem tissue, resulting in vascular
tissue clogging, and the typical symptoms of vascular discoloration and
wilting. The long-term survival of inoculum (microsclerotia) in the soil,
the broad host range of this pathogen, and the lack of host resistance in
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many hosts makes this disease particularly difficult to manage [30].
The plant proteome and associated metabolites determine the out-
comes of compatible and incompatible host-pathogen interactions, and
the tools to analyze these molecules have improved markedly in recent
years. Proteomic and metabolic profiling has provided insights into the
molecular mechanisms of host defense responses [14,18,34], in-
dependent of or in combination with transcriptome profiling. Wang
et al. [61] examined the proteomic basis of Verticillium wilt resistance
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in cotton, and Zhao et al. [62] identified five proteins in this host, as-
sociated with Verticillium wilt resistance. Techniques such as the mi-
crocapillary liquid chromatography coupled with tandem mass spec-
trometry (LC-MS/MS) have increased the sensitivity and speed of
protein identification. Each mass spectrum matched to sequences in the
database improves the quality of results and leads to unbiased protein
identification [35]. On the pathogen side, El-Bebany et al. [13] iden-
tified protein factors correlated with pathogenicity of V. dahliae using
proteomic analysis.

Numerous studies have reported differential protein expression in
response to pathogen invasion. Examples include the expressed pro-
teome of tomato that was characterized following infection by Fusarium
oxysporium by Houterman et al. [24], who identified 21 tomato proteins
and seven from the fungus involved directly in the compatible inter-
action. Fang et al. [14] identified 79 proteins using proteomic approach
through MALDITOF/TOF MS/MS analysis to study F. oxysporum f. sp.
fragariae-strawberry interaction, some of which were involved in stress
and defense responses, antioxidant and detoxification mechanisms, and
hormone biosynthesis. Huang et al. [26] used a proteomic approach to
study TYLCV-tomato interaction and identified 86 differentially ex-
pressed proteins involved in defense responses.

In addition to protein components, comparisons of the metabolic
profiles of compatible vs corresponding controls or in incompatible
interactions represents another tool for the discovery of biochemical
pathways associated with plant biotic or abiotic stress [60]. Cell-wall-
thickening compounds such as lignins and tannins, and compounds
associated with antibiotic activities such as stilbenoids and flavonoids
are commonly recovered from plant tissues in response to invading
pathogens [2]. Lopez-Gresa et al. [37] identified several tomato leaf
metabolites such as glycosylated gentisic acid in response to a viroid;
and phenylpropanoids and a flavonoid (rutin) in response to bacterial
infection. Bellés et al. [5] identified gentisic acid in addition to salicylic
acid in response to citrus exocortis viroid (CEVd) and tomato mosaic
virus (ToMV) infections. Wallis and Chen [59] also reported increased
levels of catechin, digalloylquinic acid, and astringin in grape in re-
sponse to Xylella fastidiosa infection.

Identification of the molecular and biochemical components that
underlie host defense responses is essential to understanding complex
pathosystems, including the Verticillium dahliae-tomato interaction. The
metabolomic and proteomic bases for differential responses in V. dah-
liae race 1 and race 2 tomato interactions have not been fully eluci-
dated. In the present study, the proteomes and metabalomes of tomato-
V. dahliae interactions were investigated after inoculation of tomato
cultivar Beefsteak with race 1 isolate Le1087 (incompatible interaction)
or race 2 isolate Lel811 (compatible interaction). For comparison,
cultivar Early Pak, susceptible to both races of V. dahliae, was in-
oculated separately with the two races (both compatible interactions).
The primary objective of this study was to uncover proteomic and
metabalomic insights that can distinguish susceptible and resistant to-
mato responses to two races of V. dahliae.

2. Materials and methods
2.1. Verticillium dahliae isolates and inoculum preparation

Two isolates of V. dahliae representing race 1 (Le1087) and race 2
(Le1811) were inoculated on the differential tomato cvs. Beefsteak
(Vel*) and Early Pak (Vel ~). Both isolates were collected during the
1970s from infected tomato plants from Davis, California [19]. In this
study, the V. dahliae isolates were re-confirmed for species and race
type using specific PCR primers [27] prior to inoculation. Fungal in-
oculum was prepared from one-week-old cultures grown in potato
dextrose agar plates and adjusted to 1 x 107 conidia/ml prior to in-
oculating tomato seedlings as described by Hu et al. [25].
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2.2. Tomato plant growth and inoculation

Seeds of the tomato cultivars Early Pak and Beefsteak were initially
sown in a 50-well-tray (McConkey Company, Garden Grove, CA) filled
with Sunshine Growing Mix No. 4 (SUNGRO Horticulture, Canada).
Cultivar Early Pak is susceptible to both races of V. dahliae, while cul-
tivar Beefsteak is resistant to race 1, but susceptible to race 2. Two-
week-old seedlings of each cultivar were uprooted, rinsed to remove
soil particles, and dipped into the 1 x 10”/ml conidial suspension of
each race separately for 15min. Uninoculated controls were root-
dipped in sterilized distilled water. Both inoculated and uninoculated
plants were transplanted into half-liter Plastifoam-Hot-Cups
(Amerifoods, USA) filled with pasteurized sand:potting mix (2:1, v/v).
The experiment was conducted in a randomized complete block design
(RCBD) with three replications, and each replication contained 14
plants. One plant from each replication was used for stem tissue col-
lection at four different time points, while the remaining 10 plants were
used in disease rating. Plants were grown [23] in a greenhouse with
day/night 24/18 = 5°C temperature and 16/8 supplemental light
from February to June.

2.3. Disease assessment and statistical analysis

Plant height and disease severity based on vascular tissue dis-

coloration of the root were measured at 7 and 10 weeks after inocula-
tion, respectively. Disease severity was measured using a standard
disease scale (0-5) (0 = no discoloration to 5 = 100% discoloration
with the presence of foliar symptoms) as described by Hayes et al. [21].
Representative stem tissue from an infected plant was plated in Petri
dishes containing the semi-selective NP10 medium [29] to confirm the
presence of V. dahliae. The disease severity score was converted to a
disease index (DI) wusing the formula: disease index
MDD =((0Xnyg+1Xn;+2Xny,+3Xn3+4xXn4+5Xns]/
(5 X N) x 100, where n; (i = 0 to 5) represents number of plants in
each corresponding disease severity score categories of 0 to 5, respec-
tively, and N is the total number of plants assessed. Analysis of variance
(ANOVA) and mean comparisons using Student-Newman-Keuls test on
plant height and disease index were computed using R (version 3.0.2) at
a probability level of 0.05.

2.4. Tomato stem tissue collection

Tomato stem tissue was collected from symptomatic and unin-
oculated control plants at 3, 4, 5, and 7 weeks after inoculation. Tomato
stems were excised from the bottom of plant (1 cm above the soil line)
and the outermost (phloem) layer removed by peeling. The 8 cm-stem
section was placed into a 12ml plastic centrifuge tube with four
stainless steel balls 5mm-in-diameter, and centrifuged at 4000g and
4°C for 10 min (Eppendorf 5804R, Germany). The liquid from the stem
was immediately transferred into a 2ml centrifuge tube and stored at
— 80 °C until use. These collections were done at 3, 5, and 7 weeks after
inoculation for metabolic profiling while the stem exudate collected at
4 weeks after inoculation was used for protein analysis.

2.5. Preparation of stem exudates for protein profiling

Tomato proteins 4 weeks after V. dahliae inoculation were pre-
cipitated using ProteoExtract Protein Precipitation Kit (EMD
Biosciences, Darmstadt, Germany). The precipitated proteins were
collected by centrifugation for 15 min at 4000g and 4 °C, washed with
acetone, the supernatant discarded, and the pellet was air-dried. Pellets
were solubilized in 100 ul 6 M urea. Two hundred mM dithiothreitol
(DTT) was added to the solution to a final concentration of 5mM, and
samples were incubated at 37 °C for 30 min. Iodoacetamide (IAA) was
added to a final concentration of 15 mM and the solution was incubated
for an additional 30 min at room temperature, followed by the addition
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of 20yl DTT to quench the IAA. Trypsin/Lys-C (Promega, Wisconsin,
USA) was added and the sample incubated for 4h at 37 °C. Samples
were diluted in 1 M urea, with 50 mM AMBIC, and digested overnight at
37 °C. Samples were desalted using MacroSpin™ Column (The Nest
Group, Inc., Southborough, MA, USA).

2.6. LC-MS/MS of digested peptides

Digested peptides were analyzed by multidimensional chromato-
graphy coupled with tandem mass spectrometry (LC-MS/MS) on a
Thermo Scientific Q Exactive Orbitrap Mass spectrometer in conjunc-
tion with a Proxeon Easy-nLC II HPLC (Thermo Scientific) and Proxeon
nanospray source. The digested peptides were loaded onto a
100 um X 25 mm Magic C18 100 A 5U reverse phase trap where they
were desalted before being separated using a 75 pm X 150 mm Magic
C18 200 A 3 U reverse phase column. Peptides were eluted using a 90-
min gradient with a flow rate of 300 nl/min. An MS survey scan was
obtained for the m/z range 300-1600, MS/MS spectra were acquired
using a top 15 method, where the top 15 ions in MS spectra were
subjected to HCD (High Energy Collisional Dissociation). An isolation
mass window of 2.0 m/z was used for the precursor ion selection, and
normalized collision energy of 27% was used for fragmentation. A five-
second duration was used for the dynamic exclusion.

2.7. Database searching for stem exudate proteins

Tandem mass spectra were extracted and charge state deconvoluted
by Proteome Discoverer (Thermo Scientific). All MS/MS samples were
analyzed using X! Tandem (The GPM, v TORNAD02013.02.01.1. X!
Tandem was set to search Vert_tom_20141002 databases (117,248 en-
tries), the cRAP database of common laboratory contaminants (www.
thegpm.org/crap; 114 entries) plus an equal number of reverse protein
sequences assuming the digestion enzyme trypsin. X! Tandem was
searched with a fragment ion mass tolerance of 20 PPM and a parent
ion tolerance of 20 PPM. Iodoacetamide derivative of cysteine was
specified in X! Tandem as a fixed modification. Deamination of aspar-
agine and glutamine, oxidation of methionine and tryptophan, sul-
phone of methionine, tryptophan oxidation to formylkynurenin of
tryptophan and acetylation of the n-terminus were specified in X!
Tandem as variable modifications.

2.8. Criteria for protein identification

The proteins were digested into peptides and analyzed using liquid
chromatography-tandem mass spectrometry (LC-MS/MS), followed by
reassembly of peptides into proteins. Scaffold (version Scaffold 4.3.1,
Proteome Software Inc., Portland, OR) was used to validate MS/MS
based peptide and protein identifications. Peptide identifications were
accepted if they could be established at > 97.0% probability to achieve
an FDR < 1.0% by the Scaffold Local FDR algorithm. Protein identifi-
cations were accepted if they could be established at > 6.0% prob-
ability to achieve an FDR < 5.0% and contained at least one identified
peptide. Protein probabilities were assigned by the Protein
Prophet algorithm [45]. Proteins that contained similar peptides but
could not be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. Proteins sharing sig-
nificant peptide evidence were grouped into clusters.

2.9. Metabolic analysis

The stem exudate collected at 3, 5 and 7 weeks after inoculation was
collated as described above. The phenolic compounds in the exudate
were analyzed at the USDA facility in Parlier, California. Briefly, the
phenolic compounds in the exudate were analyzed by injecting 50 pl via
a Shimadzu (Columbia, MD, USA) SIL-20AHT auto-sampler into a
Shimadzu (Columbia, MD, USA) LC-20CE pump-based high-
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performance liquid chromatograph (HPLC) system that used a Supelco
Ascentis RP-18 column (Sigma-Aldrich, St. Louis, MO, USA) for se-
paration and a Shimadzu PDA-20 photodiode array detector set at
280 nm for peak analyses. A binary water:methanol (methanol from
Fisher Scientific, Pittsburgh, PA, USA) gradient, with both solvents
acidified with 0.2% acetic acid (Sigma-Aldrich Corporation, St. Louis,
MO, USA), was used to progress from 95% water to 100% methanol and
back to 95% water for the following run over 40 min, as described in
Rashed et al. [49]. Peaks were putatively identified using a combination
of UV/Vis spectra maxima and molecular weights as determined by
running a subset of samples through a liquid chromatography-mass
spectrometer (a Shimadzu LCMS-2020 system) using the same HPLC
conditions [49]. Compounds identified to the same class had peaks
areas converted to mg/g fresh weight amounts by running standard
curves of obtainable compounds (all obtained from Sigma) from the
same compound class, with phenolic acids converted using a standard
curve of ferulic acid, flavonoid glycosides converted using a standard
curve of quercetin glucoside, and tomatine compounds converted using
a standard curve of tomatine [49].

2.10. Protein and metabolite data analyses

Proteins absent in at least in two samples of total 18 (6 X 3) samples
were filtered out prior to analysis. Data normalization factors were
calculated using Trimmed Means of M-Values (TMM) method [50], and
used as offsets in the quasi-Poisson generalized linear models. Two-
factor quasi-Poisson models, including effects for host, isolates, and
their interaction, were used to compare expression of each protein
between isolates within a host or between hosts inoculated with a single
isolate. Significance analysis of possible comparisons were tested using
positive false discovery rate (pFDR) at @ < 0.05 [6]. A set of significant
proteins in each combination were further analyzed for Gene Ontology
Enrichment of Biological Process (BP) using an R package ‘topGO’
(Bioconductor, v2.18.0) [1]. The analysis of variance and mean se-
paration of all metabolites were performed using proc. GLM procedure
in SAS v. 4.0 (SAS Institute, NC). Figures were drawn using GraphPad
Prism version 7.00 for Mac and Microsoft Excel.

3. Results
3.1. Disease reaction of tomato cultivars to V. dahliae race 1 and race 2

Both races of V. dahliae caused Verticillium wilt symptoms on Early
Pak including reduced plant height and vascular discoloration (Fig. S1)
and race 2 of V. dahliae caused symptoms on both Early Pak and
Beefsteak. The cultivar Early Pak (Vel ~) was susceptible to both races
with a disease index (DI) of > 80% (Fig. S1 C), while cv. Beefsteak
(Vel™) was resistant to race 1 (DI <40%) but susceptible to race 2 (DI
>78%) (Fig. S1 D). A significant reduction in plant height (Fig. 1 and
Fig. S1 AB), and a higher disease index (Fig. S1 CD) was observed on all
inoculated plants (p < .05). The race 1 isolate Lel087 significantly
reduced plant height in susceptible cultivar Early Pak (Fig. S1 A,
p < .05), but differences in the height of Beefsteak plants between the
two races were nonexistent (Fig. S1 B, p = .30). These results confirmed
the pattern of race 1 resistance to V. dahliae in tomato, in which some
disease symptoms are present in both susceptible and “resistant” plants
[22].

3.2. Tomato defense-associated proteins in compatible and incompatible
interactions

A total of 30 and 22 tomato proteins were significantly expressed
(p < .01, q < 0.01) in the stem extracts of Early Pak and Beefsteak,
respectively, and exhibited at least 1.5-fold upregulation relative to
mock-inoculated plants (Tables S1 and S2). Seventeen stem extract
proteins that have known roles in tomato defense responses were
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Fig. 1. Disease assessment and proteome expression analyses in tomato cultivars Early Pak and Beefsteak in response to Verticillium dahliae race 1 (Le1087) and race 2
(Le1811) isolates. — Plant height and wilting of Early Pak (A-C) and Beefsteak (D-F) at 10 weeks after inoculation; analyses of symptoms of vascular discoloration in
stem cross sections of Early Pak (G-I) and Beefsteak (J-L) at 10 weeks after inoculation. Beefsteak is resistant to race 1 (Le1087) of V. dahliae. M. Heat map showing
protein expression derived from UniProt annotation and the differential expression observed between the two cultivars, early Pak and Beefsteak, in response to two
different races of Verticillium dahliae. Mock-inoculated samples are indicated by “water”. The color gradient range (—5.06 to 6.87) indicates the proportion of up-
regulated (yellow) and down-regulated (blue) proteins among treatments (Log2 transformed and normalized values). Information on the UniProt IDs listed on the
right side of the heat map is listed in Table S2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

expressed in both Beefsteak and Early Pak inoculated with either race of
V. dahliae (Table 1). The defense proteins 1,3-beta-glucosidase, patho-
genesis-related protein Bet v I family, P69B protein (Zinc finger pro-
tein), and peroxidase were expressed in all interactions (Table 1).
Glycosyl hydrolases family 17 / 1,3-beta-glucosidase (K4D2M?7), pa-
thogenesis-related protein Bet v I family (K4CWC6), and P69B Zinc
finger protein (004678) were expressed in both resistant and suscep-
tible interactions to race 1, although at higher levels in the in-
compatible interaction (Tables S1 and S2). Remarkably, four defense
response proteins remorin 1, polyphenol oxidase, peptidase_S8 / In-
hibitor 19 family protein, and phenylalanine ammonia-lyase were ex-
clusively up-regulated in the incompatible (race 1- Beefsteak) interac-
tion. The proteins purple acid phosphatase, glutamine synthetase, S-
phase kinase-associated protein 1, peptidase_S8/ inhibitor 19 family,
nuclear transport factor 2-like, and a pathogenesis-related protein
(UniProt ID #QOH8U4) were exclusively up-regulated only in the
compatible interaction of race 1 with Early Pak (Table 1).

In all compatible interactions, the proteins 1,3-beta-glucosidase,
pathogenesis-related protein Bet v I family, and peroxidase were co-
expressed at significantly higher levels than those observed in the
mock-inoculated plants (Tables S1 and S2). These proteins were up-
regulated at least 9.3, 6.4, 5.5 log2-fold in Beefsteak-race 2 interaction
(compatible), and at 4.7, 3.3, 8.4 in Early Pak-race 1 interaction

(compatible), and at 2.9, 3.1 and 7.4 log2-fold in Early Pak-race 2 in-
teractions (compatible), respectively (Tables S1 and S2). Interestingly,
glycoside hydrolase family 18, chitinase class II, purple acid phospha-
tase, which may also be associated with pathogenicity, were upregu-
lated only in the Early Pak-race 1 interaction (at least 7.2 log2-fold).

3.3. Global analysis of tomato stem exudate proteins

Proteins from the stem extract of the two tomato cvs, Beefsteak and
Early Pak were precipitated and identified by LC-MS/MS at 4 weeks
after inoculation with race 1 (Le1087) and race 2 (Le1181) of V. dah-
liae. Among these, 62, 20, and 190 proteins in Beefsteak and 21, 42, and
165 in Early Pak were unique to race 1, race 2 and water inoculation,
respectively (Fig. 2 and Table S3).

Global protein expression analyses were conducted in both hosts
across all treatments (water, race 1 and race 2). Comparison of the
numbers of common proteins identified in Early Pak and Beefsteak
across all interactions indicated a higher number of proteins expressed
in Beefsteak (1049) than in Early Pak (848) (Fig. 2C). Among these, 795
(72.1%) were common between the two cultivars, whereas 254 and 53
proteins were unique to Beefsteak and Early Pak, respectively (Fig. 2C
and Table S3). Of the unique proteins that were exclusively expressed in
incompatible interaction (Beefsteak-Le1087), 54.8% (34 proteins) were
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Fig. 2. Proteins expressed in Early Pak and Beefsteak
after inoculation with race 1 (Le1087) and race 2
(Le1811) isolates of Verticillium dahliae. Proteins
were collected from Early Pak (A) and Beefsteak (B)
at 4 weeks after inoculation with the isolates Le1087
or Lel811 of V. dahliae or uninoculated (water con-
trol). Comparison of the numbers of common pro-
teins identified in Early Pak and Beefsteak across all
interactions (C). Information on proteins for each
Venn diagram is given in Table S3.

Le1087

254 795 53
Beefsteak
Combined Early Pak
(1049) Combined
(848)

uncharacterized proteins with unknown functions. Some of those pro-
teins of interest with known functions in plant defense included PR
protein 1, mitogen-activated protein kinase, beta-galactosidase, phe-
nylalanine ammonia-lyase and cell wall strengthening protein -STB1
(P93204), etc. (Table S3 and Fig. 2B).

3.4. Differential expression of tomato stem exudate proteins

A total of 30 and 22 tomato proteins expressed in the stem exudate
of Early Pak and Beefsteak, respectively, were significant (p < .01,
q < .01), and exhibited at least 1.5-fold upregulation as compared
with mock-inoculated plants (Tables S1 and S2). In the incompatible
interaction (Beefsteak-Le1087), proteins strongly associated with plant
defense, such as remorin 1 (Q9XEX8), and a NAD-dependent epi-
merase/dehydratase (K4C2D7) associated with carbohydrate metabo-
lism, were upregulated at 7.8 and 7.5-fold higher levels than the mock-
inoculated plants, respectively, and were not detected in any other in-
teractions (Tables S1 and S2). Polyphenol oxidase (K4CMI6), phenyla-
lanine ammonia-lyase (K4C2U1), SAM-dependent methyltransferase
(K4B307), and beta-galactosidase (E3UVW?7) were up-regulated only in
the incompatible interaction (Beefsteak-Le1087).

In all compatible interactions, the proteins 1,3-beta-glucosidase
(K4D2M7), pathogenesis-related protein Bet v I family (K4CWC6), and
peroxidase (K4BE93) were co-expressed at significantly higher levels
than those observed in the mock-inoculated plants (Tables S1 and S2).
These proteins were up-regulated at least 9.3, 6.4, 5.5 log2-fold in
Beefsteak-race 2 interaction (compatible), and 4.7, 3.3, 8.4 in Early
Pak-race 1 interaction (compatible), and 2.9, 3.1 and 7.4 in Early Pak-
race 2 interactions (compatible), respectively (Tables S1 and S2).
Interestingly, glycoside hydrolase family 18, chitinase class II

(K4CAY2), purple acid phosphatase (K4BXU9), glutamine synthetase
(Q42874), S-phase kinase-associated protein 1 (K4B427), and aldehyde
dehydrogenase family (K4DBPO) were upregulated only in Early Pak-
race 1 interaction (at least 7.2 log2-fold). While, 1-aminocyclopropane-
1-carboxylate oxidase 4 (P24157) that is involved in the synthesis of
ethylene from S-adenosyl-L-methionine, and pectin acetylesterase
(K4CI69- cell wall biogenesis/degradation) in the Beefsteak-race 1 in-
teraction; carbohydrate esterase, sialic acid-specific acetylesterase
(K4B1G1), peptidyl-prolyl cis-trans isomerase PPlase (K4ATJ4) and
pyrophosphatase (K4DFR4- phosphate-containing compound metabolic
process) in Early Pak were specific to race 2 interactions only (Tables S1
and S2).

The differential analysis further identified 49 common proteins in
the six treatments that were differentially expressed (p < .001,
q < .01) with at least 1.5-fold change relative to the water (mock-in-
oculated) controls. The relative expressions of these proteins are in-
dicated in a heatmap (Fig. 1M). Based on relative expression values
compared with the water-inoculated controls, patterns of protein ex-
pression were grouped into three that included 38 up-regulated, and 22
down-regulated proteins across the six treatments (Fig. 1M).

Analyses of the down-regulated proteins expressed in the host may
also determine the outcomes of plant-pathogen interactions, as vascular
pathogens secret effectors that can affect host defense gene expression
[11]. In the incompatible interaction of cultivar Beefsteak and race 1 of
V. dahliae (Beefsteak-Le1087), —defense response-associated glucan
endo-1,3-beta-glucosidase B Carbohydrate esterase, sialic acid-specific
acetylesterase were down-regulated (Table S2, Fig. 1M). In the com-
patible interaction of Early Pak inoculated with race 1 of V. dahliae,
glycoside hydrolase family 18, chitinase class II peptidase S8/ In-
hibitor 19 family protein, purple acid phosphatase, were upregulated;
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Table 1

Expression of tomato stem extract proteins associated with defense in response to Verticillium dahliae.™ ©

S Interaction (BS-Le1811) S Interaction (EP-Le1087) S Interaction (BS-Lel811)

R Interaction (BS-Le1087)

UniPort ID  Annotation

p

Fold change (Log2)

q

Fold change (Log2) p

q

p

Fold change (Log2)

qb

p

Fold change (Log2) "

0.0000 0.001
0.0001

7.812

Remorin 1

QOXEX8

0.0086

0.0001

2.876
3.060

0.0000
0.0000
0.0000

0.0000
0.0000
0.0000

0.0000 4.699

0.0000

9.300

0.006

7.425

Glycosyl hydrolases family 17/ 1,3-beta-glucosidase
Pathogenesis-related protein Bet v I family

P69B protein (Zinc finger protein)

Polyphenol oxidase

K4D2M7
K4CWC6
004678

0.0000 0.0000

3.317

0.0000 0.0000

6.429
4.878

0.0000 0.000

5.210

3.653

0.0000 0.0001

0.0000 0.001
0.0001

4.572

0.004

2.724
2.477

K4CMI6

0.0000 0.000

Peptidase_S8/ Inhibitor_I9 family protein
Phenylalanine ammonia-lyase (PAL)

Peroxidase
PR-5X%

K4CNY6
K4C2uU1

0.0000 0.001

2.277

0.0000 0.0056

0.0000 0.0000 7.461

8.413

0.0000

0.0000
0.0000 0.0000

5.463

K4BE93

0.0000 0.0000

3.678

1.923

Q8LPU1

0.0009
0.0035
0.0059
0.0059
0.0003
0.0000

0.0000
0.0001
0.0003
0.0003
0.0000
0.0000

7.828
7.480
7.342
7.342
3.020

Purple acid phosphatase
Glutamine synthetase

K4BXU9
Q42874

S-phase kinase-associated protein 1

K4B427

Peptidase_S8/ Inhibitor_I9 family protein

Nuclear transport factor 2-like
Pathogenesis-related protein

PR10

K4CNZ0

K4BT78

2.127

QOH8U4

0.0086

0.0001

2.876

K4CWC5
Q05539

0.0035

0.0001

0.0021  1.0442

0.0001

0.0008 1.458

0.0002

1.287

Acidic 26 kDa endochitinase

@ Xylem sap proteins expressed in Early Pak (EP) or Beefsteak (BS) after inoculation with isolate Le1087 and Le1811 of Verticillium dahliae.

> Normalized fold change (Log2) expression calculated in proportion to water inoculated plants.

¢ False discovery rate (FDR) calculated as described by Benjamini and Hochberg [6]. — No expression.
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while peptidyl-prolyl cis-trans isomerase, phenylalanine ammonia-lyase
and pectinesterase were down-regulated (Table S1, Fig. 1M). Proteins
including triosephosphate isomerase, pyrophosphatase, and peptidyl-
prolyl cis-trans isomerase, were down-regulated in both resistant and
compatible interaction.

3.5. Gene ontology (GO) enrichment analyses

Four biological processes associated with lignin biosynthesis, phe-
nylpropanoid pathway processes (cinnamic acid biosynthetic pro-
cesses), phenylalanine catabolic processes, and methylation (carbohy-
drate) were significantly enriched in the incompatible interaction
(Table 2). These individual processes were uniquely enriched simulta-
neously only in the incompatible interaction (Beefsteak-Le1087), but
not simultaneously in any other pairwise interactions examined
(Table 2, Table S4). Other GO terms associated with the incompatible
interaction included carbohydrate metabolism and signal transduction;
hexose metabolic process; polysaccharide catabolic process; ATP hy-
drolysis coupled proton transport; and translation (Table 2). However,
there were GO terms associated with chitin and polysaccharide meta-
bolism, salicylic acid biosynthetic processes, systemic acquired re-
sistance, regulation of hydrogen peroxide metabolism, and cell wall
macromolecule catabolic process were unique to the compatible inter-
action (Early Pak-Le1087) as well (Table 2).

3.6. Verticillium dahliae proteins

Though the experiment was initially designed to capture both host
and pathogen proteins, only a few candidate matches were identified
from V. dahliae, and because the numbers of the matching candidate
proteins were low, comparisons of protein expression levels between
treatment groups were not statistically significant. Thus, there was no
significant enrichment of V. dahliae proteins observed in any of the
pairwise interactions (data not shown).

3.7. Metabolic analysis of stem exudate extract

Metabolites present in stem extracts were quantified at 3, 5 and
7 weeks after inoculation in response to race 1 and 2 isolates of V.
dahliae. A total of 36 known and two unknown metabolites were
quantified in stem extracts of both cultivars (Fig. 3). The phenolic acids
(12 quinic acid derivatives-QAD), caffice acid derivatives-CAD (total 5)
and flavonoids (10 flavonoid glycoside-FG) were the compounds pre-
sent in the greatest amounts in addition to vanillic, syringic and gallic
acid hexoside; dehydrotomatine, tomatoside A, and alpha-tomatine
(Fig. 3). The response of the resistant host (Beefsteak) to the two races
significantly affected the level of phenolic compound production and
accumulation in all sampling points. Analysis of variance (ANOVA)
indicated that 11, 1, and 2 phenolic compounds in Beefsteak; and 8, 7
and 1 phenolic compounds in Early Pak occurred at different levels
between infection by the two races of V. dahliae or with mock at 3, 5
and 7 weeks after inoculation (WAI), respectively (Fig. 3). Specifically,
levels were different for the three flavonoid glycosides [1,4,9]; four
quinic acid derivatives [2,4,6,8]; syringic acid hexoside (SAH), alpha-
tomatine and one unknown at 3 WAI; FG 3 at 5 WAI;, and GAH and
QADG6 at 7 WAI between races in Beefsteak. In contrast, compound le-
vels for CAD5, FG 3-5 and 9; QAD2 and 11 at 3 WAL vanillic acid
hexoside (VAH), CAD2, FG 3-5 and 8; GAH and QAD4 at 5SWAI; and
QAD3, QAD9, FG2 and FG3 at 7 WAI were significantly (p < .05)
different in Early Pak based on which race infected the host (Fig. 3).
Four phenolic compounds, FG4, FG9, QAD2, and QAD11, has different
levels present in both Beefsteak and Early Pak following infection.
However, total amounts remained low in race 1 than in race 2-in-
oculated plants on both cultivars.

Further, the relative production of stem extract metabolites in re-
sponse to race 1 (Le1087) inoculation indicated significant differences
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Table 2

Enrichment of gene ontology (GO) terms of the biological process category in resistant and susceptible Verticillium dahliae race 1-tomato interactions vs water (mock-

inoculated).
GO IDs" Term Comparision p value Disease reaction
G0:0006952 Defense response BS: Lel087-vs-water 0.00070 R
G0:0009800 Cinnamic acid biosynthetic process BS: Le1087-vs-water 0.00550 R
G0:0032259 Methylation BS: Lel1087-vs-water 0.00550 R
GO0:0019318 Hexose metabolic process BS: Lel087-vs-water 0.01090 R
G0:0015991 ATP hydrolysis coupled proton transport BS: Le1087-vs-water 0.01220 R
G0:0006559 L-phenylalanine catabolic process BS: Lel1087-vs-water 0.02420 R
G0:0035999 Tetrahydrofolate interconversion BS: Le1087-vs-water 0.02720 R
G0:0009911 Positive regulation of flower development BS: Le1087-vs-water 0.02770 R
G0:0000272 Polysaccharide catabolic process BS: Le1087-vs-water 0.02870 R
G0:0006412 Translation BS: Le1087-vs-water 0.02940 R
GO0:0009809 Lignin biosynthetic process BS: Le1087-vs-water 0.03770 R
G0:0006032 Chitin catabolic process EP: Lel087-vs-water 0.00012 S
G0:0006952 Defense response EP: Le1087-vs-water 0.00024 S
G0:0000272 Polysaccharide catabolic process EP: Le1087-vs-water 0.00034 S
G0:0009607 Response to biotic stimulus EP: Le1087-vs-water 0.00046 S
G0:0016998 Cell wall macromolecule catabolic process EP: Le1087-vs-water 0.00230 S
G0:0009697 Salicylic acid biosynthetic process EP: Le1087-vs-water 0.01159 S
GO0:0006612 Protein targeting to membrane EP: Le1087-vs-water 0.01160 S
G0:0010310 Regulation of hydrogen peroxide metabolism EP: Le1087-vs-water 0.01313 S
G0:0015977 Carbon fixation EP: Le1087-vs-water 0.01809 S
G0:0010363 Regulation of plant-type hypersensitive EP: Lel1087-vs-water 0.02468 S
G0:0006096 Glycolytic process EP: Le1087-vs-water 0.02653 S
G0:0019684 Photosynthesis, light reaction EP: Le1087-vs-water 0.02747 S
G0:0009862 Systemic acquired resistance, salicylic EP: Le1087-vs-water 0.02790 S
G0:0009637 Response to blue light EP: Lel087-vs-water 0.03189 S
G0:0009926 Auxin polar transport EP: Le1087-vs-water 0.03290 S
GO0:0006979 Response to oxidative stress EP: Le1087-vs-water 0.03844 S
GO0:0009845 Seed germination EP: Le1087-vs-water 0.03925 S
G0:0006014 p-ribose metabolic process EP: Lel087-vs-water 0.04161 S

2 Gene ontology (GO) term analysis of proteins expressed in resistant cultivar Beefsteak (BS) and susceptible cultivar Early Pak (EP) inoculated with race 1
(Le1087) isolates of V. dahliae. GO term analysis of proteins expressed in race 2 interaction, pairwise comparisons between two races, and with mock-inoculated

controls were given in Table S3.

between resistant (Beefsteak) and susceptible (Early Pak) cultivars in
comparison to water-treated plants (Table 3, Fig. 3). A total of 22
metabolites showed at least 1.5 Log2-fold changes in amounts in one or
more sampling points (Table 3). The flavonoid glycoside 10; quinic acid
derivative 7 and 12; and tomatoside A were present at increased levels
in Beefsteak but at decreased levels in Early Pak at 7 WAL While, CAD2,
CADS5, FG3, FG8, QAD 4-7, QAD12, SAH, tomatoside A and unknown 2
were present at increased levels in Early Pak but at reduced levels in
Beefsteak at 3 WAI, and remained in similar levels at 5 and 7 WAI with
the exception of a few metabolites which present at different amounts
as follows (Table 3). Notably, QAD9 was present at increased levels at 3
and 7- WAI in Beefsteak and for all time points in Early Pak. In contrast,
dehydrotomatine and QAD11 were present at reduced levels at all time
points in both interactions (Table 3, Fig. 3).

4. Discussion

The main objective of this study was to track changes in the pro-
teomes and metabolomes in stem extracts from tomato plants in a re-
sistant tomato-V. dahliae interaction (Beefsteak inoculated with race 1),
and susceptible interaction (Early Pak inoculated with either race 1 or
2, or Beefsteak inoculated with race 2). We reconfirmed the resistant
and susceptible interactions [39] of these two tomato cultivars against
race 1 (Lel087) and race 2 (Lel811) isolates and used this system to
examine proteome and metabolomes that were correlated with defense
functions.

Among sixty-two proteins that were unique to the incompatible
interaction (resistant against race 1) some homologs have been anno-
tated for defense response and cell wall strengthening in other patho-
systems, including the tomato-Fusarium system [55]. However, addi-
tional defense-related proteins such as pathogenesis-related (PR)
proteins were identified in both resistant and susceptible interactions,

such as PR-1, PR-5x, PR-10, pathogenesis-related protein Bet v1, en-
dochitinase, 1,3-beta-glucosidase, and peroxidase [57]. Homologs of
these types of proteins play roles to in restricting pathogen spread in
planta [57].

Additionally, homologs of a defense-associated mitogen-activated
protein kinase expressed in the incompatible interaction in this study
are known to mediate the induction of hypersensitive responses to both
fungal-Cladosporium fulvum (Cf-4/Avr4) [54] and bacterial-Xantho-
monas campestris pv. vesicatoria and P. syringae pv. tomato interactions
[43]. These proteins are also activated due to pathogen infection in Vitis
vinifera [8].

The comparative proteome analysis narrowed down sets of proteins
to 30 and 22 that were significantly upregulated > 1.5 times (p < .01,
g < 0.01) in susceptible (Early Pak) or resistant (Beefsteak) tomato
interactions, respectively, compared to water-treated plants. Remorin 1
and NAD-dependent epimerase/dehydratase were uniquely up-regu-
lated in the incompatible interaction (Beefsteak-Lel087) at least 7.5-
fold, but not detectable in any of the other interactions examined. The
homologous plant-specific ‘remorin’ exhibits anti-microbial properties
and was associated with plant signaling processes during plant-microbe
interactions [9]. Members of plant remorin family proteins are asso-
ciated with cell-to-cell signaling [3,38,48], and are implicated in de-
fense in multiple plant hosts [10,28,33,36]. The functional mechanism
of these proteins in the V. dahliae-tomato interaction requires further
investigation.

Two of the enzymes expressed only in the incompatible tomato-V.
dahliae interaction in this study may provide insight into a mechanism
of Verticillium wilt resistance. Increased levels of tomato phenylalanine
ammonia-lyase (PAL) were observed in incompatible interactions in
this study, and PAL is a key enzyme, catalyzing one of the initial steps in
the phenylpropanoid metabolism pathway, required for defense against
abiotic and biotic stresses, signal transduction, communication with
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Fig. 3. Metabolic profiles of stem exudates of the resistant tomato cv. Beefsteak and the susceptible cv. Early Pak in response to Verticillium dahliae isolates Le1087
and Lel811 at 3, 5, and 7 weeks' post-inoculation. QAD, quinic acid derivatives; CAH, caffeic acid hexoside; VAH, vanillic acid hexoside; CAD, caffeic acid deri-
vatives; SAH, syringic acid hexoside; GAH, gallic acid hexoside; FG, flavonoid glycoside; DHtomatine, dehydrotomatine.

Table 3

Differential production of stem extract metabolites (Log2-fold) in resistant and
compatible interaction with race 1 (Lel087) isolates of Verticillium dahliae
compared to mock inoculation.

Compound” Beefsteak-Le1087 Early Pak-Le1087

3WAI® 5WAI 7WAI 3WAI 5WAI 7 WAI
Caffeic acid deriv. 2 —-1.81 —-0.81 1.42 1.58 1.85 2.14
Caffeic acid deriv. 5 —-0.49 0.00 2.09 1.32 1.77 2.12
Dehydrotomatine -0.56 -0.70 -183 -185 -0.04 -1.01

Flavonoid glycoside 1 0.85 0.26 —-0.32 1.45 1.75 2.10
Flavonoid glycoside 3 —0.10 -0.12 1.09 0.68 2.07 1.73
Flavonoid glycoside 4 0.52 —-0.01 1.43 1.13 2.36 1.45
Flavonoid glycoside 8 -0.12 0.5 1.16 0.63 1.80 1.12

Flavonoid glycoside 9 0.61 -232 -0.05 1.75 -0.02 -1.02
Flavonoid glycoside 10  —0.30 -1.31 0.54 -1.43 -0.80 -—1.51
Gallic acid hexoside —0.42 —-1.77 0.49 —-0.78 1.58 1.24
Quinic acid deriv. 2 —-1.69 -0.88 —-0.64 -091 1.20 0.95
Quinic acid deriv. 4 -1.70 -0.78 -0.81 249 1.07 —0.06
Quinic acid deriv. 5 -1.32  0.50 -2.12 187 -1.26 1.38
Quinic acid deriv. 6 —2.00 -1.74 -1.00 0.58 —-1.58 0.32
Quinic acid deriv. 7 —-1.00 —-3.81 0.26 1.00 0.00 —0.58

Quinic acid deriv. 9 1.00 —1.00 2.00 2.00 3.00 2.32

Quinic acid deriv. 11 -298 —-142 -065 -324 -317 -205
Quinic acid deriv. 12 —-2.32 —-0.58 1.00 1.58 0.00 —1.00
Syringic acid hexoside -1.22 -0.74 1.00 1.85 0.93 0.74
Tomatoside A -1.27 -0.70 0.26 0.63 0.48 -1.71
Unknown 1 -1.77 —-1.48 0.16 -0.29 0.11 —0.35
Unknown 2 -1.70 -0.46 1.38 1.00 0.32 1.17

@ Metabolic compounds showing > 1.5 fold greater amounts at least in one-
time point compared to water inoculation were shown. In cases where greater
amounts occurred, the fold differences were italicized.

> WAI = Weeks After Inoculation, +ve and -ve values represent greater
compound levels or reduced compound levels present in infected plants com-
pared to plants that received water inoculation.

other organisms [15,20,58]. Phenylpropanoid compounds are pre-
cursors to various phenolic compounds such as flavonoids, iso-
flavonoids, plant hormones, anthocyanins, phytoalexins, and lignins
[12,32,46]. Induction of PAL gene expression was previously described
in resistant and susceptible tomato-Verticillium interactions and was
correlated with increased cell wall strengthening in the resistant in-
teraction [22].

The pathogen-induced phenylpropanoids such as isoflavans, quinic
acid, caffeic acids, vanillic acid hexoside, syringic acid hexoside and
coumarines have antimicrobial activity and can act as phytotoxins
against plant-pathogenic fungi and bacteria [12,32]. Furthermore, a
polyphenol oxidase (PPO) was expressed only in the incompatible re-
actions, and its homologs are known for oxidation of polyphenols into
quinones, an antimicrobial compound, and in plant cell wall lignifica-
tion during pathogen invasion [40,53]. PPO oxidizes monophenols to o-
diphenols [41], and plays important role in radical coupling of mono-
lignols to form lignin and flavanoid polymerization in the cell wall [42].
Thus, our results indicate that induced PAL and PPO in the in-
compatible V. dahliae Le1087 (race 1) interaction may constitute an
important component of defense.

Metabolic analysis of the xylem sap of tomato infected with V.
dahliae indicated that the levels of flavonoid glycosides (FGs) changed
between tomato inoculated with V. dahliae and treated with water. The
proteome derived gene ontologies of bioprocesses of PAL activity and
cinnamic acid biosynthesis also support the role of flavonoid produc-
tion in the resistance response of tomato to V. dahliae Le1087 (race 1).
The flavonoids play important functions in interactions between plants
and microorganisms both as defense factors (phytoalexins) and as

signaling molecules [4,52,56]. Inhibitory activity of flavonoids to var-
ious plant pathogens such as F. oxysporum f. sp. dianthi [17], Sphaer-
otheca fuliginea [16,44], Cercospora nicotianae [51], F. oxysporum f. sp.
fragariae [14] is well documented. These compounds are derived from
phenylalanine and the acetate coenzyme A ester pathways and are
catalyzed by PAL, cinnamate 4-hydroxylase, 4-coumaroyl-CoA ligase,
chalcone synthase, chalcone isomerase, and flavone synthase [7]. The
increased levels of two flavonoid derivatives and a caffeic acid in
Beefsteak indicate an association with defense activities specifically in
Beefsteak, while these compounds were at reduced levels in all other
interactions.

No significant pathogen-associated proteins were detected in this
study. The low amount of pathogen proteins detected may be due to the
less abundant number of proteins of V. dahliae in the xylem, or due to
the early harvest of plant tissue while the fungus had not yet colonized
above ground tissue adequately. This result is consistent with that of
Houterman et al. [24], who identified very few fungal proteins in to-
mato xylem sap from plants inoculated with another wilt pathogen, F.
oxysporum. Small cysteine-rich and necrosis-inducing proteins secreted
by vascular wilt fungi play a role in host colonization [11]. The V.
dahliae genome contains a large number of genes encoding cell-wall
degrading enzymes (CWDEs) and nearly 250 proteins with four or more
cysteine-residues [31]. These proteins were not detected in this study
potentially due to the extraction approach, which did not enrich for
these types of proteins. Also, during tomato colonization, the levels of
detectable DNA from V. dahliae have been documented as cyclical [22],
and thus, high enough levels of V. dahliae proteins may not have been
achieved at the time points examined in each interaction.

5. Conclusions

This study demonstrated that a significant number of defense-re-
lated proteins were abundantly expressed in all V. dahliae-tomato in-
teractions. Homologs of defense-associated remorin 1, NAD-dependent
epimerase/dehydratase, polyphenol oxidase, and PALwere unique to
the incompatible interaction. Furthermore, two caffeic acid derivatives,
four flavonoid glycosides, and three hydrolysable tannins (quinic acid
derivatives) were also present in increased amounts in the incompatible
interaction. Overall, the results point to the importance of PAL and
metabolites necessary for cell wall strengthening which may confer
Verticillium wilt resistance in tomato. Future studies should focus on
these proteins and phenolic compounds to understand their functional
roles. Overall, these results contribute to our understanding of the
molecular mechanisms of host responses in both resistant and suscep-
tibe interactions.
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