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Abstract: Fusarium wilt of lettuce is found throughout the world, causing significant yield losses.
Lettuce is the most-cultivated leafy vegetable in Greece, affected by a large number of foliar and
soil-borne pathogens. In this study, 84 isolates of Fusarium oxysporum, obtained from soil-grown
lettuce plants exhibiting wilt symptoms, were characterized as belonging to race 1 of F. oxysporum f.
sp. lactucae based on sequence analysis of the translation elongation factor 1-alpha (TEF1-α) gene and
the rDNA intergenic spacer (rDNA-IGS) region. The isolates were also assigned to one single race
through PCR assays with specific primers targeting race 1 and race 4 of the pathogen. In addition, four
representative isolates were confirmed to be associated with race 1 based on the pathogenicity tests
with a set of differential lettuce cultivars. Artificial inoculations on the most commonly cultivated
lettuce cultivars in Greece revealed that the tested cultivars varied regarding their susceptibility
to F. oxysporum f. sp. lactucae race 1. Cultivars (cvs.) “Cencibel” and “Lugano” were found to be
highly susceptible, while cvs. “Sandalina” and “Starfighter” were the most resistant ones. Expression
analysis of 10 defense-related genes (PRB1, HPL1, LTC1, SOD, ERF1, PAL1, LOX, MPK, BG, and GST)
was carried out on artificially inoculated lettuce plants of the four above cultivars at different time
points after inoculation. In resistant cultivars, a higher induction rate was observed for all the tested
genes in comparison with the susceptible ones. Moreover, in resistant cultivars, all genes except LTC1,
MPK, and GST showed their highest induction levels in their earliest stages of infection. The results
of this study are expected to contribute to the implementation of an integrated management program
to control Fusarium wilt of lettuce, based mainly on the use of resistant cultivars.

Keywords: Lactuca sativa; fusarium wilt; gene expression; defense responses

1. Introduction

Fusarium oxysporum f. sp. lactucae was first identified as the causal agent of Fusarium
wilt of lettuce in Japan [1]. Thereafter, the pathogen has been found throughout the
world [2], evolving into the most significant pathogen of lettuce cultivation [3]. The disease
was first recorded in Europe in 2001 [4], causing significant yield losses of up to 70% in
intensive cropping systems in Italy [5]. Nowadays, there are reports of this disease in seven
more European countries: Belgium, England, France, Ireland, the Netherlands, Norway,
and Spain [2]. Fusarium oxysporum f. sp. lactucae has been differentiated into four races to
date: races 1, 2 and 3 were first identified in Japan [6,7], while isolates from Belgium [8],
the Netherlands [9], England, Ireland [10], and Italy [11] have recently been assigned to the
new race 4.

Using the vegetative compatibility group (VCG) approach, races 1, 2, 3, and 4 have
been assigned to different somatic compatibility groups (VCG), named VCG 0300, VCG
0301, VCG 0302, and VCG 0303, respectively [12–17]. However, although these bioassays
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have been used extensively to define genetic relationships within the forma specialis lactucae,
they have been replaced by less time-consuming molecular identification techniques.

Isolates within a forma specialis are related to their pathogenicity to a given host [18],
and pathogenicity tests have been used to distinguish F. oxysporum formae speciales [16]. F.
oxysporum f. sp. lactucae race determination is commonly based on the pathogenic ability
of isolates using a set of differential lettuce cultivars [7,9,12]. Nonetheless, the results of
the pathogenicity tests have to be supported by molecular analysis of the isolates, which
enables race differentiation for a large number of isolates within a shorter time.

Molecular techniques have been developed to distinguish F. oxysporum f. sp. lactucae
from other formae speciales in the F. oxysporum complex and to characterize the different
races in forma specialis lactucae [19]. Sequence analyses of the mitochondrial small subunit
(mtSSU), the translation elongation factor 1-alpha (TEF1-α) gene, and the nuclear ribosomal
DNA intergenic spacer (rDNA-IGS) region have been used to determine diversity within
F. oxysporum f. sp. lactucae [16]. Sequence analyses of the TEF1-α gene and IGS region
have also recently been used to characterize the population structure of F. oxysporum f. sp.
lactucae in California and Arizona [20], and in a study aiming to identify a new race (race
4) in Dutch isolates [9]. Moreover, additional specific molecular markers have enabled
the identification of F. oxysporum f. sp. lactucae races. In particular, Pasquali et al. [5] and
Gilardi et al. [9] have developed specific PCR primers, based on the inter-retrotransposon
sequence-characterized amplified regions (IRAP-SCAR) technique, enabling the assignment
of given isolates to race 1 and race 4, respectively.

Fusarium oxysporum is a ubiquitous root-infecting fungal pathogen that causes wilt
disease in a wide range of plant species [21]. Hemibiotrophic pathogens, such as F. oxyspo-
rum, typically start their infection cycle with the biotrophic phase, establishing infection
via the roots and travelling towards the vascular system of the plant [22–24]. Successful
pathogens, such as F. oxysporum, have evolved mechanisms to overcome the relatively weak
defense response that is induced by the plants upon perception of fungal elicitors in this
stage of infection, and eventually colonize the plant [25]. Thereafter, the pathogen travels
upwards through the vascular system, causing vascular wilting due to the accumulation of
fungal mycelia and defense-related compounds in the xylem. As the infection progresses, F.
oxysporum switches to a necrotrophic pathogen, causing foliar necrosis, lesion development,
and eventual plant death [22,24]. This change in lifestyle implies that hemibiotrophic
pathogens are able to take over the host signaling pathways [23]. The pathogen invasion
most likely activates hormone-controlled defense pathways, such as systemic acquired
resistance (SAR), which protects against subsequent infections [26]. SAR is mediated by
the salicylic acid (SA) signaling pathway, although it is considered that jasmonate (JA) is
also required in the initial stages [27].

Numerous anatomical and biochemical responses are involved in plants’ response
to infection by F. oxysporum, e.g., modifying cell walls to block the pathogen, produc-
ing extracellular enzymes to directly degrade it, or activating the expression of specific
genes through several signaling pathways and transcription factors [28]. More specifically,
pathogenesis-related (PR) proteins, reactive oxygen species, and phytoalexins are expressed
locally as well as systemically [29], while the ethylene (ET), ABA, salicylic acid (SA) and
jasmonic acid (JA) signaling pathways have been reported to contribute to defense against
F. oxysporum in the model plant Arabidopsis thaliana [30,31]. Moreover, it has been reported
previously that the pathogen Fusarium sp. causes gene expression changes in a number
of different defense response genes in several crops, including pigeonpea, chickpea, and
castor [32–34]. However, to our knowledge, there are no data available on the expression
changes in defense response genes during lettuce–Fusarium oxysporum f. sp. lactucae in-
teraction. Nonetheless, a study focused on expression profiling using RNAseq and the
sequenced lettuce genome identified a large number of differentially expressed genes in-
volved in lettuce–B. cinerea interaction, associating them with the corresponding biological
pathways in which they are involved [35]. More specifically, in the same study, the response
of the selected genes was evaluated for a necrotroph (B. cinerea) and a biotroph (Bremia



Microorganisms 2023, 11, 1082 3 of 17

lactucae), highlighting that similar biological pathways are induced upon the inoculation of
lettuce with necrotrophic and biotrophic pathogens. In addition, temporal and quantitative
gene expression fluctuations were observed between one resistant and one susceptible
lettuce cultivar following infection with Sclerotinia sclerotiorum [36].

Genes related to the induction of resistance in lettuce are the pathogenesis-related
protein (PRB1) gene, associated with salicylic acid-mediated disease resistance [37], fatty
acid hydroperoxide lyase (HPL1) and lipoxygenase (LOX), the two enzymes involved in the
lipoxygenase (LOX) pathway to produce phyto-oxylipins acting as defense and signaling
molecules [38,39], the sesquiterpene synthase (LTC1) gene, encoding a sesquiterpene syn-
thase involved in the defense response against fungal pathogens [40], superoxide dismutase
(SOD), a crucial enzyme protecting normal cells from reactive oxygen species (ROS) pro-
duced during many intracellular pathogen infections [41], ethylene response factor 1 (ERF1),
which encodes a transcription factor that regulates the expression of pathogen response
genes that prevent disease progression and whose expression can be activated by ethylene,
jasmonate, or by both hormones synergistically [42], phenylalanine ammonia lyase (PAL1),
the regulatory enzyme catalyzing the first step of the phenylpropanoid pathway [43],
which biosynthesizes compounds with antimicrobial activity such as phytoalexins [44], the
mitogen-activated protein kinase (MAPK) gene, involved in pathogen-induced defense
signal transduction pathways [45,46], the β-glucanase (BG) gene, which has the ability to
degrade fungal cell walls and may be involved in the defense mechanism of plants against
pathogenic fungi [47], and a glutathione transferase (GST) gene that participates in the
translocation of flavonoids, affecting disease resistance in plants [48].

Although Fusarium wilt is considered a common soil-borne disease of lettuce in
Greece, no data are available regarding the forma specialis and, therefore, the races present
in this crop. Hence, the objectives of this research were to (a) identify the isolates obtained
from symptomatic plants using sequence analysis of the translation elongation factor
1-alpha (TEF1-α) and the nuclear ribosomal DNA intergenic spacer (rDNA-IGS) region,
(b) assess the pathogenicity of selected isolates on a set of commercial and differential
lettuce cultivars, (c) characterize some of the most commonly cultivated lettuce cultivars in
Greece in terms of susceptibility/resistance to Fusarium wilt, and (d) compare the gene
expression profiles of ten defense-related genes induced after the artificial inoculation of
two susceptible and two resistant lettuce cultivars with the pathogen.

2. Materials and Methods
2.1. Pathogen Isolation

In June 2019, wilting symptoms were observed in two-month-old Iceberg lettuce plants
in a commercial farm specialized in the cultivation of leafy vegetables (Vezyroglou Farm,
Alexandria, Imathia, Central Macedonia, Greece). Affected plants showed stunted growth
and leaf chlorosis, while the vascular tissues of taproots and crowns exhibited brownish
discoloration. The disease was severe, resulting in the complete wilting and mortality of
50–60% of the soil-grown lettuce plants cultivated under nethouse conditions in an area of
approximately 5 hectares.

For pathogen isolation, diseased plants were randomly selected at several sites of the
surveyed area and transferred to the laboratory. The roots and crowns of symptomatic
plants were surface-disinfested with a 1% sodium hypochlorite solution for 1 min and then
washed three times with sterilized distilled water. Small pieces of necrotic vascular tissues
were placed on potato dextrose agar (PDA; Oxoid, Thermo Fisher Scientific, Leiden, The
Netherlands) amended with lactic acid, and incubated for 3 to 4 days at 23 ◦C in the dark.
The yielded colonies were observed microscopically for morphological characteristics of
Fusarium oxysporum [49]. In total, 84 single-spore cultures were obtained and cultures on
PDA were deposited in the fungal collection of the Plant Pathology Lab, AUTh.

In addition to the isolates obtained from the field, a set of reference isolates were also
used in our study: isolate Fus 1.39 (race 1) and Fus 1.01 (race 4) from Belgium, isolate
04750888 (race 4) from The Netherlands, isolates 231724 and 231725 (race 1) from Norway,
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and isolates MAFF 244120 (race 1), MAFF 244121 (race 2), and MAFF 2441222 (race 3)
from Japan.

2.2. Molecular Identification of Fungal Strains
2.2.1. DNA Extraction

Petri dishes (diameter 9 cm) containing ca. 20 mL PDA, overlain with a sterilized cel-
lophane sheet (Gel drying frames, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany),
were inoculated with mycelial plugs (4 mm in diameter) and incubated for 3–5 days in the
dark at 23 ◦C. The mycelium was scraped from each plate, lyophilized, and ground to a
fine powder. Genomic DNA was extracted from this material using a DNeasy Plant Mini
Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The concentra-
tion of the extracted DNA was measured using a P330 nanophotometer (Implen GmbH,
Munich, Germany).

2.2.2. PCR Amplification

Initially, the translation elongation factor 1-alpha (TEF1-α) gene and the rDNA inter-
genic spacer (rDNA-IGS) region were amplified using the specific primers EF1/EF2 [50]
and CNL12/CNS1 [16,51,52], respectively. Due to its large size, the IGS region was also
amplified with the primer pair CNS12/RU46.67 [16]. The PCR reagents and conditions
were as those described by Gilardi et al. [9]. Aliquots of the PCR products were loaded
on 1.0% agarose gel in Tris-acetate-EDTA buffer with Midori Green Advance gel stain
(Nippon, Düren, Germany). PCR products were purified with a PureLink PCR Purification
Kit (Invitrogen, Carlsbad, CA, USA) and custom sequenced (CEMIA).

In addition, PCR was performed with the primers Hani3′/Hanilatt3rev [5] and
FUPF/FUPR [9] to check whether the Greek isolates belonged to race 1 or race 4, re-
spectively. DNA templates from the Greek isolates GTFus1-4 and the reference isolates,
mentioned in Section 2.1, were used in the PCR assays. The PCR reagents and conditions
for discrimination of race 1 and race 4 were as those described by Cabral et al. [53] and
Gilardi et al. [9] for race 1 and race 4, respectively. Amplicons were analyzed through 1.0%
agarose gel electrophoresis, stained with Midori Green Advance gel stain (Nippon, Düren,
Germany), and visualized under UV light.

2.2.3. Sequencing and Phylogenetic Analysis

All the sequence data for the TEF1-α gene and rDNA-IGS generated in this study were
initially visualized using ChromasLite (Technelysium, South Brisbane, Australia) and then
compared with a BLAST search on the National Center for Biotechnology Information
(NCBI) database to determine the forma specialis of F. oxysporum, searching for similari-
ties between the sequences obtained in this study and already existing sequences in the
database.

Already published sequences (Table 1) of the four races of F. oxysporum f. sp. lactucae
and other formae speciales of F. oxysporum were downloaded and used in the construction
of the phylogenetic tree. Phylogenetic analysis was conducted using MEGA version 7.0,
and the maximum likelihood (ML) method was used to generate the phylogenetic tree
from the concatenated TEF1-α gene and rDNA-IGS region. Bootstrap values were obtained
from 1000 replicates and only values greater than 60% are shown in the phylogenetic tree.
Distances were calculated using Kimura-2p in both phylogenetic inferences. The sequence
of F. subglutinans was used as an outgroup for rooting the phylogenetic tree.
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Table 1. Isolates and their corresponding accession numbers used for the phylogenetic analysis in
this study.

Isolate Name Species Name Geographical
Origin

GenBank Accession Numbers x
Ref.

TEF1-α IGS

GTFus1 Fusarium oxysporum f. sp. lactucae race 1 Greece OQ466113 OQ507251

*
GTFus2 F. oxysporum f. sp. lactucae race 1 Greece OQ466114 OQ507252
GTFus3 F. oxysporum f. sp. lactucae race 1 Greece OQ466115 OQ507253
GTFus4 F. oxysporum f. sp. lactucae race 1 Greece OQ466116 OQ507254

Fuslat 1.14 F. oxysporum f. sp. lactucae race 1 Italy KU840921.1 KU840914.1
[9]Fuslat 3.14 F. oxysporum f. sp. lactucae race 1 Italy KU840820.1 KU840913.1

GL1815 F. oxysporum f. sp. lactucae race 1 California, USA MH412701.1 MH412706.1

[20]
GL1639 F. oxysporum f. sp. lactucae race 1 California, USA MH412702.1 MH412707.1
JCP024 F. oxysporum f. sp. lactucae race 1 California, USA MH412703.1 MH412708.1
JCP164 F. oxysporum f. sp. lactucae race 1 Arizona, USA MH412704.1 MH412709.1

BMP1300 F. oxysporum f. sp. lactucae race 1 Arizona, USA DQ837658.1 DQ831864.1
[16]BMP1301 F. oxysporum f. sp. lactucae race 1 Arizona, USA DQ837659.1 DQ831865.1

BMP1306 F. oxysporum f. sp. lactucae race 1 Arizona, USA DQ837660.1 DQ831866.1

Fus-171 F. oxysporum f. sp. lactucae race 1 Brazil KY561356.1 KY352887.1
[54]Fus-172 F. oxysporum f. sp. lactucae race 1 Brazil KY561357.1 KY352888.1

S1 F. oxysporum f. sp. lactucae race 1 Japan DQ837657.1 DQ831863.1
[16]F9501 F. oxysporum f. sp. lactucae race 2 Japan DQ837693.1 DQ831893.1

FK09701 F. oxysporum f. sp. lactucae race 2 Japan DQ837694.1 DQ831892.1

MAFF744085 F. oxysporum f. sp. lactucae race 3 Japan KU840924.1 KU840917.1

[9]
MAFF744086 F. oxysporum f. sp. lactucae race 3 Japan KU840925.1 KU840918.1

L. sativa 04750888 F. oxysporum f. sp. lactucae race 4 Netherlands KU840922.1 KU840915.1
L. sativa 04750896 F. oxysporum f. sp. lactucae race 4 Netherlands KU840923.1 KU840916.1

FOV14 F. oxysporum f. sp. vasinfectum California, USA DQ837695.1 DQ831885.1

[16]

FOLR2 F. oxysporum f. sp. lycopersici California, USA DQ837692.1 DQ831894.1
TX388 F. oxysporum f. sp. melonis Texas, USA DQ837696.1 DQ83188.1
FOA50 F. oxysporum f. sp. asparagi Australia DQ837691.1 DQ831886.1

NRRL22546 F. oxysporum f. sp. medicaginis SE Asia DQ837690.1 DQ831901.1
NRRL26871 F. oxysporum f. sp. spinaciae Japan DQ837687.1 DQ831888.1

NRRL53158 F. oxysporum f. sp. conglutinans North Carolina,
USA FJ985443.1 FJ985678.1

[55]
NRRL26222 F. oxysporum f. sp. dianthi Israel FJ985284.1 FJ985490.1
NRRL36570 F. oxysporum f. sp. radicis-lycopersici Unknown FJ985358.1 FJ985591.1
NRRL36107 F. oxysporum f. sp. cubense Honduras FJ985326.1 FJ985559.1
NRRL22553 F. oxysporum f. sp. raphani Germany FJ985273.1 FJ985463.1

PUF016 F. subglutinans China HQ165847.1 HQ165883.1 [56]
x Accession numbers of sequences of representative isolates belonging to several Fusarium oxysporum formae
speciales obtained from the National Center for Biotechnology Information (NCBI). * Representative isolates
obtained in this study and used for the phylogenetic analysis.

2.3. Pathogenicity Tests
2.3.1. Plant Material

Four representative isolates (GTFus1-4) obtained in this study and other isolates kindly
provided from research institutions of Europe and Japan were evaluated for pathogenicity
on 12 commercial lettuce cultivars (cvs.) available in the Greek market and on 5 differential
lettuce cultivars. Lettuce cultivars, mainly of the Iceberg (syn. Crisphead), Butterhead,
Batavia, Romaine (syn. Cos), and Loose-leaf (Oakleaf and Lollo rossa) type, were provided
by the breeding company Rijk Zwaan (De Lier, The Netherlands). The differential lettuce
cultivars Patriot (susceptible to races 1, 2, and 3 [7]), Costa Rica No. 4 (resistant to race 1 [7],
susceptible to race 4 [9]), Banchu Red Fire (resistant to races 2 [7] and 4 [9]), Cavolo di Napoli
(susceptible to races 1, 2, and 3 [57] and susceptible to race 4 [9]), and Romana Romabella
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30 CN (resistant to races 1 and 2 [57] and susceptible to race 4 [9]) were also included in the
pathogenicity tests. Lettuce seedlings were produced in polysterene trays (300 cells/tray)
under greenhouse conditions with daily irrigation and without any pesticide application
until artificial inoculation.

2.3.2. Inoculation Procedure

Mycelial plugs of six-day-old cultures of the tested isolates were transferred into
potato dextrose broth (PDB; Sigma–Aldrich Chemie GmbH, Taufkirchen, Germany) liquid
medium and incubated for 10 days at 23 ◦C with a 12 h photoperiod in a rotary shaker at
100 rpm. Each isolate suspension was passed through a sterilized double-layer cheesecloth,
and the inoculum concentration was determined using a hemocytometer to adjust to a
density of 1 × 106 cfu/mL.

The inoculation procedure was carried out by removing ten four-week-old seedlings
per tested cultivar from the substrate and dipping their roots in the above-described
suspension for 5 min. The roots of control plants were dipped solely in sterilized distilled
water. The seedlings were then transplanted individually into plastic boxes, each filled
with 80 mL of a 5:1 sterilized mixture of peat and perlite. Inoculated and non-inoculated
plants were maintained in a growth chamber at 23 ◦C with a 12/8 h photoperiod cycle and
60% RH for 30 days. Pots were arranged in a randomized complete block design and the
experiment was carried out three times.

2.3.3. Estimation of Disease Index

The disease rating was conducted at the end of incubation period. The disease severity
index was rated on a scale of 0–4, as described by Gilardi et al. [9]. All data were expressed
as disease index (DI) with a scale of 0–100, using the formula:

DI =
[
∑(i × ni)

]
/(4 × total of plants) × 100 (1)

with i = 0–4 and ni = the number of plants with rating i [9]. Each value presented in
Table S1 is the mean disease index of three replicates ± standard deviation (SD). In ad-
dition, according to the 0–100 DI scale, the tested cultivars were characterized in terms
of resistance/susceptibility as follows: 0–10, resistant (R); 11–30, partially resistant (PR);
31–60, susceptible (S); and 61–100, highly susceptible (HS).

2.4. Defense Gene Expression Measurements
2.4.1. Plant Material for Gene Expression Measurements and RNA Preparation

The pathogenicity assays on the 12 commercial lettuce cultivars revealed that cvs.
“Cencibel” and “Lugano” were the most resistant, while cvs. “Sandalina” and “Starfighter”
were the most susceptible ones. Thus, these four cultivars were selected for defense-related
gene expression measurements, after artificial inoculation with one Greek isolate of the
pathogen. The experiment was carried out on four-week-old lettuce plants inoculated with
the pathogen, following the same procedure as previously described in Section 2.3.2. For
each treatment (artificially inoculated plants and mock-inoculated plants) and respective
time point, 5 plants were used, and the whole experiment was repeated three times.
Collection of leaf tissue for RNA extraction was carried out at 0, 24, 48, 72, 96, and 168 h
post inoculation (hpi). For RNA analysis, each biological sample comprised leaves collected
from 15 plants (RNA pooled), and three technical replicates were used for each sample.

Immediately after its removal from the plants, the collected leaf material was im-
mersed in liquid nitrogen and stored afterwards at −80 ◦C until it was used for further
analysis. Total RNA was extracted from 250 mg of tissue using a Nucleo Spin RNA Plant
kit (Macherey-Nagel, GmbH & Co. KG, Düren, Germany) according to the manufac-
turer’s instructions. The concentration of the extracted RNA was measured using a P330
nanophotometer (Implen GmbH, Munich, Germany).



Microorganisms 2023, 11, 1082 7 of 17

2.4.2. Selection of Defense-Related Genes for Expression Measurements

In total, 10 defense-related genes (HPL1, LTC1, SOD, PRB1, PAL1, LOX, ERF1, MPK,
BG, GST) were selected for expression measurements in the leaves of the four lettuce
cultivars (Table S2). The selected genes have been associated with defense responses in
lettuce after artificial inoculation of the specific host with biotrophic (Bremia lactucae) and
necrotrophic (Botrytis cinerea, Sclerotinia sclerotiorum) pathogens in previous studies [35,36].

2.4.3. Quantification of Gene Expression Levels with RT-qPCR

Total RNA, extracted as described above, was used as the template for RT-qPCR. The
genes selected for expression measurements and the primers used are listed in Table S2.
The RT-qPCR reactions were carried out in a StepOne Plus Real-Time PCR System (Applied
Biosystems, Waltham, MA, USA) using a SYBR Green-based kit (Luna Universal One-Step
RT-qPCR Kit, New English Biolabs, Ipswich, MA, USA) according to the manufacturer’s
instructions. The amplification conditions were 55 ◦C for 10 min and 95 ◦C for 2 min,
followed by 40 cycles of 95 ◦C for 5s and 60 ◦C for 30 s, while the melt curve stage consisted
of 95 ◦C for 15s, 60 ◦C for 1 min, and 95 ◦C for 15s. The threshold cycle (Ct) was determined
using the default threshold settings. The 2−∆∆Ct method was applied to calculate the
relative gene expression levels [58]. The Lactuca sativa actin gene (Actin; [36]) was used as
the endogenous control, and gene expression levels were expressed in a relative manner
with respect to those in non-inoculated lettuce plants at 0 hpi. Analysis of variance was
performed with SPSS v25.0 (SPSS Inc., Chicago, IL, USA), and significant differences were
determined using Tukey’s multiple range test at the p < 0.05 level.

3. Results
3.1. Pathogen Identification and Phylogenetic Analysis of the Isolates

The TEF1-α locus and the IGS region sequences derived from the 84 F. oxysporum
isolates obtained in this study were queried in the GenBank nucleotide database at the
NCBI and compared with other deposited sequences, allowing the identification of the
Greek isolates as belonging to F. oxysporum f. sp. lactucae. The amplification of the TEF1-α
gene and the IGS region yielded a sequence of approximately 690 and 2300 bp, respectively.
The obtained sequences from the BLAST search were identical, so four representative
sequences have been deposited in the NCBI database under the accession nos. OQ466113-
OQ466116271176 and OQ507251-OQ507254 for TEF1-α and IGS, respectively (Table 1).
Sequence data of the PCR products were used for the race determination of the Greek
isolates, comparing them with F. oxysporum f. sp. lactucae sequences of all four races and
other formae speciales of F. oxysporum obtained from the NCBI and published in previous
studies (Table 1).

ML analysis was performed based on the combined alignments of TEF1-α and IGS,
while the sequence data of an F. subglutinans isolate (GenBank accession nos. HQ165847.1
(TEF1-a); HQ165883.1(IGS)) were used for rooting the phylogenetic tree (Figure 1). The
phylogenetic tree was mainly separated into two clades; the first one was composed of
the F. oxysporum f. sp. lactucae race 1 reference isolates, the Greek isolates, and the Dutch
isolates (L. sativa 04750888, L. sativa 04750896) assigned to race 4, supported with a bootstrap
of 100%, and the second one was composed only of the race 2 isolates (FK09701, F9501)
from Japan. The sequences of isolates MAFF744085 and MAFF744086 (race 3) and those of
the remaining formae speciales of F. oxysporum retrieved from the NCBI seemed to form
individual lineages.

3.2. Race Determination with Race 1- and Race 4-Specific PCR Primers

The amplification with primers Hani3′ and Hanilatt3rev, specific to race 1, produced
an amplicon of approximately 200 bp in all the Greek isolates and in the previously iden-
tified race 1 isolates from Belgium, Norway, and Japan that were used as controls. No
amplification product was detected for the Belgian isolate Fus 1.01, the Dutch one, or the
Japanese isolates belonging to race 2 and race 3. Using the same isolate collection, the
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primer pair FUPF and FUPR, specific to the detection of race 4, produced an amplicon of
250 bp only for the Belgian isolate Fus 1.01 and for the Dutch one, which were identified
previously as belonging to race 4 [8,9]. However, no amplification was obtained for the
Greek isolates used in this study when the same race 4-specific primer pair was used in the
PCR assays.
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The four representative Greek isolates all induced similar Fusarium wilt symptoms
on each of the commercial lettuce cultivars used in this study, indicating that each cultivar
reacted as either susceptible or resistant. To give an example, characteristic Fusarium
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wilt symptoms observed in the pathogenicity assays and the corresponding disease index
values used for the evaluation of the disease severity are displayed for two lettuce cultivars
in Figure 2.
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Figure 2. Disease index scale (0–4) used for evaluation of Fusarium wilt severity on (A) “Lugano” and
(B) “Sandalina” lettuce cultivars artificially inoculated with Greek F. oxysporum f. sp. lactucae isolates,
where 0 = healthy plant; 1 = initial symptoms of leaf chlorosis, slight reduction in development, slight
vascular browning; 2 = severe leaf chlorosis, evident reduction in development, sometimes asymmet-
ric development of the head, evident vascular browning; 3 = leaf chlorosis and inhibition of growth,
evident deformation and initial vascular browning symptoms of wilting during the hottest hours of
the day; and 4 = plant strongly deformed with leaf chlorosis or completely necrotic leaves, totally
wilted. Disease index scale symptoms depicted in the figure correspond to characteristic symptoms
recorded throughout the pathogenicity testing with the different isolates for the same cultivar.

In total, eight cultivars were characterized as susceptible or highly susceptible, while
four were designated as partially resistant or resistant. Based on the disease index (DI)
results (Table S1), “Cencibel” and “Lugano” were the most susceptible cultivars, with DI
ranging from 68.6 to 100, while “Sandalina” and Starfighter” were the most resistant ones,
with DI ranging from 0.0 to 9.2. The Iceberg and the Lollo Rossa type lettuce cultivars
exhibited the same reaction responses (susceptible or highly susceptible) to the artificial
inoculation with the Greek F. oxysporum f. sp. lactucae isolates. The remaining eight cultivars
showed a different pathogenic pattern with various types of reaction, rated from susceptible
(moderate or high susceptibility) to resistant (partial or high resistance) when evaluating
them in pairs of the same lettuce type (Butterhead, Batavia, Oakleaf, or Romaine), as is
depicted in the heatmap presented in Figure 3. The two cultivars used for each of the
Butterhead, Batavia, Oakleaf, and Romaine types showed inconsistent resistance levels. For
instance, cv. “Tacitus” (Romaine type) was partially resistant or resistant, while cv. “Tanius”
of the same type was more susceptible to the artificial inoculation with the pathogen.
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Figure 3. Reaction of commercial and differential lettuce cultivars to the artificial inoculation with
the four Greek F. oxysporum f. sp. lactucae isolates (GTFus1-4) used in this study. The heatmap was
constructed based on the pathogenicity test results expressed as a disease index of 0 to 100 and
depicted in terms of resistance–susceptibility. Resistant cultivars (R) are indicated by a pale yellow
color, partially resistant (PR) by olive green, susceptible (S) by light blue, and the highly susceptible
ones (HS) are indicated by a dark blue color, as explained by the color scale at the right side of
the figure.

The reaction of the differential lettuce cultivars “Cavolo di Napoli” and “Patriot” was
similar, as they were both susceptible to the four Greek isolates, exhibiting DI ranging from
51.9 to 66.8, and from 50.0 to 62.0, respectively. In addition, “Costa Rica No. 4” was found to
be resistant (DI from 0.0 to 5.6) and “Banchu Red Fire” susceptible (DI from 32.8 to 53.8). On
the other hand, low DI values (from 0.0 to 12.9) were recorded when the cultivar “Romana
Romabella 30 CN” was evaluated for pathogenic reaction to the Greek isolates. Similar
virulence was observed when the race 1 reference isolates from Japan and Belgium (MAFF
244120 and Fus 1.39, respectively) were tested for pathogenicity on the five differential
lettuce cultivars. In contrast, the reference race 1 isolates showed divergent pathogenicity
reactions in some cases, compared with the one observed when the Greek isolates were
tested. For instance, cv. “Cencibel” appeared to be highly susceptible when the Greek
isolates were tested and susceptible or unexpectedly resistant, in the case of isolate Fus 1.39
and MAFF 244120, respectively (Figure 2).

The reference race 2 and race 3 isolates showed comparable virulence on the differential
set of cultivars to that described in previous studies, while the race 4 isolates showed
almost the same virulence. Cultivars “Cavolo di Napoli”, “Patriot”, “Costa Rica No. 4”,
and “Romana Romabella 30 CN” were susceptible or highly susceptible, while “Banchu
Red Fire” was partially resistant to the two isolates (04750888 and Fus 1.01) assigned to the
newly described race 4 (Table S1).
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3.4. Defense Genes’ Expression in the Resistant and Susceptible Lettuce Cultivars

To determine whether the observed differences in cultivar susceptibility were related
to biochemical resistance mechanisms, the expression of 10 defense-related genes (HPL1,
LTC1, SOD, PRB1, PAL1, LOX, ERF1, MPK, BG, GST) was measured in artificially inoculated
lettuce plants of the two most susceptible (cvs. “Cencibel” and “Lugano”) and the two
most resistant (cvs. “Sandalina” and “Starfighter”) cultivars. Data on gene expression
measurements are shown in Figure 4.

 

Figure 4. Expression analysis of defense-associated genes in lettuce plant leaves of two susceptible
(cvs. “Cencibel” and “Lugano”) and two resistant (cvs. “Sandalina” and “Starfighter”) cultivars
through real-time quantitative PCR (RT-qPCR) at 12, 24, 48, 96, and 168 h post inoculation (hpi) with
F. oxysporum f. sp. lactucae. The y-axis represents relative differences in gene expression compared to
that of lettuce plants before F. oxysporum f. sp. lactucae inoculation (time point 0 h). cDNA samples
were normalized using the Actin gene as endogenous control. Each column represents average data
with error bars from three independent technical samples. Different letters in the columns indicate
significant differences between the four cultivars for the same gene at each time point according to
Tukey’s test (p < 0.05).
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The expression profiles of selected genes were surveyed at five different time points
(24, 48, 72, 96, and 168 hpi). HPL1 was up-regulated in the resistant cultivars compared
to the expression levels observed in the susceptible ones, reaching a peak at 48 hpi, and
showing a 6.25-fold increase at that time point comparing the highest and lowest expression
values. However, although HPL1 was still up-regulated, its transcription started to decline
thereafter. LTC1 was highly expressed at 72 and 96 hpi for the two resistant cultivars, show-
ing an 82.3- and 51.5-fold increase, while the highest induction levels for PRB1 and BG were
observed at 24 hpi (3.0- and 3.8-fold changes, respectively), and then their expression levels
decreased for all the evaluated cultivars. The highest induction level for the superoxide
dismutase (SOD) gene was observed at 24 hpi, after which it started to decrease. However,
in the later stages of infection, it presented significantly higher induction levels for the
resistant cultivars in comparison to the susceptible ones. Phenylalanine ammonia lyase
(PAL1) and lipoxygenase (LOX) exhibited a similar bimodal expression pattern, reaching
a peak at 24 and 48 hpi in the resistant cultivars compared to that of the susceptible ones,
with 7.8- and 12.7- (PAL), and 7.1- and 12.8-fold changes (LOX), respectively. On the other
hand, the highest transcript levels for ERF1, with a 10.5-fold change, were observed 24 hpi,
while at the later time points, this gene showed decreasing expression levels. Interestingly,
MPK and GST were significantly up-regulated in the resistant cultivars compared to the
susceptible ones across the different time points, exhibiting their highest induction 72 and
48 hpi, with 4.1- and 2.6-fold increases, respectively.

4. Discussion and Conclusions

The present paper represents the first comprehensive study that has been conducted
aiming to identify the pathogen associated with Fusarium wilt symptoms in lettuce in
Greece. The results of this study revealed that the Fusarium wilt disease of lettuce is caused
by Fusarium oxysporum f. sp. lactucae, assigning the obtained isolates to race 1. In Europe,
race 1 is the most widespread, with reports from several countries [3,4,59,60].

Our results from the pathogenicity tests showed that cultivars “Cavolo di Napoli”,
“Costa Rica No. 4”, and “Banchu Red Fire” were susceptible to highly susceptible to the
Greek F. oxysporum f. sp. lactucae isolates, while cvs. “Costa Rica No. 4” and “Romana
Romabella 30 CN” were resistant to them. These results, as well as the reaction results of
a set of isolates belonging to the four identified races of the pathogen, were comparable
to those derived from the pathogenicity assays carried out in previous studies [6–9,12,53],
indicating that the isolates obtained in this study could be assigned to race 1.

The pathogenic characteristics of 12 of the most-cultivated lettuce cultivars in Greece
have also been evaluated. Specifically, these cultivars exhibited variable levels of resistance
or susceptibility to the pathogen, in some cases even for cultivars of the same type. For
instance, data obtained in this assay showed that cultivars from the Iceberg or Lollo Rossa
type were highly susceptible to the pathogen, indicating that such lettuce cultivars should
not be selected for cultivation in fields where the disease is present. Furthermore, the
differences observed in the disease severity index values among the same combination
(Greek isolates × lettuce cultivars) could be attributed to the different virulence of the
isolates or to the genetic characteristics of the cultivars used, according to Scott et al. [61]
and Gordon and Koike [62]. Such inconsistent associations between lettuce type and
reaction to the pathogen have been described before for cultivars of the Romaine [61] and
Butterhead type [53].

Our results from sequence analysis showed that the sequences of the translation
elongation factor 1-alpha (TEF1-α) gene and the rDNA intergenic spacer (IGS) region were
identical for all the 84 Greek isolates of F. oxysporum f. sp. lactucae examined in this study.
Sequences obtained for these two loci have been also found to be identical in previous
studies, suggesting that limited genetic diversity is detected among isolates associated with
a given race of F. oxysporum f. sp. lactucae [9,14,16,20,54]. In any case, sequences of the TEF1-
a gene and the rDNA-IGS region are commonly used for the comparative analysis of isolates
belonging to the genus Fusarium [9,16,55,63], and applied in phylogenetic analyses [55].
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The phylogenetic analysis using the concatenated sequences of the TEF1-a gene and
the IGS region grouped the Greek isolates into the same clade, with other isolates assigned
to race 1 and with those assigned recently to race 4. The sequences of isolates assigned to
races 1 and 4 were also grouped in one sole clade in the study by Gilardi et al. [9], who
identified race 4 as a new race of F. oxysporum f. sp. lactucae, and later in the study by
Cabral et al. [54]. Moreover, in our study, sequences of race 2 formed a separate clade,
confirming the previous results that noted that races 1 and 2 are separated into two different
genetic lineages [16]. Furthermore, isolates belonging to races 1, 2, and 3 are genetically
dissimilar, grouped in different clades, thus implying that they most likely have different
origins [14]. Isolates corresponding to races 1, 2, and 3 might have evolved independently
from different ancestors and exhibit variable resistance reactions on differential lettuce
cultivars, a differential system which is widely used to identify pathogenic races of the
specific pathogen [7]. Isolates belonging to race 3 and to other formae speciales formed
individual lineages, demonstrating the low resolution ability of the TEF1-a gene and rDNA-
IGS region to distinguish different formae speciales of F. oxysporum [55]. Thus, besides
pathogenicity tests, additional molecular tools are needed for the discrimination of isolates
assigned to race 1 and race 4, which are the two races identified so far in Europe. Hence,
PCR assays with specific primers for race 1 [5] and race 4 [9] were also performed. PCR
provided amplicons of the expected size when race 1-specific primers were used for the
amplification of DNA of the Greek isolates, while no positive results were detected in the
case of race 4-specific primers.

To shed light on the biochemical basis of the observed resistance of cvs. “Sandalina”
and “Starfighter” or the susceptibility of cvs. “Cencibel” and “Lugano” to Fusarium
wilt, plants of these four cultivars were artificially inoculated with the pathogen, and the
expression of 10 defense-related genes (HPL1, LTC1, SOD, PRB1, PAL1, LOX, ERF1, MPK,
BG, GST) was analyzed in leaf tissue collected at five different time points post inoculation
(24, 48, 72, 96, and 168 hpi). Salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) are
the plant hormones that play a key role to the regulation of plant defense responses, as
they are produced in higher levels in plant tissues after pathogen infection. Although SA
signaling provides plant resistance to biotrophic and hemibiotrophic pathogens, while the
JA/ET signaling pathways enhance resistance to necrotrophic ones, this is something of a
generalization [64].

Temporal and quantitative gene expression fluctuations were observed between the
resistant and the susceptible cultivars as a reaction to the pathogen infection. Some genes,
such as PRB1, SOD, ERF1, PAL1, LOX, and BG, were up-regulated at the earliest stage
of infection (24 hpi) in the resistant cultivars in comparison with the susceptible ones,
while the remaining genes showed their highest expression levels 48 (HPL1, GST) or 72
(LTC1, MPK) hpi. However, some genes (SOD, ERF1, MPK, and GST) showed significant
expression levels across the five evaluated time points. Almatwari et al. [36] are of the
opinion that such differentiations in the expression levels of defense-related genes might be
attributed to L. sativa interactions with pathogens, preventing disease development. More
specifically, the induction of the defense-related genes PRB1, SOD, ERF1, LTC1, and HPL1
was found to reach the highest levels of induction 24 hpi in the resistant lettuce cultivar,
demonstrating the importance of their expression to the mediated resistance towards S.
sclerotiorum infection [36]. A previous study, aiming to assess the response of PRB1, PAL,
LOX, ERF1, MPK, HPL1, BG, and GST genes, among other genes, to the necrotrophic
pathogen Botrytis cinerea and to the biotrophic pathogen Bremia lactucae, revealed that
these genes are significantly induced for both pathogens, implying the induction of similar
pathways regardless of the pathogen cycle [35].

In our study, the responses of lettuce plants at the earliest stage after artificial in-
oculation with the pathogen (24 hpi) revealed an overexpression of genes such as ERF1,
PAL1, and LOX, which are associated with JA/ET signaling. In addition, the HPL1 and
LTC1 genes, of the same signaling pathway, showed their highest expression levels 48
and 72 hpi, respectively. On the other hand, marker genes of the SA signaling pathway



Microorganisms 2023, 11, 1082 14 of 17

such as PRB1 and BG showed their highest induction levels 24 hpi. Interestingly, the SOD,
ERF1, MPK, and GST genes were induced at all the evaluated time points. However, these
genes exhibited their highest induction at different timepoints; SOD and ERF1 24 hpi,
GST 48 hpi, and MPK 72 hpi. These findings show a synergistic activation of both the SA
and JA/ET signaling pathways upon inoculation with the pathogen F. oxysporum f. sp.
lactucae, particularly in the resistant cultivars, confirming that resistance to F. oxysporum is a
genetically complex trait [30]. A similar crosstalk between these two signaling pathways
has also been reported in previous studies on the interactions observed between lettuce
plants and various pathogens, such as B. cinerea, B. lactucae, and S. sclerotiorum [35,36].

In conclusion, wilt symptoms in lettuce plants in Greece have been associated with
race 1 F. oxysporum f. sp. lactucae based on a combination of molecular identification and
pathogenicity on a set of differential lettuce cultivars. It is also deduced that some of the
commonly used lettuce cultivars in this country exhibit different levels of resistance to
race 1 of this pathogen. This observation is important as the use of resistant cultivars is
considered as the main method of controlling Fusarium wilt of lettuce [62,65]. However,
an integrated management program should be applied in commercial cultivations as it
is rather difficult to control Fusarium wilt solely with resistant cultivars [3,62,66]. Such a
program could include healthy seed and propagation material, as well as crop rotation [3].
However, the latter management approach is questionable since the pathogen can survive
in the soil for long periods, even after rotation with plant species that are not hosts of the
specific forma specialis [20,67,68]. Race 1 isolates of the pathogen tend to cause more severe
disease symptoms under warmer conditions [61,68], an epidemiological aspect that could
be of great importance in the context of climate change. On the other hand, Fusarium wilt
symptoms that have already been assigned to race 4 in several European countries are
favored in lower temperatures, thus explaining the geographical distribution of this race of
the pathogen so far [69].
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quantitative polymerase chain reaction (RT-qPCR) assays.

Author Contributions: Methodology, investigation, validation, formal analysis, visualization, data
curation, writing—original draft preparation, G.T.T. Conceptualization, supervision, writing—review
and editing, project administration, G.S.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available in this article.

Acknowledgments: The authors would like to thank Antonios Vezyroglou (owner and CEO) and
Nikolaos Karatolos (research and development agronomist) from Vezyroglou Farm for enabling the
sampling of symptomatic lettuce plants from the field. Chris Daggitsis (quality manager AGRIS
S.A.) is highly acknowledged for his assistance in providing the lettuce plants. The authors are
grateful to Pavlos Pavlidis (crop specialist, Rijk Zwaan) for supplying and donating all the seeds
used in this study and Michela Appiano (lettuce pre-breeder, Rijk Zwaan) for providing the seeds
of the differential lettuce cultivars. Monica Höfte (Department of Plants and Crops, Laboratory of
Phytopathology, Ghent University, Belgium), Hiroshi Nemoto (NARO Genetic Resources Center,
Japan), Johan Meffert (National Plant Protection Organization, The Netherlands), and Maria-Luz
Herrero (NIBIO, Division of Biotechnology and Plant Health, Norway) are highly appreciated for
providing the Belgian, Japanese, Dutch, and Norwegian isolates, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/microorganisms11041082/s1
https://www.mdpi.com/article/10.3390/microorganisms11041082/s1


Microorganisms 2023, 11, 1082 15 of 17

References
1. Matuo, T.; Motohashi, S. On Fusarium oxysporum f. sp. lactucae n. f. causing root rot of lettuce. Trans. Mycol. Soc. Japan 1967, 8,

13–15.
2. Farr, D.F.; Rossman, A.Y. Fungal Databases, U.S. National Fungus Collections, ARS, USDA. Available online: https://nt.ars-grin.

gov/fungaldatabases/ (accessed on 22 February 2023).
3. Gullino, M.L.; Gilardi, G.; Garibaldi, A. Ready-to-eat salad crops: A plant pathogen’s heaven. Plant Dis. 2019, 103, 2153–2170.

[CrossRef] [PubMed]
4. Garibaldi, A.; Gilardi, G.; Gullino, M.L. First report of Fusarium oxysporum on lettuce in Europe. Plant Dis. 2002, 86, 1052.

[CrossRef] [PubMed]
5. Pasquali, M.; Dematheis, F.; Gullino, M.L.; Garibaldi, A. Identification of race 1 of Fusarium oxysporum f. sp. lactucae on lettuce by

inter-retrotranposon sequence-characterized amplified region technique. Phytopathology 2007, 97, 987–996. [CrossRef]
6. Fujinaga, M.; Ogiso, H.; Tsuchiya, N.; Saito, H. Physiological specialization of Fusarium oxysporum f. sp. lactucae, a causal organism

of fusarium root of crisphead lettuce in Japan. J. Gen. Plant Pathol. 2001, 667, 205–206. [CrossRef]
7. Fujinaga, M.; Ogiso, H.; Tuchiya, N.; Saito, H.; Yamanaka, S.; Nozue, M.; Kojima, M. Race 3, a new race of Fusarium oxysporum f.

sp. lactucae determined by a differential system with commercial cultivars. J. Gen. Plant Pathol. 2003, 69, 23–28. [CrossRef]
8. Claerbout, J.; Venneman, S.; Vandevelde, I.; Decombel, A.; Bleyaert, P.; Volckaert, A.; Neukermans, J.; Hofte, M. First report of

Fusarium oxysporum f. sp. lactucae race 4 on lettuce in Belgium. Plant Dis. 2018, 102, 1037. [CrossRef]
9. Gilardi, G.; Franco Ortega, S.; Rijswick, P.; Ortu, G.; Gullino, M.L.; Garibaldi, A. A new race of Fusarium oxysporum f. sp. lactucae

of lettuce. Plant Pathol. 2017, 66, 677–688. [CrossRef]
10. Taylor, A.; Jackson, A.C.; Clarkson, J.P. First report of Fusarium oxysporum f. sp. lactucae race 4 causing lettuce wilt in England and

Ireland. Plant Dis. 2019, 103, 1033. [CrossRef]
11. Gilardi, G.; Garibaldi, A.; Matic, S.; Senatore, M.T.; Pipponzi, S.; Prodi, A.; Gullino, M.L. First report of Fusarium oxysporum f. sp.

lactucae race 4 on lettuce in Italy. Plant Dis. 2019, 103, 2680. [CrossRef]
12. Ogiso, H.; Fujinaga, M.; Saito, H.; Takehara, T.; Yamanaka, S. Physiological races and vegetative compatibility groups of Fusarium

oxysporum f. sp. lactucae isolated from crisphead lettuce in Japan. J. Gen. Plant Pathol. 2002, 68, 292–299. [CrossRef]
13. Yamauchi, N.; Shimazu, J.; Horiuchi, S.; Satou, M.; Horiuchi, S.; Shirakawa, T. Physiological races and vegetative compatibility

groups of butterhead lettuce isolates of Fusarium oxysporum f. sp. lactucae in Japan. J. Gen. Plant Pathol. 2004, 70, 308–313.
[CrossRef]

14. Fujinaga, M.; Ogiso, H.; Shinohara, H.; Tsushima, S.; Nishimura, N.; Togawa, M.; Saito, H.; Nozue, M. Phylogenetic relationships
between the lettuce root rot pathogen Fusarium oxysporum f. sp. lactucae races 1, 2, and 3 based on the sequence of the intergenic
spacer region of its ribosomal DNA. J. Gen. Plant Pathol. 2005, 71, 402–407. [CrossRef]

15. Pasquali, M.; Dematheis, F.; Gilardi, G.; Gullino, M.L.; Garibaldi, A. Vegetative compatibility groups of Fusarium oxysporum f. sp.
lactucae from lettuce. Plant Dis. 2005, 89, 237–240. [CrossRef] [PubMed]

16. Mbofung, G.Y.; Hong, S.; Pryor, B. Phylogeny of Fusarium oxysporum f. sp. lactucae inferred from mitochondrial small subunit,
elongation factor 1-alpha, and nuclear ribosomal intergenic spacer sequence data. Phytopathology 2007, 97, 87–98. [CrossRef]

17. Pintore, I.; Gilardi, G.; Gullino, M.L.; Garibaldi, A. Analysis of vegetative compatibility groups of Italian and Dutch isolates of
Fusarium oxysporum f. sp. lactucae. J. Plant Pathol. 2017, 99, 517–521.

18. Gordon, T.R.; Martyn, R.D. The evolutionary biology of Fusarium oxysporum. Annu. Rev. Phytopathol. 1997, 35, 111–128. [CrossRef]
19. Mbofung, G.Y.; Pryor, B.M. A PCR-based assay for detection of Fusarium oxysporum f. sp. lactucae in lettuce seed. Plant Dis. 2010,

94, 860–866. [CrossRef]
20. Paugh, K.R.; Gordon, T.R. The population of Fusarium oxysporum f. sp. lactucae in California and Arizona. Plant Dis. 2020, 104,

1811–1816. [CrossRef]
21. Edel-Hermann, V.; Lecomte, C. Current status of Fusarium oxysporum formae speciales and races. Phytopathology 2019, 109, 512–530.

[CrossRef]
22. Ma, L.-J.; Geiser, D.M.; Proctor, R.H.; Rooney, A.P.; O’Donnell, K.; Trail, F.; Gardiner, M.S.; Manners, J.M.; Kazan, K. Fusarium

pathogenomics. Annu. Rev. Microbiol. 2013, 67, 399–416. [CrossRef] [PubMed]
23. Chen, Y.C.; Wong, C.L.; Muzzi, F.; Vlaardingerbroek, I.; Kidd, B.N.; Schenk, P.M. Root defense analysis against Fusarium oxysporum

reveals new regulators to confer resistance. Sci. Rep. 2014, 4, 5584. [CrossRef]
24. Lyons, R.; Stiller, J.; Powell, J.; Rusu, A.; Manners, J.M.; Kazan, K. Fusarium oxysporum triggers tissue-specific transcriptional

reprogramming in Arabidopsis thaliana. PLoS ONE 2015, 10, e0121902. [CrossRef]
25. Jones, J.D.G.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. [CrossRef] [PubMed]
26. Durrant, W.E.; Dong, X. Systemic acquired resistance. Annu. Rev. Phytopathol. 2004, 42, 185–209. [CrossRef]
27. Truman, W.; Bennett, M.H.; Kubigsteltig, I.; Turnbull, C.; Grant, M. Arabidopsis systemic immunity uses conserved defense

signaling pathways and is mediated by jasmonates. Proc. Natl. Acad. Sci. USA 2007, 104, 1075–1080. [CrossRef] [PubMed]
28. Song, R.; Li, J.; Xie, C.; Jian, W.; Yang, X. An overview of the molecular genetics of plant resistance to the Verticillium wilt

pathogen Verticillium dahliae. Int. J. Mol. Sci. 2020, 21, 1120. [CrossRef]
29. Beckman, C.H.; Roberts, E.M. On the nature and genetic basis for resistance and tolerance to fungal wilt diseases of plants. Adv.

Bot. Res. 1995, 21, 35–77. [CrossRef]

https://nt.ars-grin.gov/fungaldatabases/
https://nt.ars-grin.gov/fungaldatabases/
https://doi.org/10.1094/PDIS-03-19-0472-FE
https://www.ncbi.nlm.nih.gov/pubmed/31343378
https://doi.org/10.1094/PDIS.2002.86.9.1052B
https://www.ncbi.nlm.nih.gov/pubmed/30818548
https://doi.org/10.1094/PHYTO-97-8-0987
https://doi.org/10.1007/PL00013012
https://doi.org/10.1007/s10327-002-0009-8
https://doi.org/10.1094/PDIS-10-17-1627-PDN
https://doi.org/10.1111/ppa.12616
https://doi.org/10.1094/PDIS-10-18-1858-PDN
https://doi.org/10.1094/PDIS-05-19-0902-PDN
https://doi.org/10.1007/PL00013094
https://doi.org/10.1007/s10327-004-0142-7
https://doi.org/10.1007/s10327-005-0226-z
https://doi.org/10.1094/PD-89-0237
https://www.ncbi.nlm.nih.gov/pubmed/30795344
https://doi.org/10.1094/PHYTO-97-0087
https://doi.org/10.1146/annurev.phyto.35.1.111
https://doi.org/10.1094/PDIS-94-7-0860
https://doi.org/10.1094/PDIS-06-19-1228-RE
https://doi.org/10.1094/PHYTO-08-18-0320-RVW
https://doi.org/10.1146/annurev-micro-092412-155650
https://www.ncbi.nlm.nih.gov/pubmed/24024636
https://doi.org/10.1038/srep05584
https://doi.org/10.1371/journal.pone.0121902
https://doi.org/10.1038/nature05286
https://www.ncbi.nlm.nih.gov/pubmed/17108957
https://doi.org/10.1146/annurev.phyto.42.040803.140421
https://doi.org/10.1073/pnas.0605423104
https://www.ncbi.nlm.nih.gov/pubmed/17215350
https://doi.org/10.3390/ijms21031120
https://doi.org/10.1016/S0065-2296(08)60008-7


Microorganisms 2023, 11, 1082 16 of 17

30. Berrocal-Lobo, M.; Molina, A. Arabidopsis defense response against Fusarium oxysporum. Trends Plant Sci. 2008, 13, 145–150.
[CrossRef]

31. Di, X.; Gomila, J.; Takken, F.L.W. Involvement of salicylic acid, ethylene and jasmonic acid signalling pathways in the susceptibility
of tomato to Fusarium oxysporum. Mol. Plant Pathol. 2017, 18, 1024–1035. [CrossRef]

32. Gurjar, G.; Giri, A.; Gupta, V. Gene expression profiling during wilting in chickpea caused by Fusarium oxysporum f. sp. ciceri. Am.
J. Plant Sci. 2012, 3, 190–201. [CrossRef]

33. Jadhav, P.R.; Mahatma, M.K.; Mahatma, L.; Jha, S.; Parekh, V.B.; Khandelwal, V. Expression analysis of key genes of phenyl-
propanoid pathway and phenol profiling during Ricinus communis–Fusarium oxysporum f. sp. ricini interaction. Ind. Crops Prod.
2013, 50, 456–461. [CrossRef]

34. Patil, V.R.; Patel, R.M.; Parekh, V.B.; Pathak, J.; Saripalli, G. Differential gene expression analyses of ten defence response genes
during Fusarium wilt infection in resistant and susceptible pigeonpea cultivars. Plant Stress 2021, 2, 100043. [CrossRef]

35. De Cremer, K.; Mathys, J.; Vos, C.; Froenicke, L.; Michelmore, R.W.; Cammue, B.P.A.; De Coninck, B. RNA seq-based transcriptome
analysis of Lactuca sativa infected by the fungal necrotroph Botrytis cinerea. Plant Cell Environ. 2013, 36, 1992–2007. [CrossRef]
[PubMed]

36. Almatwari, A.H.A.; Hassandokht, M.; Soltani, F.; Mirzadi Gohari, A.; Javan-Nikkhah, M. Temporal expression profiles of
defense-related genes involved in Lactuca sativa-Sclerotinia sclerotiorum interactions. Plant Pathol. J. 2021, 103, 61–69. [CrossRef]

37. Breen, S.; Williams, S.J.; Outram, M.; Kobe, B.; Solomon, P.S. Emerging insights into the functions of pathogenesis-related protein
1. Trends Plant Sci. 2017, 22, 871–879. [CrossRef]

38. Feussner, I.; Wasternack, C. The lipoxygenase pathway. Annu. Rev. Plant Biol. 2002, 53, 275–297. [CrossRef]
39. Matsui, K.; Minami, A.; Hornung, E.; Shibata, H.; Kishimoto, K.; Ahnert, V.; Kindl, H.; Kajiwara, T.; Feussner, I. Biosynthesis of

fatty acid derived aldehydes is induced upon mechanical wounding and its products show fungicidal activities in cucumber.
Phytochemistry 2006, 67, 649–657. [CrossRef]

40. Yadav, H.; Dreher, D.; Athmer, B.; Porzel, A.; Gavrin, A.; Baldermann, S.; Tissier, A.; Hause, B. Medicago TERPENE SYNTHASE
10 is involved in defense against an oomycete root pathogen. Plant Physiol. 2019, 180, 1598–1613. [CrossRef]

41. Maurya, R.; Namdeo, M. Superoxide dismutase: A key enzyme for the survival of intracellular pathogens in host. In Reactive
Oxygen Species; IntechOpen: London, UK, 2021. [CrossRef]

42. Lorenzo, O.; Piqueras, R.; Sánchez-Serrano, J.J.; Solano, R. ETHYLENE RESPONSE FACTOR1 integrates signals from ethylene
and jasmonate pathways in plant defense. Plant Cell 2003, 15, 165–178. [CrossRef]

43. Zvirin, T.; Herman, R.; Brotman, Y.; Denisov, Y.; Belausov, E.; Freeman, S.; Perl-Treves, R. Differential colonization and defence
responses of resistant and susceptible melon lines infected by Fusarium oxysporum race 1·2. Plant Pathol. 2010, 59, 576–585.
[CrossRef]

44. Bowles, D.J. Defense-related proteins in higher plants. Annu. Rev. Biochem. 1990, 59, 873–907. [CrossRef] [PubMed]
45. Bent, A.F. Plant mitogen-activated protein kinase cascades: Negative regulatory roles turn out positive. Proc. Natl. Acad. Sci. USA

2001, 98, 784–786. [CrossRef] [PubMed]
46. Tena, G.; Asai, T.; Chiu, W.L.; Sheen, J. Plant mitogen-activated protein kinase signaling cascades. Curr. Opin. Plant Biol. 2001, 4,

392–400. [CrossRef]
47. Lozovaya, V.V.; Waranyuwat, A.; Widholm, J.M. β-l,3-glucanase and resistance to Aspergillus flavus infection in maize. Crop Sci.

1998, 38, 1255–1260. [CrossRef]
48. Gullner, G.; Komives, T.; Király, L.; Schröder, P. Glutathione S-transferase enzymes in plant-pathogen interactions. Front. Plant Sci.

2018, 9, 1836. [CrossRef]
49. Leslie, J.F.; Summerell, B.A. The Fusarium Laboratory Manual, 1st ed.; Blackwell Publishing: Ames, IA, USA, 2006. [CrossRef]
50. O’Donnell, K.; Kistler, H.C.; Cigelnik, E.; Ploetz, R.C. Multiple evolutionary origins of the fungus causing Panama disease of

banana: Concordant evidence from nuclear and mitochondrial gene genealogies. Proc. Natl. Acad. Sci. USA 1998, 95, 2044–2049.
[CrossRef]

51. Anderson, J.B.; Stasovski, E. Molecular phylogeny of northern hemisphere species of Armillaria. Mycologia 1992, 84, 505–516.
[CrossRef]

52. Appel, D.J.; Gordon, T.R. Relationships among pathogenic and nonpathogenic isolates of Fusarium oxysporum based on the partial
sequence of the intergenic spacer region of the ribosomal DNA. MPMI 1996, 9, 125–138. [CrossRef]

53. Cabral, C.S.; Brunelli, K.R.; Costa, H.; Fonseca, M.E.D.N.; Boiteux, L.S.; Reis, A. Identification of Fusarium oxysporum f. sp. lactucae
race 1 as the causal agent of lettuce wilt in Brazil. Trop. Plant Pathol. 2014, 39, 197–202. [CrossRef]

54. Cabral, C.S.; de Fonseca, N.M.E.; Brunelli, K.R.; Rossato, M.; Costa, H.; Boiteux, L.S.; Reis, A. Relationships among Brazilian and
worldwide isolates of Fusarium oxysporum f. sp. lactucae race 1 inferred from ribosomal intergenic spacer (IGS-rDNA) region and
EF-1α gene sequences. Eur. J. Plant Pathol. 2018, 152, 81–94. [CrossRef]

55. O’Donnell, K.; Gueidan, C.; Sink, S.; Johnston, P.R.; Crous, P.W.; Glenn, A.; Riley, R.; Zitomer, N.C.; Colyer, P.; Waalwijk, C.; et al.
A two-locus DNA sequence database for typing plant and human pathogens within the Fusarium oxysporum species complex.
Fungal Genet. Biol. 2009, 46, 936–948. [CrossRef] [PubMed]

56. Wang, H.; Xiao, M.; Kong, F.; Chen, S.; Dou, H.-T.; Sorrell, T.; Li, R.-Y.; Xu, Y.-C. Accurate and practical identification of
20 Fusarium species by seven-locus sequence analysis and reverse line blot hybridization, and an in vitro antifungal susceptibility
study. J. Clin. Microbiol. 2011, 49, 1890–1898. [CrossRef] [PubMed]

https://doi.org/10.1016/j.tplants.2007.12.004
https://doi.org/10.1111/mpp.12559
https://doi.org/10.4236/ajps.2012.32023
https://doi.org/10.1016/j.indcrop.2013.08.022
https://doi.org/10.1016/j.stress.2021.100043
https://doi.org/10.1111/pce.12106
https://www.ncbi.nlm.nih.gov/pubmed/23534608
https://doi.org/10.1007/s42161-020-00714-z
https://doi.org/10.1016/j.tplants.2017.06.013
https://doi.org/10.1146/annurev.arplant.53.100301.135248
https://doi.org/10.1016/j.phytochem.2006.01.006
https://doi.org/10.1104/pp.19.00278
https://doi.org/10.5772/intechopen.100322
https://doi.org/10.1105/tpc.007468
https://doi.org/10.1111/j.1365-3059.2009.02225.x
https://doi.org/10.1146/annurev.bi.59.070190.004301
https://www.ncbi.nlm.nih.gov/pubmed/2197993
https://doi.org/10.1073/pnas.98.3.784
https://www.ncbi.nlm.nih.gov/pubmed/11158543
https://doi.org/10.1016/S1369-5266(00)00191-6
https://doi.org/10.2135/cropsci1998.0011183X003800050024x
https://doi.org/10.3389/fpls.2018.01836
https://doi.org/10.1002/9780470278376
https://doi.org/10.1073/pnas.95.5.2044
https://doi.org/10.1080/00275514.1992.12026170
https://doi.org/10.1094/MPMI-9-0125
https://doi.org/10.1590/S1982-56762014000300002
https://doi.org/10.1007/s10658-018-1453-4
https://doi.org/10.1016/j.fgb.2009.08.006
https://www.ncbi.nlm.nih.gov/pubmed/19715767
https://doi.org/10.1128/JCM.02415-10
https://www.ncbi.nlm.nih.gov/pubmed/21389150


Microorganisms 2023, 11, 1082 17 of 17

57. Gilardi, G.; Demarchi, S.; Gullino, M.L.; Garibaldi, A. Varietal resistance to control fusarium wilts of leafy vegetables under
greenhouse. Commun. Agric. Appl. Biol. 2014, 79, 21–27.

58. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression using real-time quantitative PCR. Methods 2001, 25, 402–408.
[CrossRef] [PubMed]

59. Guerrero, M.M.; Martinez, M.C.; León, M.; Armengol, J.; Monserrat, A. First report of Fusarium wilt of lettuce caused by Fusarium
oxysporum f. sp. lactucae race 1 in Spain. Plant Dis. 2020, 104, 1858. [CrossRef]

60. Herrero, M.L.; Nagy, N.E.; Solheim, H. First report of Fusarium oxysporum f. sp. lactucae race 1 causing Fusarium wilt of lettuce in
Norway. Plant Dis. 2021, 105, 2239. [CrossRef]

61. Scott, J.C.; Kirkpatrick, S.C.; Gordon, T.R. Variation in susceptibility of lettuce cultivars to Fusarium wilt caused by Fusarium
oxysporum f. sp. lactucae. Plant Pathol. 2010, 59, 139–146. [CrossRef]

62. Gordon, T.R.; Koike, S.T. Management of fusarium wilt in lettuce. J. Crop Prot. 2015, 73, 45–49. [CrossRef]
63. Llorens, A.; Hinojo, M.J.; Mateo, R.; Medina, A.; Valle-Algarra, F.M.; Gonzalez-Jaen, M.T.; Jimenez, M. Variability and characteri-

zation of mycotoxin-producing Fusarium spp. isolates by PCR-RFLP analysis of the IGS-rDNA region. Antonie Leeuwenhoek 2006,
89, 465–478. [CrossRef]

64. Glazebrook, J. Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens. Annu. Rev. Phytopathol. 2005,
43, 205–227. [CrossRef]

65. Gard, B.; Gilardi, G. IPM for protecting leafy vegetables under greenhouses. In Integrated Pest and Disease Management in Greenhouse
Crops; Gullino, M.L., Albajes, R., Nicot, P.C., Eds.; Springer International Publishing: New York, NY, USA, 2020; Volume 9,
pp. 567–596. [CrossRef]

66. Gilardi, G.; Gullino, M.L.; Garibaldi, A. Emerging foliar and soil-borne pathogens of leafy vegetable crops: A possible threat to
Europe. EPPO Bull. 2018, 481, 116–127. [CrossRef]

67. Scott, J.C.; McRoberts, D.N.; Gordon, T.R. Colonization of lettuce cultivars and rotation crops by Fusarium oxysporum f. sp. lactucae,
the cause of fusarium wilt of lettuce. Plant Pathol. 2014, 63, 548–553. [CrossRef]

68. Matheron, M.E.; McCreight, J.D.; Tickes, B.R.; Porchas, M. Effect of planting date, cultivar, and stage of plant development on
incidence of Fusarium wilt of lettuce in desert production fields. Plant Dis. 2005, 89, 565–570. [CrossRef] [PubMed]

69. Gilardi, G.; Vasileiadou, A.; Garibaldi, A.; Gullino, M.L. Low temperatures favour Fusarium wilt development by race 4 of
Fusarium oxysporum f. sp. lactucae. J. Plant Pathol. J. 2021, 103, 973–979. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1094/PDIS-10-19-2143-PDN
https://doi.org/10.1094/PDIS-01-21-0134-PDN
https://doi.org/10.1111/j.1365-3059.2009.02179.x
https://doi.org/10.1016/j.cropro.2015.01.011
https://doi.org/10.1007/s10482-005-9045-7
https://doi.org/10.1146/annurev.phyto.43.040204.135923
https://doi.org/10.1007/978-3-030-22304-5_20
https://doi.org/10.1111/epp.12447
https://doi.org/10.1111/ppa.12135
https://doi.org/10.1094/PD-89-0565
https://www.ncbi.nlm.nih.gov/pubmed/30795379
https://doi.org/10.1007/s42161-021-00859-5

	Introduction 
	Materials and Methods 
	Pathogen Isolation 
	Molecular Identification of Fungal Strains 
	DNA Extraction 
	PCR Amplification 
	Sequencing and Phylogenetic Analysis 

	Pathogenicity Tests 
	Plant Material 
	Inoculation Procedure 
	Estimation of Disease Index 

	Defense Gene Expression Measurements 
	Plant Material for Gene Expression Measurements and RNA Preparation 
	Selection of Defense-Related Genes for Expression Measurements 
	Quantification of Gene Expression Levels with RT-qPCR 


	Results 
	Pathogen Identification and Phylogenetic Analysis of the Isolates 
	Race Determination with Race 1- and Race 4-Specific PCR Primers 
	Pathogenicity Test and Race Determination Based on a Set of Differential Lettuce Cultivars 
	Defense Genes’ Expression in the Resistant and Susceptible Lettuce Cultivars 

	Discussion and Conclusions 
	References

