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Abstract

The aim of this work was to characterize the secondary metabolite (SMs) profile of Stemphylium lycopersici, a necrotrophic
fungus that causes the disease known as grey leaf spot. We detected twenty-four SMs in cultures of S. /ycopercisi within the
extracts of 19 isolates. Each of them presented a characteristic unique profile. While highly virulent isolates synthesized a high
number of metabolites (15), the low virulent ones synthesized a low number of SMs (2). However, a PCA analysis could not
establish the relationship between SMs and virulence. Infectopyrone was the most frequent metabolite produced by the isolates

(89%).

Keywords Grey leaf'spot - Stemphylium lycopersici - Fungal tomato disease - Secondary metabolism

Introduction

Fungi synthesize an ample array of low-molecular-mass com-
pounds e.g., alkaloids, non-ribosomal peptides, polyketides,
terpenes and their hybrids. Based on the moment of the life
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cycle of the organism when these compounds are produced as
well as their role, they are considered secondary metabolites
(SMs, Keller et al. 2005; Andersson 2012; Collemare et al.
2014). Their roles are mainly related with organisms’ survival
under specific environmental conditions, and in the case of
plant pathogens many of these SMs are virulence factors with
toxic activity on plant cells and, others are considered poten-
tial mycotoxins (Boruta 2018). Also, SMs might act as metal
chelating agents, sexual hormones that trigger fungal devel-
opment, or as chemical signals between the fungus and the
host in mutualistic or pathogenic interactions (Demain and
Fang 2000). So evidently SMs play a key role either as path-
ogenicity or virulence factors (Wolpert et al. 2002;
Berestetskiy 2008).

Phytopathogenic fungi synthesize many different com-
pounds, including SMs that protect them against molecules
released by the plant defense mechanisms, particularly at the
early stage of infection (Jashni et al. 2015). Specifically,
necrotrophic fungi secrete ribosomal and non-ribosomal pep-
tides along with other toxins that induce necrosis in host tis-
sues during plant-pathogen interactions (De Wit 2016).
Furthermore, some toxins synthesized by necrotrophic fungi
can be recognized by host plants following a gene-for-gene
relationship model (Oliver and Solomon 2010). An example
of such type of fungi might be Stemphylium Iycopersici, a
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necrotrophic fungus that is the causative agent of grey leaf
spot disease in tomato (Lo Presti et al. 2015; Franco et al.
2017a).

Advances in molecular biology suggest that a re-
examination of several phylogenetically related type-isolates
is needed to clarify their neotypification, particularly into the
genus Stemphylium (Woudenberg et al. 2017). These taxa
form a well-defined monophyletic clade in Pleosporaceae
(Inderbitzin et al. 2009), a family that also includes other gen-
era such as Alternaria, Bipolaris and Curvularia, that are
known for their ability to synthesize an array of SMs
(Woudenberg et al. 2017; Khiralla et al. 2019; Patriarca
et al. 2019). Interestingly, representatives of the genus
Stemphylium are known for their ability to provoke disease
in a wide array of crops (Inderbitzin et al. 2009; Franco 2019).
Although the ability of several representatives of Stemphylium
to synthesize SMs has already been studied leading to the
characterization of metabolites such as stemphylin,
stemphyloxin II, stemphyperylenol and stemphol (Solftrizzo
et al. 1994; Andersen et al. 1995), there is a lack of studies
aimed at analyzing the profile and the synthesis of SMs within
representatives of S. [ycopersici (Andersen and Frisvad 2004;
Li et al. 2017; Olsen et al. 2018; Li et al. 2019).

Many gene sequences and/or gene clusters coding for the
synthesis of small molecules have been identified by bioinfor-
matic analysis in sequenced genomes. These molecules are
putative SMs and may play key biological roles in nature
(Khaldi et al. 2010; Keller 2019). Within the draft genome
of S. lycopersici CIDEFI 216, 32 gene clusters encoding en-
zymes involve in the synthesis of SMs were predicted (Franco
et al. 2016). SMs might act as pathogenicity and/or virulence
factors during fungal infection, either as host-specific or non-
host-specific toxins (HST and non-HST), respectively
(Stergiopoulos et al. 2013). Still, their expression like that of
most genes is highly dependent on the physiological stage of
the fungus as well as the growth conditions (Nielsen and
Nielsen 2017; Medina et al. 2018a).

Here, we investigated and compared the SM profile of
19 S. lycopersici isolates that differed in virulence (Franco
et al. 2017a) and tried to identify the main compounds syn-
thesized by these pathogens as well as their role and/or rela-
tionship with their virulence. Such knowledge might be help-
ful tools to develop a strategy to manage the disease. These
data can provide the basis to identify target compounds for
further evaluation of their actual role within the pathosystem.

Materials and methods
Biological material

Stemphylium lycopersici isolates used in this work were ob-
tained from the Culture Collection of the Centro de
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Investigaciones de Fitopatologia (CIDEFI), Facultad de
Ciencias Agrarias y Forestales, Universidad Nacional de La
Plata, La Plata, Argentina (Franco et al. 2017a). They were
isolated from tomato (Solanum lycopersicum L.) plants show-
ing typical symptoms of grey leaf spot that were collected
from the main tomato-growing areas in Argentina in 2010,
2011 and 2013 (Table 1). They were identified as
S. lycopersici through morphological, molecular tools as well
as virulence (Franco et al. 2017a). For the sake of simplicity
all along with the text, we will refer to the isolates only by their
number.

Secondary metabolite production

The metabolites synthesized by 19 S. lycopersici isolates on
14-day-old DRYES (Dichloran Rose Bengal Yeast Extract
Sucrose medium) cultures that were grown at 25 °C in dark-
ness, were extracted using a modification of the micro-scale
extraction method used to study Alternaria metabolites
(Andersen et al. 2015). Briefly, three agar plugs (6 mm diam-
eter) were cut from the centre of three colonies and were
placed in a 4 mL vial. Then, 1 mL ethyl acetate containing
1% formic acid (vol/vol) was added to each vial and the plugs
were extracted by sonication for 30 min. The extract was
transferred to a clean 2 mL vial, evaporated to dryness under
a gentle stream of N, and re-dissolved in 400 uL methanol
HPLC grade. The methanol extract was filtered through a
0.45 pm PTFE filter into a clean 2 mL vial and kept at
—18 °C until analysis.

UHPLC-HRMS analyses

Analyses were performed using ultra-high-performance liquid
chromatography (UPHLC) with diode array detector (DAD)
and high-resolution (HR) maXis 3G QTOF mass spectrometer
(MS) (Bruker Daltonics, Bremen, Germany) equipped with an
ESI source and connected to an Ultimate 3000 UHPLC sys-
tem (Dionex, Sunnyvale, USA) equipped with a Kinetex
2.6-um C;g, 100 mm x 2.1 mm column (Phenomenex,
Torrance, CA). According to Klitgaard et al. (2014), a linear
water-acetonitrile gradient was used (buffered with 20 mM
formic acid) starting from 10% (vol/vol) acetonitrile and in-
creased to 100% in 10 min, maintained for 3 min before
returning to the starting conditions. MS was performed in
ESI+ and ESI- in the scan range m/z 100-1000, with a mass
accuracy <1.5 ppm. UV/VIS spectra were collected at wave-
lengths from 200 to 700 nm. Data processing was performed
using DataAnalysis 4.0 and TargetAnalysis 1.2 (Bruker
Daltonics) by the aggressive dereplication approach
(Klitgaard et al. 2014). This method is based on accurate mass
and isotopic patterns from a list of putative compounds and
can handle many thousands of data inputs in a very short time.
In this study, a database of 251 compounds reported in the
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Table 1

for their identification

Isolates of Stemphylium lycopersici: site, tomato cultivar, year of isolation, virulence and accession number of the ITS and gdp sequences used

Isolate Sampling  Tomato Sampling Virulence GenBank accession numbers
site cultivar year group® ITS gpd

CIDEFI 200 Lavalle® Elpida 2011 KF709429 KJ624421
CIDEFI 201 Lavalle Elpida 2011 L KF624431 KJ624422
CIDEFI 203 Lavalle Elpida 2011 L KP026206 KP026202
CIDEFI 206 Lavalle Torry 2011 L KJ1624432 KJ624423
CIDEFI 207 Bella Vista® Elpida 2011 H KJ624433 KJ624424
CIDEFI 208 Lavalle Elpida 2011 M KJ624434 KJ624425
CIDEFI 210 Bella Vista Elpida 2010 L KJ624435 KJ624426
CIDEFI 211 Lavalle Elpida 2011 H KJ624436 KJ624428
CIDEFI 213 Bella Vista Elpida 2011 L KJ1624438 KJ1624427
CIDEFI 214 Lavalle Elpida 2011 H KP026208 KP026198
CIDEFI 215 Bella Vista Elpida 2011 H KP026209 KP026197
CIDEFI 216 Bella Vista Elpida 2010 H KJ624439 KJ624429
CIDEFI 225 LaPlata¢  Platense 2013 M KJ624449 KP026189
CIDEFI 226 La Plata Platense 2013 H KJ624450 KP026188
CIDEFI 227 Lavalle Elpida 2013 M KJ624446 KP026183
CIDEFI 228 Lavalle Elpida 2013 H KJ624447 KP026186
CIDEFI 229 Lavalle Elpida 2013 H KJ624448 KP026187
CIDEFI 230 La Plata Elpida 2013 H KJ624441 KP026185
CIDEFI 231 La Plata Elpida 2013 L KJ664442 KP026184

#Virulence assessment by means of a detached leaf assay and quantification of affected area: L, between 0.42 to 1.00 cm?: M, 1.00 to 3.00 cm?; H,
higher than 3.00 cm”. ® Province of Corrientes, Argentina. € Province of Buenos Aires, Argentina. :] indicates Low virulence; :] indicates

Medium virulence; | indicates High virulence

literature for Stemphylium, Alternaria and other related genera
was used to identify compounds based on accurate mass
(deviation<1.5 ppm) and isotopic pattern (isotope fit<50).

Data analyses

Relations between the isolates studied and the presence of
each SM synthesized by them were analyzed by principal
components analysis (PCA) using NTSYS-pc software
(Rohlf 1992).

Results
Stemphylium lycopersici is a necrotrophic pathogen that syn-

thesizes, like other plant pathogens, SMs whose roles in plant-
microbe interactions are unknown. This study was performed

with a subset of isolates belonging to the CIDEFI culture
collection that includes fungi isolated from different tomato
growing areas, on different cultivars, that were all identified as
S. Iycopersici based on gdp and ITS gene sequences and that
differ in virulence (Table 1). In addition to this, we obtained
the draft genome sequence of two of these isolates (Franco
et al. 2015; Medina et al. 2018b) and the first mitogenome
sequence of a representative of Pleosporales (Franco et al.
2017b), fact that not only confirmed their identity but also
showed that their genomes contained many gene clusters cod-
ing for the synthesis of SMs. The results of the analysis per-
formed in this work showed that the SM profile of
S. lycopersici consisted of an array of 15-20 major peaks that
included both known and unknown compounds. In Fig. 1, we
present a representative HPLC-MS chromatogram of an ex-
tract of an S. lycopersici isolate (214) that includes the major
peaks identified. Although the analysis of the extracts of all
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Table 2 Secondary metabolites (SMs) profile synthesized by each of
the 19 isolates from Stemphylium lycopersici. The last column of'the table
on the right shows the number of isolates that synthesized each

compound, while the last row at the bottom of the table shows the
number of compounds produced by each isolate

Stemphylium lycopersici isolates CIDEFI collection

Compound

200 201 203 206 207 208 210 211 213 214 215 216 225 226 227 228 229 230 231

Number of
producers

Stemphylin X X
Altersolanol B
Alterporriol D
Altersolanol C
Pyrenochaetic acid A
Stemphypyrone
Deoxyuvidin
Phomapyrone D
Stemphyperylenol
Stemphyloxin I
Altertoxin
Deoxyuvidin B
Infectopyrone
Phomapyrone C
Alterporriol G
Phomapyrone F
Albrassitriol
Phomapyrone G
Macrosporin
Phomapyrone A
Stemphol
Brefeldin A
7-Oxo-brefeldin
Brassicadiol
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the isolates studied showed that each presented a unique pro-
file, a joint analysis on all isolates showed that S. lycopersici
synthesizes 24 major peaks that were identified based on
available databases. While a list of the SMs produced by
S. lycopersici isolates, including the number that each isolate
synthesized and number of isolates that produce each metab-
olite, is presented in Table 2, in Fig. 2 we presented the chem-
ical structure of some of the major metabolites, and in

Supplementary Material 1 the mass spectra obtained from
the 6 most abundant compounds. Different altersolanols,
alterporriols and phomapyrones were synthesized by the iso-
lates of S. lycopersici. Isolates 200, 214, 216 and 227 present-
ed the more complex profiles that contained the highest num-
ber of SMs (between 15 and 10) of known structure, though
only two (214 and 216) were stated by Franco et al. (2017a) as
highly virulent (Table 1). Other isolates, like 203, 206 and
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Fig. 1 Metabolite profile (HPLC-MS chromatogram) of Stemphylium
lycopersici isolate CIDEFI 214. X-axis shows retention time [min]
while Y- axis shows signal intensity (intens.). (1) Stemphylin, (2)
Alterporriol D, (3) Pyrenochaetic acid A, (4) Stemphypyrone, (5)
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Stemphol, (13) 7-Oxo-brefeldin, (14) Brefeldin A, (15) Brassicadiol
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Fig. 2 Structures of the SMs

more commonly synthesized by

Stemphylium lycopersici isolates

analysed. The figure shows the

structure of stemphol,

infectopyrone, phomapyrone A,

stemphypyrone and stemphylin. H
Chemical structure of compounds

were obtained from https://

pubchem.ncbi.nlm.nih.gov/

Stemphol

Infectopyrone
0
0
o
0 0
0 (4]
Phomapyrone A Stemphypyrone

213, that are low virulent ones, as well as the medium and
highly virulent isolates 226, 229 and 225, secreted only a few
secondary metabolites (2 to 4).

Among all the SMs synthesized by representatives of
S. lycopersici, infectopyrone, an x-pyrone resembling known
toxins, was the most frequent, which was synthesized by 89%
of'the isolates. Phomapyrone A and stemphypyrone, two com-
pounds formed through cyclisation of a growing polyketide
chain that has antimicrobial as well as other biological activ-
ities were produced by 73% and 58% of the isolates, respec-
tively. Stemphylin (syn. altersolanol A), and altersolanol B are
two cytotoxic anthraquinone derivatives that were produced
by 53 and 47% of the isolates, respectively. Finally, stemphol,
a resorcinolic lipid is a cytotoxic compound that was synthe-
sized by a 47% of the isolates. S. [ycopersici isolates 225, 200

0 0

) 0 0

Stemphylin

and 210 synthesized the highest level of infectopyrone; isolate
200 that of phomapyrone A and stemphypyrone and isolate
231 that of stemphylin (See Supplementary Material 2).
S. Iycopersici isolates 200, 211, 216, 227 and 228 synthesize
altertoxin I, stemphyperylenol, phomapyrone C,
phomapyrone F and stemphyloxin I, respectively.
Furthermore, isolates like 214, 227 and 228 synthesize
alterporriol D and alterporriol G. Isolates 216 and 227 were those
whose SM profiles diverged the most. Interestingly, most low
and medium virulence isolates were unable to synthesize
deoxyuvidin, phomapyrone D, deoxyuvidin B, albrassitriol,
stemphol, brefeldin A (syn. cyanein), 7-oxo-brefeldin and / or
brassicadiol (See Supplementary Material 2).

A PCA was performed to establish if there is any relation-
ship between the isolates’ ability to synthesize specific SMs
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and their virulence (See Supplementary Material 3). Two of
them, 200 and 208, were clustered together apart from the
other virulent isolates, which seemed to be due to their ability
to synthesize deoxyuvidin, deoxyuvidin B and brassicadiol
(See Supplementary Material 2). Interestingly, highly virulent
isolates were not clustered together along the PC1 axis, show-
ing that there was no relationship with their ability to synthe-
size SMs, which is not surprising considering that clustering
along PC1 and PC2 explains only 44.3% of the variance that
changed to an 80% when 7 axes of ordination were considered
(See Supplementary Material 3).

By comparing the phenotype as well as the metabolic pro-
file, it appears that high virulence was associated with the
number of SMs synthesized as well as by the synthesis of
phomapyrone D and brefeldin A (See Supplementary
Material 2). Specifically, isolate 228 synthesized 7 different
SMs, and among them stemphyloxin I, while the others can-
not. Isolates 214 and 228 as well as 227 the formers one high
virulent and the later medium virulent synthesized alterporriol
D and alterporriol G. Finally, isolates 216 and 227 were the
most segregated along the PC1 axis, while the former one
synthesized 15 different metabolites, the latter one synthesized
only 10 (Table 2). The comparison of the SM profiles between
these two isolates showed that they differed in the synthesis of
17 different compounds. Within the PC2 axis, the isolates 211
and 227 were the most divergent. Interestingly these two
isolates hardly had compounds in common within their SM
profiles.

Discussion

Andersen et al. (1995) characterized the SM profile of
Stemphylium species such as S. alfalfae, S. botryosum, S.
herbarum, S. majusculum, S. sarciniforme and S. vesicarum.
They found stemphylin, stemphyloxin II, stemphyperylenol,
stemphol, macrosporin (Barash et al. 1975; Arnone et al.
1986; Assante and Nasini 1987; Solfrizzo et al. 1994;
Andersen et al. 1995; Andersen and Frisvad 2004; Debbab
et al. 2009), as well as compounds related with stemphol,
physcione, and others including a red pigment, polyphenols
and compounds with anthraquinones structures (Debbab et al.
2012). Olsen et al. (2018) reported that an isolate of
S. xanthosomatis, which is a homotypic synonym of
S. Iycopersici, synthesized only two SMs, macrosporin and
stemphylin. We characterized the SM profile of
19 S. lycopersici isolates, which were previously identified
through the ITS as well as the gpd sequences (Franco et al.
2017a) as well as by the draft genome of three isolates (Franco
et al. 2015; Medina et al. 2018b), recovering 24 major com-
pounds that have already been reported in other Stemphylium
species and/or related genera belonging to Pleosporaceae.
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More than 50% of SMs synthesized by isolates of
S. Iycopersici are compounds with cytotoxic activity against
plants like stemphylin, altersolanol B, altersolanol C,
pyrenochaetic acid A, phomapyrone D, stemphyloxin I,
altertoxin I, deoxyuvidin B, phomapyrone C, phomapyrone
F, albrassitriol, phomapyrone G, macrosporin, phomapyrone
A, stemphol and 7-oxo-brefeldin A (Table 3). Thus, our re-
sults confirmed that S. lycopersici synthesizes a quite similar
SMs profile to other species of the genus because of three
main reasons, we used an HPLC-MS analysis to detect the
compounds, which is a reliable method in line with the sug-
gestion of Perez et al. (2016); we performed the studies using
accurately identified isolates (Franco et al. 2015, 2017a;
Medina et al. 2018b); and we used standard culture conditions
like ones on the DRYES medium, which was also previously
used by Andersen and Thrane (1996), Andersen et al. (2008,
2015) and Olsen et al. (2018). In summary, we not only char-
acterized the SMs profile of S. lycopersici, but also proved
that, even though the isolates shared compounds represented
by the major peaks, their profiles were different.

Several SMs produced by fungi have cytotoxic activity
against plants, which has been related to their phytopathogen-
ic lifestyle. It has been suggested that necrotrophic fungi syn-
thesize and release a larger number of cytotoxic SMs than
biotrophic fungal pathogens (Collemare et al. 2014; Medina
etal. 2019).

As mentioned above, S. lycopersici synthesized SMs
(Table 3). Among them, several compounds are cytotoxic
for plant cells that have already been reported in cultures of
other Stemphylium species as well as representatives of other
fungi (Table 3). Many of the low-molecular-mass compounds
are part of the mechanisms of diseases in plants, and when
they are applied in vitro they triggered symptom development
on leaves and/or fruits (Agrios 2005; Medina et al. 2019).

Franco et al. (2017a) described the diversity within a
S. lycopersici population of approximately 70 isolates based
on sporulation, conidia morphometry and pigmentation, ge-
netic diversity, and their ability to provoke disease. They
grouped isolates in low, moderately and highly virulent ones,
which might be related to the number of SMs produced by
each isolate, as well as to the ability to co-synthesize
phomapyrone D and brefeldin A. However, the SMs-based
PCA of isolates did not group them according to their viru-
lence. Therefore, it appears that soluble SMs per se do not
explain the virulence of' S. lycopersici, which might be a func-
tion of other compounds whose activity is under the influence
of the environment (Medina et al. 2019). The analysis of the
S. lycopersici genome allowed to predict 1005 secreted-
proteins that might be involved in pathogenicity and
virulence (Franco et al. 2017c). Intriguingly, the studied
isolates synthesized SMs anywhere between 15 and 2
compounds, raising a question regarding the putative
secreted-proteins within the Stemphylium genome.
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Table 3

Summary of secondary metabolites synthesized by Stemphylium lycopersici: biological activity, if available the toxin type to which they
belong, and other reported fungal sources

Compound

Biological activity

Toxin type

Other producing-fungi

Reference

Stemphylin

Altersolanol B
Alterporriol D

Altersolanol C

Pyrenochaetic
acid A
Stemphypyrone

Deoxyuvidin
Phomapyrone D
Stemphyperylenol

Stemphyloxin I
Altertoxin I

Deoxyuvidin B

Infectopyrone

Phomapyrone C

Alterporriol G
Phomapyrone F

Albrassitriol
Phomapyrone G

Macrosporin

Phomapyrone A

Stemphol

Brefeldin A

7-Oxo-brefeldin

Brassicadiol

Phytotoxic” and antibiotic

activities.

Phytotoxic activity.

Toxic for mouse cells and
antibacterial activities.
Phytotoxic activity.

Phytotoxic activity.

Not reported®.

Not reported.

Phytotoxic activity.
Antifungal activity.

Phytotoxic activity.

Phytotoxic, antibacterial, toxic
for HeLa cells and
mutagenic by Ames test.

Phytotoxic activity.

Mycotoxin.

Phytotoxic activity.

Toxic for mouse cells.

Phytotoxic activity.
Phytotoxic activity.
Phytotoxic activity.

Phytotoxic activity.
Phytotoxic activity.

Phytotoxic and antibiotic

activities.

Toxic for HeLa cells,
antifungal, antiviral, and
antimitotic activities.

Phytotoxic activity.

Non-phytotoxic.

Not reported.

Not reported.
Not reported.

Non-HST®.

Not reported.

Not reported.
Not reported.

Not reported.

Non-HST.

Not reported.

HSTY.

Not reported.

Not reported.

Not reported.

HST.

HST.

Not reported.

Non-HST.
HST.

Not reported.

Not reported.

Not reported.

Stemphylium botryosum, S.
globuliforme, Alternaria spp.

Alternaria spp.

Alternaria spp.

Alternaria spp.

Pyrenochaeta terrestris.

S. botryosum, S. globuliforme.

Alternaria brassicae.

Phoma and Alternaria spp.

Stemphylium sp.

S. lycopersici..
Alternaria spp., Stemphylium sp.

A. brassicae.

Alternaria spp., Ulocladium
consortiale, S. eturmiunum,
S. sarciniforme and S. vesicarium.
Phoma and Alternaria spp.

Alternaria spp.

Phoma and Alternaria spp.

A. brassicae.

Phoma and Alternaria spp.

S. lycopersici.

Phoma and Alternaria spp.

S. botryosum, S. majusculum, S. cf,
lycopersici; Stemphylium sp.

Penicillium, Ascochyta, Alternaria
spp. and Curvularia.

Penicillium.

Non-phytotoxic. A. brassicae.

Barash et al. 1975; Assante and Nasini,
1987; Andersen et al. 1995; Debbab
et al., 2009, 2012.

Debbab et al. 2009.
Debbab et al. 2009.

Debbab et al. 2009.
Ichihara et al. 1987.

Barash et al. 1975; Assante and Nasini,
1987; Andersen et al. 1995, Debbab
et al. 2009.

Saharan et al. 2016

Pedras and Yu 2009; Andersen et al.
2015; Evidente et al. 2019.

Arnone et al. 1986; Olsen et al. 2018;
Stringlis et al. 2018.

Barash et al. 1982.
Stinson et al. 1982; Olsen et al. 2018.

Ayer and Pena-Rodriguez 1987;
Evidente et al. 2019.

Larsen et al., 2003; Andersen and
Frisvad 2004; Pedras and Yu 2009.

Pedras and Yu 2009; Andersen et al.
2015; Evidente et al. 2019.

Debbab et al. 2009.

Pedras and Yu 2009; Andersen et al.
2015; Evidente et al. 2019.

Ayer and Pena-Rodriguez 1987;
Evidente et al. 2019.

Pedras and Yu 2009; Andersen et al.
2015; Evidente et al. 2019.

Trigos et al. 2011.

Pedras and Yu 2009; Andersen et al.
2015; Evidente et al. 2019.

Solfrizzo et al., 1994; Andersen et al.
1995; 1994; Andersen and Frisvad
2004; Li et al. 2017.

Betina 1989; Cimmino et al. 2013;
Saharan et al. 2016.
Brase et al. 2009.

Ayer and Pena-Rodriguez 1987,
Evidente et al. 2019.

These findings along with the results of this work and
the proposal of Franco et al. (2017c) suggest that the

ied in further detail.

biological role of SMs in pathogenicity should be stud-
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Stemphylium lycopersici synthesizes SMs such as
deoxyuvidin, deoxyuvidin B, albrassitriol, brefeldin A,
brassicadiol, 7-oxo-brefeldin and pyrenochaetic acid A.
These SMs were also produced by other fungi including path-
ogens like Alternaria, Aspergillus, Curvularia, Ascochyta and
Penicillium species (Brase et al. 2009; Ebel 2010; Khallaf
2013; Cimmino et al. 2013; Saharan et al. 2016, Table 3).
Probably, these SMs, which are quite frequent within plant
pathogens, are key factors involved in triggering symptom
development in plant-pathogen interactions.

Other SMs synthesized by S. /ycopersici and other plant
pathogens, such as alterporriol D, alterporriol G,
stemphyperilenol, infectopyrone, brefeldin A, and
brassicadiol, were cytotoxic, mutagenic or might inhibit
growth in in-vitro studies. However, their biological role as
well as that of stemphypyrone and deoxyuvidin, in nature
alone or together, remain unknown.

In this work, we show for the first time that S. lycopersici
synthesizes compounds already defined as both HST or non-
HST, which might explain the broad host range of crops af-
fected by this pathogen. Fourteen out of 19 isolates synthe-
sized phomapyrone A and other phomapyrones, such as C, D,
F and G, also known as phomenins, though in low quantities.
These SMs are considered HST, particularly phomapyrones A
and G (Evidente et al. 2019), which were also detected in
Alternaria (Andersen et al. 2015) and Phoma (Pedras and
Chumala 2005). Furthermore, here we reported that
S. lycopersici synthesizes in culture two other HST like
deoxyuvidin B and albassitriol, such toxins have also been
isolated from cultures of Alternaria brassicae (Ayer and
Pena-Rodriguez 1987; Evidente et al. 2019).

Isolates of Stemphylium lycopersici analyzed in this
work also synthesized stemphol and stemphylin, two com-
pounds that have shown to be toxic against a wide array of
microorganisms, including several pathogens (Solfrizzo
et al. 1994; Debbab et al. 2012). Andersen et al. (1995),
Barash et al. (1975), and Debbab et al. (2009) reported pre-
viously that §. lycopersici, S. botryosum and
S. globuliferum, synthesizes stemphylin. Purified
stemphylin provoked on lettuce leaves sunken brown le-
sions that look like those produced by S. botryosum when
the pathogen infects plants under natural conditions (Barash
et al. 1975; Assante and Nasini 1987). In addition to this,
stemphylin had a strong biocide activity against several
pathogenic microorganisms (Debbab et al. 2012).
Interestingly, stemphol, a compound previously reported
for S. botryosum, S. majusculum and S. cf. lycopersici
(Solfrizzo et al. 1994; Andersen et al. 1995; Li et al. 2017,
Andersen and Frisvad 2004), also was found in mouldy
tomatoes infected with S. lycopersici, as well as in oilseed
rape infected with S. majusculum (Solfrizzo et al. 1994),
thus suggesting that stemphol might be one of the SMs re-
sponsible of tomato grey leaf spot development.

@ Springer

Isolates of S. lycopersici analyzed also synthesized several
non-HST, like altersolanols and alterporriols, that also are
synthesized by representatives of Alternaria, as well as
S. globuliferum (Debbab et al. 2009) and a Stemphylium sp.
(Debbab et al. 2012; Olsen et al. 2018). Other non-HST syn-
thesized were macrosporin and stemphyloxin I and
pyrenochaetic acid A (Li et al. 2017). Interestingly, while
alterporriols E, D, and N, are growth inhibitors of pathogenic
bacteria, alterporriol G is cytotoxic for mouse lymphoma cells
E (Debbab et al. 2009). The other molecules like macrosporin
provoke leaf necrosis by producing singlet oxygen (Trigos
et al. 2011), and stemphyloxin I specifically causes necrosis
and turgor loss on tomato and eggplant (Barash et al. 1982).
Furthermore, macrosporin and altertoxin I might be toxigenic
for bacteria, animals and plant cells or they might have muta-
genic activity based on the by Ames test (Stinson et al. 1982;
Debbab et al. 2012). S. Iycopersici also synthesized
pyrenochaetic acid A, which has already been defined as a
non-HST that inhibits root growth of onion and lettuce seed-
lings (Ichihara et al. 1987).

Only one isolate of S. lycopersici synthesized
stemphyperylenol, an inhibitory compound of fungal growth
(Stringlis et al. 2018). Its synthesis has already been reported
in other Stemphylium species (Arnone et al. 1986; Olsen et al.
2018).

We found that each S. lycopersici isolates presented a spe-
cific profile of SMs, being infectopyrone, an alpha-pyrone, the
most frequent one, which also is synthesized by Alternaria
spp., Ulocladium consortiale, S. eturmiunum,
S. sarciniforme and S. vesicarium (Larsen et al. 2003;
Andersen and Frisvad 2004). Probably this SM might be a
widely used tool for pathogenesis within necrotrophic
pathogens.

Other SMs synthesized by S. lycopersici were brefeldin A
and 7-Oxo-brefeldin, a brefeldin A analogue, that had cyto-
toxic, antifungal, antiviral, and antimitotic activity (Betina
1989), and inhibited secretion in a eukaryotic cell system
(Driouich et al. 1997). Studies should be aimed at studying
the role of these SMs in plant-microbe interactions like tomato
leaf gray spot.

Conclusions

The SM profile of Stemphylium lycopersici contains 24 major
compounds that have already been reported in other
Stemphylium species and/or related genera belonging to
Pleosporaceae.

The SM profile within isolates of Stemphylium
lycopersici is variable and unrelated with their viru-
lence, although like in other plant pathogens they might
play key roles in triggering symptoms development on
the host plants.
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Stemphylium lycopersici synthesizes host specific and non-
host specific toxins that might explain the ability of the fungus
to provoke disease on several plant species.

Stemphol is the putative SM that triggering grey leaf spot
symptom development on tomato.

Stemphylium lycopersici SMs profile includes compounds
that also are synthesized by other necrotrophic plant
pathogens.

Since infectopyrone was the most frequent metabolite pro-
duced by the isolates and its synthesis also reported for other
necrotrophic fungi such as Alternaria spp., Ulocladium
consortia, and other Stemphylium species, it might be a target
compound for studying pathogenesis within necrotrophic
pathogens.
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