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Summary. Salicornia europaea L. is a euhalophyte increasingly cultivated as a high-
value green vegetable. In July 2021, root and crown rot occurred on 6-month-old S.
europaea plants grown in peat-filled pots under a greenhouse, affecting 25% of plants.
The causal agent was identified as Fusarium pseudograminearum O’Donnell & T.
Aoki using morphological and molecular analyses. An experiment to assess the patho-
genicity of this fungus to S. europaea was conducted with 96 seedlings in hydroponic
culture. Half of these plants were inoculated with a conidial suspension of F. pseu-
dograminearum. At 24 days post inoculation (dpi), half of the plants were transferred
into a new hydroponic system, while the other plants were transplanted into pots. At
80 dpi, all inoculated plants grown in pots had shoot browning and desiccation symp-
toms, while these symptoms developed more slowly in 70% of the hydroponically
grown inoculated plants. A qualitative symptom severity assessment scale showed that
disease severity was greater (63%) in pot-grown plants than in hydroponically grown
plants (46%). Fusarium pseudograminearum was consistently reisolated from diseased
plants in both cultivation systems (62% from pots and 83% from hydroponics) fulfill-
ing Koch’s postulates. Production of deoxynivalenol (DON) and zearalenone (ZEA)
was investigated in vitro and in planta. Traces of DON (0.029 + 0.012 mg kg'!) were
found in severely damaged plants grown in hydroponics. In the in vitro test, F. pseu-
dograminearum isolates from wheat crops in Spain (isolate ColPat-351) and Italy
(isolate PVS Fu-7) were also assessed, and all tested isolates produced considerable
amounts of ZEA. Fusarium pseudograminearum isolates obtained from S. europaea
produced more DON (6.81 + 0.24 mg kg, on average) than the Italian isolate PVS
Fu-7 (0.37 + 0.06 mg kg!), while DON production by the Spanish isolate ColPat-351
was less than the limit of detection (< 0.25 mg kg?). This is the first report of root and
crown rot caused by F. pseudograminearum on S. europaea.

Keywords. Deoxynivalenol, fungi, glasswort, hydroponic system, plant disease, zea-
ralenone.
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INTRODUCTION

Salicornia europaea L. (syn. Salicornia perennans
Willd. subsp. perennans, Amaranthaceae), commonly
known as glasswort or sea asparagus, is a euhalophyte
that is widespread in many regions of the Northern
Hemisphere, especially in the Mediterranean region
(Lombardi et al., 2022). This plant thrives in saline eco-
systems and can tolerate up to 1000 mM NacCl, with
optimal growth at 200-400 mM NaCl (Céardenas-Pérez
et al., 2021). For this reason, it has received considerable
interest as an alternative crop in saline agriculture, espe-
cially in desert areas and marginal lands (Araus et al.,
2021). Salicornia europaea has a wide range of applica-
tions as a food and non-food crop. This plant is a good
candidate for biodiesel production because of its high
seed oil contents, for the remediation of saline soils, and
for pharmaceutical purposes (Ventura and Sagi, 2013;
Cérdenas-Pérez et al., 2021). It has edible shoots, raw or
cooked, and is increasingly cultivated as a high-priced
green vegetable (Araus et al., 2021; Cardenas-Pérez et al.,
2021). Despite the broad range of agronomic usages of S.
europaea, little attention has been paid to phytopatho-
logical issues for this plant.

In July 2021, at the University of Pisa, severe root
and crown rot symptoms were observed in pot-grown S.
europaea plants purchased from a nursery in northern
Italy (Figure 1, a, b, and c). Symptoms appeared on 25%
of 6-month-old seed-propagated plants. The causal agent
of the disease was identified as Fusarium pseudogramine-
arum O’Donnell & T. Aoki. This fungus was previously
described as F. graminearum Schwabe Group 1 and was
identified for the first time in Australia in 1983 (Burgess
et al., 1987). Subsequently, Aoki and O’Donnell (1999a)
described the novel species F. pseudograminearum, based
on morphological and molecular observations.

Fusarium pseudograminearum is a heterothallic
Ascomycete, although the formation of perithecia by the
teleomorph Gibberella coronicola T. Aoki & O’Donnell
has been rarely observed (Aoki and O’Donnell, 1999b).
This fungus is a soil-borne pathogen, primarily causing
Fusarium crown rot (FCR) on small grain cereals, which
is a common disease in warm, dry regions (Chakraborty
et al., 2006; Poole et al., 2013; Sabburg et al., 2015). The
fungus is widespread in Asia, especially China where it
is becoming the predominant cause of FCR (Xu et al,
2017; Zhou et al., 2019; Deng et al., 2020), and in Aus-
tralia (Obanor et al., 2013; Kazan and Gardiner, 2018).
In Europe, the occurrence of F. pseudograminearum
is unclear, as the pathogen has only been reported a
few times. It was first identified as the cause of root rot
on durum wheat in Foggia, southern Italy, by Balmas
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(1994), when it was still designated as F. graminearum
Group 1. In 2016, F. pseudograminearum was found in
Cordoba, southern Spain, causing FCR on Triticum aes-
tivum (Agusti-Brisach et al., 2018). The pathogen has
been described on wheat in the Mediterranean countries
Algeria (Abdallah-Nekache et al., 2019), Syria (Alkadri et
al., 2013), Tunisia (Kammoun et al., 2009), and Turkey
(Tunali et al., 2008). However, Akinsanmi et al. (2007)
noted that some alternative host plants (monocots and
dicots) were infected by F. pseudograminearum, indicat-
ing that the pathogen is not host-specific. In Croatia,
this fungus was first recorded on naturally infected rot-
ted apples (Sever et al., 2012), and seeds of the wild leg-
ume Vicia cracca (Milicevi¢ et al., 2013). An endophytic
F. pseudograminearum was also isolated from coastal
dunegrass (Leymus mollis), improving plant growth and
salinity resistance (Shan et al., 2021). Due to the uncer-
tainty of the occurrence of the pathogen, the European
Food Safety Authority (EFSA) has recently proposed to
designate F. pseudograminearum as a potential quar-
antine pathogen for the European Union (EFSA Panel
Health, 2022).

A key feature in several Fusarium species (including
F. culmorum, F. graminearum, and F. pseudogramine-
arum) is their ability to produce trichothecene B myco-
toxins. This class of mycotoxins includes deoxynivale-
nol (DON), nivalenol (NIV), and acetylated derivatives
(3-acetyldeoxynivalenol, 3ADON; 15-acetyldeoxyniva-
lenol, 15ADON). Based on the type of trichothecene
produced, each isolate can be assigned to a specific
chemotype (3ADON, 15ADON, NIV). Each chemotype
is determined by the trichothecene gene cluster (tri),
composed of ten to 12 contiguous genes. The number of
functional genes in this cluster varies depending on the
species and chemotype (Pasquali and Migheli, 2014).
Zearalenone (ZEA) is another mycotoxin of interest that
exhibits strong estrogenic effects in mammals. ZEA is a
polyketide mycotoxin synthesized from the acetate-pol-
ymalonate pathway, in which four genes are involved:
pks4, pks13, zebl, and zeb2 (Nahle et al. 2021). Deter-
mining the mycotoxins produced by an isolate is essen-
tial for studying the dynamics of a fungal population
in a specific agricultural area, and to evaluate toxigenic
risks of specific chemotypes in food and feed.

Root and crown rot caused by F. pseudograminear-
um on cultivated S. europaea plants has not been previ-
ously described. Therefore, the aims of the present study
were: (i) to assess the pathogenicity and evaluate disease
severity caused by a selected isolate of F. pseudogramine-
arum towards S. europaea plants grown in two differ-
ent growing systems (pots and hydroponics); and (ii) to
determine the mycotoxins produced by three isolates of
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Figure 1. Diseased Salicornia europaea plants grown in pots. a)
Overview of the pots on a greenhouse bench. b) A completely des-
iccated plant. ¢) Diseased plant crowns and roots.

F. pseudograminearum from S. europaea compared to
two other European isolates of F. pseudograminearum.

MATERIALS AND METHODS
Origin of infected samples and isolation of fungal isolates

Severe root and crown rot symptoms were observed
on seed-propagated S. europaea plants (approx. 6 months
old) that had been purchased from a commercial nursery
in northern Italy. The plants were grown in pots filled
with peat (Figure 1, a and b). Symptoms affected 25% of
the plants.

To isolate the putative causal agent, the roots and
crowns of affected plants were gently washed under run-
ning tap water. Symptomatic tissues (Figure 1 c) were
then cut into small pieces and surface sterilized with
sodium hypochlorite (NaOCl; 1% available chlorine) for
2 min, rinsed twice for 2 min in sterile distilled water,
and then plated onto Potato Dextrose Agar plates (PDA,
42 g L, BioLife, Milan, Italy) amended with streptomy-
cin (0.3 g L, Sigma-Aldrich, Saint Louis, MO, USA). The
plates were then incubated at 25 + 1°C under fluorescent
light and checked daily for mycelium development. After
4 days of incubation, hyphae emerging from infected
plant tissues were transferred onto new PDA plates.
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Monoconidial cultures and storage conditions

Colony morphology, and macroconidia shapes
observed under an optical microscope indicated that
the putative causal agent of the disease belonged to the
genus Fusarium. Further analyses, both morphological
and molecular, were carried out by generating mono-
conidial cultures of three selected isolates (designated
3B, PD-A, and PD-B), each obtained from a different
diseased plant. An isolate of F. oxysporum (DAFE SP21-
23), a fungus often associated with S. europaea plant tis-
sues but not pathogenic, was included in the study as a
negative control. For preservation of the isolates, PDA
plugs derived from the above-described monoconidial
cultures were transferred onto Synthetic Nutrient-poor
Agar (SNA), which contained: 1 g L' KH,PO,; 1 g L*!
KNO;; 0.5 g L* MgSO,-7H,0; 0.5 g L* KCI; 0.2 g L*!
glucose; 0.2 g L' sucrose; and 20 g L' agar (Nirenberg,
1981). The cultures were stored at 4°C. All the chemicals
used in the culture medium were obtained from Sigma-
Aldrich (Saint Louis, MO, USA).

Species identification
Morphological observations

The three monoconidial isolates, derived from three
different plants, were identified at species level by com-
bining a morphological and molecular approach. Colo-
ny morphology, pigmentation, and macroconidia sizes
were compared to the published descriptions of Aoki
and O’Donnell (1999a). Suspensions of macroconidia
were obtained by rinsing 2-week-old PDA plates, which
had been incubated at 25 + 1°C in complete darkness,
with 10 mL of sterile distilled water and gently scraping
the mycelium with a sterile glass Drigalski spatula. The
suspensions were then filtered through a layer of sterile
Miracloth (Calbiochem, San Diego, CA, USA) and were
observed using an optical microscope (model Dialux 22,
Leitz, Wetzlar, Germany). Micrograph images were cap-
tured using a Leica DFC 450C digital camera, and fun-
gal structures were measured using the software Leica
Application Suite X Version 3.1.1.17751 (Leica Microsys-
tems Ltd., Heerbrugg, Switzerland). For each isolate, at
least 50 macroconidia with different numbers of septa
(1- 3- and 5-septa) were measured.

DNA extraction and molecular identification of isolates

Five agar discs (diam. 6 mm) were cut from 1-week-
old monoconidial PDA plates and were inoculated
into 50 mL tubes each containing 25 mL of Yeast Malt
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Broth: 3 g L! yeast extract; 3 g L! malt extract; 5 g L
peptone; 10 g L glucose. The tubes were then kept for
5 days at room temperature (22-25°C) under constant
stirring at 60 rpm on the Multi-RS 60 programmable
rotator (Biosan, Riga, Latvia), with a rotation angle of
75°. Mycelium was then collected by filtering each liquid
culture through a layer of sterile Miracloth (Calbiochem,
San Diego, CA, USA), washed twice with sterile distilled
water, dried on sterile filter paper, and then stored at
-20°C for DNA extraction.

Genomic DNA was extracted with the Genesig®
Easy DNA/RNA extraction kit (Primer Design Ltd, UK),
using the method described by Spada et al. (2023). DNA
was quantified using the Qubit™ DNA BR Assay Kit in a
Qubit™ 4 Fluorometer (Invitrogen by Thermo Fisher Sci-
entific Inc., Eugene, OR, USA). A fragment of the ef-Ia
gene was amplified according to O’Donnell et al. (1998),
using the EF-1/EF-2 primer pair. PCR was carried out
in a 25 pL reaction mix with GoTaq Green Master Mix
2X (Promega Corporation, Madison, WI, USA), 0.1 pM
of each primer, 30-50 ng of DNA, and adding nuclease-
free water to the volume. PCR conditions were: initial
denaturation at 95°C for 8 min, followed by 35 cycles of
95°C for 30 sec, 53°C for 1 min, and 72°C for 1 min, and
final extension at 72°C for 5 min. A negative control (no
DNA) was included in the reaction. PCR products were
analyzed by electrophoresis in 0.5x Tris-Borate-EDTA
(TBE) buffer with 1% (w/v) agarose gels and detected
by UV fluorescence after GelRed™ staining (Biotium
Inc., CA, USA) according to the manufacturer’s instruc-
tions. The 100 bp DNA ladder (Promega, Madison, W1,
USA) was used as a molecular size marker. Amplicons
were purified with the QIAquick PCR purification kit
(QIAGEN, Milan, Italy), following the manufacturer’s
instructions. The purified amplicons were sent to BMR
Genomic (Padua, Italy) for Sanger sequencing in both
directions, with the same set of primers used for ampli-
fication. Consensus sequences were edited with BioEd-
it v 7.7 and used as queries in BLASTn searches of the
GenBank database hosted by NCBI. To further confirm
the species, the species-specific primers Fpl-1 and Fpl-2
were used, targeting a 523 bp fragment in the ef-Ia gene
(Aoki and O’Donnell, 1999a). As described above, each
PCR was conducted in a 25 pL reaction mix using 0.24
pM of each primer and setting the thermal conditions
described by the authors.

Artificial inoculations of Salicornia europaea seedlings
grown in pots and in hydroponics

To assess the pathogenicity of F. pseudograminear-
um, inoculations of S. europaea plants were carried out.
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The plants were grown in pots and hydroponics (float-
ing raft system). One isolate (F. pseudograminearum 3B)
was used in this experiment. Seeds of S. europaea were
purchased from Alsagarden (Niederhaslach, France), and
were sown into polystyrene trays containing stone wool
plugs (Grodan, Roermond, The Netherlands), which
were kept under a greenhouse for germination (Figure 2
a). Plants were selected for phenotypic uniformity based
on height and number of shoots. At 46 days after sow-
ing (das), seedlings (n = 96) were removed from stone
wool plugs and transferred to a small-scale floating raft
system (Figure 2 b). This consisted of polystyrene rafts
(7 x 10 cm, each containing eight plants) placed in a 200
mL dark-colored polypropylene tank filled with nutri-
ent solution. The solution contained 14.0 mM NO;, 2.0
mM NH, 2.0 mM H,PO,, 10.0 mM K, 4.5 mM Ca, 2.0
m M Mg, 5.0 mM SO,, 40.0 uM Fe, 40.0 uM B, 3.0 pM
Cu, 10.0 pM Zn, 10.0 pM Mn, and 1.0 pM Mo. The
nutrient solution in each hydroponic tank was continu-
ously aerated to supply oxygen to the plants and main-
tain the inoculum in a homogeneous suspension. The
plants were maintained in a growth chamber (25.0 +
1.5°C, PAR 150 pmol m? s from LED tubes) for 11 days
to promote root development. Subsequently, at 57 das,
plant (n = 48) roots were inoculated with a suspension
of F. pseudograminearum macroconidia (final concen-
tration 10° macroconidia mL?) (Figure 2 cl), and the
other half with an equal volume of sterile distilled water
(Figure 2 c2). Macroconidia suspensions were obtained
as described above. At 24 days post inoculation (dpi; 81
das), half of the inoculated plants (n = 24) were trans-
ferred into 1 L pots filled with sterile peat, and the other
half were transferred into 50 L tanks filled with 25 L of
nutrient solution. The same method was used for control
plants (those treated with sterile distilled water), and all
plants were moved under a greenhouse (Figure 2 d). The
plants had been randomly selected for transplanting in
pots or hydroponics. The pots were sub-irrigated daily
with nutrient solution, while in the hydroponic tanks,
the nutrient solution was periodically added to maintain
the initial volume.

The trial lasted until 80 dpi (corresponding to 137
das), when disease symptoms (shoot browning) were
assessed using a six-point empirical qualitative ordinal
scale (0 to 5): 0 = no symptoms; 1 = browning on the
main stem; 2 = browning on the basal lateral shoots; 3
= complete browning of the main stem and primary lat-
eral shoots; 4 = almost complete browning, pale-green
secondary shoots; and 5 = completely desiccated (dead)
plant (Figure 3, a to e). A score was assigned to each
plant and, for each treatment (i.e. potted-inoculated
plants, hydroponics-inoculated plants, potted-non-inoc-
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DAS (days after sowing)

46 57

137

Figure 2. Diagram describing the protocol used for artificial inoculations of Salicornia europaea plants with Fusarium pseudograminearum
isolate 3B. a) Sowing of S. europaea seeds in a seedling tray. b) Hydroponic cultivation of plants for root development. ¢) Inoculation of
plants with F. pseudograminearum macroconidia (c 1) or sterile distilled water (control plants) (c 2). d) Greenhouse cultivation in pots or

hydroponics.

ulated plants, and hydroponic-non-inoculated plants),
the plants (n = 24) were randomly divided into three
groups of eight plants each. The McKinney Index (MKI;
McKinney, 1923), which incorporates disease incidence
and severity, was calculated for each group using the fol-
lowing formula:

MKI = Z99) 5 100

where d = disease score, f = disease frequency (for a
given group of plants), N = total number of observed
plants, and D = the greatest level of disease infection on
the empirical qualitative ordinal scale. Disease incidence
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was determined by counting the plants showing symp-
toms of at least 1 on the empirical scale.

At 80 dpi, re-isolations were carried out (as previ-
ously described) from plant tissues for the fulfillment of
Koch’s postulates. In addition to plant roots and crowns,
the first nine segments of the main stem and the two
basal lateral shoots were plated, and the development of
resulting organisms was assessed.

At 80 dpi, control and inoculated plants were also
assessed for shoot fresh weight (SFW), shoot dry weight
(SDW), and shoot succulence. For the inoculated plants,
samples were collected from asymptomatic plants grown
in hydroponics and from plants grown in pots with a
disease severity score of 1. Shoot dry weights were meas-
ured after drying the fresh samples in a ventilated oven
at 70°C until constant weight. Shoot succulence was cal-
culated as the ratio of shoot water content to SDW.

Mycotoxins production: fungal isolates and culture condi-
tions

The following isolates were used in the experiment
on mycotoxin production: the three F. pseudogramine-
arum isolates (3B, PD-A, and PD-B) from S. europaea,
F. pseudograminearum ColPat-351 from wheat (Agusti-
Brisach et al., 2018), F. pseudograminearum PVS Fu-7
from wheat (Balmas, 1994), and the non-pathogenic F.
oxysporum DAFE SP21-23 isolate, obtained from S. euro-
paea plant tissues in the present study, used as a nega-
tive control since this species does not produce DON or
ZEA. The isolate DAFE SP21-23 was also used as further
confirmation that only F. pseudograminearum isolates
were DON and ZEA producers. All fungi were grown on
PDA plates and maintained on SNA, as described before.

Amplification of mycotoxin-related genes

To determine whether F. pseudograminearum iso-
lates were potentially mycotoxigenic, we first investigated
if they had the gene pool required for mycotoxin bio-
synthesis. The tri5 gene and the pks4 gene were assessed
in each isolate, as tri5 is involved in the biosynthesis of
DON (Proctor et al., 1995; Desjardins et al., 1996), and
pks4 is involved in the biosynthesis of ZEA (Lysoe ef al.,
2006).

A 650 bp fragment of the tri5 gene was amplified
using the Tox5-1/Tox5-2 primer pair (Niessen and Vogel,
1998), and a 280 bp fragment of the pks4 gene using the
PKS4F/PKS4R primers (Meng et al., 2010). PCR was car-
ried out in a 25 pL reaction mix with GoTaq Green Mas-
ter Mix 2X (Promega Corporation, Madison, WI, USA),
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0.4 pM of each primer for tri5 and 0.5 pM for pks4,
30-50 ng of DNA, and adding nuclease-free water to
the volume. Negative controls (no DNA) were included.
The amplification conditions used were those described
by the respective authors (cited above). Amplicons were
purified and sequenced, and consensus sequences were
generated as previously described. Amplification of frag-
ments of the tri3 and tril2 genes (Starkey et al., 2007)
was carried out in a multiplex PCR to find out wheth-
er the isolates belonged to a specific DON-chemotype
(i.e. nivalenol, NIV; and acetylated forms of DON:
3-acetyldeoxynivalenol, 3ADON; and 15-acetyldeoxyni-
valenol, 15ADON). Primers 3CON, 3NA, 3D15A, and
3D3A were used to target the tri3 gene. Primers 12CON,
12NF, 12-15F, and 12-3F were used for the tril2 gene.
Multiplex PCRs were carried out following the methods
described by the authors.

In vitro production of mycotoxins

Production of DON and ZEA was evaluated in vitro
in a model system that consisted of growing the F. pseu-
dograminearum isolates on moistened barley grains.
This system method was chosen so that the fungi were
grown in optimal conditions for mycotoxin production
(Blaney and Dodman, 2002; Clear et al., 2006; Kok-
konen et al., 2010). Thus, 30 g of dried barley grains,
obtained from a local organic farm, were rinsed over-
night in 25 mL of sterile distilled water in 500 mL flasks
and sterilized twice at 121°C for 20 min with 24 hours
between the two heat treatments. Each flask was then
inoculated with a PDA disk (diam. 10 mm) cut from an
actively growing culture of each isolate. A mycelium-
free PDA disk was used as a control. An experiment
was established consisting of five biological replicates for
each isolate. The fungi were grown for 3 weeks at room
temperature, and the cultures were manually shaken to
avoid grain clumps. After incubation, the grains were
dried under a laminar flow cabinet for 48 hours and
were ground with a coffee grinder.

Mycotoxin production was evaluated for DON
and ZEA with the immunochromatographic RIDA®
QUICK RQA ECO tests (R-Biopharm AG, Milan, Ita-
ly), according to the manufacturer’s instructions. The
limits of detection (LOD) were 0.25 mg kg! for DON
and 0.05 for ZEA, and the maximum measurable
amounts were 50 mg kg for DON and 1 mg kg for
ZEA. Sequential 10-fold dilutions were made, with the
appropriate solvent, for samples outside these ranges
until measurable amounts of mycotoxin were obtained.
The DON test does not discriminate between acetylat-
ed forms of DON.
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Figure 3. The empirical qualitative ordinal scale of disease symptoms (1 to 5) in Salicornia europaea plants grown hydroponically (floating
raft system) and inoculated with Fusarium pseudograminearum isolate 3B. The photographs were taken 80 days post inoculation. a) Brown-
ing on the main stem (score 1). b) Browning on basal lateral shoots (score 2). ¢) Complete browning of the main stem and primary lateral
shoots (score 3). d) Almost complete browning, pale-green secondary shoots (score 4). e) Completely desiccated (dead) plant (score 5).

In planta production of mycotoxins

Mycotoxin production in S. europaea plants was
assessed using LC-MS/MS, which is a commonly used
multi-mycotoxin method to determine levels in feeds
and foods to overcome specific matrix effects (De Santis
et al., 2017; Igbal, 2021). The method used (protocol: MP
213, rev. 3, 2022) detects 17 mycotoxins, including NIV,
ZEA, DON, and the acetylated forms 3- and 15-acetylde-
oxynivalenol.

According to the empirical scale of host plant symp-
toms (Figure 3), the plants were pooled and divided into
three groups: no symptoms (score 0); mild symptoms
(scores 1 to 2), and severe symptoms (scores 3 to 5). The
plants were also divided based on the growing methods
(i.e. in pots or hydroponics). For each group of plants,
the analyses were carried out on three biological rep-
licates. Therefore, at 80 dpi, the above-ground parts of
each plant were cut and freeze-dried. Samples were sent
to Biochemie Lab s.r.l. (Campi Bisenzio, Florence, Italy;
Accredia No. 0195; https://www.accredia.it/) for LC-MS/
MS analyses.

Statistical analysis

Data were subjected to 1-way ANOVA using CoStat
6.4 statistical software (Cohort Software, Monterey, CA,
USA). Percentage data (disease incidence and MKI) were
arcsiny% transformed before ANOVA. In the artificial

inoculation experiment, for each cultivation method,
plants (n = 24) were randomly divided into 3 groups
(eight plants each), and disease incidence and MKI val-
ues were calculated for each group. The normality of
the data was assessed using the Shapiro-Wilk test and
homoscedasticity was tested using Bartlett’s test. Means
were separated using Tukey’s honestly significant differ-
ence post-hoc (HSD) test (P < 0.05).

Artificial inoculations of F. pseudograminearum on
S. europaea plants were repeated twice in pots, using
the same protocol, and both inoculations gave similar
results. In addition, in the first experiment carried out
in pots, the F. oxysporum isolate DAFE SP21-23 was also
inoculated, but the inoculation did not cause any symp-
toms (data not shown). Only the results of the experi-
ment conducted to compare the two growing methods
(i.e. pots and hydroponics) are presented in this paper.

RESULTS
Identification

Fusarium pseudograminearum colonies were isolated
from 64% of the total specimens of diseased stems, roots,
and crowns collected from S. europaea plants. Fusarium
oxysporum colonies were also frequently observed, repre-
senting 45% of the total plated samples. On PDA, colonies
appeared whitish to brownish-yellow on the upper sur-
face, especially during the first few days of growth. After
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Figure 4. Salicornia europaea plants grown in pots (a and b) and hydroponics (c and d), and inoculated with Fusarium pseudogramine-
arum isolate 3B, at 80 days post inoculation (a and c). Control plant in a pot (e) and hydroponics (f). Plants with disease severity score 1

(g) and score 5 (h), grown in pots.

one week, reddish to dull-red pigmentation was visible.
The reverse colony pigmentation ranged from pale brown
to brownish yellow, becoming red, reddish-brown, and
ruby after 2 weeks. Abundant and floccose aerial myce-
lium was typically observed during colony growth. The
size of macroconidia was comparable to that described
by Aoki and O'Donnell (1999a) (Table S1), although no
7-septate macroconidia were observed. Microconidia were
absent. Three isolates (3B, PD-A, and PD-B) were selected
for morphological and molecular studies.

The consensus sequences of the partial translation
elongation factor 1 alpha (ef-Ier) gene were 100% similar,
in whole length, to those of F. pseudograminearum [Gen-
Bank accession numbers (AN) MG670539 to MG670541
and OM746828 to OM746837]. These sequences were
deposited in GenBank under the AN PQ045864 to
PQ045866. A species-specific PCR, with the Fpl-1/Fpl-
2 primer pair, confirmed that the three isolates belonged
to F. pseudograminearum (Figure SI).

Artificial inoculations and plant disease assessments

No symptoms were observed in control plants (Fig-
ure 4, b, d, e, and f). The plants cultivated in pots and
hydroponics had different growth patterns (Table 1).
The pot-cultivated plants tended to be woodier than
those in hydroponics, especially at the base of the stem.
In these cases, desiccation of at least 50% of the main
stem of each affected plant was considered as score 1 on
the empirical qualitative ordinal scale of disease symp-
toms (Figure 4 g). In addition to the control plants,
asymptomatic inoculated plants (i.e. score 0), grown in
hydroponics, and potted plants with a score of 1, were
collected for the determination of shoot fresh weight
(SFW), shoot dry weight (SDW), and succulence. Dif-
ferences between inoculated and non-inoculated plants,
within the same cultivation method, were statistically
significant (P < 0.05) for potted plants, but not for plants
grown hydroponically (Table 1).
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Table 1. Mean shoot fresh weight, dry weight, and succulence of Salicornia europaea plants grown in pots or hydroponics, sampled at 80
days post inoculation with Fusarium pseudograminearum isolate 3B. Shoot succulence was calculated as the ratio between shoot water con-
tent and shoot dry weight. For inoculated plants, measurements were carried out on asymptomatic plants in hydroponics and on pot-grown
plants with a score of 1 on the empirical qualitative scale of disease symptoms (browning on the main stems). Within each growing system,
means (n = 4; = SE) accompanied by the same letters are not significantly different according to Tukey’s HSD post-hoc test (P < 0.05).

Hydroponics Pots
Parameter
Inoculated Non-inoculated Inoculated Non-inoculated
Shoot fresh weight (g/plant) 56.3 £ 6.4a 62.9+49a 73+08a 16.7+0.5b
Shoot dry weight (g/plant) 64+06a 68+1lla 14+02a 26+02b
Succulence (g/g) 78+04a 77+12a 42+03a 54+03b
= 1 Disease incidence MKI
I 100 2
20
g 6 90
" s % 80 + b
E 12 a -E g 70 4 a
] @ g
g 5 3
&, - R
— b
g 3 § 50 4
4 . £ a0
I ]
0 o ﬁ 30
a

o
e.Q‘ &? ,,,@*@#&“ & ,\@(’B&#&?‘;‘&? s§¢°¢@$ oq‘ o P @&5‘

Figure 5. Progression of symptom emergence (lines) and plant
death (histograms) in Salicornia europaea plants inoculated with
Fusarium pseudograminearum isolate 3B, in pots (red) or hydro-
ponics (blue), at different days post inoculation (dpi).

Symptoms of aerial parts of plants were character-
ized by acropetal patterns, initially affecting the stems
and basal lateral shoots (Figure 4, a and c), following
damage to the roots. The disease had a long asympto-
matic phase. Initial wilting symptoms were observable
at 24 dpi, when the plants were transplanted into pots
or in hydroponics. There was no clear evidence of root
or crown rot before transplanting. Clear signs of disease
in the aboveground portions (i.e. desiccation of the main
stems) were observed in pots 2 days after transplanting
(26 dpi). The plants in hydroponics showed evidence of
desiccation at 1 week after transplanting (31 dpi). These
different rates of symptom appearance were very obvious
at 80 dpi. First plant death in pots was recorded at 47 dpi
(Figure 4 h) and at 61 dpi in hydroponics (Figure 5).

In pots, 100% (24/24) of the inoculated plants
showed symptoms attributable to at least class 1 in the
empirical qualitative ordinal scale of disease symptoms.
In hydroponics, disease only affected 70.8% (17/24) of
the plants, and seven out of 24 plants were asymptomatic
and were assigned scores of zero. The number of dead
plants (score 5) was the same at 80 dpi (seven) in pots

[N
(=]

-
=)

M Pots mHydroponics

Figure 6. Disease incidence and McKinney Index for potted (red
bars) and hydroponically grown (blue bars) Salicornia europaea
plants that were inoculated with Fusarium pseudograminearum
isolate 3B. Different letters above the bars indicate significant differ-
ences between the mean values (n = 3; £ SE), according to Tukey’s
HSD post-hoc test (P < 0.05). Statistical analyses were conducted
separately for each disease measurement.

and in hydroponics. Accordingly, disease incidence and
McKinney Index were significantly greater in pot-grown
plants than in those grown hydroponically (Figure 6).
Koch’s postulates were fulfilled by reisolating F.
pseudograminearum from below- and above-ground tis-
sues collected from both groups of plants, regardless
of disease severity. The pathogen was mainly present
in the roots and crowns. In pot-grown plants, F. pseu-
dograminearum was re-isolated from 96% of sampled
roots and 100% of sampled crown tissues, and 87% of
root and 82% of crown samples of hydroponically grown
plants. Pathogen re-isolation from above-ground tissues
of potted plants was 41% from stems, 91% from first lat-
eral branches, and 59% from second lateral branches. In
hydroponics, re-isolations of F. pseudograminearum in
above-ground plant tissues were higher, 85% from stems,
91% from first lateral branches, and 64% from second
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lateral branches (Table S2). Overall, re-isolations of F.
pseudograminearum were greater from plants grown in
the hydroponic system (83% of total plated tissues) than
those grown in pots (62%). Fusarium pseudograminear-
um was also re-isolated from asymptomatic hydroponi-
cally grown plants.

Production of mycotoxins in vitro and in planta

In this experiment, in addition to the three iso-
lates of F. pseudograminearum (3B, PD-A, and PD-B),
two further isolates of F. pseudograminearum, PVS-Fu
7 (Balmas, 1994) and ColPat-351 (Agusti-Brisach et al.,
2018) and one isolate of F. oxysporum (DAFE SP-21-23)
isolated from S. europaea plants were included.

First, we tested whether the isolates had the gene
pool required for the production of deoxynivalenol
(DON) and zearalenone (ZEA) by amplifying a fragment
of the tri5 (Niessen and Vogel, 1998) and pks4 (Meng
et al., 2010) genes. All the isolates, except for F. oxyspo-
rum DAFE SP21-23, were positive for the 650 bp frag-
ment of the tri5 gene (Figure S2), and the 280 bp frag-
ment of the pks4 gene (Figure S3). Consensus sequences
were used for BLASTn search to verify sequence identity
and were deposited under the GenBank AN PQ045872
to PQ045876 for tri5 and PQ045867 to PQ045871 for
pks4. For tri5, the sequences exhibited 98.65% (isolates
3B, PD-A, and PD-B) and 98.80% (isolates ColPat-351
and PVS-Fu 7) identity with the tri5 gene of F. pseu-
dograminearum strains NRRL 28334, NRRL 28338,
and 28062 (respectively, AN AY102583, AY102585, and
AY102580). Lower sequence similarity was found for
pks4. The sequences showed 95.02% (isolates 3B, PD-A,

Table 2. Mean amounts of deoxynivalenol (DON) and zearalenone
(ZEA) produced by five isolates of Fusarium pseudograminearum
on barley grains after 21 days. Data are shown as mg of toxin per
kg of substrate. Mycotoxin production was evaluated with immu-
nochromatographic RIDA® QUICK RQA ECO kits. The limit of
detection (LOD) was 0.25 mg kg for DON and 0.05 mg kg for
ZEA. Means (n = 5; + SE) accompanied by the same lowercase let-
ters are not significantly different, according to Tukey’s HSD post
hoc test (P < 0.05).

Isolate DON (mg kg') ZEA (mgkg?)
F. pseudograminearum 3B 6.93+£043a 61.10 £2.17 ab
F. pseudograminearum PD-A 6.72+0.11a 52.94 +2.93 abc
F. pseudograminearum PD-B 6.79+£0.19a 40.01 +1.05¢
F. pseudograminearum ColPat-351 ~ <LODc¢  69.10 £545a
F. pseudograminearum PVS Fu-7  0.37 £ 0.06 b 47.48 + 4.49 bc
F. oxysporum DAFE SP21-23 <LODc <LODd
Control <LOD ¢ <LODd
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and PD-B), 95.37% (isolate ColPat-351), and 94.66%
(isolate PVS-Fu 7) similarity with the pks4 gene of F.
pseudograminearum CS3096 (AN: XM_009259983).
The amplification of #ri3 and tril2 genes (Starkey ef al.,
2007), with a multiplex PCR developed to determine
the DON-chemotype, failed to produce any amplicons.
Although several attempts were made, such as modify-
ing the annealing temperature, concentration of DNA,
primers combinations, and MgCl, in the reaction mix-
ture, the multiplex PCR yielded no results. Therefore, no
specific DON-chemotype (i.e. NIV, 3ADON, 15ADON)
could be assigned to the isolates.

The mycotoxigenic ability of the F. pseudogramine-
arum isolates was assessed by growing them on barley
grains. Table 2 shows the results for DON and ZEA pro-
duction, assessed using the respective immunochroma-
tographic test kits (Figures S4 and S5). Zearalenone was
detected in all the samples with considerable yields. The
PD-B isolate produced the least amount of toxin (40.01 +
1.05 mg kg!) while isolate ColPat-351 produced the great-
est amount (69.1 + 5.45 mg kg'). In contrast, in the latter
isolate the production of DON was below the LOD (0.25
mg kg?), while isolate PVS-Fu 7 produced only a small
amount of this mycotoxin (0.37 + 0.06 mg kg?). Interest-
ingly, the F. pseudograminearum isolates obtained from .
europaea were higher DON producers, each with compa-
rable yields. As expected, the F. oxysporum isolate DAFE
SP21-23 did not produce the tested mycotoxins.

Mycotoxin production in planta was low. Deoxyni-
valenol was detected by LC-MS/MS only at 0.029 + 0.012
mg kg'in severely damaged S. europaea plants (disease
scores 3 to 5) grown in hydroponics, while all samples
were negative for ZEA, NIV, 3ADON, and 15ADON.
Since S. europaea plants were inoculated with the F.
pseudograminearum 3B isolate, the results were consist-
ent with those obtained from the molecular analyses,
which did not identify any specific DON chemotype.

DISCUSSION

This is the first report of root and crown rot caused
by F. pseudograminearum on cultivated S. europaea
plants. There are very few records of diseases affecting
Salicornia species (Delli Compagni et al., 2024). The
only report regarding cultivated species is for S. bigelovii,
which was found to be susceptible to Botrytis cinerea in
Mexico (Rueda Puente et al., 2014). Pathogenicity of this
fungus was confirmed by spraying a conidial suspension
on detached branches. There are no documented arti-
ficial inoculation experiments on S. europaea, since the
pathogenic species found on this halophyte have only
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been described in wild plants (Delli Compagni et al.,
2024). In the present study, artificial inoculations were
carried out on seed-propagated plants of S. europaea.

The pathogenicity test showed that root and crown
rot caused by F. pseudograminearum was less severe
when test plants were grown hydroponically (MKI =
46%) than when grown in potting soil (MKI = 63%)
and all the pot-grown plants developed browning symp-
toms. Disease incidence was less in the hydroponic
system, with seven out of 24 plants remaining asymp-
tomatic (Figure 6). These results indicate that disease
severity depended on the cultivation method. At 80 dpi,
SEW, SDW, and shoot succulence of inoculated, asymp-
tomatic plants (i.e. score 0) grown in the hydroponic
system resembled parameters measured for the control
plants, whereas the same parameters in score 1 pot-
ted plants were significantly different from the respec-
tive controls (Table 1). Moreover, the potted plants also
had disease symptoms soon after transplanting, while in
hydroponics symptom development was delayed (Figure
5). However, mortality rates were the same between the
two groups of plants (each with seven out of 24 plants),
although in hydroponics the first plant death occurred 2
weeks later than in pots (Figure 5).

Hydroponic cultivation can reduce plant susceptibili-
ty to infectious diseases compared to soil cultivation. In a
similar experiment, Maurer ef al., (2023) found that sweet
basil plants grown in a static hydroponic solution were
much less sensitive to downy mildew caused by Peronos-
pora belbahrii than those grown in soil. They stated that
the higher antioxidant content in hydroponically grown
basil plants could alleviate symptom development. Mou-
lin et al. (1994) showed that several Pythium species (P.
aphanidermatum, P. intermedium, P. irregulare, P. sylvati-
cum, and P. ultimum var. ultimum) caused damping-oft
of cucumber when grown in sand-peat soil, but only P.
aphanidermatum caused disease in substrate (stone wool)
and in hydroponic culture. These authors reported that
symptoms were milder in hydroponics than in substrate.
Moreover, inoculations with Streptomyces scabies resulted
in less infection of potato plants grown hydroponically
compared to pot-grown plants (Khatri et al., 2011). Simi-
larly, rice artificially inoculated with Xanthomonas oryzae
pv. oryzae, the causative agent of bacterial leaf blight, had
lower disease severity in hydroponic culture than in soil
(Song et al., 2016).

In the present study, the greater growth rate of
hydroponically grown plants than those in potting soil,
was likely due to the better supply of water and minerals,
and oxygenation of roots compared to soil cultivation,
which may have resulted in the reduced rate of devel-
opment of F. pseudograminearum root and crown rot
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on S. europaea. In addition, F. pseudograminearum is a
soil-borne pathogen and causes disease in warm and dry
climates (Poole et al., 2013), with increased virulence in
drought conditions (Kazan and Gardiner, 2018). In agri-
cultural areas characterized by low moisture and high
temperatures, F. pseudograminearum was found to be
predominant compared to other Fusarium species (e.g. F.
culmorum), which prefer cool and humid regions (Poole
et al., 2013).

Little information is available on mycotoxins on
Salicornia species. Lopes et al. (2020) reported that sev-
eral S. ramosissima and Salicornia sp. samples were con-
taminated by aflatoxins in Portugal. These compounds
were detected in plants collected in the wild, and also in
those cultivated with conventional and organic methods,
but no mycotoxins were detected from greenhouse and
hydroponically cultivated plants.

In the present study, DON was detected in low
amounts from inoculated plants. Traces of DON (0.029
+ 0.012 mg kg') were detected only in severely damaged
(score 3-5) plants grown hydroponically. This result
could be due to the greater water content of these plants
compared to those grown in potting soil since high lev-
els of water activity (a,) have been shown to be neces-
sary for optimal production of trichothecenes by Fusar-
ium spp. (Hope et al., 2005; Han et al., 2018; Rybecky et
al., 2018; Belizdn et al., 2019). Therefore, one hypothesis
is that the inoculated F. pseudograminearum isolate pro-
duced the mycotoxin only in suitable conditions (such
as high plant water content) and during an advanced
stage of disease development. In wheat kernels, the most
favorable conditions for DON and ZEA production by F.
pseudograminearum were an a, of 0.97 and a tempera-
ture of 25°C (Cui et al., 2022).

When inoculated on barley grains, all the tested F.
pseudograminearum isolates produced ZEA with con-
siderable yields, similar to those documented by other
authors (Blaney and Dodman, 2002; Clear et al., 2006;
Alkadri et al., 2013). Furthermore, only the three F.
pseudograminearum isolates obtained from S. europaea
were high DON producers, each with similar produc-
tion (Table 2). The other two European isolates had dif-
ferent mycotoxigenic activities. Low production of DON
was detected in the Italian isolate F. pseudograminear-
um (PVS Fu-7), while production of DON by the Span-
ish isolate (ColPat-351), was below the LOD (Table 2).
In addition, PCR targeting the tri3 and tril2 genes to
discriminate between NIV and acetylated derivatives
of DON producers (i.e. 3ADON and 15ADON) did
not identify any specific DON chemotype. Deng et al.
(2020), in a molecular analysis to determine the DON
chemotypes of 372 isolates of F. pseudograminearum,
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showed that 196 isolates did not produce any fragments
in tri3 and tril2 PCR assays, with the same primers used
in this study. After LC-MS/MS analysis, isolates with-
out a chemotype marker were assigned to the putative
15-ADON chemotype (Deng et al., 2020).

The present study is the first to record root and
crown rot of S. europaea caused by F. pseudogramine-
arum. This study also provides an important contribu-
tion to the current distribution and host range of this
pathogenic fungus in Europe. In addition, the mycotoxin
deoxynivalenol was detected in diseased plants, although
only in small quantities and under specific conditions.
Further studies are ongoing to assess the environmental
conditions (e.g. salinity and temperature) that may pro-
mote mycotoxigenic activity in F. pseudograminearum
and to determine potential mycotoxin exposure risk in S.
europaea.
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