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Alternaria spp. represent a threat to oat safety due to their ability to produce mycotoxins such as alternariol
(AOH), alternariol monomethyl ether (AME), tenuazonic acid (TeA), and tentoxin (TEN). This study developed
predictive models to describe the growth kinetics and mycotoxin production potential of Alternaria alternata and
Alternaria arborescens on y-irradiated oat grains under combined temperature (5-40 °C) and water activity
(0.90-0.98) conditions. Four toxigenic isolates from oats (three A. alternata and one A. arborescens) were assessed
in a full-factorial design. Mycelial growth was modelled using a primary simplified Baranyi model and secondary
models (Cardinal Model with Inflection and gamma-concept) to estimate cardinal parameters (Tmin, Topts Trnax> Qw
(min)> Aw(opt)> MRopt)- A. alternata exhibited higher thermotolerance (Tiex ~ 40 °C) than A. arborescens (Tpmax =~
35 °C), with optimal growth at 27-29 °C and a,, > 0.98 for both species. Growth and toxin production were
strongly restricted below a, 0.90. Under optimal a,, conditions, AOH peaked at 30 °C for A. alternata isolates
(322-398 mg/kg) and at 20 °C for A. arborescens (92 mg/kg); AME reached its maximum at 25 °C for both species
(17-175 mg/kg and 1067 mg/kg for A. alternata and A. arborescens, respectively); TeA also peaked at 25 °C
(357-800 mg/kg and 357 mg/kg, respectively); and TEN was mainly produced by A. alternata 25 °C (1.25-1.8
mg/kg), while A. arborescens produced only minimal levels at 20 °C (<0.05 mg/kg). These differences suggest a
potential competitive advantage for the more thermotolerant A. alternata under projected Mediterranean climate
warming scenarios, which may alter fungal species dominance and mycotoxin contamination patterns in oats.
The predictive models provide a robust quantitative tool for risk assessment and for designing mitigation stra-
tegies across oat production and storage.

Alternaria arborescens
Climate change
Predictive mycology
Oat

Alternaria toxins

food safety concerns due to mycotoxin contamination by toxigenic
fungi. Although Fusarium species and their mycotoxins (mainly deoxy-
nivalenol and T-2/HT-2 toxins) have traditionally dominated food safety

1. Introduction

Cereal plays a vital role in human nutrition, providing essential

carbohydrates, fibres, proteins, and bioactive compounds (Garutti et al.,
2022). Among them, oat (Avena sativa L.) has gained significant atten-
tion, due to its nutritional benefits and the increasing demand for
healthier food options (Alemayehu et al., 2023). Widely cultivated in
Europe, as well as in countries like Russia, Canada, Brazil, and Australia,
oats rank as the sixth most produced cereal globally, with consumption
rising yearly (Yang et al., 2023). In 2023, European oat production
accounted for 30.7% of global production, totalling 5.93 million metric
tons (Eurostat, 2024).

Despite their increasing popularity and health benefits, oats pose

concerns in oats (Qu et al., 2024), recent evidence highlights Alternaria
spp. and their toxins as emerging threats in European oats production,
prompting Commission Recommendation (EU) 2022/553 to monitor
Alternaria toxins in food owing to their genotoxic, mutagenic and cyto-
toxic effects (EFSA, 2011). Additionally, cereal-based products for in-
fants and young children are of particular concern, given this
population's vulnerability. In particular, the key Alternaria toxins
include alternariol (AOH), alternariol monomethyl ether (AME), and
tenuazonic acid (TeA). Consequently, the European Commission set
indicative levels in such foods: 2 pg/kg for AOH and AME, and 500 pg/
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kg for TeA (European Commission, 2022).

In addition to their mycotoxin-producing, Alternaria spp. are among
the most prevalent toxigenic fungi isolated from oats (Gil-Serna et al.,
2022; Wang et al., 2021). Specifically, A. alternata and A. arborescens are
among the most frequently isolated species and primary sources of
Alternaria toxins in oat grain (Orina et al., 2021; Tralamazza et al.,
2018). Beyond toxin contamination, infection by Alternaria spp. causes
black-point disease, which negatively affects visual quality, nutritional
value, and marketability of the grain (Amatulli et al., 2013). Contami-
nation is further exacerbated by kernel damage during cultivation,
harvesting, or post-harvest handling, which facilitates fungal penetra-
tion (Aldars Garcia, 2017). Moreover, environmental conditions char-
acterized by high relative humidity and temperatures ranging from 15 to
30 °C strongly promote fungal growth and toxin production (Garcia
et al., 2009).

Climate change is altering temperature and precipitation patterns
across Europe, particularly in hotter Mediterranean regions such as
Spain, where temperatures are projected to rise by 2-4 °C by 2100 and
annual rainfall is expected to decline by 10-20%, resulting in hotter and
drier summers, and milder winters (Cook et al., 2020; IPCC, 2021;
Scafetta, 2024). Although Van de Perre et al. (2015) predicted that the
growth of A. arborescens in tomatoes of central-western Spain (Extrem-
adura) could decline by the end of the century due to the high temper-
atures, the relationship between climate change and the increase in
cereal contamination by fungi and mycotoxins has been widely dis-
cussed. In fact, most studies forecast an overall rise in Alternaria spp. risk
across Europe in the coming decades (Casu et al., 2024; Magan et al.,
2011; Perrone et al., 2020).

Predictive mycology has become an important tool to forecast fungal
growth and mycotoxin production, under specific environmental con-
ditions like temperature and water activity (a,) (Garcia et al., 2009).
These models play a crucial role in risk assessment, optimization of
storage conditions, and the design of mitigation strategies along the
supply chain (Aldars Garcia, 2017; Garcia et al., 2009). In the context of
Alternaria spp., previous studies have developed growth models under
different environmental conditions (e.g., temperature and a,) using
synthetic or food-based media, such as pear (Sardella et al., 2018),
papaya (Sandoval-Contreras et al., 2021), tomato (Pose et al., 2010),
and jujube (Hu et al., 2022). Regarding Alternaria toxin production,
several studies have also investigated toxin synthesis in real food
matrices (Lee et al., 2015). For instance, Oviedo et al. (2011) examined
the production of AOH and AME on irradiated soybean, while Magan
et al. (1984) assessed the production of these toxins in autoclaved wheat
grains, both under optimal temperatures around 25 °C. By comparison,
while TEN production has been investigated in other matrices, such as
tomato products (Haro et al., 2023), apple fruits (Ntasiou et al., 2015;
Pavicich et al., 2025), and cherries (Li et al., 2023), there is a lack of
studies assessing the optimal conditions for its production in cereals
across different temperature and a,, levels.

Although the European Commission (2022) has recommended
monitoring Alternaria toxins in foodstuffs to support risk assessment,
most previous work on real food matrices has been limited to narrow
temperature ranges and a single Alternaria species. This limitation re-
stricts our understanding of fungal behaviour under realistic field,
storage, and climate-change scenarios. The present study therefore ad-
dresses these critical knowledge gaps, providing novel insights with
direct relevance to food safety and mycotoxin risk assessment.

Therefore, this study aimed to evaluate the combined effect of tem-
perature (5-40 °C) and a,, (0.90-0.98) on growth kinetics and produc-
tion of AOH, AME, TeA, and TEN by four toxigenic Alternaria isolates
(three A. alternata and one A. arborescens) collected from Spanish oat
grains, using y-irradiated oat kernels as the substrate. The resulting ki-
netic models may facilitate risk assessment of Alternaria toxins in oats
under current and climate-change scenarios.
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2. Materials and methods
2.1. Chemicals and reagents

HPLC-grade methanol (> 99.98% purity), HPLC-grade acetonitrile
(> 99.98% purity), magnesium sulphate anhydrous (MgS0.), and so-
dium chloride (NaCl) were obtained from Thermo Fisher Scientific
(Massachusetts, USA). Ultra-purified water was produced using a Milli-
Q SP equipment (Millipore Corp., Brussels, Belgium). Bondesil C18 bulk
sorbent (40 pm particle size) was obtained from Varian Inc. (Palo Alto,
CA, USA). Ammonium bicarbonate and acetic acid were supplied by
Honeywell Fluka™ (Seelze, Germany) and Sigma-Aldrich (Missouri,
USA), respectively. Standards for AOH, AME, TeA, and TEN and their
corresponding isotopically labelled internal standards were obtained
from Toronto Research Chemicals Inc. (North York, Canada).

2.2. Isolation and molecular identification of Alternaria spp.

Four mycotoxigenic Alternaria spp. isolates from the collection of the
Applied Mycology Unit (University of Lleida, Spain) were used in this
study. Three isolates were identified as A. alternata (AMU_AIt23A1,
AMU _Alt23N1, and AMU_AIt23L11), and one as A. arborescens
(AMU_Arb23V1) following the protocol described by Muscat et al.
(2020). Isolates were identified combining morphological and molecu-
lar analyses. Morphological characterization was based on colony
growth patterns and spore morphology. For molecular confirmation, the
internal transcribed spacer (ITS) region was amplified and sequenced
using the universal primers ITS4 and ITS5. Additionally, a fragment of
the translation elongation factor 1-alpha (TEF1) gene was amplified
using the primers EF1-728F and EF1-986R. The obtained sequences
were compared against the GenBank database using the Nucleotide
BLAST tool (NCBI, Bethesda, MD, USA). The hit with the highest Max
score was selected as the reference for species identification (Altschul
et al., 1990).

The isolates were obtained from naturally infected oat grains
collected in different regions of the Ebro Basin (Spain) during the 2023
growing season. They were selected based on their demonstrated ability
to produce the major Alternaria mycotoxins on Potato Dextrose Agar
(PDA; Biokar Diagnostics, France) after 7 days at 25 °C, including AOH,
AME, TeA, and TEN. Specifically, A. alternata AMU_AIt23A1 produced
5.69, 4.20, 202.79, and 6.05 mg/kg of AOH, AME, TeA, and TEN,
respectively; AMU_AIt23N1 produced 346.07, 193.39, 270.96, and 2.46
mg/kg, respectively; AMU_AIt23L11 produced 78.76, 49.20, 104.44, and
0.56 mg/kg, respectively. The A. arborescens strain AMU_Arb23V1 pro-
duced 13.85, 2.97, 31.72, and 0.31 mg/kg of AOH, AME, TeA, and TEN,
respectively.

2.3. Experimental design for evaluating the growth of Alternaria spp. in
oat grains

A full factorial design was applied to evaluate the effect of a,, and
temperature on the growth of Alternaria spp. isolates on sterile oat
grains. Three a,, levels 0.90, 0.94, 0.98 were tested corresponding to
moisture content (dry basis) of 22.3, 27.8, 39.5%, respectively, as
determined from the moisture sorption isotherm of oat grains developed
in this study (Section 2.4). Moisture content (mc, %) was calculated using
the following Eq. (1).

mc (%, dry basis) = (W) 100 (€))
dry

where my,; and mgyy are the wet and dry grain weights, respectively.
These a,, levels were selected to simulate field conditions during
grain filling, when kernels are highly susceptible to fungal infection
(Gagkaeva et al., 2017). The highest a,, level (0.98) reflects the water
availability in oat grains from the early-milk stage (~ 150%, moisture



Table 1
Existing predictive growth models for Alternaria spp. in different culture media.
Isolate Isolated from (Country) Medium Hopt (mm/d)” Tonin (°C)° Tope °C)° Tonaxe CC)* yy(miny” aw(opt)' Comment Reference
A. dlternata date fruit (Algeria) PDA® 6.10 + (0.36)" 1.60 + (1.73) 26.10 + (0.66) 39.40 + (0.46)  0.808 £ (0.002)  0.988 + (0.004) Temp range: 10-40 °C; (Belbahi et al., 2016)
a,, range: 0.993 to 0.818
A. alternata spoiled pastries (France) PDA 4.62 + (0.19) NR' 26.00 NR 0.883 + (0.003) 0.987 + (0.002) a,, range: 0.990 to 0.830 (Sautour et al., 2001)
A. arborescens Bambinella pear (Malta) SDA/ 4.56 + (0.36) 6.16 + (0.73) 22.10 + (1.05) 34.89 + 1.05 NR NR Temp range: 5-35 °C (Muscat et al., 2020)
A. dlternata dried jujube (China) PDA (a,, 0.90)" 4.34 £ (0.77) —9.63 + (2.36) 33.35 + (2.25) 35.30 + 1.00 NR NR Temp range: 10-35 °C (Hu et al., 2022)
PDA (ay, 0.99) 6.17 + (0.06) 0.46 + (0.52) 25.18 + (0.18) 36.93 + 0.13
JAM!' (a,, 0.90) 5.54 + (0.04) —4.20 + (0.69) 27.34 + (0.17) 38.11 + 0.21
A. alternata postharvest pears (Spain) SDA 6.24 £+ (0.12) —4.06 £ (0.50) 23.99 + (0.15) 34.99 + 0.45 NR NR Temp range: 1-30 °C (Sardella et al., 2018)
Alternaria spp. papayas (Mexico) PPA™ 4.78 £+ (0.23) —3.83 £ (5.32) 27.22 + (0.82) 31.73 £ 1.71 NR NR Temp range: 13-35 °C (Sandoval-Contreras
4.68 + (0.29) —6.57 £+ (7.97) 28.54 + (0.88) 32.50 + 5.38 et al., 2021)
3.99 + (0.20) —11.52 + (7.76) 27.15 + (1.00) 31.50 + 1.75
4.29 + (0.18) —5.39 + (5.08) 28.33 + (0.53) 32.33 +3.02
3.31 + (0.85) -16.87 + (37.26)  31.14 4+ (19.33)  37.69 + 63.62

# Maximum predicted radial growth rate (i, under optimal conditions (mm/d).
b Minimum temperature (Tp,) predicted to support growth (°C).
¢ Optimal temperature (Top) for maximum predicted growth (°C).
4 Maximum temperature (Tpqy) predicted to support growth (°C).
¢ Minimum water activity (ayaminy)) predicted to support growth.

f Optimal water activity (aw(opy) for maximum predicted growth.

8 PDA; Potato Dextrose Agar.

h Standard error (SE).

I NR; No reported.

J SDA; Sabouraud dextrose agar.

X Measures water activity of the media.
! JAM; Jujube Agar Media.

™ PPA; Papaya Peel Agar.
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content, dry basis) to the soft-dough stage (=~ 37%, moisture content, dry
basis), as reported by Martinez-Martin (2018). According to the
isotherm generated in the present study (Section 2.4), moisture contents
within this range correspond to a,, values above 0.98. After this stage,
grains undergo rapid desiccation prior to harvest. The lowest a,, level
(0.90) was chosen because it lies within the range that allows active
growth of Alternaria while still imposing moderate water stress (Belbahi
et al., 2016; Sautour et al., 2001). Moreover, an intermediate a,, (0.94)
was also added to bridge the range of tested conditions.

Simultaneously, eight temperature levels (5, 10, 15, 20, 25, 30, 35,
and 40 °C) were studied, covering the reported growth range of Alter-
naria spp. as previously studied in other substrates (Table 1). This design
resulted in 24 experimental conditions, each in triplicate.

2.4. Oat grains preparation

Oat grains were y-irradiated with cobalt-60 for microbial decon-
tamination at a dose of 10-15 kGy and an exposure time of 9600 s
(Aragogamma S.L., Barcelona, Spain). The initial moisture content of the
grains was 11.61% (dry basis). To adjust the kernels to the desirable a,,
levels, the required amount of sterile water was calculated from the
moisture sorption isotherm obtained for the oat grains at 25 °C. The
experimental equilibrium moisture content values were fitted using the
four-parameter Peleg (1993) model (Eq. (2)):

mc (%, dry basis) = K;a," + K»a,," 2

The model showed a good fit to the data (R2 = 0.98) with estimated
parameters K; = 20.27, n; = 0.65, Kz = 29.43 and nz = 20.47. According
to the fitted model, 11, 16, and 28 mL of sterile distilled water per 100 g
of oat grains were required to reach a,, values of 0.90, 0.94, and 0.98,
respectively (Supplementary Fig. 1).

Following water addition, grains were sealed in sterile bottles and
equilibrated at 4 °C for 48 h with periodic manual shaking to ensure
uniform moisture distribution. Final a,, values were verified using an
AquaLab Series 3 (Decagon Devices, Inc., WA, USA) with an accuracy of
+0.003.

2.5. Preparation of spore suspensions and inoculation

The Alternaria spp. isolates, described in Section 2.2, were cultured on
2% oat-based agar at 25 °C for 14 days, which, as indicated by Tele et al.
(2021) represents ideal conditions for Alternaria sporulation. Afterward,
conidia were collected by gently scraping the colony surface and sus-
pending them in 0.005% (v/v) Tween 80 solution. The resulting sus-
pension was filtered through a thin layer of washed glass wool (Panreac
Quimica S.L.U., Barcelona, Spain) to remove mycelial fragments. The
spore concentration was adjusted to 10* spores/mL using a Thoma
counting chamber. Approximately 20 g of rehydrated oat grains
(adjusted to the target ay, in Section 2.4) were placed into 90-mm Petri
dishes and centrally inoculated with 10 pL of the spore suspension
(~100 spores) (Estiarte et al., 2016).

2.6. Incubation and growth assessment

Inoculated oat grains were incubated at temperatures ranging from 5
to 40 °C (in 5 °C increments) under the predefined a,, levels (Section 2.3).
To minimize dehydration, the Petri dishes were placed inside plastic
containers with two beakers containing distilled water adjusted with
glycerol to the desired a,,. These containers were kept in controlled in-
cubators set to experimental conditions for 30 days. Fungal growth was
assessed daily or as required by measuring the diameter (two perpen-
dicular measurements) with a ruler under a binocular magnifier (Leica
Microsystems GmbH, Mannheim, Germany). In addition, macroscopic
characteristics such as colony colour and mycelial density were visually
recorded at predefined intervals. Weekly monitoring of a,-values was
performed for each experimental condition.
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2.7. Mathematical modelling

To characterize the growth dynamics of Alternaria spp. in oat grains
under different conditions, mathematical modelling was used to quan-
tify key bio-kinetic parameters.

For each test condition (Section 2.3), fungal growth rates were esti-
mated by plotting colony radius (mm) as a function of time (d). The
colony radius was calculated as half of the average measurement of two
perpendicular diameters.

2.7.1. Primary model fitting

The growth parameters of A. alternata (n = 3 isolates) and
A. arborescens (n = 1 isolate) were estimated by fitting a simplified
biphasic equation of the Baranyi model (Baranyi and Roberts, 1994). To
improve the fit to the growing data of the colonies, the original Baranyi
differential equation was simplified by omitting the stationary phase
(upper asymptote), thereby focusing the model on the lag and linear
growth phases.

Using the simplified Baranyi and Roberts model (Eq. 3), the lag phase
duration (4g; d) and maximum radial growth rate (4grmay; mm/d) were
estimated through non-linear regression using the nlsLM function from
minpack.Im package in R (Elzhov et al., 2016). In this study, the lag phase
refers to the visual lag phase (i.e., the time from inoculation until colony
becomes detectable by the naked eye; Llobregat et al., 2025), rather than
the physiological lag phase associated with the onset of conidial
germination. This approach provided estimates of the bio-kinetics pa-
rameters, their standard errors, and goodness-of-fit indicators (Section
2.9).

R(t) = In(1 + exp(Hppax (t — 4r) ) — €XP( — HgmaxAr) ) 3

where R(t) represents the colony radius measurements (mm) at time t
(d), MRmax is the maximum radial growth rate (m/d) for colony radius,
and /g is the duration of the visual lag phase (d).

2.7.2. Secondary model fitting

The effect of temperature on the ygme (mm/d) of the isolates was
described using the Cardinal Model with Inflection (CMI), as proposed
by Rosso et al. (1993). Individual pirmax values, obtained from triplicate
colonies per isolate and temperature combination in the primary model
were used for non-linear regression fitting of the CMI secondary model
(Eq. 4), defined as:

:uRma.x(T) = ﬂRoptT(T) (4)

where g, is the maximum radial growth rate (mm/d) at optimal
temperature, and 7(T) is the temperature gamma factor (0 < 7(T) < 1),
expressed as Eq. (5):

(T_ Tmax)(T_ Tmin)z
(Topt - Tmin) { (Topt - Tmin) (T_ Topt) - (Topt - Tmax) (Topt + Tmin - 2T) }
)

7(T)=

Subject to the boundary conditions:

T) = 0
o )_{O<1(T)§1,

In this model, T is the temperature (in °C), and allows estimation of
the cardinal parameters, Tp, is the theoretical minimum temperature
below which no growth is observed, T, is the theoretical optimal
temperature at which the growth rate reaches its maximum value (uropy),
and Tpgy is the theoretical maximum temperature above which no
growth is observed.

To assess the combined influence of temperature and a,, levels (0.98,
0.94, and 0.90) on pgrmax, the gamma concept model proposed by
Zwietering et al. (1992) was employed, as described in Eq. (6). This
approach allows the estimation of key cardinal parameters of the model,

T S Tmin orT 2 Tmax

Tmin < T < Tma.x
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including pgrmax, temperature-related parameters (Timax, Topts Tmin)s @S
well as minimum water activity (aynin)), and optimal water activity (a,,
(opp)> as described in Eq. (6). For ay(may), the highest value was set to 1,
corresponding to pure water (Sautour et al., 2001).

Hrmax (T7 aw) = trop(T)P(aw) (©)

where p(ay) is defined by Eq. (7).

(aW - 1)((1\,,, - aw(min))2
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2.8.2. Ultra-performance liquid chromatography coupled to tandem mass
spectrometry (UPLC-MS/MS)

Analyses were carried out on an AcQuity Ultra-Performance™ liquid
chromatography and tandem mass spectrometry (UPLC-MS/MS)
equipment from Waters (Milford, MA, USA).

Chromatographic separation was performed on an Acquity UPLC
HSS T3 column (100 mm x 2.1 mm, 1.8 pm particle size; Waters)
maintained at 25 °C. The mobile phase consisted of (A) 1 mM ammo-
nium bicarbonate with 2% of methanol, and (B) methanol, at a flow rate

@)

play) =

(@wopt) = Qwimim)) { (@ (apt) = Bw(miny ) (@ — Quwiopr)) — (Qwiop) —

Subject to the boundary conditions:

07 ay < aw(min)

p(aW) N {p(aw)7

where p represents the a, gamma factor (0 < 7(T) < 1), @y(min) is the
theoretical minimum a,, below which growth is no longer observed, a,,
(opp is the theorical optimal a,, at which the growth rate reaches its
maximum value, figopt, and @y(may) is the theorical a,, above which no
growth occurs.

To estimate all cardinal growth parameters of the developed sec-
ondary models, models were fitted to data by non-linear least-squares
regression using the nls() function in the stats package in R software (R
Core Team, 2019).

aw(min) < Ay S 1

2.8. Determination of Alternaria toxins (AOH, AME, TeA, and TEN) in
oat grains

2.8.1. Extraction and clean-up of Alternaria toxins from inoculated oat
grains

The extraction of Alternaria toxins (AOH, AME, TeA, and TEN) from
oat samples was performed using a combined QuEChERS-dispersive SPE
procedure adapted from Dick et al. (2024) and Xing et al. (2020).
Initially, all the plate contents were individually ground using an IKA
A11 basic analytical mill (Sigma-Aldrich, Missouri, USA). Subsequently,
a sub-sample of 5.0 g was placed in a 50 mL polypropylene centrifuge
tube and spiked with the isotopically labelled internal standards (TEA-
dy3, AOH-dy, TEN- d3, and AME-d3) to achieve a final concentration of
200 pg/kg for each compound. The sample was then homogenized with
20 mL of extraction solvent (acetonitrile/Milli-Q water/acetic acid
(80:18.5:1.5, v/v/v)) by orbital shaking at 2000 rpm for 60 min (Multi
Reax shaker: Heidolph Instruments GmbH & Co. KG, Schwabach, Ger-
many). Afterwards, 1.6 g of anhydrous MgSO. and 0.4 g of NaCl were
added, and the tube was shaken for 3 min at 2000 rpm, followed by
centrifugation at 3220 xg for 10 min at 4 °C (Centrifugate Universal
320; Hettich, Kirchlengern, Germany).

The supernatant was transferred to a clean tube, and the pellet was
re-extracted twice by adding 10 mL of fresh extraction solvent, shaking
for 30 min at 2000 rpm, and centrifuging under the same conditions. The
combined supernatants were cleaned with 150 mg of Bondesil C18 and
900 mg of anhydrous MgSOa, shaken for 1 min at 200 rpm, and centri-
fuged at 3220 xg for 15 min at 4 °C. The purified extract was collected
and stored at —20 °C for at least 30 min.

Prior to analysis, frozen extracts were shaken for 5 min at 2000 rpm,
and centrifuged for 10 min at 3220 xg for 10 min at 4 °C. Finally, an
aliquot of the clear supernatant was filtered through a 0.22 pym PTFE
syringe filter (Phenomenex, Torrance, CA, USA) and injected into the
UPLC-MS/MS.

1) (Qwopt) + wmin) — 2w) }

of 0.3 mL/min. The gradient elution program was as follows: 0-1 min,
0% B; 1-3.5 min, 0 to 75% B; 3.5 to 6 min, 75 to 85% B; 6 to 6.1 min,
100% B; 6.1 to 9 min, 100 to 0% B; and 9 to 13 min, 0% B. The injection
volume was 2.5 pL.

Tandem MS analyses were performed using a triple quadrupole de-
tector (TQD) mass spectrometer (Waters, Milford, MA, USA) equipped
with a Z-spray electrospray interface. ESI was performed in positive ion
mode for TeA, AOH, and TEN, and in negative ion mode for AME. Source
conditions were capillary voltage 3 kV for both positive and negative ion
mode, source temperature 150 °C, desolvation temperature 400 °C,
desolvation gas flow 800 L/h, and cone gas flow 80 L/h. Dwell time was
30 ms per transition. The selected reaction monitoring (SRM) transi-
tions, cone voltages, ion modes, collision energies, and retention times
for each mycotoxin and its corresponding isotopically labelled internal
standard are summarized in Supplementary Table S1.

For mycotoxin quantification, calibration curves were built using the
corresponding deuterated compounds (AOH-dy, AME-d3, TeA-d;3, TEN-
ds3) as internal standards. Matrix-matched calibration standards were
prepared at eight concentration levels with a fixed internal standard
concentration of 200 ng/mL.

The performance characteristics of the method, including linearity,
matrix effect, recovery, precision, LOD, and LOQ, were evaluated ac-
cording to Commission Implementing Regulation (EU) 2023/2782 and
the Guidance Document on Identification of Mycotoxins and Plant
Toxins in Food and Feed (SANTE/12089/2016) (European Commission,
2023a,b), as summarized in Supplementary Table S2.

2.9. Statistical analysis

The goodness-of-fit of the primary (Section 2.7.1) and secondary
(Section 2.7.2) models to the experimental data was evaluated using the
root mean squared error (RMSE). In addition, the estimated growth
parameters are reported together with their corresponding standard
errors (SE), while mycotoxin production data for each isolate are pre-
sented as mean values + standard deviation.

Data processing, statistical analyses, and graphical representations
were performed using R software (version 4.3.3) and Microsoft Excel.
Primary and secondary models were obtained by non-linear regression
(nls). The goodness-of-fit of the models to the experimental data was
evaluated using the root mean squared error (RMSE). Estimated kinetic
growth parameters are reported alongside their corresponding standard
errors (SE), while mycotoxin production data for each isolate are pre-
sented as mean values + standard deviation (SD).

A Generalized Linear Model (GLM) was used to evaluate the effects of
temperature, a,, and isolate on the response variables. To assess the
effects of temperature and a,, the estimated kinetic parameters (primary
model) and mycotoxin production data (TeA, AOH, AME, and TEN)
were analysed independently for each isolate. Mycotoxin concentrations
below the limit of quantification (< LOQ) were substituted with
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0.94

Fig. 1. Growth of Alternaria spp. on oat grains at a,, of 0.98, 0.94, and 0.90 after 30 days of incubation at temperatures ranging from 5 to 40 °C, in 90 mm Petri
dishes. Plates with a white background correspond to A. alternata isolate AMU_Alt23A1, while those with a grey background correspond to A. arborescens

isolate AMU_Arb23V1.

1/,/10OQ for statistical analysis. This approach is commonly used in
analytical chemistry to include all data points while avoiding biases that
could arise from assigning zero or omitting values (Barescut et al.,
2011). The LOQ represents the lowest concentration that can be
measured with acceptable accuracy and precision, and values below this
threshold may still contain traces of the compound. Data normality and
homogeneity of variances were evaluated using the Shapiro-Wilk and
Levene tests, respectively. When the assumptions of normality and ho-
mogeneity of variances were satisfied, a two-way analysis of variance
(ANOVA) was applied to determine the significance of the environ-
mental factors and their interaction. When significant effects were
detected (p < 0.05), post-hoc comparisons were conducted using Tukey's
Honestly Significant Difference (HSD) test. In cases where the assump-
tions were not satisfied, the non-parametric Kruskal-Wallis test was
applied, followed by Dunn's post-hoc test with Bonferroni correction. In
all statistical analyses, significance was set at p < 0.05.

3. Results and discussion
3.1. Mycelial growth patterns of Alternaria spp. on oat grains
Temperature and a, strongly influenced colony morphology,

pigmentation, and mycelial growth of the isolates of A. alternata and
A. arborescens on oat grains (Fig. 1). In terms of colony appearance,

A. arborescens exhibited darker grey-olive to black conidia compared to
the lighter greyish-green colonies of A. alternata on the oat grains. This
pigmentation intensified upon maturity and reached the edge of the
plate under optimal conditions. The darker pigmentation observed in
A. arborescens is consistent with higher sporulation intensity and sec-
ondary metabolite production previously reported for this species
(Ahmad et al., 2024).

Mycelial growth increased progressively with temperature from 5 to
30 °C and declined sharply thereafter, with no growth observed at 40 °C
for any isolate at any a,, tested. At an a,, of 0.98, all A. alternata isolates
fully colonized 90 mm Petri dishes within 30 days from 15 to 35 °C,
whereas A. arborescens achieved complete coverage only up to 30 °C,
with markedly reduced growth at 35 °C. When a,, was reduced to 0.94,
A. alternata preserved complete growth between 20 and 35 °C, while
A. arborescens only between 20 and 30 °C, with no observable growth at
35 °C. At an ay, of 0.90, neither species reached the plate edges within
30 days at any temperature, underscoring the inhibitory effect of water
limitation on mycelial growth.

3.2. Primary growth parameters of Alternaria spp. on oat grains

The observed macroscopic growth patterns of Alternaria spp. isolates
were evaluated by fitting the simplified Baranyi and Roberts model to
colony radius data obtained on oat grains. The estimated kinetic
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parameters Agr and pgmay varied with temperature and a, (Table 2).
Maximum growth rates (yrmax) showed slight differences among iso-
lates. Across all conditions, all A. alternata isolates did not differ
significantly, whereas A. arborescens consistently exhibited lower yrmax-
The highest jigmax values were observed at 30 °C across all three a,, levels
tested (0.90, 0.94, and 0.98) for A. alternata (AMU_AIt23A1,
AMU _AIt23N1) and A. arborescens (AMU_Arb23V1). In contrast,
AMU_AIlt23L11 reached its peak at 30 °C only under aw 0.94, and at
25 °C under aw 0.90 and 0.98. These results indicate that temperatures
between 25 and 30 °C favour maximal growth of Alternaria spp. isolates,
as evidenced by complete colony coverage on oat grains under the
corresponding a, conditions (Fig. 1). However, Tukey's HSD test
revealed no significant differences between 25 and 30 °C at a,, 0.98,
suggesting that under high a, conditions, growth was not markedly
affected by temperature within this range (Table 2).

In contrast, a,, had a marked effect on growth, with decreasing a,,
resulting in a corresponding reduction in pgmgy, values. At each tem-
perature, jirmax Was significantly affected by a,, as determined by sta-
tistical analysis (p < 0.05). At 25 °C and a,, 0.98, all isolates exhibited
URmax ranging from 4.73 to 5.35 mm/d, while at a,, 0.90, values ranged
from 1.01 to 1.51 mm/d. At 35 °C and a,, 0.98, the prmax for A. alternata
isolates ranged from 3.99 to 4.13 mm/d, whereas for A. arborescens was
significantly lower (0.95 mm/d). At the same temperature but under a,,
0.94, A. alternata showed a pgmayx of ~ 1.54 mm/d, while no growth was
observed for A. arborescens; however, this difference was not statistically
significant. Comparing the minimum and maximum temperature eval-
uated, growth of Alternaria spp. was only observed at 5 °C and a,, 0.98,
and no growth occurred at 40 °C, under either a,, 0.94 or 0.98 (Table 2).

Overall, these results indicate that A. alternata isolates are signifi-
cantly more thermotolerant than the A. arborescens isolate, maintaining
growth and full plate colonization at 35 °C even under moderate water
stress (a, = 0.94), conditions that completely inhibited A. arborescens.
This difference may be related to higher expression of heat-shock pro-
teins (HSPs) and chaperones in A. alternata, which support enzyme
stability and cellular homeostasis under thermal stress, whereas
A. arborescens likely exhibits lower HSP induction, reducing metabolic
efficiency near its thermal limit (Bakar et al., 2020).

3.3. Secondary growth model for temperature effects

The CMI model (Eq. 5) was fitted to the growth primary parameters
of the four Alternaria spp. isolates, the resulting curves are presented in
Fig. 2. Table 3 summarizes the estimated values of the cardinal pa-
rameters (Tmax, Tmin, Topy, and piopy) for each isolate together with the
corresponding RMSE values for model performance. The model showed
satisfactory predictive performance for all species across the full
experimental conditions (i.e., 5 to 40 °C; a, = 0.98, 0.94, and 0.90),
describing the relationship between predicted and observed maximum
radial growth rates (urmax)- This is supported by low RMSE values
ranging from 0.099 to 0.354.

Predicted Tq values across all the isolates for the three a,, levels
ranged from 35 to 40 °C, although no growth was observed at 40 °C for
any isolate. Notably, A. arborescens showed the lowest Tp,q, value (=
35.0 °C) across optimal a,, level (0.98), suggesting slightly reduced
thermal tolerance compared to A. alternata isolates (=~ 40.0 °C). These
results are consistent with previously published data (Table 1) obtained
under near optimal a,, conditions (a,, =~ 1.0). For A. alternata, reported
Tmax values include 39.40 °C (Belbahi et al., 2016), 36.93 °C (Hu et al.,
2022), both measured-on PDA, as well as 34.99 °C on SDA (Sardella
et al., 2018). For A. arborescens, the only previously reported Tp,q, value
in literature is 34.89 °C in SDA, which is slightly lower than that of
A. alternata (Muscat et al., 2020).

Regarding the predicted Tp;p, it was estimated that all strains could
grow below 0 °C (Table 3). The predicted Tp;, values ranged from —4.7
to —1.0 °C at high a,, (0.98), increasing to 1.7-7.1 °C at intermediate a,,
(0.94), and 7.1-15.6 °C at low a, (0.90). Such psychrotolerant
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behaviour is consistent with previous reports of the potential for Alter-
naria spp. to persist and initiate growth under refrigeration or even
freezing conditions (Hu et al., 2022; Muscat et al., 2020; Sardella et al.,
2018). However, it is important to emphasize that these Ty, values are
theoretical extrapolations derived from a model fitted to growth data
obtained above 0 °C. To date, no published studies have experimentally
confirmed the mycelial growth of Alternaria spp. at freezing
temperatures.

Regarding T, values ranged from 26.3 to 29.1 °C across isolates and
conditions. These values are consistent with T,y reported in the litera-
ture (Table 1). Published T, estimates for A. alternata vary from
23.99 °C reported by Sardella et al. (2018) to 31.14 °C reported by
Sandoval-Contreras et al. (2021); however, most reported values fall
between 27 and 28 °C, in close agreement with our findings. The T, of
33.35 °C reported by Hu et al. (2022) for A. arborescens on PDA at a,, =
0.90 is unexpectedly high, as severe water-activity limitation strongly
restricts growth and can distort the fitted optimum temperature in car-
dinal models.

The pggp: values reported in this study (5.08 to 5.51 mm/d; Table 3)
are higher than most literature values reported on agar-based media
(Muscat et al., 2020; Sandoval-Contreras et al., 2021; Sautour et al.,
2001; Table 1). These differences are attributable to the use of a real
food matrix (oat grains), in which, according to Marin et al. (2021),
colonies spread faster by filling inter-granular spaces, allowing a more
realistic assessment of fungal growth.

3.4. Secondary growth models for combined temperature and a,, effects

To describe the combined effect of temperature and a,, on the prmax
of Alternaria spp. isolates, a gamma-type secondary model was fitted to
the data for each isolate. Predicted pgrmqex values are presented as heat
maps in Fig. 3, and the estimated cardinal parameters together with
model statistics are summarized in Table 4. Despite testing only three a,,
levels (0.90, 0.94, and 0.98), all models showed satisfactory fit (RMSE
0.234-0.390), demonstrating that the gamma-model was suitable to
represent the combined effects of temperature and a,, on Alternaria spp.
growth in oat grains.

The predicted a, boundaries showed that ayminy values were
consistent across isolates (i.e., 0.849-0.862), suggesting a moderate
tolerance to water stress, reflecting the xerophilic behaviour of Alter-
naria spp., in agreement with previous studies on cereals and fruits
(Table 1; Belbahi et al., 2016; Sautour et al., 2001). However, these
boundary predictions should be interpreted cautiously, as they involve
model extrapolation beyond experimental ranges, which may introduce
uncertainty.

As reported by CMI models (Section 3.3), the tested isolates exhibited
considerable thermal adaptability, with estimated Ty,;;; values ranging
from —4.4 to 1.1 °C, Tyay around 40 °C for A. alternata and 35.3 °C for
A. arborescens, and Ty, clustered between 27.8 and 29.1 °C, with gy,
values ranging from 5.48 to 6.54 mm/d. However, some discrepancies
were observed between the cardinal parameters estimated using the CMI
approach (Section 3.3; Table 3) and those derived from the gamma-
concept model (Section 3.4; Table 4), with the latter tending to over-
estimate Jiop; and underestimate Tiy;n. These minor differences, resulting
from extrapolation beyond the observed data, do not affect the overall
agreement of the predicted values with previous reports (Table 1).

3.5. Potential toxin production

Mycotoxin production was highly influenced by temperature and a,,
following similar patterns to those observed for mycelial growth. All
tested isolates produced detectable amounts of AOH, AME, TeA, and
TEN after 30 days of incubation on oat grains under certain conditions,
as shown in Supplementary Tables S3-S6. These reported values
represent the mean of three replicates; however, high standard de-
viations were observed in some cases, reflecting considerable variability



Table 2

Estimated kinetic parameters and goodness-of-fit (RMSE) of the simplified Baranyi and Roberts model fitted to the growth data of A. alternata isolates (AMU_Alt23A1, AMU_AIt23N1, and AMU_AIt23L11) and A. arborescens
(AMU_Arb23V1) in oat grains under different temperature and water activity (a,,) levels.

Temp. (°C)

Ay

10

15

20

25

30

35

40

0.98
0.94
0.98
0.94
0.90
0.98
0.94
0.90
0.98
0.94
0.90
0.98
0.94
0.90
0.98
0.94
0.90
0.98
0.94
0.90
0.98
0.94

AMU_AIt23A1 AMU _AIt23N1 AMU_AIt23LI1 AMU_Arb23V1
HRmax g (d)? RMSE’ HRmax g (d) RMSE HRmax g (d) RMSE HRmax g (d) RMSE
(mm/d)* (mm/d) (mm/d) (mm/d)

0.70 (+0.03)" eA 10.84 (£1.22) eA 0.614 0.88 (+£0.12) eA 12.75 (£1.35) eA 0.697 0.77 (£0.04) eA 11.90 (+0.89) eA 0.632 0.66 (+0.06) fA 11.43 (+2.35) eA 0.634
NG® NG NG NG

1.49 (£0.02) dA 4.63 (+£0.28) cA 0.491 1.58 (+0.02) dA 4.30 (£0.11) cA 0.598 1.32 (£0.04) dA 3.91 (+£0.34) cA 0.899 1.38 (£0.04) dA 4.05 (+£0.07) cA 0.601

0.46 (+0.03) bC 9.54 (+1.97) cbB 0.503 0.29 (+0.11) cB 16.13 (£2.33) bcB 0.227 0.33 (+0.04) cB 7.63 (£1.49) bcB 0.242 0.07 (+0.04) dB 17.48 (£1.07) cbB 0.171
NG NG NG NG

2.40 (+0.01) cA 3.23 (£0.09) bA 0.529 2.64 (+0.06) cA 4.03 (+£0.13) bA 0.639 2.57 (£0.1) cA 3.88 (+£0.31) bA 0.460 2.24 (+0.06) cA 3.55 (+0.12) bA 0.755

1.28 (+0.07) bB 7.97 (£0.92) abcB 1.039 1.28 (+0.02) bB 9.39 (+0.92) bcB 1.020 1.23 (40.08) bB 8.95 (+1.00) abcB 1.049 0.95 (+0.01) cB 8.8 (£1.56) cbaB 0.438

0.18 (+0.18) cC 8.02 (+8.02) cC 0.118 0.29 (+0.16) bC 15.12 (£7.56) cC 0.108 NG NG

3.91 (+0.04) bA 2.32 (+£0.05) aA 0.679 4.31 (+£0.04) bA 2.64 (+£0.07) aA 0.529 4.35 (+0.02) bA 2.46 (+£0.11) aA 0.827 3.63 (+0.04) bA 2.75 (+0.10) aA 0.986

1.94 (£0.05) abB 5.36 (+0.25) cbB 1.844 2.25 (+0.05) aB 5.75 (+£0.52) abB 1.366 2.12 (+0.01) abB 5.87 (+£0.42) abB 1.909 1.58 (+0.11) bB 6.71 (£0.74) baB 1.653

0.86 (+0.02) bC 19.32 (£1.13) bC 0.337 0.89 (+0.18) aC 19.46 (+0.26) bC 0.520 0.82 (+0.08) bC 22.41 (+1.70) bC 0.281 0.37 (£0.19) bC 15.86 (+8.39) bC 0.147

4.84 (+0.05) aA 1.86 (+0.04) aA 1.057 5.10 (+0.09) aA 1.92 (4+0.08) aA 0.765 5.35 (+£0.11) aA 1.94 (+0.21) aA 0.831 4.73 (£0.22) aA 2.14 (+0.14) aA 1.422

2.49 (+0.04) aB 4.62 (+£0.33) dB 1.481 2.64 (+0.02) aB 4.91 (+£0.52) aB 1.532 2.83 (+0.02) aB 4.70 (+£0.53) aB 1.626 2.04 (+0.04) aB 3.74 (+0.12) aB 1.492

1.31 (£0.02) abC 15.91 (+1.07) dC 0.742 1.22 (+0.10) aC 16.28 (+0.24) bC 0.624 1.51 (+0.12) aC 14.21 (+1.18) bC 0.367 1.01 (£0.15) aC 15.56 (+0.62) bC 0.393

4.95 (+0.10) aA 1.91 (4+0.05) aA 1.046 5.63 (+0.08) aA 2.06 (£0.11) aA 1.099 5.16 (+£0.20) aA 1.93 (+0.12) aA 1.063 5.17 (£0.13) aA 1.79 (£0.13) aA 1.075

2.72 (+0.03) aB 5.09 (+£0.33) abB 1.556 2.73 (+0.05) aB 4.69 (+£0.17) abB 1.966 2.85 (+0.10) aB 5.41 (+£0.43) abB 1.994 2.24 (+0.13) aB 9.13 (£0.13) baB 1.883

1.62 (+0.12) aC 9.01 (+0.65) aC 0.673 1.40 (+0.20) aC 7.62 (+£0.04) aC 0.531 1.35 (+0.06) aC 7.16 (+£0.08) aC 0.559 1.05 (+0.04) aC 8.71 (+0.6) aC 0.380

3.99 (+0.18) bA 6.34 (+£0.45) dA 1.420 4.13 (£0.03) bA 6.88 (+0.80) dA 1.882 4.03 (+0.08) bA 5.73 (£0.06) dA 1.674 0.95 (£0.04) eA 3.97 (+0.78) dA 0.647

1.84 (£0.82) abA 11.03 (£2.39) cA 1.325 1.47 (£0.32) bB 8.92 (+£0.64) cA 1.175 1.30 (+0.47) bB 8.04 (+£0.19) cA 1.087 NG

NG
NG
NG

NG
NG
NG

NG
NG
NG

NG
NG
NG

For each isolate and estimated kinetic parameter, different lowercase letters indicate significant differences among temperatures within the same a,, level, while different uppercase letters indicate significant differences
among a,, levels within the same temperature level (p < 0.05).

L HRmax: Maximum growth rate (mm/day).
2 )g: lag phase duration (days).

3 RMSE: Root Mean Square Error.
* Values are the estimated kinetic parameters followed by the standard error (+SE) in parentheses.
5 NG: no growth observed during experimental period.
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Fig. 2. Radial growth rates (mm/d) of A. alternata isolates (AMU_Alt23A1, AMU_Alt23N1, and AMU_Alt23L11) and A. arborescens (AMU_Arb23V1) on oat grains as a
function of temperature. Experimental data points correspond to growth rates estimated using the primary Baranyi and Roberts (1994) model, while lines represent
predictions from secondary model based on Rosso et al. (1993). Growth was evaluated at three a,, levels: red, a,, = 0.98; blue, a,, = 0.94; green, a,, = 0.90. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Parameters estimated by the Cardinal Model with Inflection (CMI) describing the effect of temperature on the maximum growth rate (ygmaex; mm/d) of Alternaria spp.

on oat grains.

Isolates ay, Cardinal parameters
Hropt (mm/d) Tnin (°C) Topt (°C) Tnax (°C) RMSE R?

AMU_AIt23A1 0.98 5.08" (+ 0.06)h —-3.1(+0.8) 29.1 (£ 0.3) 40.0 (£ 0.1) 0.151 0.993
(A. alternata) 0.94 2.72 (£ 0.21) 1.7 (£ 5.2) 28.6 (£ 1.5) 39.0 (£ 2.9) 0.354 0.827
0.90 1.63 (+ 0.09) 9.2 (+ 2.5) 29.0 (£ 0.9) 35.0 (£ 0.2) 0.149 0.946

AMU_AIt23N1 0.98 5.51 (£ 0.07) —-3.2(£0.9) 28.9 (£ 0.3) 40.0 (£ 0.1) 0.172 0.992
(A. alternata) 0.94 2.74 (£ 0.09) 7.1(+1.4) 26.3 (£ 0.6) 39.9 (£ 0.3) 0.212 0.957
0.90 1.43 (£ 0.13) 7.1 (£ 4.9 28.4 (£ 1.5) 35.0 (£ 0.3) 0.217 0.858

AMU _Alt23L11 0.98 5.43 (+ 0.09) -1.0(£1.1) 28.3 (£ 0.3) 40.0 (£ 0.1) 0.227 0.986
(A. alternata) 0.94 2.98 (+ 0.15) 4.4 (+2.7) 27.5 (£ 0.9) 37.1 (£ 0.8) 0.287 0.910
0.90 1.58 (& 0.06) 14.5 (£ 1.5) 26.7 (£ 0.4) 35.0 (£ 0.2) 0.099 0.977

AMU _Arb23V1 0.98 5.22 (+ 0.09) —4.7 (£ 1.1) 29.1 (£ 0.4) 35.3(£0.1) 0.161 0.991
(A. arborescens) 0.94 2.32 (+ 0.08) 4.0 (+1.7) 27.8 (£ 0.6) 35.0 (£ 0.1) 0.149 0.972
0.90 1.14 (+ 0.09) 15.6 (+ 2.1) 27.9 (£ 0.9) 35.0 (£ 0.3) 0.154 0.900

@ Estimated parameter.
b Standard error (SE).
¢ RMSE, Root Mean Square Error.

among replicates. The large deviations observed under identical exper-
imental conditions may be related to the nature of the substrate and the
inherent variability of the biological behaviour. The heterogeneous
composition of oat grains creates microenvironments that can affect
fungal growth and mycotoxin production (Vogelgsang et al., 2008).
Maximum accumulation of all four mycotoxins was consistently
detected in all four isolates at the highest a,, (0.98), corresponding to the
conditions that supported optimal fungal growth, as shown in Fig. 4.
Consistent with this observation, Tukey's HSD test indicated that, at each
temperature, a,, significantly influenced mycotoxin production in most
cases. In general, most published studies on Alternaria spp. align with
our results, reporting minimal or no production of AOH, AME, and TeA
at low a,, (< 0.90), with maximal accumulation occurring at high a,,
(0.98), as observed in wheat grain and extract agar (Magan et al., 1984),
soybean-based substrates and soybeans grain (Oviedo et al., 2010,
2011), and synthetic tomato media (Pose et al., 2010). However, some
earlier reports on sunflower seeds showed the opposite trend, with
maximal accumulation occurring at low a,, (0.90) and a decrease at a,,
values (> 0.97), as demonstrated by Etcheverry et al. (1994) for TeA and
Torres et al. (1992) for AOH and AME. These discrepancies suggest that

substrate composition may play a key role in modulating mycotoxin
production patterns in Alternaria spp.

3.5.1. AOH and AME production on oat grains

Under optimal a,, level (0.98), AOH and AME were detected mainly
between 15 and 30 °C for all isolates (Supplementary Tables S3-S6). As
shown in Fig. 4a (Supplementary Tables S3 and S5), maximum AOH
production for all A. alternata strains occurred at 30 °C. However, the
strains exhibited different thermal sensitivities: AMU_Alt23A1 showed a
distinct optimum at 30 °C (334.72 mg/kg). In contrast, production for
AMU_AIt23N1 and AMU_Alt23L11 remained statistically stable across
broader ranges (20-30 °C and 25-30 °C, respectively), reaching peaks of
322.25 mg/kg and 397.77 mg/kg. In A. arborescens, AOH production
peaked at 20 °C (92.42 mg/kg), but values were similar at 20, 25, and
30 °C (Fig. 4b; Supplementary Table S6). Regarding AME production, at
optimal a,, level (0.98) no significant differences were observed among
A. alternata isolates, with a maximum concentration reached at 25 °C
(16.81-175.15 mg/kg; Fig. 4c; Supplementary Tables S3-S5). At the
same temperature, A. arborescens reached 1067.40 mg/kg, showing
significantly higher AME production than A. alternata isolates (Fig. 4d,
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Fig. 3. Heat maps generated from gamma-type secondary models showing the predicted pgrmax Of A. alternata isolates (AMU_AIt23A1, AMU_AIt23N1, and
AMU _AIt23L11) and A. arborescens (AMU_Arb23V1) as a function of temperature (°C) and a, on oat grains. Yellow zones indicate environmental conditions that
support maximum growth, while blue areas denote inhibitory conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Table 4

Cardinal parameters and statistics of gamma concept model describing the effects of temperature and a,, on the maximum growth rate (4rmax; mm/d) of Alternaria spp.

on oat grains.

Cardinal Parameters

Isolates

AMU_AIt23A1 AMU_AIt23N1 AMU_AIt23L11 AMU_Arb23V1

HRope (mm/d) 5.48" (+0.66)" 6.54 (£2.51) 6.24 (+£1.86) 6.25 (£2.48)

Ay (min) 0.849 (£0.01) 0.852 (£0.01) 0.851 (+0.01) 0.862 (£0.01)

Ay(opt) 0.990 (£0.01) 0.995 (£0.02) 0.993 (£0.02) 0.995 (£0.02)

Tmin (°C) —1.7 (£1.5) —-1.1(£1.3) 1.1 (+£1.4) —4.4(£1.49)

Tope °C) 28.8 (+£0.5) 28.3 (+£0.4) 27.8 (+£0.5) 29.1 (+£0.5)

Tmax (°C) 40.0 (£0.2) 40.0 (£0.2) 40.0 (£0.2) 35.3 (+£0.1)

RMSE® 0.329 0.326 0.390 0.234

R? 0.957 0.964 0.949 0.978

# Estimated parameter.
b Standard error (SE).
¢ RMSE, Root Mean Square Error.

Supplementary Table S6). In addition, no statistically significant dif-
ferences were observed between 25 and 30 °C for either species, indi-
cating comparable AME production at these temperatures.

At intermediate a,, levels (0.94), production of both toxins was
substantially reduced compared to high a,, levels (0.98). For example,
A. alternata AMU_Alt23A1 produced both toxins between 25 and 35 °C,
reaching maximum levels at 30 °C (AOH: 28.61 mg/kg; AME: 1.17 mg/
kg; Supplementary Table S3). The remaining A. alternata isolates pro-
duced AOH only at 25 °C (4.44 mg/kg for AMU_AlIt23N1 and 15.08 mg/
kg for AMU_AIt23L11), while AME was detected at 25 and 30 °C (< 0.70
mg/kg; Supplementary Tables S4 and S5). Under these conditions,
A. arborescens isolate showed optimal production of both AOH and AME
at 25 °C (15.08 and 3.78 mg/kg, respectively). At low aw levels (0.90),
no toxin was detected in any of the isolates tested.

The optimal temperatures for AOH and AME production observed in
this study agree with previous reports on A. alternata, which report
maximum production around 25 °C in other real food matrices, such as
wheat grains, sunflower seeds, and soybean grains, although slightly
higher temperatures were observed for AOH in our study (Magan et al.,
1984; Oviedo et al., 2011; Torres et al., 1992). Oviedo et al. (2010)
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reported similar optimal conditions for AOH production on soybean
extract agar for two different strains, which produced approximately 90
and 200 mg/kg, respectively. For the same strains, AME reached
maximal levels of approximately 100 and 250 mg/kg, respectively, at
30 °C. Salotti et al. (2025) reported optimal temperatures for AOH and
AME production of 30.1 and 30.7 °C in A. alternata, 25.9 and 28.0 °C in
A. solani, and 19.8 and 20.1 °C in A. tenuissima on PDA and V8 agar.
Similarly, Romero Donato et al. (2023) reported optimal AOH and AME
production temperatures of 30 °C for A. alternata strains and 25 °C for
one A. arborescens strain on chickpea-based media. In contrast, Pose
et al. (2010), using a synthetic tomato medium, found optimal produc-
tion of AOH at 21 °C, with a concentration of 143.7 mg/kg. Optimal
AME production was observed at 35 °C, reaching 600.9 mg/kg. These
results are consistent with the pattern observed for the AMU_Arb23V
isolate in the present study (Supplementary Table S6). These variations
in mycotoxin production likely reflect differences in substrate, isolate
characteristics, and experimental conditions.

At a,, 0.98, A. arborescens produced higher levels of AME and lower
levels of AOH compared to A. alternata isolates. Although some differ-
ences in optimal temperature for AOH production were not statistically
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Fig. 4. Effect of temperature and water activity (a,) on mycotoxin production in oat grains: AOH (a-b), AME (c-d), TeA (e-f), and TEN (g-h). Panels (a, c, e, g)
correspond to A. alternata isolates AMU_AIt23A1 (green), AMU_Alt23N1 (red), and AMU_AIt23L11 (blue), whereas panels (b, d, f, h) correspond to A. arborescens
isolate AMU_Arb23V1 (purple). Water activity levels are identified by both symbol shape and line style: a,, 0.98 (circles, solid lines), a,, 0.94 (diamonds, dashed
lines), and a,, 0.90 (triangles, dotted lines). Values are expressed as mean + SD (mg/kg) of three independent replicates; error bars represent standard deviation. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

significant (likely due to high variability between replicates) a pattern
was observed. Notably, the optimal temperature for AOH production
differed between species, occurring at 20 °C for A. arborescens and at
30 °C for A. dlternata isolates, in agreement with trends previously re-
ported by Aloi et al. (2021) and Romero Donato et al. (2023). The
observed tendency can be attributed to the biosynthetic pathway of
AME, in which a S-adenosyl-L-methionine (SAM)-dependent O-

methyltransferase catalyses the methylation of AOH to form AME
(Wenderoth et al., 2019). In the A. arborescens isolate, a faster conver-
sion of AOH to AME (around 25 °C) may limit AOH accumulation,
explaining the apparent optimum for AOH production at 20 °C and the
higher accumulation of AME. However, this pattern may be attributable
to strain variability instead of to species-level differences, given that
other studies, such as those by Habib et al. (2021) and Zwickel et al.
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(2018) did not report significant differences between both species with
respect to AOH and AME production.

3.5.2. TeA production on oat grains

At optimal a,, (0.98), TeA production by all isolates occurred in the
temperature range of 10-35 °C. For the A. alternata isolates
AMU _AIlt23A1 and AMU_AIt23L11, maximum TeA concentrations were
observed at 25 °C (800.57 and 754.47 mg/kg, respectively), whereas the
A. alternata isolate AMU_Alt23N1 and the A. arborescens isolate
AMU_Arb23V1 showed peak production at 30 °C (769.52 and 357.00
mg/kg, respectively) (Fig. 4e and f; Supplementary Tables S3-S6).
However, no statistically significant differences in optimal TeA pro-
duction were observed among the isolates across the 20-30 °C temper-
ature range. These optimal temperatures are in the range of those
previously reported for Alternaria spp., with differences observed be-
tween species. For example, Salotti et al. (2025) reported that
A. alternata exhibited the highest optimal temperature (30.0 °C), fol-
lowed by A. solani (28.4 °C), while A. tenuissima showed a considerably
lower optimal temperature (20.9 °C) on PDA and V8 agar. Similary,
Romero Donato et al. (2023) reported optimal TeA production tem-
peratures between 25 and 30 °C for A. alternata and A. arborescens
strains on chickpea-based media. In contrast, Pose et al. (2010) reported
maximal TeA production at 21 °C, reaching 528.2 mg/kg in synthetic
tomato medium for A. alternata. Additionally, Etcheverry et al. (1994)
reported levels ranging from 821 to 1700 mg/kg at 25 °C in sunflower
seeds for the same species.

At intermediate a,, (0.94), TeA production occurred between 15 and
35 °C for most isolates. However, the A. arborescens isolate
AMU_Arb23V1 showed no TeA production at 35 °C, where growth was
also absent (Fig. 1; Fig. 4f). Optimal production reached its highest
levels between 25 and 30 °C in the A.alternata isolates, with no signifi-
cant differences observed between these temperatures. In contrast, the
A. arborescens isolate AMU_Arb23V1 exhibited its maximum production
at 25 °C. Overall, maximum TeA production at intermediate a, was
reduced to approximately 30-40% of that obtained under high a,, con-
ditions (0.98). At low a,, (0.90), the production was restricted to 25 and
30 °C and remained very limited (<1% of maximal levels).

Statistical analysis indicated that the three A. alternata isolates were
not significantly different and that A. arborescens did not differ signifi-
cantly from the A. alternata isolate AMU_AIt23A1. Although
A. arborescens tended to produce lower TeA levels, this likely reflects
strain rather than species differences, in agreement with previous
studies (Aloi et al., 2021; Habib et al., 2021; Zwickel et al., 2018).

3.5.3. TEN production on oat grains

For the A. alternata isolates, TEN was generally detected between 20
and 30 °C under both optimal (0.98) and intermediate (0.94) ay,
whereas under low a,, (0.90), production was restricted to 30 °C at trace
levels (<0.05 mg/kg). Under optimal a,, (0.98), the A. alternata isolates
produced the highest TEN concentration at 25 °C (1.25-1.86 mg/kg),
however this optimum did not differ significantly from that observed at
30 °C (except for AMU_AIt23L11). At intermediate a,,, the peak shifted to
30 °C (0.11-0.49 mg/kg) and was significantly higher than the other
temperatures tested for Alternaria spp. isolates (Fig. 4g; Supplementary
Tables S3-S5). Although studies on the optimal conditions for TEN
production remain limited, these results are consistent with previous
observations by Zwickel et al. (2016), who reported higher TEN pro-
duction at 25 °C than at 7 °C on rice and wheat kernels by A. tenuissima
and A. infectoria.

In contrast, for the A. arborescens isolate AMU_Arb23V1, TEN pro-
duction was detected only at 20 °C at high a, (0.98) level (Fig. 4h).
Overall, A. arborescens produced substantially lower amounts of TEN
compared to A. alternata isolates; however, statistical analysis indicated
that all A. alternata isolates did not differ significantly from
A. arborescens, suggesting that the observed variation is attributable to
strain-level  differences rather than species-specific effects
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(Supplementary Tables S3-S6). This statement is supported by previous
studies; for instance, Zwickel et al. (2018) and Habib et al. (2021) re-
ported no significant differences in TEN production between A. alternata
and A. arborescens. In contrast, Aloi et al. (2021) found that while
A. alternata strains produced TEN, the A. arborescens isolate did not.

3.6. Implications for climate change and food safety

During the oat grain-filling period (approximately one month, from
the milk to soft-dough stage), kernels maintain high moisture contents,
with an a,, > 0.98 (Martinez-Martin, 2018). Optimal grain filling occurs
when maximum temperatures range between 27 and 29 °C, whereas
higher temperatures (> 33 °C) reduce grain quality; nevertheless, the
optimal daily mean temperature range for oat grain filling remains un-
clear (Ko et al., 2022).

Under these conditions, our results indicate that Alternaria spp.
exhibited maximal fungal growth and mycotoxin production between 20
and 30 °C and high a, (0.98), whereas temperatures outside this range
and limited a, substantially reduced both fungal growth and toxin
production. Due to their genotoxic potential, AOH and AME pose the
highest risk and are associated with the lowest threshold of toxicological
concern (TTC) of 2.5 ng/kg bw/d (EFSA, 2011). Notably, the A. arbor-
escens isolate produced substantially higher levels of AME than the
A. dlternata isolates, exceeding the levels established in Commission
Recommendation (EU) 2022/553 by more than 500 and nearly 100
times, respectively. Although TeA and TEN are considered non-
genotoxic and have a higher TTC of 1500 ng/kg bw/d (EFSA, 2011),
the high production of TeA in our study raises concerns regarding its
potential accumulation in cereals. In contrast, TEN production remained
consistently low for both species, aligning with the current focus of
Commission Recommendation 2022/553 on AOH, TEA, and AME.
Importantly, in our oat grain model, the ratio of TeA to AOH and AME
was less than 10-fold. In contrast, Commission Recommendation (EU)
2022/553 reports a 250-fold ratio for cereal-based products for infants
(European Commission, 2022). This highlights that AOH and AME may
represent a greater toxicological concern in oats than TeA. It should be
noted that these values were achieved under artificial inoculation con-
ditions and therefore markedly exceed levels reported in naturally
contaminated grains.

During post-harvest handling, episodes of poor ventilation, conden-
sation, or grain rewetting during transport and storage can locally
elevate moisture levels and enable fungal development and toxin
accumulation. Thus, careful control of storage humidity remains
essential to prevent Alternaria spp. proliferation and mycotoxin accu-
mulation in kernels. Previous research has demonstrated the high sus-
ceptibility of cereals to fungal spoilage and mycotoxin accumulation
under poorly controlled environmental conditions (Garcia et al., 2009).

In projected climate-change scenarios, heat waves exceeding 35 °C
during the oat grain-filling period are expected to become 5 to 10 times
more frequent under a 2 °C global warming scenario across Mediterra-
nean regions, including Spain (IPCC, 2021). Additionally, prolonged
drought periods across the Mediterranean region are expected, accel-
erating grain desiccation and reducing fungal growth during the dough
stage in oat grains.

The Mediterranean inland areas are characterized by a continental
climate with pronounced day-night temperature fluctuations, resulting
in relatively moderate daily mean temperatures despite high daytime
maxima (Cortesi et al., 2014). During the grain-filling period, which
occurs from May to July in Southern Europe, mean temperatures typi-
cally range between 15 and 20 °C (AEMET, 2025; Prats et al., 2014).
Under future climate scenarios, our results indicate that such thermal
conditions may extend the cumulative duration of temperatures
favourable for Alternaria spp. growth and mycotoxin accumulation,
which occurs optimally between 20 and 30 °C, thereby increasing the
risk of contamination along the cereal production chain. However, dy-
namic studies incorporating daily temperature fluctuations and their
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effects on fungal growth and mycotoxin accumulation would be of in-
terest to better understand and predict contamination risk under real-
istic field conditions in future climate-change scenarios. In this context,
a shift in species dominance toward more thermotolerant species across
oat agroecosystems could occur, as predicted by predictive mycology
reviews (Casu et al., 2024; Magan et al., 2011; Perrone et al., 2020). This
prediction aligns with studies conducted along the tomato supply chain,
where Van de Perre et al. (2015) projected that rising temperatures
under climate-change scenarios may reduce A. arborescens colonization
in Spain while expanding it in cooler regions such as Poland. No similar
climate-impact models exist for A. alternata, highlighting the need for
further research to predict future trends.

However, the greater thermotolerance of A. alternata observed in the
present study suggests that it may be less affected by extreme temper-
atures than A. arborescens or other major mycotoxigenic species asso-
ciated with European oats, which generally exhibit lower upper thermal
limits. For example, among the main HT-2 and T-2 toxin producers,
Nazari et al. (2014) reported that Fusarium langsethiae grows at tem-
perature above 30 °C but not at 35 °C on wheat-based substrates, while
Fusarium sporotrichioides can grow at 35 °C (Samson et al., 1981).
Similarly, the main deoxynivalenol and zearalenone producers, Fusa-
rium graminearum and Fusarium culmorum, show upper thermal limits of
37 °C (Pei et al., 2022) and 31 °C (Samson et al., 1981), respectively.

To our knowledge, this is the first study to model the growth of
Alternaria spp. directly on oat grains and to compare cardinal growth
parameters and mycotoxin production between A. alternata and
A. arborescens under different environmental conditions. Most previous
studies (Table 1) relied on artificial culture media (e.g., SDA, JAM, PPA,
PDA), which do not fully represent the complexity of real food matrices.
By using oat grain, the present study overcomes the limitations of agar-
based media and provides a more realistic prediction of fungal behav-
iour, enhancing its relevance for food safety risk assessment and miti-
gation strategies in cereal-based products.

4. Conclusions

The present study provides the first predictive models describing the
combined effects of temperature and a, on the growth kinetics and
mycotoxin production potential of A. alternata and A. arborescens
directly on oat grains. The predictive models indicated that both species
exhibit optimal growth at high a, (> 0.98) and temperatures around
27-29 °C, while growth was strongly inhibited at lower a, (0.90).
A. dlternata tolerated higher temperatures (T;qx ~ 40 °C) and produced
greater TeA and AOH than A. arborescens (Tpmqx ~ 35 °C), which, in
contrast, remained a more consistent producer of AME. These differ-
ences suggest that under projected climate warming scenarios in Med-
iterranean regions, a shift in species dominance toward more
thermotolerant species, such as A. alternata, may occur, potentially
increasing the risk of Alternaria toxins contamination, in particular AOH
and AME, in oats. Finally, the models developed in this study represent a
valuable tool for quantitative risk assessment of Alternaria toxins in oats
under current and future climatic conditions and for designing effective
prevention and mitigation strategies throughout the oat production and
storage chain.
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