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ARTICLE INFO ABSTRACT

Keywords: Free asparagine (ASN) is the main precursor of acrylamide (AA), a probable human carcinogenic process
Minimum tillage contaminant in cereal-based bakery products. This study has assessed the combined effects of soil tillage, min-
Ploughing ) imum tillage (MT) vs conventional tillage (CT), and a chemical disease control fungicide application (F) vs an
i::z:_l;;lnzead blight untreated control (NF) on the accumulation of ASN in wholegrain and refined flour. MT_NF showed the highest

ASN levels in wholegrain flour from multiple wheat genotypes and different agronomic years, whereas on
average a MT_F treatment reduced ASN by 37%, CT_NF by 22% and CT_F by 48%. The AA levels measured in the
wholemeal biscuits mirrored the initial ASN concentrations. Biscuits produced under MT_F accumulated 18% less
AA than MT_NF, while those from CT_NF and CT_F showed 14% and 22% lower AA levels than MT_NF,
respectively.

The observed differences in the ASN concentration were mostly associated with the effects of the applied crop
practices on the thousand kernel weight (TKW). The severity of Fusarium head blight was reduced by both the CT
and F treatments, leading to heavier kernels due to enhanced starch accumulation, and lowering the ASN con-
centration per unit weight. This dilution effect accounted for more than 50% of the observed variation of ASN
concentration in the wholegrain flour. The observation that the application of F slightly reduced ASN, compared
with NF, in the refined flours of the MT treatment, without a corresponding change in the starch content, sug-
gests an additional physiological response of the plant to the applied crop practices. Overall, agronomic practices
that ensure an appropriate grain filling can dilute ASN in whole kernels and reduce the AA content of wheat-
based products.

Wholemeal flour
Wholemeal biscuits

1. Introduction Regulation of the European Union 2017/2158 [4]. The AA content of

cereal-based baked goods can range from 50 pg kg ™! to 850 pg kg ™! for

Acrylamide (AA) is produced during thermal processes in cereal-
based products [1] and raises food safety concerns due to its potential
carcinogenicity [2]. During the preparation of starch-rich foods under
high temperatures and low moisture, free asparagine (ASN) reacts with
reducing sugars, and this pathway of Maillard reactions results in the
formation of AA [3].

Therefore, the European Commission has established benchmarks for
the AA content in different product categories with the Commission
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wheat-based bread and for gingerbread, respectively. The AA concen-
tration limit for biscuits and wafers has been set at 350 pg kg ™' [4].
Despite this recent European regulation, Mesias et al. [5] reported that
30% of the biscuits sold on the Spanish market exceeded the acceptable
levels, thus highlighting the need for effective mitigation strategies.
Commission Regulation (European Union) 2017/2158 [4] and the
accompanying Acrylamide Toolbox [1] outline a list of preventative
measures that stakeholders across the food supply chain are encouraged
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to implement. In addition to the correct setting up of industrial processes
and of domestic food preparation, these measures focus on agronomical
practices and recipe formulations. As it has been proved that ASN is the
limiting factor for the formation of AA in cereal goods [6], reducing the
levels of ASN in raw materials is considered an effective strategy to
control AA in the final products [7].

A first strategy to reduce the presence of AA precursors concerns the
cereal milling processes [8]. Unlike refined flours, wholemeal flour re-
tains the bran and germ fractions, which are the kernel tissues that are
richest in ASN [8,9]. Consequently, wholemeal-based products are more
prone to the formation of AA during processing [6].

Moreover, since ASN is synthesized and accumulated in cereal ker-
nels during grain filling, understanding the physiological and agronomic
factors that regulate its accumulation is crucial. Such knowledge can
provide the basis for field-based strategies to limit ASN concentration in
cereals before harvest, to reduce acrylamide (AA) formation in pro-
cessed foods, particularly wholemeal products. The ASN plays a central
role in cereal crops as a transport and storage compound for nitrogen,
because of its high nitrogen-to-carbon ratio and stability [9]. Previous
studies reported that the synthesis of ASN is influenced by both genotype
and environmental factors, as well as their interaction [9,10], and high
ASN levels have been linked to differences in the regulation of ASN
synthetase gene expression [10]. Fertilization also contributes signifi-
cantly: nitrogen availability has been associated with the upregulation
of the TaASN1 gene expression for ASN synthesis [11], whereas sulphur
deficiency favours the accumulation of free ASN rather than its incor-
poration into grain proteins [12,13].

Biotic and abiotic stress during ripening further influence ASN
metabolism [9]. For instance, induced senescence of a plant is correlated
with increased ASN concentrations, probably due to nitrogen remobili-
zation via ASN and the upregulation of ASN synthase [14]. In this re-
gard, foliar diseases, such as powdery mildew (Blumeria graminis f. sp.
tritici), rusts (Puccinia spp), and the Septoria leaf blotch complex
(Zymoseptoria tritici), or spikelet diseases, like Fusarium head blight,
which is mainly caused by F. graminearum and F. culmorum [15], are
common in temperate areas, and they can colonize the tissues and the
organs of wheat causing a reduction in the photosynthetic life of the
canopy. Foliar and ear diseases can shorten the stay-green period during
ripening, reducing the photosynthesis and limiting starch and protein
accumulation, leading to shrivelled kernels [16]. An effect on ASN
accumulation is also expected as a consequence of an impaired starch
accumulation and protein synthesis. In addition to its impact on yield,
Fusarium head blight also poses a major food safety concern, due to the
frequent occurrence of mycotoxins, particularly deoxynivalenol (DON),
which is considered the most relevant toxin in wheat [17,18]. For this
reason, the European Commission has established maximum levels of
DON content in unprocessed cereal grains (1000 pg kg 1), milling flours
(600 pg kg™1) and bakery wares (400 pg kg™!) [17]. Crop rotation and
soil tillage are among the various agronomic practices that are adopted
as preventive strategies to reduce Fusarium head blight inoculum and
therefore prevent fungal diseases in the field, thanks to the incorpora-
tion of previous crop residues into the soil [18]. Furthermore, the
application of fungicides at flowering (F) remains a widespread practice
to directly control the negative impacts of fungal infections under
conducive climatic conditions [19]. A F treatment at wheat flowering
(growth stage 61, according to Zadoks et al. [20]) effectively controls
foliar and ear diseases, delays canopy senescence during grain filling,
improves thousand kernel weight (TKW) and grain yield, and reduces
DON levels, compared to untreated condition (NF) [21]. Apart from the
role that soil tillage practices and F applications play in controlling bi-
otic stress, they both have notable effects on the physiological responses
of crops. Tillage affects root development and the soil nutrient dynamics
[22], while F has been shown to enhance photosynthetic efficiency and
reduce leaf respiration, thereby improving plant tolerance to abiotic
stress [23]. These physiological effects may help preserve protein syn-
thesis and starch accumulation, both of which are critical in limiting
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ASN levels. Moreover, since the genes involved in ASN synthesis are
activated under stress and senescence [24,25], practices that support
plant health and delay senescence may contribute toward reducing the
activation of ASN synthesis genes and thus the accumulation of ASN in
wheat kernels [24].

A reduction in ASN accumulation following F application in wheat
has been reported in the United Kingdom [7], however, the experiment
was limited to a single year, and the untreated control was compared
with a broad defence program of five F applications, unusual for con-
ventional agronomic practices. Furthermore, to the best of the authors’
knowledge, the effect of soil tillage practices on ASN content in wheat
grain has not yet been reported.

The present study has investigated the effects of four different
agronomic practices, that is, a factorial combination of two tillage sys-
tems (conventional tillage (CT) and minimum tillage (MT)) and two F
applications (F and NF) on the accumulation of ASN in wholemeal and
refined flours, and the associated formation of AA in wholemeal biscuits.
The impact of these factors on three different genotypes over multiple
agronomic years has also been assessed, with the goal of developing
integrated field management strategies to minimize sanitary risks in the
production of wheat-based products.

2. Materials and methods
2.1. Experimental design

The treatments compared in this study were factorial combinations,
under natural infection conditions, of:

v the management of residue crops through soil tillage:

e MT, minimum tillage, obtained by means of double disk harrowing
to a depth of 15 cm, with the previous crop residues being left on
the soil surface;

e CT, conventional tillage, obtained by means of soil ploughing
during fall to a depth of 30 cm, with the previous crop residues
being incorporated into the soil, followed by disk harrowing for
seedbed preparation purposes.

v F application:

e NF, an untreated control, without any F foliar application;

e F, with a fungicide application at flowering (growth stage 61),
obtained by spraying a mixture of prothioconazole and tebuco-
nazole (Prosaro®, Bayer CropScience, Milano, Italy, at a rate of
0.125 kg ha™1).

This factorial combination resulted in a total of four treatments:
MT_NF, MT_F, CT_NF, and CT_F. The experiment was carried out ac-
cording to the previous reported design over five consecutive agronomic
years (2020-24) on an Aubusson wheat genotype (Limagrain Italia S.p.
A., Busseto, PR, Italy). In the 2023 and 2024 agronomic years, the trials
were also replicated on the Giorgione genotype (Societa Italiana
Sementi, San Lazzaro di Sabena, Italy) and Solehio genotype (Agro-
alimentare Sud Spa, Melfi, Italy). All the considered genotypes have
been reported to have a medium susceptibility to foliar disease and
Fusarium head blight. As far as the bread-making quality is concerned,
Aubusson and Solehio are classified as ordinary bread-making geno-
types, while Giorgione has a high protein content.

ASN was quantified for the wholemeal flours obtained from the
Aubusson, Giorgione and Solehio genotypes over all the considered
years, while it was measured in the refined flours obtained from
Aubusson and Solehio in the 2023 and 2024 agronomic years for the
MT_NF and MT_F treatments to test the presence of physiological re-
sponses of the plants in ASN concentration, in addition to a dilution
effect.

Biscuit production and AA monitoring were carried out on the
wholemeal flours obtained from Aubusson and Solehio harvested in
2023, and AA was determined on the final products. Samples from 2023
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were selected on the basis of the observation of marked differences in
diseases severity across the tested treatments. DON was quantified for
the wholemeal flours obtained from Aubusson and Solehio (2023-2024)
and for the corresponding biscuits (from 2023).

2.2. Field management

The experiment was conducted in North-West Italy (Carmagnola,
Piedmont, 44°50’ North, 7°40" East), in a field characterized by deep
silty-loam soil, classified as typic udifluvents. Soil samples were
collected to a depth of 0.30 m using Eijkelkamp cylindrical augers
during each agronomic year at the tillering stage (growth stage 23), after
the winter period and just before the first nitrogen fertilization. The
main physical and chemical traits of the soil are reported in Table S1.
Daily precipitation and temperature data were obtained from meteoro-
logical stations located near the experimental site.

A F was applied, by means of a four-nozzle precision sprayer (Honda
Agricultural Sprayer T-Jeet A110/04; Honda Motor Europe, Ltd., Lon-
don, the UK), using a fine mist at a slow walk to ensure an effective
coverage. The delivery pressure at the nozzle was 300 kPa. The treat-
ments were assigned to experimental units for each genotype using a
split-plot design, with management of the previous crop residues as the
main-plot treatment and F application as the sub-plot treatment. Each
trial was replicated four times, and the sub-plot was 6 x 2 m.

The conventional agronomic techniques adopted in the growing area
were applied. Briefly, the previous crop was maize, and it was grown
according to a crop sequence that is normally applied in the growing
area. Each year, sowing was carried out in October or November, with a
12-cm row spacing and a seeding rate of 450 seeds m 2 The experi-
mental field received 130 kg nitrogen ha™! as a granular ammonium
nitrate fertilizer (33%), which was split between wheat tillering (growth
stage 23, 50 kg nitrogen ha™!) and the end of stem elongation (growth
stage 31, 80 kg nitrogen ha1). At the end of tillering, a chemical weed
control was carried out with Pinoxaden 3.03% + Clodinafop-propargyl
3.03% + Florasulam 0.76% + Cloquintocet-mexyl 0.76% (Traxos One®,
Syngenta Crop Protection S.p.A. Milan, Italy). The plots were harvested
at the beginning of July, using a Walter Wintersteiger cereal plot
combine harvester, and the grain yield results were adjusted to a 13%
moisture content. The specific dates for sowing, the application of the F
and harvesting for each year are reported in Table S2.

2.3. Agronomic parameters

The area under the canopy greenness curve from flowering to com-
plete senescence (AUCGC) was calculated from the normalized differ-
ence vegetation index (NDVI), measured weekly during ripening using a
RapidSCAN® CS-45 (Holland Scientific, Lincoln, the USA), as described
in Capo & Blandino [18]. This parameter was used to summarize the
effect of fungal foliar diseases on the canopy stay green.

Fusarium head blight severity was recorded in each plot after per-
forming a visual evaluation of the disease on the grains at the early
dough stage (growth stage 83). Severity was calculated as the percent-
age of spikelets per ear with symptoms, and it was estimated on 200
randomly selected ears per plot considering a scale from zero to seven.
Each numerical value corresponded to a percentage range of surfaces
that exhibited visible symptoms of the disease, according to the
following scheme: 1 = 0-5%; 2 = 6-15%; 3 = 16-30%; 4 = 31-50%; 5 =
51-75%; 6 = 76-90%; 7 = 91-100% [18].

After harvesting, the grains were mixed thoroughly, and an aliquot of
4 kg of kernels was taken from each field plot for qualitative analysis. A
sub-aliquot of 1 kg of grain was taken to determine the test weight (TW)
and the grain moisture content, using a GAC® 2000 Grain Analyzer
(Dickens-John Auburn, Illinois, the USA). TKW was determined on two
100-kernel sets for each sample using an electronic balance.
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2.4. Sample preparation

2.4.1. Wholemeal and refined flour preparation

An aliquot of 2 kg of grains was collected from each plot, and it was
finely ground using a Retsch ZM 200 (Retsch GmbH, Haan, Germany),
fitted with a 1000 pm aperture sieve. A representative sub-sample of 1
kg was further ground to a fine powder (particle size <500 pm) with a
Cyclotec 1093 sample mill (Foss, Padua, Italy) and stored at 4 °C, prior
to the ASN and DON analyses and biscuit making. Aliquots (1 kg) of the
Aubusson and Solehio genotype grains from the MT_NF and MT_F
treatments were harvested in 2023 and 2024 and milled with a Bona
4RB experimental mill (Bona, Monza, Italy) after tempering, according
to their hardness, to obtain refined flour (ash content <0.6%).

2.4.2. Biscuit making

Biscuits were prepared following the “Golden Marie” base recipe
[25], with minor modifications. The wholemeal flour from the three
independent field replicates were mixed in equal proportions (1:1:1) and
used to make the biscuit dough. The dough preparation and biscuit
baking were performed in triplicate for each sample, while the pro-
duction was split over different days, according to a randomized design.
The ingredients used for the biscuit production were: 140.0 g of
wholemeal flour, 33.9 g of sucrose, 16.8 g of sunflower oil, 9.4 g of
dextrose, 0.7 g of sodium bicarbonate, 0.4 g of ammonium bicarbonate,
0.9 g of salt, and distilled water. The amount of added water was
adjusted according to the moisture content of the flour to achieve a
standardized dough moisture level of 24%. Dough preparation began
with manual mixing of the dry ingredients, using a stainless-steel spoon,
followed by mechanical blending in a kitchen mixer (KitchenAid, St.
Joseph, Michigan, the USA) equipped with a flat beater (leaf-shape) and
operated at speed level two (=347 rpm) for 0.5 min. Sunflower oil was
then incorporated, and the dough was mixed for an additional 1.0 min at
the same speed. Sucrose had previously been dissolved in a calculated
volume of distilled water to ensure complete dissolution and an even
distribution. This solution was prepared by mixing water and sucrose at
60 °C for 1.0 min, using a magnetic stirrer (IKA-Werke GmbH & Co. KG,
Staufen, Germany) at 500 rpm. The sucrose solution was subsequently
added to the dough and mixed at speed level five (=868 rpm) for 1.7 min
to ensure homogeneity. The resulting dough was briefly hand-kneaded
to form a compact mass, wrapped in plastic film and left to rest for
15.0 min at —20 °C. In order to make the biscuits, the dough was rolled
to a thickness of 0.3 cm, using a pasta machine (Marcato, Campo-
darsego, Italy), and cut into 6 cm diameter disks, using a stainless-steel
circular cutter. Twelve biscuits were baked for each batch of dough in a
Rational SelfCookingCenter five Senses oven (Rational AG, Landsberg
am Lech, Germany), with convection mode set at 180 °C for 6.0 min. The
baking parameters were established through preliminary tests to avoid
under- or over-baking and to ensure that the process was stopped at the
end of the linear moisture loss phase. The thus obtained biscuits were
placed on a perforated baking tray in the middle of an oven, and the
internal air temperature was monitored every 0.5 min using a digital
thermometer (Paderno 49719-00, Paderno SpA, Orfengo, Italy). After
baking, the biscuits were cooled on a wire rack at room temperature for
approximately 60.0 min. The biscuits were ground using a food pro-
cessor (Bimby® TM6, Vorwerk & Co. KG, Wuppertal, Germany) for 0.2
min at 5800 rpm. The resulting powder was sieved through a 40-mesh
sieve. Coarse particles were re-milled using a Bosch TSM6A013B cof-
fee grinder (Robert Bosch S.p.A., Gerlingen, Germany) for 0.3 min at
150 rpm, and the powders were recombined to reconstitute the whole
sample.

2.5. Analysis of the flour and biscuits
2.5.1. Composition of the wholemeal flour, refined wheat flour and biscuits

Near-infrared spectroscopy (NIRS DS3 spectrometer, FOSS-NIR Sys-
tems, Laurel, Maryland, the USA) was used to determine the grain
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protein content (GPC), starch and the ash content of the wholemeal and
refined wheat flour samples with a 1000 pm particle size, according to
American Association of Cereal Chemists method 39-10.0118 [26]. Each
analysis was conducted in duplicate on the three biological replicates of
flour, and the average values were used for statistical comparisons.

The moisture content of the wholemeal flour, refined flours and
ground biscuits was determined according to Association of Official
Analytical Collaboration, Official Method 925.10 [27] to express the
concentrations of ASN, DON and AA (the latter only for the biscuits) on a
dry weight (d.w.) basis.

2.5.2. Extraction and quantification of free asparagine (ASN)

The ASN content in the flour samples was determined with the K-
ASNAM L-Asparagine/L-Glutamine/Ammonia Assay Kit (Megazyme
International Ltd., Ireland), following the total deproteinization and
extraction process set up by Lecart et al. [28], with some modifications.
Reagents were purchased from Sigma-Aldrich Canada Corporate (Oak-
ville, Ontario, Canada). In brief, perchloric acid (20 mL, 1 mol LY was
added to the flour (10 g) and mixed with a homogenizer (2 min) (Diax
600, Heidoplh scientific products GmbH, Schwabach, Germany) at
1500 rpm. The pH of each mixture was set to 8 by adding potassium
hydroxide (2 mol L™1). The mixture was then put in an ice bath (20 min)
to promote precipitation of potassium perchlorate and allow any fat to
be separated. The extract was subsequently filtered (Whatman® grade 1
filters, Brentford, the United Kingdom). The first drops were discarded,
and the filtrate was collected in micro-tubes (Eppendorf S.r.l., Milano,
Italy). ASN quantification was performed according to the kit assay hand
protocol provided by the manufacturer, albeit with halved volumes. A
Cary 60 UV-Vis, Agilent spectrophotometer (Agilent Technologies,
Santa Clara, California, the USA) was used to measure UV absorbance at
A = 340 nm of the sample extracts. The results were expressed as mg
kg~! d.w., and they represent the average of three analyzed independent
replicates for each sample.

2.5.3. Extraction and quantification of deoxynivalenol (DON)

DON was extracted from both the wholemeal flours and the ground
biscuits as follows: flour (5 g) or ground biscuits (5 g) were initially
macerated in water (10 mL, 30 min) prior to the addition of acetic acid
in acetonitrile (10 mL, 1% acetic acid). Anhydrous MgSO4 (6 g) was
added after homogenization (HS260B, IKA®, Staufen, Germany). The
mixture was centrifuged (6150 rpm, 4 min, 10 °C) (Thermo Megafuge
8R cooled, Thermo Fisher Scientific, Massachusetts, the USA), and the
supernatant (0.5 mL) was then diluted with MeOH (volume per volume
(v/v)) and spiked with 20 pL of 13C1 sDON (>97% purity, Sigma-Aldrich,
Missouri, the USA), as a labelled internal standard at 0.025 pg mL~*. All
the samples were analyzed via Liquid Chromatography Tandem Mass
Spectrometry using a Shimadzu Nexera X2 High-Performance Liquid
Chromatography (Shimadzu Corporation, Kyoto, Japan) coupled with
an SCIEX QTRAP 6500/6500-+ (ESI + mode) (Framingham, Massachu-
setts, the USA). Separation was achieved on an Acquity UPLC HSS-T3
column (100 x 2.1 mm, 1.8 pm) (Waters, Milford, Massachusetts, the
USA). The column temperature was set at 40 °C, the injection volume at
3 L, and the flow rate was 0.4 mL min ™ '. The mobile phases consisted of
water/methanol/formic acid (90:10:0.5, v/v/v) and methanol/formic
acid (100:0.5, v/v), both with 0.005 mol L~! of ammonium formate. The
gradient program was as follows: 100% A for 0-9 min; 100% B for 9-11
min; 100% A again for 11-13.5 min. DON was eluted for ~3.0 min and
monitored at mass-to-charge ratio 297.0 — 249.1/175.0.

Two extracts were spiked with 0.1 pg mL™! and 0.25 pg mL~! 13C;5
DON to determine the limit of quantification and the analyte recovery,
respectively, compared with the non-spiked extract. Quantification was
based on external calibration (0.1-0.5 pg mL™!), normalized to the in-
ternal standard and corrected for recovery and matrix effects. Data were
acquired using SCIEX Analyst 1.7.2 (Sciex, Massachusetts, the USA). The
final concentrations were expressed as pg kg~ d.w., and the obtained
values represented the mean of three independent replicates.
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2.5.4. Water activity and the biscuit color

The water activity of the biscuits was determined by filling the
container of the water activity-meter (LabMaster, Novasina AG, Lachen,
Switzerland) with a suitable amount of ground biscuits, while ensuring
full and uniform coverage. The measurement was performed in dupli-
cate for each batch of biscuits at 25 °C, and both the time and temper-
ature stability factors were set at 2.0 min.

The color measurement and the browning index (B.I.) were deter-
mined on ground biscuits using an IRIS V400 electronic visual analyzer
(Alpha MOS, Toulouse, France), equipped with a 2.5 cm lens and
configured for both upper and lower illumination. A representative
aliquot of each ground biscuit sample was transferred to a transparent
polystyrene Petri dish (3.5 cm diameter x 1.0 cm height) (Fish-
erbrand™, Thermo Fisher Scientific, Massachusetts, the USA.) for the
acquisition, while ensuring full and uniform coverage of the dish sur-
face. Each filled Petri dish was positioned centrally within the acquisi-
tion chamber of the instrument. The captured images were subsequently
processed using AlphaSoft software (Alpha MOS, Toulouse, France) to
extract the colorimetric parameters, according to the CIE Lab system: L*
(lightness), a* (red-green chromaticity), and b* (yellow-blue chroma-
ticity). Color measurements were performed in triplicate for each biscuit
batch. The B.I. was calculated on the basis of the obtained CIE Lab
values, according to the equations described by Schouten et al. [29]:

a*+1.79-L*
5.645-L* + a* — 3.012-b*

BL=[(X-031)- 100]/0.17,wherex =

2.5.5. Extraction and quantification of acrylamide (AA) in the biscuits
The procedure proposed by Zili¢ et al. [6] was followed for the
extraction of AA from the biscuits, albeit with minor modifications.
Briefly, ground biscuits (1.0 g) were extracted three times with formic
acid in Milli-Q water (Merck Millipore, Burlington, Massachusetts, the
USA) (20 mL, 0.01 mol L. Each time the extract was vortexed for 1.0
min and centrifuged for 10.0 min at 4816 rpm at 20 °C (Heraeus Mul-
tifuge X3R, Thermo Fisher Scientific, Massachusetts, the USA). The
combined supernatant was centrifuged for 10.0 min at 4816 rpm and
20 °C, collected, and stored at —20 °C until analysis (maximum 2
weeks). The formic acid extract (4.0 mL) was clarified with 0.1 mL of
Carrez I and 0.1 mL of Carrez II for AA determination. The mixture was
vortexed and centrifuged for 3.0 min at 14200 rpm at 4 °C. The super-
natant was filtered through a regenerated cellulose syringe filter (0.45
pm x 15 mm) and transferred into an amber vial for analysis. Sample
analyses were carried out with a Nexera UPLC system (Shimadzu Cor-
poration, Kyoto, Japan) coupled with a Liquid Chromatography-Mass
Spectrometry-8050 triple quadrupole mass spectrometer (Shimadzu
Corporation, Kyoto, Japan). The Ultra Performance Liquid Chromatog-
raphy unit consisted of an SIL-30AC autosampler, an LC20ADXR solvent
delivery module, a DGU-20ASR degassing unit, a CTO-20AC column
oven and an FCV-20AH2 valve unit. The chromatographic separation of
AA was performed on a Hypercarb column (5 pm, 50 x 2.1 mm)
(Thermo Scientific, Waltham, Massachusetts, the USA) connected to a
Hypercarb pre-column (3 pm, 10 x 2.1 mm) (Thermo Scientific, Wal-
tham, Massachusetts, the USA) with a flow rate of 0.2 mL min~! and a
column temperature of 40 °C. A gradient mixture of the A (0.1% formic
acid in MilliQ water) and B (methanol with 0.1% formic acid) mobile
phases was used for elution purposes, following an elution profile
(min/B%) of: 0.0/5, 2.5/5, 3.5/50, 5.0/50, 5.5/5 and 12.0/5. Positive
ionization mode was used for mass spectrometry analysis. A voltage of
4.0 kV was adopted for the turbo ion-spray ionization. The temperatures
of the electrospray ionization probe, dissolution line, and heat block
were set at 300 °C, 250 °C, and 400 °C, respectively. The pressure of the
collision induced dissociation gas was 4 kPa, whereas the flow rates of
the drying gas, nebulizer gas, and heating gas were set at 10 mL min "},
3mLmin~}, and 10 mL min ~%, respectively. The electrode voltage of the
Q1 pre bias (collision cell energy entrance potential), collision cell Q2
(collision energy), Q3 pre bias (collision cell energy exit potential), and
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the parent and fragment ion mass-to-charge of the multiple reaction
monitoring transitions were optimized using support software (Shi-
madzu Corporation, Kyoto, Japan). The dwell time was set at 47.0 ms for
the single reaction monitoring, and the most abundant fragment ion was
selected for quantitation. The second and third fragments in the ion yield
were selected for structural confirmation purposes on the basis of the
optimized single reaction monitoring transition. The precursor/product
ion transitions, that is, mass-to-charge ratio 72.00- 55.10,
72.00 > 27.10, and 72.00 — 44.00, were monitored for AA. The ob-
tained data were processed with LabSolutions software (Shimadzu
Corporation, Kyoto, Japan). The analytical measurements were repli-
cated twice for each biscuit extract. The final concentrations were
expressed as pg kg™! d.w. The AA/ASN molar ratio (%) has been
calculated as the ratio between the AA and the ASN concentration
expressed in mmol kg ! multiplied by 100.

2.6. Statistical analysis

The normal distribution and homogeneity of variances were verified
by performing the Kolmogorov—-Smirnov normality test and the Levene
test, respectively. The effect of the combination of previous crop residue
management throught soil tillage and F application on the AUCGC
vegetation index, Fusarium head blight severity, grain yield, TW, TKW,
GPC, DON, AA, AA/ASN molar ratio, water activity, and biscuit color
was tested by means of an analysis of variance (ANOVA). ANOVA was
applied separately for each agronomic year and genotype to define the
specific effects of the agronomic practices under different environmental
conditions and for different genotypes.

Table 1
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The combined effect of MT_NF and MT_F on ASN concentration in
wholemeal and refined flour for the genotypes Aubusson and Solehio
from two agronomic years (2023 and 2024) was also tested, by means of
ANOVA. The effect of the F application in MT condition on starch, GPC
and the ash content in the refined flour for the Aubusson and Solehio
genotypes from 2023 to 2024 experiments was tested separately, by
means of ANOVA. Multiple comparison tests were performed, according
to the Ryan-Einot-Gabriel-Welsh Q (REGW-Q) method, on the treat-
ment means (p-value <0.05). A linear regression analysis was performed
to understand the relationships between the variation in TKW (ATKW)
and the corresponding variation in ASN (AASN) across the MT_NF and
MTF treatments. SPSS for Windows statistical package, Version
29.0.1.0 (SPSS Inc., Chicago, IL, the USA), was used for statistical
analysis.

3. Results
3.1. Meteorological data

The total monthly rainfall (mm) and average temperatures (°C)
recorded over five agronomic years at the experimental site are reported
in Figure S1. By focusing on the meteorological trend during wheat
ripening (May — June), it can be observed that the highest cumulative
rainfall occurred in 2023 (378 mm), followed by 2024 (288 mm), while
2021 (117 mm) and 2022 (124 mm) were the agronomic years with the
lowest rainfall during the grain filling stages. The average daily tem-
peratures in May and June were relatively consistent across the
considered agronomic years (20 °C), with the exception of 2022, which

Effect of soil tillage and fungicide treatment on area under the greenness canopy during grain filling (AUCGC), Fusarium head blight (FHB) severity, grain yield (GY),
thousand kernel weight (TKW), test weight (TW) and grain protein content (GPC) for the genotype Aubusson during five agronomic years (2020-2024).

year treatment” AUGGC” FHB severity* GY! TKW ™ GPC
(%) (tha™ ® (kg hL ™) (%)
2020 MT_NF 24.6 ab 17.0a 51c 36.1b 69.8 b 114a
MT_F 25.7 a 21c 6.1a 385a 74.4 a 10.8b
CT_NF 22.8b 3.7b 55b 341c 68.8b 10.4 b
CTF 239 ab 0.8d 7.2a 40.2 a 74.0 a 10.3b
p-value 0.024 <0.001 <0.001 <0.001 <0.001 <0.001
2021 MT_NF 24.8b 11.8a 8.4 ab 40.3b 72.7 ¢ 96a
MT_F 254 a 25¢c 9.0a 40.3 b 74.6 b 9.8a
CT_NF 229d 3.9b 7.8b 41.3 ab 74.4b 10.1a
CTF 24.0c 0.7d 8.7 ab 42.4 a 75.5a 9.8a
p-value <0.001 <0.001 0.002 0.005 <0.001 0.102
2022 MT_NF 25.4 ab 15.1a 57c¢ 38.7b 76.7 ¢ 13.3b
MT_F 254 a 51b 6.4b 40.2 a 78.8 ab 13.0b
CT_NF 25.1a 51b 6.7 ab 39.1b 78.6 b 142 a
CTF 25.7 a 0.4c 7.3a 39.1b 79.3a 145a
p-value 0.813 <0.001 <0.001 0.009 <0.001 <0.001
2023 MT_NF 27.6b 25.9a 53c 30.6 b 64.6 b 13.1a
MT_F 29.0 a 6.0 b 88a 36.6 a 70.1a 13.2a
CT_NF 24.4d 7.0b 6.3b 36.2a 69.6 a 13.3a
CTF 26.0c 1.8b 8.0a 36.2a 71.0a 134 a
p-value <0.001 0.022 <0.001 <0.001 <0.001 0.400
2024 MT_NF 26.8 ab 29.8 a 36¢ 32.7b 63.5¢ 128 a
MT_F 27.1a 8.0c 6.7 a 36.4a 68.3b 12.1a
CT_NF 25.5b 11.6b 5.7b 36.3a 69.1 ab 13.1a
CTF 26.4 a 4.3d 6.5a 38.6a 70.4 a 13.1a
p-value <0.001 <0.001 <0.001 0.001 <0.001 0.135

Within each year, means followed by different letters are significantly different, according to the REGW-Q test. The level of significance (p-value) is reported in table.
@ Treatment: MT_NF, minimum tillage not treated with fungicide; MT_F, minimum tillage treated with fungicide at flowering; CT_NF, conventional tillage not treated

with fungicide; CT_F, conventional tillage treated with fungicide at flowering.

> AUCGC calculated as sum of average daily NDVI value from flowering to the end of ripening growth stages.
¢ Percentage of visual symptoms on ear measured at dough ripening according to Parry et al. (1995).

4 Adjusted to a 13% moisture content.
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showed the highest average value (>22 °C), and this led to a quick
senescence of the crop.

3.2. Agronomic parameters

The combined effects of soil tillage and fungicide treatments on the
agronomic traits of the Aubusson genotype across five agronomic years
are reported in Table 1. The main foliar fungal disease over the years was
the Septoria leaf blotch complex, while the symptoms of other diseases,
such as rust, were generally limited. Compared to NF, the F treatment
resulted in a significant increase in AUCGC during ripening, as a
consequence of the control of foliar diseases under both tillage condi-
tions in 2021 (+4% on average), and in 2023 (+5%), although this in-
crease was only observed in 2024 for the CT plots (+3%). Overall, MT
resulted in a significantly higher canopy stay-green than CT in 2021 and
2023, for both F and NF conditions. In 2020 and 2024, the differences in
AUCGC were only significant between MT_F and CT_NF. No significant
differences between the compared treatments were reported for 2022,
the driest and warmest year, as far as crop stay-green during ripening is
concerned.

The Fusarium head blight symptoms varied to a great extent over the
years and across the treatments. The lowest disease severity was
observed in 2021, while the highest was recorded in 2024. MT_NF
consistently showed the highest Fusarium head blight severity over all
five agronomic years, thus confirming the importance of the F treatment
under MT, which reduced severity by 4- to 6-fold. The F effect was also
effective under CT, and it allowed the Fusarium head blight severity to
be reduced over a 3-fold (2024) to 13-fold (2022) range, compared to
CT_NF. Only in 2023 the trend was not so clear: the Fusarium head blight
severity was similar for CT_F and CT_NF, and there were no significant
differences with respect to MT_F, although an overall 5-fold reduction
was observed with respect to MT_NF.

The grain yield and other quality parameters were affected to a great
extent by the treatments over the five agronomic years. Both MT_NF
(2020, 2022, 2023, 2024) and CT_NF (2020, 2023, 2024) resulted in a
lower grain yield than their respective F treatments. The positive effect
of the F application was particularly evident in 2023 and 2024, with
MT _F and CT_F showing grain yield increases of 43% and 17%, respec-
tively, compared to MT_NF and CT_NF. Moreover, MT_NF showed the
lowest grain yield for all the years, except 2021, and it averaged 48%
less than MT_F. MT_F and CT_F performed similarly over the five years,
except in 2022, when CT_F yielded 12% more. The grain yield of CT_NF
consistently outperformed that of MT_NF, except in 2021. The applica-
tion of F allowed the TKW of the Aubusson genotype to be increased on
average by 7% for MT over the five years, except in 2021, when MT_NF
and MT_F did not show any significant differences. The positive influ-
ence of F on TKW was also evident for CT in 2020 and 2021, while the
TKW between CT_NF and CT_F did not vary significantly in the other
years. The TW results reflected the trends observed for TKW. Specif-
ically, F had a significant and positive effect in all years under the MT
conditions (an average increase of +5%), while CT_F showed signifi-
cantly higher TW than CT_NF (an average increase of +3%) from 2020
to 2022, with no significant differences in 2023 and 2024. Under NF
conditions, CT resulted in higher TW than MT in all years, except for
2020. The GPC was affected to a great extent by the different agronomic
treatments in 2020 and 2022. In 2020, the MT _NF resulted in a higher
GPC (48%) than the other tested treatments, as a probable consequence
of a lower starch accumulation, while in 2022, the year with the highest
GPC, the two CT-treatments increased this qualitative trait by 8%,
compared to the MT-ones, probably because of a better plant nitrogen
uptake.

3.3. Concentration of free asparagine (ASN)

The influence of the agronomic treatments on the ASN concentration
in wholemeal flours for the Aubusson genotype over the five agronomic
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years is reported in Fig. 1. The average ASN accumulation ranged from
245 mg kg~!, in 2021, to 572 mg kg~}, in 2024. MT_NF consistently
resulted in the highest ASN content over the different agronomic years.
The F application always significantly minimized the ASN concentra-
tion, compared to the NF condition: ASN in MT _F was reduced by 14%,
26%, 27%, 32%, and 23%, compared to MT_NF, in 2020, 2021, 2022,
2023, and 2024, respectively, even though the observed difference was
not statistically significant in 2021. Looking at the data pertaining to the
CT conditions, it can be observed that the F application led to a signif-
icant reduction in ASN (—31%), compared to NF, albeit only in 2020,
while no significant differences emerged between CT_NF and CT_F for
the other years. This finding underlines the importance of minimizing
the Fusarium head blight inoculum source by using soil tillage practices,
especially when a F treatment is not possible. As far as the comparison
between soil tillage is concerned, ASN was higher in MT for both the F
and NF treatments in 2020, while no significant differences were
recorded in 2021 or 2022. Interestingly, in 2023, the ASN concentration
in both CT treatments was similar to that of MT_F, and on average —28%
less than MT_NF, while, in 2024, both CT treatments resulted in an
accumulation of ASN that was on average —42% less than for MT_F.

In 2023 and 2024, the effects of the combination of soil tillage and
fungicide on ASN were also evaluated in wholemeal flour considering
the Giorgione and Solehio genotypes (Fig. 2). Giorgione was the genetic
variant with the lowest ASN concentration in both years. The combi-
nation of MT and F always resulted in a significant reduction (—32%) of
ASN compared to NF, regardless of the genotype. The effect of F did not
have a significant impact on the ASN grain concentration under the CT
condition. As far as the effect of soil tillage is concerned, a greater in-
crease in ASN was consistently reported for the MT treatments than for
CT in the NF conditions, while MT significantly increased ASN for Sol-
ehio (both years) and Aubusson (2024) in the F-treated plots. Overall,
the ASN concentration reduced when moving from MT _NF to CT_F, in
correspondence to an increasing trend of TKW (Fig. 2). Under MT con-
dition, which was more exposed to fungal diseases, F application
increased the TKW and significantly decreased the ASN concentration
across years and genotypes, with Solehio as the only exception in 2024
(Fig. 3). Thus, an increase in TKW of 1 g resulted in an average decrease
in ASN in the wholemeal flour of 101 mg kg’l.

Results of ASN concentration in refined flour compared to those of
wholemeal flours are showed in Fig. 4. As expected, the average ASN
concentration in the refined flour, during both 2023 and 2024, was
reduced by 3.1-fold, compared to its wholemeal counterpart, due to the
limited inclusion of the pericarp components [6], where ASN is more
abundant. The F application also significantly reduced ASN accumula-
tion in the refined flour, except for Aubusson in 2023 agronomic year.
The results of the compositional analysis of the refined flours reported in
Table S3 show that the reduction in ASN for the MT_F treatment in 2024
was accompanied by an average increase in the starch content of +1.6%.
The GPC also increased by +10% and +6%, respectively, for Aubusson
and Solehio. This result supports the hypothesis that a F treatment im-
proves grain filling and preserving the photosynthetic activity.
Conversely, in 2023, no appreciable difference in the starch content was
detected between MT F and MT_NF, despite a difference in the ASN
accumulation. This suggests that, apart from the dilution effect due to a
better grain filling, additional physiological responses to the specific
conditions may also have played a role in modulating the final ASN level
of the wheat kernel.

3.4. Acrylamide (AA) content and biscuit color

The wholemeal flours from the Aubusson and Solehio genotypes
harvested in 2023 were used to produce biscuits. Overall, the AA for-
mation followed a consistent pattern for both genotypes, although some
specific differences were observed (Table 2). When biscuits were made
with wholemeal flour from wheat treated with F, a significant reduction
in AA formation was always observed, compared to the NF conditions
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Fig. 1. Effect of soil tillage and fungicide treatment® on free asparagine (ASN) concentration in wholemeal flour for Aubusson genotype cultivated in five agronomic

years (2020-2024).

@ Treatment: MT_NF, minimum tillage not treated with fungicide; MT_F, minimum tillage treated with fungicide; CT_NF, conventional tillage not treated with
fungicide; CT_F, conventional tillage treated with fungicide.
Within each year, different letters above the columns indicate significant differences between the treatments according to the REGW-Q test (p-value <0.05).
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Fig. 2. Effect of soil tillage and fungicide treatment® on free asparagine (ASN) concentration in the wholemeal flour and on thousand kernel weight (TKW) of three
wheat genotypes and two agronomic years (2023-2024).
@ Treatment: MT_NF, minimum tillage not treated with fungicide; MT_F, minimum tillage treated with fungicide; CT_NF, conventional tillage not treated with
fungicide; CT_F, conventional tillage treated with fungicide.
Within each year and genotypes (Giorgione, Aubusson, Solehio), different letters above the columns indicate significant differences between the treatments according

to the REGW-Q test (p-value <0

.05).
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Fig. 3. Differences in the free asparagine concentration (AASN) in the whole-
meal flour as a function of difference in the thousand kernel weight (ATKW).
Each point represents the average difference in ASN concentration (mg kg™ 1)
and TKW (g) between MT_NF (minimum tillage not treated with fungicide) and
MT_F (minimum tillage with fungicide application at flowering) for selected
wheat genotypes: Aubusson (from 2020 to 2024), Giorgione (2023-2024) and
Solehio (2023). The grey square shape referred to Solehio 2024, which is not
included in the relation due to its outlier value.
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Fig. 4. Free asparagine (ASN) concentration in wholemeal (ash >1.5%) and
refined flour (ash <0.60%) of two wheat genotypes and two agronomic years
(2023 and 2024) for the MT_NF (minimum tillage not treated with fungicide)
and MT_F (minimum tillage treated with fungicide) treatments®.

Within each year (2023 and 2024) and genotypes (Aubusson and Solehio),
different letters above the columns indicate significant differences between the
treatments (black, wholemeal flour; grey, refined flour; *Treatments: MT_NF,
minimum tillage not treated with fungicide and MT_F; minimum tillage with
fungicide application at flowering) according to the REGW-Q test (p-
value <0.05).
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(—14% on average). MT_F wholemeal biscuits accumulated —22% of AA
on average, compared to MT_NF. The biscuits produced with the MT_NF
and CTF flours showed the highest and lowest formations of AA,
respectively, for both genotypes, while the biscuits made with the CT_NF
flours exhibited intermediate values. No difference between MT_F and
CT_F was observed for Aubusson, while MT_F had a significantly higher
AA concentration than CT_F for Solehio (+14%), but showed no sig-
nificant difference from the CT_NF condition.

The AA formation pattern in the biscuits closely reflected the ASN
concentration in the raw wholemeal flours (Fig. 2). The AA/ASN molar
ratio did not show any significant differences between treatments for
genotype Aubusson, thus confirming the correspondence between the
precursor and the process contaminant for the four treatments. Whereas,
for the genotype Solehio, in MT_NF the AA/ASN molar ratio was —32%
lower than CT_F, but statistically similar to both MT_F and CT_NF. No
significant differences were observed in the water activity or CIE*Lab
colorimetric parameters of the baked biscuits for the compared treat-
ments, except for the B.I. of the biscuits produced with the Solehio flour
treated with CT_NF, which showed a 10% lower B.I. than those made
with the MT_NF flour, which exhibited the highest B.I. value.

3.5. Deoxynivalenol (DON) in the flour and biscuits

The contamination by DON of the wholemeal flours and biscuits for
the Aubusson and Solehio genotypes cultivated in 2023 was quantified
(Fig. 5). On average, Aubusson exhibited 1.7-fold higher DON contam-
ination than Solehio across the treatments, but both genotypes showed a
consistent decrease from MT_NF to CT_F, with 13-fold and 32-fold re-
ductions, respectively. On average, MT always resulted in a higher DON
content than CT in both flour and biscuits, as can be seen in Fig. 5.
Regarding the DON concentration detected in the wholemeal flour, the
MT-treatments for Aubusson resulted in a 4.4-fold higher DON content
than the average of the two CT-treatments, while the differences were
even higher for Solehio, with a 14-fold reduction for MT, compared to
CT. The F application in MT conditions led to a significant reduction of
the DON content in the wholemeal flours, with MT_F that showed a 4.5-
fold and 3.2-fold reduction than MT_NF, respectively for Aubusson and
Solehio. Indeed, for both genotypes, CT_F did not result in a significant
reduction of the DON contamination compared to the CT_NF condition.
The DON content in the baked biscuits reflected those observed in the
flours: MT_NF biscuits were generally the most contaminated for both
genotypes, MT_F biscuits showed a 3-fold reduction, and CT_NF reduced
DON 19-fold compared to the MT_NF biscuits.

4. Discussion

Resorting to appropriate agronomic practices to minimize ASN levels
in wheat grain is recommended and has been suggested by the European
Union as a key strategy to mitigate AA formation [4]. It is well known
that the ASN concentration in wheat grains at harvest is influenced by
several factors, including the genotype [7], pedo-climatic conditions
[30], fertilization regimes [11], and their interactions. In this context,
the present study aimed at investigating the combined effects of
different soil tillage and fungicide treatments on ASN accumulation,
focusing on the role fungal diseases play on grain ripening. The moni-
toring of AA formation in the final baked wholemeal biscuits provided
evidence of the impact of agronomic practices on the formation of this
process contaminant, highlighting the need for a supply chain approach
to reduce its accumulation.

Our study consistently showed high ASN levels for different wheat
genotypes and over different agronomic years whenever there was no
appropriate control of fungal diseases, in particular for the MT condi-
tions, which were more prone to Fusarium head blight infection as the
soil borne Fusarium head blight inoculum is strictly influenced by the
type of tillage [18]. The levels of AA measured in the final wholemeal
baked products mirrored the differences in ASN concentrations of the
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Table 2
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Effect of soil tillage and fungicide treatment on acrylamide (AA) concentration, acrylamide (AA) to free asparagine (ASN) molar ratio, activity water (a,) and color
parameters for biscuits made with the wholemeal flour of two genotypes of soft wheat from one agronomic year (2023).

genotype treatment” AA AA/ASN ay biscuit color”
(pg kg™ (molar ratio %) L* a* b* B.L¢
Aubusson MT_NF 2350 a 0.80 a 0.24a 67.5a 7.2a 30.0 a 70 a
MT_F 1712 ¢ 0.79 a 0.28 a 68.3 a 7.4a 30.0 a 68 a
CT_NF 1996 b 0.86 a 0.26 a 68.1 a 7.3a 29.7 a 69 a
CTF 1825 ¢ 0.86 a 0.26 a 67.8 a 7.2a 29.8 a 69 a
p-value <0.001 0.804 0.665 0.634 0.864 0.786 0.83
Solehio MT_NF 2033 a 0.71b 0.26 a 66.4 a 7.7a 30.4a 74 a
MT.F 1877 b 0.79 ab 0.23 a 67.4a 7.2a 299a 70 ab
CT_NF 1773 b 0.87 ab 0.29 a 68.6 a 6.9a 29.5a 67 b
CT_F 1613 c 0.94 a 0.30 a 67.4 a 7.4a 30.2a 71 ab
p-value <0.001 0.024 0.096 0.281 0.254 0.245 0.046

Within each genotype, means followed by different letters are significantly different, according to the REGW-Q test. The level of significance (p-value) is reported in

table.

# Treatment: MT_NF, minimum tillage not treated with fungicide; MT_F, minimum tillage treated with fungicide; CT_NF, conventional tillage not treated with

fungicide; CT_F, conventional tillage treated with fungicide.

b Color parameters refer to the powdered biscuits and are based on the CIE*Lab method: L* - lightness, a*- variation between green (-a*) and red (+a*), b* - variation
between blue (-b*) and yellow (+b*), B.I. — browning index, intensity of brown coloration.

¢ B.I. has been calculated as reported by Schouten et al. (2022)
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Fig. 5. Effect of soil tillage and fungicide treatment® on deoxynivalenol (DON)
contamination in wholemeal flours and biscuits in two wheat genotypes in 2023
agronomic years.

@ Treatment: MT_NF, minimum tillage not treated with fungicide; MT_F, mini-
mum tillage treated with fungicide; CT_NF, conventional tillage not treated
with fungicide; CT_F, conventional tillage treated with fungicide. Within each
genotype (Aubusson and Solehio) and product (flour and biscuits), different
letters above the columns indicate significant differences between the treat-
ments according to the REGW-Q test (p-value <0.05).

raw wholemeal flours. This close correlation supports previous findings
of Zilié et al. [6] and underscores the need for effective field in-
terventions to lower ASN in raw materials, especially when they are used
for wholemeal products. However, the differences detected in the
AA/ASN molar ratio for Solehio, even if only between two conditions
(MT_NF and MT_F) highlight that the formation of AA could depend also
by other parameters, like the overall flour composition [3].

Our data also provided a possible mechanistical explanation of the
differences in the ASN concentration, which were associated with var-
iations in TKW and TW of the wheat kernels. Specifically, MT_NF
consistently showed lower TKW and TW, but higher ASN concentrations
than MT F and CT_F. This pattern might suggest a potential “dilution
effect” of ASN when the TKW and TW increased, as a consequence of the
higher weight of kernels, which indicates a proper grain filling [31].
Since ASN is predominantly concentrated in the outer kernel layers, such
as the pericarp and germ [8,9], an increased endosperm volume results
in a greater proportion of tissues that are naturally low in ASN, with

respect to the whole kernel.

The observed variations in TKW and TW in this study were associated
with the severity of foliar diseases (monitored as a higher stay green and
expressed through the AUCGC index) and of Fusarium head blight, both
of which are closely related to preventive (soil tillage) and direct fungal
disease control strategies [32]. Foliar diseases can colonize the leaves,
stems, and internodes of wheat, and they have been associated with a
reduction in the photosynthetic activity [18]. Fusarium head blight
directly affects the spikes shortly after flowering by shortening the grain
filling period [33], producing shrivelled kernels [34]; infected kernels
are characterized by an elevated pericarp-to-endosperm ratio, which has
a marked impact on TKW and TW [35]. Our results indicate that Fusa-
rium head blight influence the ASN accumulation to a greater extent
than foliar diseases. Soil tillage explained most of the variance in the
ASN concentration (37%; Figure S2). In our study, Fusarium head blight
severity was higher under MT than under CT for all the considered
agronomic conditions, and this led to a consistent decrease in TKW and
an increase in the ASN concentration in the wheat grains. The variations
in the grain dimensions and ASN concentrations in the wholemeal flour
between the compared agronomical treatments were highest in the 2023
and 2024 agronomic years, the two years with the greatest Fusarium
head blight severity. Moreover, under MT conditions, the variations in
TKW explained more than 50% of the change in the ASN concentrations
(Fig. 3). Conversely, the contribution of the F application toward
increasing TKW in CT, with a lower Fusarium head blight severity, was
less evident. The efficacy of F application should be considered in
relation to the others agronomic management practices. Capo & Blan-
dino [18] emphasized that effective fungal control strategies should be
tailored to the cropping system: when Fusarium head blight control is
the priority, a F application at flowering is strongly recommended,
especially under MT conditions, to minimize yield losses and preserve
grain weight, while the control of foliar disease in temperate growing
areas could benefit more from an early F application, carried out at the
booting stage. The remaining variability in ASN concentration may be
explained by additional factors able to influence the plant physiology.
Differences in diseases severity [9,36], as well as variations in envi-
ronmental conditions and nutrient availability [9], are known to influ-
ence plant stress responses and, consequently, ASN accumulation.
Genotype-specific physiological traits [10] and exposure to DON have
been shown to further influence the ASN accumulation [37]. In this
context, some observations, such as the 2021 agronomic year or the
behaviour of Solehio in 2024, did not fully align with the general trends
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regarding the relation between F application, Fusarium head blight and
TKW variation. These deviations suggest that ASN accumulation is also
regulated by stress-related metabolic responses which may override the
positive effects of F application on grain filling. For this reason, in
addition to the limitation of fungal diseases through soil tillage and F
application, other agronomic practices can also play a role in prolonging
grain filling, favouring a higher TKW and reducing the mechanisms
which trigger ASN synthesis. The sowing density should be correctly
managed to avoid excessive leaf shading and competition for resources
among plants, thereby impairing photosynthetic efficiency and grain
development [38], while late sowing can lead to smaller kernels and an
increased disease susceptibility [39]. Balanced nitrogen supplements are
crucial to ensure an efficient photosynthesis and prolong the stay green
during ripening [40]. The selection of genotypes with a higher grain
dimension or with an extended stay green, which improves grain filling,
even under stress conditions, could offer a contribution toward
increasing the kernel dimensions and diluting the ASN concentrations in
wholemeal flour [41]. In addition to the possible pericarp-to-endosperm
dilution effect in wholemeal flours previously discussed, crop practices
tested in this study have proved to have a significant impact on AA
precursor, even in refined flour. In our study, the outer pericarp layers,
known to contain higher ASN levels, were removed during the produc-
tion of refined flour, preventing them from contributing to the final ASN
concentration. Interestingly, the results highlight a significant and
consistent reduction of the ASN concentration in the refined flour
following the F application, which, in this case can not be explained by
the differences in the pericarp-to-endosperm ratio, instead this decrease
likely reflects a specific physiological response of the plants. ASN is a key
amino acid that is involved in nitrogen transport and plant defence
mechanisms [36]. Moreover, its biosynthesis and accumulation could be
affected by stress conditions, such as nutrient deficiency or high disease
severity [9]. Recent findings indicate that protein degradation in sen-
escing or diseased tissues releases ASN, which is then translocated to the
grain [42]. Moreover, during fungal infection, plants convert
stress-induced ammonia into ASN as part of their defence strategy [24],
and exposure to DON has been shown to further increase ASN accu-
mulation [37]. As far as wheat grain safety is concerned, field conditions
that favor Fusarium head blight not only increase the formation of AA in
wholemeal bakery products but also raise the risk of DON contamina-
tion. Our study has confirmed that the presence of previous crop resi-
dues on the soil surface increases the risk of DON content in wholemeal
flours and biscuits, and a correct F application at flowering could
partially limit the accumulation of this contaminant [18,43]. In this
context, a combined application of CT and F that is able to prevent field
conditions that favor Fusarium head blight development and impair
grain filling can be used to limit both natural toxins (DON) and the
processing (AA) contaminants of baked goods. In addition to the effects
of soil tillage and F use, Fusarium head blight and DON contamination
are influenced to a great extent by crop rotation and varietal suscepti-
bility, as well as by the meteorological trends during the flowering and
ripening growth stages [44,45]. Since DON has been shown to exacer-
bate the carcinogenic potential of AA [43], adopting a single strategy to
mitigate both contaminants is of particular relevance to reduce con-
sumers’ exposure to food safety risks.

5. Conclusions

This study has investigated the combined effect of a soil tillage sys-
tem and F application on the concentration of ASN in wheat grains, and
their implications on the formation of AA in wholemeal baked biscuits.
We also assessed the impact of these agronomic strategies on refined
flours. The results obtained over different agronomic years and across
different genotypes not only showed the key role such agronomic stra-
tegies played on fungal disease severity and mycotoxin contamination
but also demonstrated how the combination of soil tillage and F
significantly affected the ASN concentration in the grain at harvest and
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the resulting of AA content in wholemeal baked goods.

The higher ASN concentration detected for the MT and/or NF con-
ditions were mainly attributable to severe Fusarium head blight in-
fections, which shortened grain filling and impaired starch
accumulation in the endosperm, thereby limiting the TKW and
increasing the pericarp-to-endosperm ratio. Thus, agronomic practices
that promote a proper grain filling and endosperm development have
the potential to favor the dilution of ASN, which is mainly localized in
the pericarp layers. Furthermore, the differences in ASN that we also
observed in the refined flour, in which the ASN derived from the peri-
carp was discharged, suggest that the physiological response of the
plants to different crop practices plays also a relevant role. These results
open the way toward further studies that could be undertaken to un-
derstand the metabolic mechanisms involved in these processes and
their relationship with the biotic or abiotic stresses of the crop.

Although the role of agronomic techniques can vary according to the
environmental conditions, these findings highlight that agronomic
practices that are able to reduce disease severity and preserve a normal
photosynthetic activity allow the ASN concentration in whole kernels
and the formation of AA in baked goods to be limited. Moreover, this
study has demonstrated the feasibility of identifying solutions that
simultaneously mitigate both natural (DON) and process-contaminants
(AA), while ensuring the safety of the final food products. The find-
ings of this study could be integrated with the knowledge that is already
available on the design of cropping system to limit the accumulation of
ASN (mainly genotype selection and an appropriate fertilization), and to
support the European Union's goal of controlling the risk of AA through a
farm-to-fork approach.
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L., browning index, intensity of brown coloration; b*, variation between
blue (-b*) and yellow (+b*); CT, conventional tillage; DON, deoxy-
nivalenol; d.w., dry weight; F, application of fungicides at flowering;
FHB, Fusarium head blight; GPC, grain protein content; L*, lightness;
min, minutes; MT, minimum tillage; NDVI, normalized difference
vegetation index; NF, not treated with fungicide; REGW-Q, Ryan-Einot-
Gabriel-Welsch Q statistical test; rpm, revolutions per minute; TKW,
thousand kernel weight; TW, test weight; v/v, volume per volume;
AASN, variation in free asparagine ATKW, variation in thousand kernel

weight;
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