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Abstract: Bread wheat is one of the main crops cultivated worldwide that can be affected by
fungal diseases as Fusarium head blight. The aim of this work was to analyze the
effect of sowing date and nitrogen fertilization on the  F. graminearum  -wheat
interaction. The experiment was carried out involving two sowing dates with different
nitrogen fertilization and  F. graminearum  inoculation treatments. A total of 32
variables related to the disease parameters, mycotoxin production, grain quality, gluten
composition, and seed deterioration were evaluated. Disease severity was significantly
increased after  F. graminearum  inoculation (2.2-fold) while mycotoxin production
increased significantly for the delayed sowing date: deoxynivalenol (3.2-fold), 3-ADON
(3.6-fold), nivalenol (8-fold), and zearalenone (5-fold).
Regarding grain quality, the delayed sowing date showed a decrease in the protein
percentage (-15%) and gluten concentration (-17.9%), while an increase of test weight
(+6.2%) were observed. Seed deterioration variables showed differences among
longevity parameters showing an increase in seed vigor and viability in the late sowing
date. In conclusion, sowing date and nitrogen fertilization could affect FHB severity,
mycotoxin contamination, and grain quality.
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1) As far as possible, the abstract should contain some real analysis data (of 
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reviewer's suggestions.  
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Reviewer #1: The paper describes a study on integration of the data from complex 

experiment involving N fertilization, Fusarium graminearum infection and sowing date 

alterations, conveyed to reveal the relationship between these traits and their impact on 

the FHB severity and mycotoxin production. 

The manuscript was generally well-prepared and presents some new results, however, it 

is overwhelmed with data and could be more compact. Some parts of it, including the 

information given need careful attention and improvement. My main specific comments 
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(e.g. lines 122-132). 

Introduction section was improved according to the reviewer's suggestions. (Page 4-

7, lines 95-163).  

 

Materials and methods’ description is exhaustive and gives all the information needed for 

repeating the experiments. I have no specific comments for this section. 
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The FHB disease parameters were affected by the inoculation treatment; however, 

this treatment did not affect the mycotoxin contamination. The high Fusarium 
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Effects of sowing date,  and nitrogen fertilization, and in Fusarium graminearum -1 

in an Argentinean bread wheat interaction: integrated analysis of disease 2 

parameters, mycotoxin contamination, grain quality, and seed deterioration. 3 

 4 

Abstract 5 

Bread wheat is one of the main crops cultivated worldwide that can be affected by fungal 6 

diseases as Fusarium head blight. The aim of this work was to analyze the effect of sowing 7 

date and nitrogen fertilization on the F. graminearum-wheat interaction. The experiment 8 

was carried out involving two sowing dates with different nitrogen fertilization and F. 9 

graminearum inoculation treatments. A total of 32 variables related to the disease 10 

parameters, mycotoxin production, grain quality, gluten composition, and seed 11 

deterioration were evaluated. Disease parameters severity were was significantly 12 

increased after F. graminearum inoculation (2.2-fold), while mycotoxin production 13 

increased significantly for the delayed sowing date: deoxynivalenol (3.2-fold), 3-ADON 14 

(3.6-fold), nivalenol (8-fold), and zearalenone (5-fold. ). 15 

Regarding grain quality, the early delayed sowing date showed a better decrease in the 16 

protein percentage (-15%) and gluten concentration (-17.9%), while  an increase of the 17 

late sowing date showed a better grain structure and test weight (+6.2%) were observed. 18 

Seed deterioration variables demonstrated slightshowed differences among longevity 19 

parameters showing an increase in seed vigor and viability in the late sowing date. In 20 

conclusion, sowing date and nitrogen fertilization could affect FHB severity, mycotoxin 21 

contamination, and grain quality.  agronomic practices may influence the biotic and 22 

abiotic interaction, suggesting the importance of an integrated analysis to optimize the 23 

innocuity and quality of wheat grains. 24 

 25 
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Abbreviations 30 

DISK: deoxynivalenol content, incidence, severity, and kernel damage index 31 

DON: deoxynivalenol 32 

EC: electrical conductivity 33 

EC0: electrical conductivity at the beginning of the accelerated aging assay  34 

EC10: electrical conductivity at ten days of the accelerated aging assay 35 

F: Fusarium graminearum treatment 36 

F0: control treatment 37 

F1: inoculated treatment 38 

FDK: incidence and severity indexFusarium damaged kernel 39 

FHB: Fusarium head blight 40 

G%: gluten percentage 41 

GLI/GLU: ratio between contents of gliadins and glutenins 42 

GLI: gliadins 43 

GLU: glutenins 44 

Glu-A1x/HMW: contents of glutenin subunit encoded by Glu-A1x locus relative to total 45 

high molecular weight glutenins 46 

Glu-B1x/HMW: contents of glutenin subunit encoded by Glu-B1x locus relative to total 47 

high molecular weight glutenins 48 

Glu-B1y/HMW: contents of glutenin subunit encoded by Glu-B1y locus relative to total 49 

high molecular weight glutenins 50 
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Glu-D1x/HMW: contents of glutenin subunit encoded by Glu-D1x locus relative to total 51 

high molecular weight glutenins 52 

Glu-D1y/HMW: contents of glutenin subunit encoded by Glu-D1y locus relative to total 53 

high molecular weight glutenins 54 

GR: global radiation 55 

GW: grain weight 56 

HMW/LMW: ratio between contents of high molecular weight and low molecular weight 57 

glutenin subunits 58 

HMW: high molecular weight glutenin subunits 59 

IPAR: intercepted photosynthetically active radiation 60 

ISK: kernel damage index 61 

LARC: lactic acid 5% v/v retention capacity 62 

LMW: low molecular weight glutenin subunits 63 

N: nitrogen 64 

N0: unfertilized treatment 65 

N1: fertilized treatment 66 

NIV: nivalenol 67 

Pp: precipitations 68 

Pro%: protein percentage 69 

RH: relative humidity 70 

S.V.: source of variation 71 

SCRC: sodium carbonate 5%w/v retention capacity 72 

SD: sowing date 73 

SD1: early sowing date 74 

SD2: late sowing date 75 
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SDSS: sodium dodecyl sulfate sedimentation test 76 

SPAD: estimated chlorophyll content in flag leaf 77 

SRC: solvent retention capacity 78 

SS%: percentage of the sum of squares respect to the model  79 

SuRC: sucrose 50%w/v retention capacity 80 

T50: time to reach 50 % of total germination 81 

Tmax: maximum temperature  82 

Tmed: mean temperature  83 

Tmin: minimum temperature 84 

TW: test weight 85 

WC: water content 86 

WRC: distilled water retention capacity 87 

ZEA: zearalenone  88 

3-ADON and 15-ADON: deoxynivalenol acetylated derivatives 89 

α-β-γ-gli: α-β-γ-gliadins 90 

ω-gli/α-β-γ-gli: ratio between ω-gliadins and α-β-γ-gliadins 91 

ω-gli: ω-gliadins 92 

 93 

1. Introduction  94 

Bread wheat (Triticum aestivum L.) is one of the main crops cultivated worldwide, as it is 95 

an important food source for direct consumption. The primary use of bread wheat is for 96 

flour production and the baking industry. The viscoelastic properties of wheat dough make 97 

it suitable for several bakery products, where gluten proteins play a significant role in 98 

determining wheat baking quality (Horvat et al., 2015). In this context, Fusarium head 99 

blight (FHB) is one of the most important fungal diseases that can severely affect crop 100 
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production over the worldworldwide. This fungal disease is observed mainly in regions 101 

with warm and wet climates during the flowering stage of several cereal crops (Reis & 102 

Carmona, 2002). In bread wheat, reductions in grain yield, grain quality, and seed 103 

viability, with the associated production of high mycotoxin concentrations, have been 104 

reported as the main adverse effects of FHB (Dubin et al., 1997). The type and amount of 105 

mycotoxins produced by Fusarium species can fluctuate among harvest seasons, 106 

depending mainly on climatic conditions, agronomic management, and storage conditions 107 

(Placinta et al., 1999). Trichothecenes are one of the most important mycotoxins produced 108 

by Fusarium spp. and have been frequently associated with feed refusal, vomiting, and 109 

suppressed immune functions in humans and animals (Desjardins, 2006). Fusarium 110 

graminearum sensu stricto, belonging to Fusarium graminearum species complex, is the 111 

prevalent species isolated worldwide, showing high variability in their genomic pool and 112 

toxigenic production (Ortega et al., 2016). Regarding F. graminearum, tThis pathogen has 113 

the capacity tocan produce a wide range of mycotoxins, mainly deoxynivalenol (DON) 114 

and its acetylated derivatives (3-ADON and 15-ADON) (Desjardins, 2006). These 115 

mycotoxins are the most common in corn, rice, and wheat worldwide (Palacios et al., 116 

2017; Gab-Allah et al., 2021). For this reason, several countries have established 117 

regulatory limits for DON in foodstuff. For instance, in Argentina, the maximum 118 

regulatory limit of DON is established at 1000 µg/kg for wheat flour Fusarium 119 

graminearum sensu stricto, belonging to Fusarium graminearum species complex is the 120 

prevalent species isolated worldwide, showing high variability in their genomic pool and 121 

toxigenic production (Ortega et al., 2016).Moreover, F. graminearum has the ability to 122 

produce and other mycotoxins such as aurofusarin, fusarin C, nivalenol (NIV), and 123 

zearalenone (ZEA), an important mycotoxin that can cause hyperestrogenism and affects 124 

sexual reproduction in monogastrics (Desjardins, 2006; Leslie & Summerell, 2006).  125 
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The challenge to increase agricultural production with minimum environmental impact 126 

requires maximizing resources such as solar radiation, water, and nitrogen. In this way, 127 

one of the most used systems worldwide is crop rotation as an agronomic practice to 128 

achieve ecological intensification. These agronomic management practices should follow 129 

an integrated approach to FHB management, including resistant genotypes, crop rotation, 130 

tillage practices, chemical control, sowing date, and the appropriate use of fertilizers 131 

(Lemmens et al., 2004). However, the impact of N fertilization on FHB development 132 

remains unclear. Several studies performed in wheat support that the increase of the N 133 

application rate can affect FHB severity (Heier et al., 2005) and mycotoxin contamination 134 

(Krnjaja et al., 2015) depending on the environmental conditions. On the other hand, 135 

contrary results have been obtained suggesting that N fertilization does not produce 136 

changes in these parameters (Aufhammer et al., 2000). Another major factor that can 137 

affect FHB development is the sowing date. For instance, Gorczyca et al. (2018) found 138 

significant increases in FHB symptoms when the sowing date was delayed three weeks 139 

after the optimal sowing date in Austria, Slovakia, and Poland. These could be due to 140 

favorable temperature and humidity conditions, before and during the flowering stage, for 141 

fungal growth.  142 

Depending on the climatic conditions that modulate the plant-pathogen interaction, FHB 143 

can affect the viability of the seeds and different aspects of the raw material in the food 144 

industry. In addition, this disease reduces yield due to a decrease in grain weight, 145 

compromising the germination and vigor of the seeds (Christensen & Kaufmann, 1965; 146 

Bewley et al., 2012Christensen & Kaufmann, 1965; Bewley et al., 2012). Furthermore, 147 

FHB reduces the starch content of the grains and degrades different gluten protein 148 

subunits, causing a lower bread-baking quality (Martínez et al., 2020). Within the biotic 149 

factors that can influence seed longevity during storage, Fusarium species become 150 
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relevant for wheat (Gilbert et al., 1997; Bewley et al., 2012Gilbert et al., 1997; Bewley et 151 

al., 2012), being the pathogen able to degrade gluten proteins (Birzele & Prange, 2003; 152 

Garcia-Cela et al., 2018; Bellesi et al., 2019 Bellesi et al., 2019).  153 

The intensification of crop production to meet global food demands must address the 154 

complexity of agricultural systems, considering interactions among management factors 155 

in relation to productivity but also the integral quality of the grains. The effect of N 156 

fertilization on grain protein concentration and gliadins/glutenins composition is widely 157 

known, which is related to the bread-baking quality of wheat (Zhang et al., 2016; Tóth et 158 

al., 2019). However, the interaction between N fertilization, sowing date, and FHB 159 

development remains unclear. Therefore, the aim of this work was to analyze the effect of 160 

sowing date and nitrogen fertilization on the F. graminearum-wheat interaction. 161 

Furthermore, disease parameters, mycotoxin contamination, grain quality, and seed 162 

deterioration were evaluated. 163 

 164 

2. Materials and methods 165 

2.1 Experimental design 166 

The experiment was carried out at the Experimental Farm of the Facultad de Agronomía, 167 

Universidad Nacional del Centro de la Provincia de Buenos Aires (UNCPBA) (36°83´ S, 168 

59°88´ O), Azul, Argentina. The trial was conducted during the 2018/2019 growing 169 

season under conventional tillage. The soil is a typical Argiudoll with the following 170 

features: low level of organic matter (3.84 %) (0-20 cm deep; Walkley & Black, 1934), 171 

moderately acid pH (5.97) (1:2.5, water; 0-20 cm deep), moderate availability of 172 

phosphorus (18.94 ppm) (0-20 cm deep; Bray & Kurtz, 1945), and low availability of N-173 

nitrate (27.4 kg N/ha) (by reflectometry; 0-20 and 20-40 cm deep). Crop phenology was 174 

recorded according to Zadoks et al. (1974). A genotype of bread wheat (cv. Klein Proteo) 175 
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was chosen based on intermediate-short cycle length, good and stable fertilizer-use 176 

efficiency (Arata et al., 2017), high protein percentage (Lerner et al., 2016), and good 177 

baking quality (Quality Group 1; INASE, 2020). According to INASE (2020), this 178 

genotype was resistant to FHB, but recently Martínez et al. (2020) demonstrated that this 179 

cultivar was moderatelyFurthermore, this genotype was chosen due to the susceptibility 180 

susceptible to Fusarium spp. under field conditions (Martínez et al., 2020).  181 

For the present study, two contrasting sowing dates were chosen according to the limits 182 

of the recommended range for bread wheat (intermediate-short cycle length genotypes) 183 

for the study area (Argentinean wheat subregion IV). The sowing dates evaluated were: 184 

July 04, 2018 (SD1) and August 24, 2018 (SD2). Plant density was 250 plants m2, and 185 

basal phosphorus (30 kg P/ha, as triple super phosphate) and sulphur (15 kg S/ha, as 186 

CaSO4) fertilization were applied topdressing at sowing. For each sowing date, the 187 

experimental design was split-plot in a randomized complete block with three repetitions, 188 

using macro-plots of 9.5 x 1.4 m, assigning the N fertilization treatments to the main plots 189 

and F. graminearum treatments to the subplots. For nitrogen treatments, urea (46-0-0) was 190 

used because it is the most common N fertilizer used in the study area. Nitrogen 191 

fertilization treatments were N0 (0 kg N/ha) and N1 (180 kg N/ha, applied as topdressing 192 

with 40% applied at GS11 and 60% at GS22), while F. graminearum treatments were F0 193 

(control) and F1 (inoculated). Weeds were chemically controlled by the application 194 

ofapplying herbicide (6 g/ha metsulfuron-methyl + 100 cm3/ha dicamba) at the 4- 195 

unfolded- leaves (GS14) stage of the wheat, while pest control was not required. The 196 

experiment was conducted without supplemental irrigation or fungicide treatments. 197 

A mixture of four F. graminearum (3.4, 88.1, 92.2, and 129.1 isolates) previously isolated 198 

and morphologically and molecularly identified by Castañares et al. (2014) were used as 199 

inoculum based on mycotoxin in vitro production. The inoculum was produced by placing 200 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



9 
 

 
 

individual agar plugs with mycelium in Petri dishes (90 mm) with potato dextrose agar 201 

2% (PDA). The time of incubationincubation time was 7 days at 25 ± 2°C under 12 h each 202 

of light and darkness. The conidial harvest was done by flooding the plates with 5 ml of 203 

sterile distilled water (SDW) and dislodging the conidia with a bent glass rod, according 204 

to Martínez et al. (2020). Wheat heads were inoculated during mid-anthesis (GS60-GS65) 205 

with conidial suspensions (1 x 105 conidium/ml) with Tween 20 (0.05%), applied until 206 

run-off using a hand-held garden sprayer (2 lL) with adjustable brass nozzles. The 207 

inoculation was carried out, keeping a distance between the nozzle and the spikes of 208 

around 5 cm to avoid spore dispersion. The moment of inoculation was determined 209 

according to environmental conditions such as the absence of wind (to limit the drift of 210 

the inoculum to neighboring plots) and high relative humidity (RH>80%) to avoid the 211 

evaporation of the inoculum. For control treatment, SDW with Tween 20 (0.05%) was 212 

used to inoculate. Daily records of mean (Tmean), minimum (Tmin) and maximum 213 

(Tmax) temperatures, precipitations (Pp), average relative humidity (RH), and global 214 

radiation (GR) were obtained from the Field Climate Station (iMetos 3.3, ID 0020373B, 215 

Pessl Instruments®, Austria) located near the experiments, belonging to the Regional 216 

Agrometeorology Center (FAA-UNCPBA 2020). At the time of inoculation, the 217 

intercepted photosynthetically active radiation (IPAR) by the crop was determined with a 218 

ceptometer (BAR-RAD 100, Cavadevices®, Argentina) as described by Lázaro et al. 219 

(2010), and the chlorophyll content in flag leaf was estimated (SPAD-502 Plus, Minolta®, 220 

Japan). At maturity (GS94), spike samples along the five central rows of each subplot 221 

were manually harvested and mechanically threshed. 222 

 223 

2.2 Disease parameters and mycotoxin contamination 224 
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Disease assessment was conducted at 21 days post-inoculation (dpi). Incidence (number 225 

of spikes with symptoms) and severity (number of spikelets with symptoms per spike) 226 

were measured by counting the number of symptomatic spikelets. Forty spikes were 227 

selected at random in each subplot, and typical lesions (bleaching spikelets) were 228 

registered (Campbell & Lipps, 1998). Three indices were calculated: (i) FHB index 229 

(FHB= Incidence*Severity/100) (Snijders, 1990); (ii) ISK index [ISK= 0.3 x Incidence + 230 

0.3 x Severity + 0.4 x Fusarium Damaged Kernels (FDK- as percentage of symptomatic 231 

kernels)] (Kolb &and Boze, 2003); (iii) DON content, incidence, severity, and kernel 232 

damage (DISK) index (DISK= 0.2 x Incidence + 0.2 x Severity + 0.3 x FDK + 0.3 x DON 233 

concentration) (Gilbert & Woods, 2006). 234 

After harvest, the grain samples were quartered (Cereal Tools®, Argentina) and milled 235 

with a high-speed disintegrator FW-110 (Arcano©; Pasteur Instrumental, Argentina) for 236 

toxin analyses. For each sample (10 g), a volume of 20 ml of extraction solvent 237 

(CH3CN/H2O/HAc 79 + 20 + 1) was added. To facilitate extraction, the samples were 238 

homogenized with an Ultra-turrax® for 3 min and sonicated for 60 min, then centrifuged 239 

for 5 min at 3000 rpm. For each sample, a 10 ml volume of extract was transferred into a 240 

glass vial and evaporated dryness at 45 °C under a stream of N2. Samples were 241 

resuspended in methanol/water (70:30) and filtered through a 0.22-mm nylon filter before 242 

analysisBefore analysis, samples were resuspended in methanol/water (70:30) and filtered 243 

through a 0.22-mm nylon filter. Trichothecenes identification and quantification were 244 

performed using a high-performance liquid chromatography coupled with linear trap 245 

quadrupole tandem mass spectrometry (HPLC MSn), according to Arroyo-Manzanares et 246 

al. (2015) and Castañares et al. (2019) with some modifications. The analyses were 247 

conducted in a Thermo ScientificTM® (Massachusetts, US) system consisting of a 248 

degasser, quaternary pump, column oven, and an Thermo ScientificTM LTQ XL® ion trap 249 
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mass spectrometer. Chromatographic separations were performed with a C18 100 2.1 mm 250 

Hypersil® ODS (Thermo ScientificTM BDS, 5 mm particle size) column. A solution of 251 

ammonium formate (10 mM) and acetonitrile was used as a mobile phase. Samples (10 252 

µl) were analyzed at a flow rate of 0.2 ml/min at 45°C. The quantitative determination 253 

was carried out using the following Sigma-AldrichCo (Missouri, US)® standards: B-254 

trichothecene mix (part number: 34134). The limits of quantification were 1.00 ng/g, and 255 

the limits of detection were 0.50 ng/g for 3-ADON, DON, 15-ADON, and ZEA. For NIV, 256 

the limit of quantification was 30.00 ng/g, and the limit of detectiondetection limit was 257 

10.0 ng/g. 258 

 259 

2.3 Grain weight, quality parameters, and gluten composition 260 

Grain weight (GW) was determined by counting 1000 wheat grains. The number of grains 261 

per unit area was estimated by the data collected to calculate the disease parameters. 262 

Subsequently, grain yield was estimated by multiplying the grain weightGW by the 263 

number of grains, and it was expressed in g/ m-2. Grain quality parameters, including 264 

protein percentage (Pro%), gluten percentage (G%), and test weight (TW), were analyzed 265 

using whole grain samples by Near-Infrared Transmission (NIT) Spectroscopy 266 

(AgriCheck®, Bruins Instruments, Germany). Also, on wholemeal samples, the sodium 267 

dodecyl sulfate sedimentation test (SDSS) (Dick & Quick, 1983) and the solvent retention 268 

capacity (SRC) in four solvents (distilled water, WRC; lactic acid 5% v/v, LARC; sodium 269 

carbonate 5%w/v, SCRC; and sucrose 50%w/v, SuRC) (AACC method 56-11) (Gaines, 270 

2000) were evaluated. 271 

Regarding gluten composition, glutenins and gliadins were extracted by the sequential 272 

extraction method, according to Gupta & MacRitchie (1991). Gliadins were extracted with 273 

propanol (50%) from wholemeal flour. Glutenins were solubilized from the remaining 274 
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pellet by further extraction with propanol (50%), Tris (1 M, pH = 8), and dithiothreitol 275 

and were alkylated with 4-vinyl pyridine (1.4%). These proteins were separated by SDS-276 

PAGE (T=13.5%). The Vertical gels waswere run at constant current (40 mA) and 277 

variable voltage for approximately 4 h. Gels were  stained with 0.05% Coomassie Brilliant 278 

Blue R250 for 24 h, distained in TCA (trichloroacetic acid) 12% for 48 h, and finally 279 

washed in distilled water for 24 h. The high molecular weight glutenin subunits (HMW) 280 

proteins were identified, according to Payne et al. (1987), assigning numbers to the 281 

subunits according to an increase of their electrophoretic mobility (Payne et al., 1987). 282 

while the low molecular weight glutenin subunits (LMW) protein fractions according to 283 

Lerner et al. (2009). Common wheat genotype Chinese Spring was used as a standard for 284 

assessing the electrophoretic mobilities of proteins. The resulting gels were scanned and 285 

analyzed using TotalLab (v1.10) software to measure the intensity of the pixel as an 286 

abundance indicator. Background subtraction was applied to avoid variability caused by 287 

the staining process. Then, the ratio between contents of gliadins and glutenins 288 

(GLI/GLU), the ratio between HMW/LMW, the contents of different glutenin subunits 289 

encoded by Glu-1 locus relative to total high molecular weight glutenins (Glu-A1x/HMW, 290 

Glu-B1x/HMW, Glu-B1y/HMW, Glu-D1x/HMW, Glu-D1y/HMW) and the ratio 291 

between ω-gliadins and α-β-γ-gliadins (ω-gli/α-β-γ-gli) were determined. 292 

 293 

 294 

2.4 Seed deterioration 295 

An accelerated aging assay was carried out for each treatment (SD x N x F) by placing 296 

seeds for 1-10 days at 45 °C in a controlled temperature chamber. Seeds were put in tightly 297 

closed boxes (tripled) with free water at the bottom to obtain 100% relative humidityRH. 298 

Every two days, water content (WC) and germination from a sampled subset of caryopses 299 
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were assessedWater content (WC) and germination from a sampled subset of caryopses 300 

were assessed every two days. The water content was determined in ten caryopses by the 301 

gravimetric method and was expressed as a percentage on a dry basis. The caryopses were 302 

weighed fresh and after drying at 105 °C for 48 hours (ISTA, 2017). Germination was 303 

tested by placing 25 subsampled caryopses in Petri dishes (90 mm) with 5 ml of distilled 304 

sterilized water and incubating at 20 °C. Germination counts were performed every two 305 

days for 10 ten days, counting the seeds with normal radicle development. Seeds with 306 

abnormalities or non-germinate seeds were counted as dead (all treatments at the 307 

beginning of the aging test exceeded 95% germination).  308 

An electrolyte leaching test was carried out by soaking 50 seeds in a 100 ml glass beaker 309 

containing 50 ml of distilled water. Beakers were covered with plastic film to reduce 310 

evaporation and were then placed in an incubator at 25 °C for 24 hours. The electrical 311 

conductivity (EC) of seed leachates was measured using an electrical conductivity meter 312 

and reported as µS cm/g. Measurements were made at the beginning (EC0) and ten days 313 

of the accelerated aging assay (EC10). 314 

 315 

2.5 Statistical analysis 316 

The effects of sowing date (SD), N fertilization (N), F. graminearum (F), and their 317 

interactions were analyzed by ANOVA and Duncan test (α=0.05). The contribution of 318 

each source of variation (S.V.) was expressed as the percentage of the sum of squares with 319 

respect to the model (SS%). Block by main plot interaction as error term for the effect 320 

assigned to the main plot was used. Cluster analysis (average linkage, Euclidean distance), 321 

and Mantel test between Euclidean distance matrices were also performed. The InfoStat 322 

statistical package was used (Di Rienzo et al., 2017). 323 
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Regarding accelerated aging tests, in each treatment combination (SD x N x F) and 324 

sampling time during aging, the germination dynamics were plotted in days. Then, a 325 

Gomperz-type sigmoid model was adjusted, and the time to reach 50% of total 326 

germination (T50) was calculated manually, by using the GraphPad Prism® graphical-327 

statistical software. Viability was taken as the maximum germination reached during the 328 

10 ten days of incubation. Finally, for each treatment, the variables T50, viability, and 329 

WC water content were plotted as a function of aging days, and quadratic models were 330 

adjusted.  331 

 332 

3. Results and discussion 333 

3.1 Climatic conditions and crop parameters 334 

In the present study, the effect of nitrogen fertilization in F. graminearum-bread wheat 335 

interaction in two sowing dates was evaluated. 336 

 As expected, the environmental conditions differed between these sowing dates. Anthesis 337 

(GS65) occurred at 123 and 85 days after sowing for SD1 and SD2, respectively. The 338 

environmental conditions were different between sowing dates, both in pre- and post-339 

anthesis (Fig. 1). Average Tmean, accumulated precipitationsPp, and accumulated global 340 

radiationGR between sowing and anthesis were 10.8 °C, 224 mm, and 1589 MJ/m2d for 341 

SD1; while they were 13.9 °C, 254 mm, and 1458 MJ/m2d for SD2. In comparison, 342 

average Tmean, accumulated precipitationsPp, and average relative humidityRH between 343 

anthesis (inoculation) and symptom evaluation (21 dpi) were 18.3 °C, 157 mm, and 72% 344 

for SD1; while they were 17.2 °C, 78 mm and 68% for SD2. Also, the average Tmean 345 

during the entire post-anthesis period was 19.1 and 19.2 °C for SD1 and SD2, respectively. 346 

Short-term differences were observed in average Tmean, accumulated precipitationsPp, 347 
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and average relative humidityRH during the 72 h after anthesis (inoculation): 17.6 °C, 0.1 348 

mm and 70% for SD1, and 16.2 °C, 42 mm and 67% for SD2.   349 

 The effects of temperature throughout the growing period and of the photoperiod in pre-350 

anthesis are widely known. Slafer (2003) demonstrated an increase in plant development 351 

rates and a decrease in the duration of each phenological phase, especially on pre-anthesis, 352 

by delaying the sowing date. This leads to structural and physiological changes in the crop 353 

at the time of inoculation (anthesis). Our results showed that radiation interception and 354 

chlorophyll content in the flag leaf were higher at the early sowing date than under late 355 

sowing conditions. 356 

 Our results showed that radiation interception (IPAR: 0.98 vs. 0.56) and chlorophyll 357 

content (SPAD: 41.17 vs. 32.22) in the flag leaf were higher at the early sowing date than 358 

under late sowing conditions. At the same time, nitrogen fertilization significantly 359 

improved these parameters at both sowing dates:At the time of inoculation, IPAR and 360 

SPAD values were significantly higher, on average, for SD1 than for SD2 (IPAR: 0.98 vs. 361 

0.56, SPAD: 41.17 vs. 32.22). Furthermore, N fertilization significantly improved IPAR 362 

and SPAD for SD1 (IPAR: 0.96 vs. 0.82, SPAD: 45.06 vs. 37.28) and for SD2 (IPAR: 363 

0.59 vs. 0.52, SPAD: 36.39 vs. 28.05). As expected, the environmental conditions differed 364 

between these sowing dates.  At the same time, nitrogen fertilization significantly 365 

improved these parameters at both sowing dates. By contrast, the estimated grain yield at 366 

harvest was higher in SD2 (320 ± 17.29 g/ m-2) than in SD1 (252.39 ± 13.25 g/ m-2), which 367 

could be due to the higher rainfall accumulated during the critical period for yield 368 

definition (168 vs. 137 mm) (Fischer, 1985). These values represented 30 and 44% of the 369 

total precipitation accumulated during the crop cycle for SD1 and SD2, respectively. 370 

). However, at harvest, the estimated grain yield was 252.39 ± 13.25 g m-2 and 320 ± 17.29 371 

g m-2, on average, for SD1 and SD2, respectively. 372 
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 373 

3.2 Disease parameters and mycotoxin contamination 374 

The three-way interaction of SD x N x F was significant for the incidence of FHB (Table 375 

A.1). A lower value in the non-inoculated treatment versus the inoculated treatment 376 

regardless of N levels or sowing date was observed. Differences between non-inoculated 377 

and inoculated were largest for the early sowing date with the higher rate of N, lowest for 378 

the early sowing date, and low nitrogen rate. FHB development can be affected by 379 

increasing N rates, modifying the crop canopy (e.g., leaf density), thus altering the canopy 380 

microclimate (Lemmens et al., 2004).  In our study, Tthere wasOur study showed a 381 

significant difference between N rates with the early sowing data and when plots were 382 

inoculated, whereby incidence was increased with the higher N rate (Fig. 2). For severity 383 

(3.17 vs. 10.17%), FHB index (1.49 vs. 6.63%), and ISK (12.25 vs. 28%), only the 384 

inoculated treatment significantly increased these parameters, while DISK was 3-fold 385 

higher for SD1 (8.05) than for SD2 (33.5). In addition, N fertilization increased FDK by 386 

0.38% on average, while F treatment decreased by 0.74%, this parameter only for SD1 387 

(Table A.1). Several authors have found contrasting results related to the effect of N on 388 

FHB. Lori et al. (2009) observed that in a year with climatic conditions favorable to natural 389 

disease development, the N application (90 kg/ha) did not affect the incidence, severity, 390 

and FHB index. Krnjaja et al. (2015) reported that N at higher rates (75 and 150 kg/ha) 391 

had no significant impact on FHB index in winter wheat artificially inoculated with F. 392 

graminearum under field conditions.  393 

Nonetheless, Heier et al. (2005) observed that N doses similar to those applied in our study 394 

increased FHB severity in a susceptible winter wheat genotype under natural infection 395 

conditions. Lemmens et al. (2004) found that increasing N rates may increase FHB 396 

intensity in field experiments with artificial inoculation. Similar results were found in our 397 
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experiments for FDK that increased due to N fertilization, suggesting that the infection 398 

capacity of the pathogen could be influenced by the crop structure and their physiological 399 

condition. Moreover, Iit is known that high relative humidity is necessary for successful 400 

FHB infections in cereal spikes, promoting the formation of macroconidia and ascospores 401 

(Sutton, 1982). Furthermore, long humid periods may promote inoculum production on 402 

crop debris and the soil surface (Fauzi & Paulitz, 1994).  In our study, the average relative 403 

humidity, mean temperature, and accumulated precipitations between anthesis and 404 

symptom evaluation were higher in SD1 than in SD2. This fact could explain the higher 405 

incidence values observed in SD1. In this way, Xu & Nicholson (2009) reported that warm 406 

and humid conditions were favorable for F. graminearum infection. Cowger et al. (2009) 407 

demonstrated that post-anthesis moisture significantly increases infection, 4-fold the mean 408 

of disease incidence and 8-fold the disease severity after 10-20 post-anthesis moisture 409 

days.  410 

As regard to mycotoxins, Ssowing date was the only treatment that had a significant effect 411 

on mycotoxin the contamination with DON, 3-ADON, ZEA, and NIV, being their mean 412 

values significantly higher for SD2 than for SD1 (Table 1). The 15-ADON was not 413 

detected in any trial.  414 

Interestingly, the highest severity values found in SD2 were closely related to a significant 415 

increase in the mycotoxin contamination, in the order of 4 to 9-fold depending on the 416 

toxin. ZEA was the mycotoxin found in the highest concentration, followed by NIV, 417 

DON, and 3-ADON, while 15-ADON was not detected. Similarly, Gorczyca et al. (2018) 418 

reported higher mycotoxin contamination in winter wheat for delayed sowing dates in 419 

durum wheat, depending mainly on genotype for three different weather conditions 420 

(Austria, Poland, and Slovakia). Regardless of the sowing date, ZEA was the mycotoxin 421 

found in the highest concentration, followed by NIV, DON, and 3-ADON, while 15-422 
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ADON was not detected. Regarding fertilization, Lori et al. (2009) reported that the N 423 

application did not affect DON concentration, while ZEA level was higher than DON 424 

under natural FHB infection conditions in different tillage systems of Argentina. 425 

Conversely, other authors found that N fertilization could increase DON and/or ZEA 426 

levels depending on the environment (Lemmens et al., 2004), in addition to a 427 

predominance of DON over ZEA (Heier et al., 2005; Krnjaja et al., 2015).  428 

 429 

 430 

3.3 Grain weight, quality parameters, and gluten composition 431 

Grain quality was mainly affected by the sowing dateThe sowing date mainly affected 432 

grain quality, having thisThe SD had a significant effect onsignificantly affecting test 433 

weightTW, protein percentagePro%, and SCRC (Table A.2). Pprotein percentage Pro% 434 

(15.67 vs. 13.30 %) and SCRC (118.05 vs. 109.35 %) were significantly higher, while 435 

grain weightGW (28.48 vs. 31.71 mg) and TW (79.24 vs. 84.17 kg/hlL) were significantly 436 

lower, on average, for SD1 than SD2. Regarding gluten percentageG%, SD1 showed a 437 

higher average value than SD2 (43.5 vs. 35.68%), with N fertilization increasing around 438 

9.5% this parameter, on average. In addition, N fertilization slightly decreased SDSS from 439 

97.63 to 96.13 mm, on average; , while no treatment effects were significant for LARC, 440 

WRC, and SuRC (Table A.2). In summary, early sowing showed a better protein and 441 

gluten concentration, while late sowing showed a better grain structure and carbohydrate 442 

quality due to a higher grain weight and test weight, and lower SCRC. The limited 443 

carbohydrate accumulation could explain the lower yield for SD1 (Jenner et al., 1991). 444 

The last parameter is positively correlated to the amount of damaged starch of the flour 445 

(Guzmán et al., 2015). Nitrogen fertilization did not affect protein percentage, while 446 

gluten percentage was increased depending on the sowing date, which could improve 447 
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bread-making quality. However, the N application slightly reduced the SDSS, positively 448 

correlated with gluten strength (Dick & Quick, 1983), which could be related to a slight 449 

unbalance among protein fractions (Lerner et al., 2016).  450 

 451 

With respect to gluten composition, no significant effects were observed for GLI/GLU 452 

ratio or Glu-B1y/HMW. N fertilization significantly decreased the HMW/LMW ratio, in 453 

SD1 (SD1: N0=1.47 a, N1=1.20 b; SD2: N0=1.15 b, N1=1.28 b). Also, Glu-A1x/HMW 454 

was significantly higher for SD1 (0.21) than for SD2 (0.19), on average. The effect of the 455 

inoculation treatment (F)inoculation treatment (F) effect on Glu-B1x/HMW depended on 456 

N supply and SD, while no treatment effect was significant for Glu-B1y/HMW. The 457 

higher rate of N significantly decreased GluD1x/HMW (SD1: N0=0.22 a, N1=0.20 b; 458 

SD2: N0=0.23 a, N1=0.24 a) and increased GluD1y/HMW (SD1: N0=0.16 b, N1=0.17 a; 459 

SD2: N0=0.16 b, N1=0.16 b), but only for the early sowing date (SD1). Regarding gliadin 460 

fraction, ω-gli/α-β-γ-gli was significantly higher for SD1 (1.01) than for SD2 (0.91), on 461 

average (Table A.3). Glutenin composition was affected by N application only at the early 462 

sowing date, increasing the proportion of HMW subunits that are composed of sulfur (S)-463 

poor proteins. Otherwise, LMW subunits (sulfur (S)-rich proteins) decrease when sulfur 464 

is deficient relative to N (Flaete et al., 2005; Zörb et al., 2009). In addition, these results 465 

were related to an increase in the proportion of the subunit encoded by Glu-D1y locus to 466 

the detrimental of the encoded by Glu-D1x. Other authors reported a decrease of x-type/y-467 

type ratio when fertilizing with N, depending on genotype and environment, although 468 

these changes in the ratio were not consistent (Pechanek et al., 1997). Also, the proportion 469 

of the subunit encoded by Glu-A1x locus decreased by delaying the sowing date. Notably, 470 

the inoculation with F. graminearum significantly affected the proportion of the glutenin 471 

subunit encoded by Glu-B1x locus, depending on N supply and sowing date, which 472 
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highlightshighlighting the importance of studying the affinity of fungal proteases by this 473 

protein subunit. Regarding gliadin composition, the proportion of ω-gli decreased with 474 

respect to α-β-γ-gli by delaying the sowing date. Considering that ω-gliadins are S-poor 475 

protein (Zörb et al., 2009), just like HMW glutenin subunits, these could be explained by 476 

an increase in S availability in the soil by mineralization due to the increment in 477 

temperature associated with the late sowing date (Arata et al., 2017). 478 

 479 

 480 

3.4 Seed deterioration 481 

A drop in viability, an increase in WC water content, and T50 were observed in all 482 

treatments during the progress of seed aging (Fig. 3). The decrease in viability began from 483 

the sixth day, thenn progressing to the tenth day, where the loss of viability became almost 484 

total. The WC water content increased progressively along the duration of the assayassay 485 

duration, and the T50 increased from the fourth or sixth day depending on the treatment, 486 

reflecting the loss of vigor in the viable seeds. The longevity parameters of accelerated 487 

aging assays differed between sowing dates, showing that SD1 had lower average viability 488 

(non-cumulative values, 740.9 vs. 769) associated with higher WC water content (non-489 

cumulative values, 165 vs. 161.2) and T50 (cumulative values, 23.6 vs. 21.2) compared to 490 

SD2. However, no clear differences were observed for N fertilization and F treatments on 491 

deterioration tests (Table A.4).  492 

As regards seed deterioration, EC0 was significantly higher for SD2 than for SD1, on 493 

average; , while inoculation with F. graminearum significantly increased this parameter 494 

only at low N supply. In addition, EC10 was significantly higher for SD2 than for SD1, 495 

on average (Table 2). However, EC increased in a greater magnitude during the 496 

accelerated aging assays for SD1 than for SD2 (+54 % vs. +29%). SlightStatistically 497 
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differences were observed among longevity parameters of accelerated aging assays, 498 

showing an increase in seed vigor and viability by delaying the sowing date. Also, the 499 

response patterns of the parameters evaluated during the progress of seed aging were in 500 

line with the results reported by Lehner et al. (2008). Li et al. (2017) observed in Vicia 501 

sativa that higher temperatures during development generated seeds with less weight, 502 

viability, and higher EC values. However, iIn our work, both sowing dates had similar 503 

temperatures between flowering and harvest maturity and a lack of association between 504 

aging parameters and temperature during grain filling. Conversely, EC increased 505 

significantly by delaying the sowing date, both at the beginning and ten days of the 506 

accelerated aging assay. The increment in EC during this assay was more pronounced for 507 

late sowing seeds. The EC test was able to identify the seed vigor in genotypes exposed 508 

to different grain filling periods and storage conditions in sunflower (Szemruch et al., 509 

2015). 510 

As previously discussed, seed vigor and viability showed an inverse trend with EC 511 

between sowing dates. It is noteworthy that vigor (low T50 and water content) and 512 

viability were associated with a better grain structure (i.e., high grain weight and test 513 

weight) as reported by Li et al. (2017), while the less EC was related to variations in 514 

chemical composition (e.g., high protein percentage and gluten percentage%) and lower 515 

mycotoxin levels. The lack of F. graminearum effects in deterioration tests may have been 516 

caused by the storage temperature during aging. Rossi et al. (2001) observed that 517 

Fusarium development decreased above 30 °C in controlled conditions. According to this 518 

result, Gilbert et al. (1997) observed that the lower storage temperature increased 519 

Fusarium development and decreased the viability of grains. 520 

Regarding cluster analysis, three groups of variables were analyzed: 1) Disease and 521 

mycotoxins, 2) Grain quality, and 3) Seed deterioration (Fig. 4). Even though some 522 
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differences were observed in the clustering among these groups, all the correlations 523 

between Euclidean distance matrices were significant. The association between group 1 524 

(disease and mycotoxins) and group 3 (seed deterioration) was the highest (Fig. 4).  525 

 526 

4. Discussion 527 

In the present study, the effect of nitrogen fertilization in F. graminearum-bread wheat 528 

interaction in two sowing dates was evaluated. As expected, the environmental conditions 529 

differed between these sowing dates. The effects of temperature throughout the growing 530 

period and of the photoperiod in pre-anthesis are widely known. Slafer (2003) 531 

demonstrated an increase in plant development rates and a decrease in the duration of each 532 

phenological phase, especially on pre-anthesis, by delaying the sowing date. This leads to 533 

structural and physiological changes in the crop at the time of inoculation (anthesis). Our 534 

results showed that radiation interception and chlorophyll content in the flag leaf were 535 

higher at the early sowing date than under late sowing conditions. At the same time, 536 

nitrogen fertilization significantly improved these parameters at both sowing dates. By 537 

contrast, the estimated grain yield at harvest was higher in SD2 than in SD1, which could 538 

be due to the higher rainfall accumulated during the critical period for yield definition 539 

(168 vs. 137 mm) (Fisher, 1985). These values represented 30 and 44% of the total 540 

precipitation accumulated during the crop cycle for SD1 and SD2, respectively. 541 

FHB development can be affected by increasing N rates, modifying the crop canopy (e.g. 542 

leaf density), thus altering the canopy microclimate (Lemmens et al., 2004). Several 543 

authors have found contrasting results. Lori et al. (2009) observed that in a year with 544 

climatic conditions favorable to natural disease development, the N application (90 kg/ha) 545 

did not affect the incidence, severity, and FHB index. Krnjaja et al. (2015) reported that 546 

N at higher rates (75 and 150 kg/ha) had no significant impact on FHB index in winter 547 
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wheat artificially inoculated with F. graminearum under field conditions. Nonetheless, 548 

Heier et al. (2005) observed that N doses similar to those applied in our study increased 549 

FHB severity in a susceptible winter wheat genotype under natural infection conditions. 550 

Lemmens et al. (2004) found that increasing N rates may increase FHB intensity in field 551 

experiments with artificial inoculation. Similar results were found in our experiments for 552 

FDK that increased due to N fertilization, suggesting that the infection capacity of the 553 

pathogen could be influenced by the crop structure and their physiological condition.  554 

It is known that high relative humidity is necessary for successful FHB infections in cereal 555 

spikes, promoting the formation of macroconidia and ascospores (Sutton, 1982). 556 

Furthermore, long humid periods may promote inoculum production on crop debris and 557 

the soil surface (Fauzi & Paulitz, 1994).  In our study, the average relative humidity, mean 558 

temperature, and accumulated precipitations between anthesis and symptom evaluation 559 

were higher in SD1 than in SD2. This fact could explain the higher incidence values 560 

observed in SD1. In this way, Xu & Nicholson (2009) reported that warm and humid 561 

conditions were favorable for F. graminearum infection. Cowger et al. (2009) 562 

demonstrated that post-anthesis moisture significantly increases infection, 4-fold the mean 563 

of disease incidence and 8-fold the disease severity after 10-20 post-anthesis moisture 564 

days.  565 

Interestingly, the highest severity values found in SD2 were closely related to a significant 566 

increase in the mycotoxin contamination, in the order of 4 to 9-fold depending on the 567 

toxin. Similarly, Gorczyca et al. (2018) reported higher mycotoxin contamination for 568 

delayed sowing dates in durum wheat, depending mainly on genotype. Regardless of the 569 

sowing date, ZEA was the mycotoxin found in the highest concentration, followed by 570 

NIV, DON, and 3-ADON, while 15-ADON was not detected. Regarding fertilization, Lori 571 

et al. (2009) reported that the N application did not affect DON concentration, while ZEA 572 
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level was higher than DON under natural FHB infection conditions in different tillage 573 

systems of Argentina. Conversely, other authors found that N fertilization could increase 574 

DON and/or ZEA levels depending on the environment (Lemmens et al., 2004), in 575 

addition to a predominance of DON over ZEA (Heier et al., 2005; Krnjaja et al., 2015).  576 

Grain quality was mainly affected by the sowing date. Early sowing showed a better 577 

protein and gluten concentration, while late sowing showed a better grain structure and 578 

carbohydrate quality due to a higher grain weightGW and test weightTW, and lower 579 

SCRC. The limited carbohydrate accumulation could explain the lower yield for SD1 580 

(Jenner et al., 1991). The last parameter is positively correlated to the amount of damaged 581 

starch of the flour (Guzmán et al., 2015). Nitrogen fertilization did not affect protein 582 

percentagePro%, while gluten percentageG% was increased depending on the sowing 583 

date, which could improve breadmaking quality. However, the N application slightly 584 

reduced the SDSS, positively correlated with gluten strength (Dick & Quick, 1983), which 585 

could be related to a slight unbalance among protein fractions (Lerner et al., 2016).  586 

Glutenin composition was affected by N application only at the early sowing date, 587 

increasing the proportion of HMW subunits that are composed of sulfur (S)-poor proteins. 588 

Otherwise, LMW subunits (sulfur (S)-rich proteins) decrease when sulfur is deficient 589 

relative to N (Zörb et al., 2009). In addition, these results were related to an increase in 590 

the proportion of the subunit encoded by Glu-D1y locus to the detrimental of the encoded 591 

by Glu-D1x. Other authors reported a decrease of x-type/y-type ratio when fertilizing with 592 

N, depending on genotype and environment, although these changes in the ratio were not 593 

consistent (Pechanek et al., 1997). Also, the proportion of the subunit encoded by Glu-594 

A1x locus decreased by delaying the sowing date. Notably, the inoculation with F. 595 

graminearum significantly affected the proportion of the glutenin subunit encoded by Glu-596 

B1x locus, depending on N supply and sowing date, which highlights the importance of 597 
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studying the affinity of fungal proteases by this protein subunit. Regarding gliadin 598 

composition, the proportion of ω-gli decreased with respect to α-β-γ-gli by delaying the 599 

sowing date. Considering that ω-gliadins are S-poor protein (Zörb et al., 2009), just like 600 

HMW glutenin subunits, these could be explained by an increase in S availability in the 601 

soil by mineralization due to the increment in temperature associated with the late sowing 602 

date (Arata et al., 2017). 603 

Slight differences were observed among longevity parameters of accelerated aging assays, 604 

showing an increase in seed vigor and viability by delaying the sowing date. Also, the 605 

response patterns of the parameters evaluated during the progress of seed aging were in 606 

line with the results reported by Lehner et al. (2008). Li et al. (2017) observed in Vicia 607 

sativa that higher temperatures during development generated seeds with less weight, 608 

viability, and higher EC values. However, in our work, both sowing dates had similar 609 

temperatures between flowering and harvest maturity and a lack of association between 610 

aging parameters and temperature during grain filling. Conversely, EC increased 611 

significantly by delaying the sowing date, both at the beginning and ten days of the 612 

accelerated aging assay. The increment in EC during this assay was more pronounced for 613 

late sowing seeds. The EC test was able to identify the seed vigor in genotypes exposed 614 

to different grain filling periods and storage conditions in sunflower (Szemruch et al., 615 

2015). 616 

As previously discussed, seed vigor and viability showed an inverse trend with EC 617 

between sowing dates. It is noteworthy that vigor (low T50 and WC) and viability were 618 

associated with a better grain structure (i.e. high grain weightGW and test weightTW) as 619 

reported by Li et al. (2017), while the less EC was related to variations in chemical 620 

composition (e.g. high protein percentagePro% and gluten percentageG%) and lower 621 

mycotoxin levels. The lack of F. graminearum effects in deterioration tests may have been 622 
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caused by the storage temperature during aging. Rossi et al. (2001) observed that 623 

Fusarium development decrease above 30 °C in controlled conditions. According to this 624 

result, Gilbert et al. (1997) observed that the lower storage temperature increased 625 

Fusarium development and decreased the viability of grains. Cluster analysis confirmed 626 

the predominant effect of sowing date on the three groups of variables. However, N 627 

fertilization was also an important determining factor for grain quality (group 2) at early 628 

sowing. Interestingly, clustering for the three groups of variables was correlated, even 629 

though for disease and mycotoxins (group 1) and seed deterioration (group 3) was 630 

strongest.  631 

 632 

5. Conclusions 633 

In the present work, the interaction between N fertilization and F. graminearum on disease 634 

parameters, mycotoxin contamination, grain quality, and seed deterioration was modified 635 

by sowing date. Under the study conditions, the early sowing date showed better values 636 

of some grain quality parameters, while the late sowing would be related to high FHB 637 

severity values and mycotoxin contamination. Nitrogen fertilization  slightly reduced the 638 

sedimentation test value, although increased wet gluten percentage. Based on these results, 639 

agronomic practices such as sowing date and nitrogen fertilization and their interaction 640 

with FHB could be adjusted to produce innocuous and/or good quality grains. in each 641 

environment.  642 
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 876 

 877 

Figure captions 878 

Fig. 1. Maximum (Tmax), medium (Tmean) and minimum (Tmin) temperatures, 879 

precipitation (Pp), global radiation (GR, only before inoculation), and average relative 880 

humidity (relative humidityRH, only after inoculation) during the crop cycles. Sowing and 881 

inoculation dates were indicated (SD1, early sowing date; SD2, late sowing date). 882 

 883 

Fig. 2. Incidence values (%) for SD1 and SD2 experiments for N0F0, N0F1, N1F0, and 884 

N1F1 (N0=0 kg N/ha; N1= 180 kg N/ha; F0= control; F1= F. graminearum) 885 

 886 

Fig. 3. Viability, water content (WC), and T50 (d) in function of days after accelerated 887 

aging for each treatment (SD, sowing date; N, nitrogen; F, Fusarium). Each point of 888 

viability and water content WC represent the mean (n=3) and, in T50, the estimated value 889 

of the sigmoid germination model. 890 

 891 

Fig. 4. Cluster analysis (average linkage, Euclidean distance) for the combination of 892 

treatments (SD, sowing date; N, nitrogen; F, Fusarium) on three groups of variables: 1) 893 

Disease and mycotoxins (incidence, severity, FHB index, FDK, ISK, DISK, DON, 3-894 

ADON, ZEA, NIV), 2) Grain quality (grain weightGW, TW, protein percentagePro%, 895 

gluten percentageG%, SDSS, SCRC, LARC, WRC, SuRC, GLI/GLU, HMW/LMW, ω-896 

gli/α-β-γ-gli, GLU-A1x/HMW, GLU-B1x/HMW, GLU-B1y/HMW, GLU-D1x/HMW, 897 

GLU-D1y/HMW), and 3) Seed deterioration (Viability, water contentWC, T50, EC0, 898 

EC10). Mantel tests between Euclidean distance matrices are shown. 899 
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Table 1. Effect of sowing date, nitrogen fertilization and Fusarium graminearum on 

mycotoxins contamination. 

Percentage of the sum of squares respect to the model (SS%) and significance level of 

each source of variation (SV: SD, sowing date; N, nitrogen; F, Fusarium) for mycotoxin 

concentration (DON, 3-ADON, ZEA and NIV). Mean values were indicated for the 

significance SV with the highest level of a significant interaction. 

Source of 

variationSV 

DON (ng g-1) 3-ADON (ng g-1) ZEA (ng g-1) NIV (ng g-1) 

SS% p-value  SS% p-value  SS% p-value  SS% p-value  

SD 88.8 <0.0001  85.9 <0.0001  52.5 0.0222  86.6 <0.0001  

N 0.3 0.1844  0.9 0.2871  0.6 0.5502  0.0 0.9191  

F 0.3 0.7338  0.2 0.7976  4.7 0.4459  1.5 0.4101  

SD*N 0.0 0.9946  0.3 0.7177  13.1 0.2151  1.1 0.4662  

SD*F 1.4 0.4601  1.0 0.5232  20.7 0.1254  1.1 0.4680  

N*F 1.0 0.5224  1.2 0.4801  4.5 0.4551  0.1 0.8343  

SD*N*F 0.1 0.8249  0.0 0.9236  0.1 0.9284  0.0 0.9922  

Means 
SD1 39.35 b SD1 10.34 b SD1 249.46 b SD1 55.89 b 

SD2 166.51 a SD2 47.94 a SD2 1516.92 a SD2 504.78 a 

SV: SD, sowing date; N, nitrogen; F, Fusarium. ) for mycotoxin concentration (DON, 3-

ADON, ZEA and NIV). Mean values were indicated for the significance SV with the 

highest level of a significant interaction.*Means with the same letter are not significantly 

different between treatments (p<0.05, Duncan test). 
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Table 2. Effect of sowing date, nitrogen fertilization and Fusarium graminearum on 

electrical conductivity. 

 

Percentage of the sum of squares respect to the model (SS%) and significance level of 

each source of variation (SV: SD, sowing date; N, nitrogen; F, Fusarium) for electrical 

conductivity at the beginning (EC0) and at ten days of the accelerated aging assay (EC10). 

Mean values were indicated for the significance SV with the highest level of a significant 

interaction. 

Source of 

variationSV 

EC0 (µS cm.g-1) EC10 (µS cm.g-1) 

SS% p-value   SS% p-value   

SD 90.6 <0.0001  78.9 0.0004   

N 0.9 0.5016  0.3 0.7871   

F 0.5 0.2847  2.1 0.4502   

SD*N 1.9 0.0517  6.5 0.1937   

SD*F 0.0 0.95  0.5 0.7091   

N*F 2.5 0.0281  1.0 0.5946   

SD*N*F 0.5 0.2847   0.6 0.6784   

Means 

SD1 60.33 b 

SD1 93.14 b SD2 91.33 a 

   

N0F0 73.58 b b 

SD2 117.46 a N0F1 81.12 a a 

N1F0 75.75 ab ab 

N1F1 72.88 b b       

Percentage of the sum of squares respect to the model (SS%) and significance level of each source of 

variation (SV: SD, sowing date; N, nitrogen; F, Fusarium; ) EC0: for electrical conductivity at the 

beginning:  (EC10: electrical conductivity ) and atat ten days of the accelerated aging assay (EC10). . 

Mean values were indicated for the significance SV with the highest level of a significant 

interaction.*Means with the same letter are not significantly different between treatments (p<0.05, Duncan 

test). 
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Table A.1. Effect of sowing date, nitrogen fertilization, and Fusarium graminearum on disease parameters.  Percentage of the sum of squares 

respect to the model (SS%) and significance level of each source of variation (SV: SD, sowing date; N, nitrogen; F, Fusarium) for disease 

parameters: incidence, severity, FHB index, FDK, ISK, and DISK). Mean values were indicated for the significance SV with the highest level of 

a significant interaction. 

Source of 

variationSV 

Incidence (%)  Severity (%)  FHB Index  FDK (%)  ISK (%)  DISK  

SS% p-value  SS% p-value  SS% p-value  SS% p-value  SS% p-value  SS% p-value  

SD 0.9 0.4213  2.9 0.1852  0.0 0.9958  60 0.0001  0.4 0.4825  88.8 <0.0001  

N 12.0 0.0513  15.3 0.1844  16.4 0.1891  10 0.0404  13.8 0.0745  0.3 0.1791  

F 73.5 <0.0001  60.6 <0.0001  48.3 0.006  10 0.0795  71.7 <0.0001  0.2 0.7575  

SD*N 3.4 0.0432  1.2 0.3672  0.0 0.9368  3.7 0.1763  2.5 0.1166  0.0 0.9896  

SD*F 0.9 0.4213  0.0 0.8785  2.7 0.4429  10 0.0403  0.4 0.4825  1.4 0.4585  

N*F 1.7 0.0996  5.8 0.0651  13.4 0.1049  0.8 0.5152  4.1 0.0504  1 0.5181  

SD*N*F 6.8 0.0075  0.6 0.5439  0.6 0.7397  0.0 0.9253  3.7 0.0599  0.1 0.8181  

Means 

SD1N0F0 38.33 cd 

F0 3.17 b F0 1.49 b 

N0 1.16 b 

F0 12.25 b SD1 8.05 b 
SD1N0F1 61.67 b N1 1.54 a 

SD1N1F0 28.33 d    

SD1N1F1 86.67 a SD1F0 2.22 a 

SD2N0F0 25 d 

F1 10.17 a F1 6.63 a 

SD1F1 1.48 b 

F1 28 a SD2 33.5 a 
SD2N0F1 65 b SD2F0 0.82 c 

SD2N1F0 53.33 bc SD2F1 0.88 c 

 SD2N1F1 83.33 a    
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SD, sowing date; N, nitrogen; F, Fusarium; ) for disease parameters: incidence, severity, FHB index, FDK, ISK, and DISK). Mean values were 

indicated for the significance SV with the highest level of a significant interaction.*Means with the same letter are not significantly different 

between treatments (p<0.05, Duncan test). 

 

  



Table A.2. Effect of sowing date, nitrogen fertilization, and Fusarium graminearum on grain quality parameters.   

Percentage of the sum of squares respect to the model (SS%) and significance level of each source of variation (SV: SD, sowing date; N, nitrogen; 

F, Fusarium) for: grain weight (GW), test weight (TW), protein percentage (%), gluten percentage (G%), sedimentation test (SDSS), and solvent 

retention capacities (sodium carbonate, SCRC; lactic acid, LARC; distilled water, WRC; sucrose, SuRC). Mean values were indicated for the 

significance SV with the highest level of a significant interaction. 

Source of 

variationSV 

Grain weightW 

(g) 
 

Test weightW 

(kg hl-1) 
 Protein%  Gluten%  SDSS (mm)  SCRC  LARC WRC SuRC 

SS% p-value  SS% p-value  SS% p-value  SS% p-value  SS% p-value  SS% p-value  SS% p-value SS% p-value SS% p-value 

SD 69.3 <0.0001  90.5 <0.0001  76.2 <0.0001  80.1 <0.0001  10.7 0.1851  31.3 0.0134  7.3 0.4448 5.8 0.5194 10.5 0.3604 

N 19.1 0.0904  3.1 0.1916  18.7 0.0565  16.8 0.0335  34.8 0.0023  2.6 0.7061  15.8 0.3162 8.4 0.2575 3.1 0.7362 

F 0.3 0.4925  0.3 0.5048  0.1 0.7048  0.0 0.924  0.4 0.7833  3.0 0.3850  11.4 0.3422 20.8 0.232 5.4 0.5076 

SD*N 3.3 0.0457  0.1 0.6685  1.8 0.1406  1.1 0.1688  13.0 0.1479  2.7 0.4131  19.3 0.2234 9.7 0.4069 0.6 0.8181 

SD*F 0.9 0.2609  0.8 0.2771  0.0 0.7902  0.0 0.7569  0.1 0.8905  5.5 0.2482  0.5 0.8353 0.2 0.8978 2.0 0.6838 

N*F 0.0 0.8174  0.1 0.6396  0.0 0.9349  0.0 0.9198  1.0 0.6806  4.2 0.3122  2.0 0.6842 9.0 0.4254 0.0 0.9768 

SD*N*F 0.3 0.4925  0.1 0.6828  0.0 0.9519  0.0 0.8096  10.7 0.1851  16.3 0.0585  21.9 0.1968 8.2 0.4443 6.5 0.4708 

Means 

         SD1 43.50 a       

--- --- --- 

SD1N0 29.68 c 
SD1 79.24 b SD1 15.67 a 

SD2 35.68 b 
N0 97.63 a SD1 118.05 a 

SD1N1 27.28 d    

SD2N0 32.20 a 
SD2 84.17 a SD2 13.30 b 

N0 37.80 b 
N1 96.13 b SD2 109.35 b 

SD2N1 31.22 b N1 41.38 A 

SD, sowing date; N, nitrogen; F, Fusarium;  sedimentation test (SDSS); solvent retention capacities (sodium carbonate, SCRC; lactic acid, LARC; 

distilled water, WRC; sucrose, SuRC). *Means with the same letter are not significantly different between treatments (p<0.05, Duncan test). 

*Means with the same letter are not significantly different between treatments (p<0.05, Duncan test). 
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Table A.3. Effect of sowing date, nitrogen fertilization, and Fusarium graminearum on gliadin and glutenins subunits.   

 Percentage of the sum of squares respect to the model (SS%) and significance level of each source of variation (SV: SD, sowing date; N, nitrogen; 

F, Fusarium) for the ratio between the contents of: gliadins and glutenins (GLI/GLU), high molecular weight and low molecular weight glutenin 

subunits (HMW/LMW) and ω-gliadins and α-β-γ-gliadins (ω-gli/α-β-γ-gli), and the contents of different glutenin subunits encoded by Glu-1 loci 

relative to total high molecular weight glutenins (Glu-A1x/HMW, Glu-B1x/HMW, Glu-B1y/HMW, Glu-D1x/HMW, Glu-D1y/HMW). Mean 

values were indicated for the significance SV with the highest level of a significant interaction. 

Source of 

variationSV 

GLI/GLU HMW/LMW 
 

ω-gli/α-β-γ-gli 
 

GLU-A1x/HMW 
 

GLU-B1x/HMW 
 

GLU-B1y/HMW GLU-D1x/HMW 
 

GLU-D1y/HMW 
 

SS% p-value SS% p-value 
 

SS% p-value 
 

SS% p-value 
 

SS% p-value 
 

SS% p-value SS% p-value 
 

SS% p-value 
 

SD 26.0 0.2835 22.0 0.0093 
 

29.2 0.0391 
 

44.7 0.0056 
 

12.9 0.0092 
 

0.0 >0.9999 30.0 0.0036 
 

27.3 0.0216 
 

N 1.7 0.6832 7.3 0.0619 
 

23.0 0.0685 
 

21.6 0.0728 
 

20.0 0.1835 
 

6.1 0.5471 3.4 0.1885 
 

19.1 0.1296 
 

F 5.0 0.6329 2.5 0.3164 
 

0.0 0.9566 
 

11.1 0.1183 
 

0.8 0.4536 
 

13.6 0.2379 1.0 0.5167 
 

3.0 0.3962 
 

SD*N 13.0 0.4431 56.0 0.0003 
 

11.7 0.1692 
 

7.1 0.2032 
 

0.0 >0.9999 
 

13.6 0.2379 18.0 0.0159 
 

19.1 0.0482 
 

SD*F 8.5 0.5332 4.1 0.2074 
 

1.3 0.6261 
 

0.0 >0.9999 
 

12.9 0.0092 
 

6.1 0.4238 0.4 0.6955 
 

12.3 0.1039 
 

N*F 0.3 0.9028 5.1 0.1603 
 

0.1 0.8704 
 

0.4 0.7423 
 

7.1 0.0385 
 

6.1 0.4238 0.0 0.8959 
 

0.8 0.6678 
 

SD*N*F 10.2 0.4949 0.1 0.8254 
 

2.8 0.484 
 

1.8 0.5137 
 

12.9 0.0092 
 

13.6 0.2379 0.0 0.8959 
 

6.8 0.2115 
 

Means --- 

SD1N0 1.47 a 

SD1 1.01 a SD1 0.21 a 

SD1N0F0 0.28 bc 

--- 

SD1N0 0.22 a SD1N0 0.16 a 
SD1N0F1 0.28 c 

SD1N1 1.20 b 
SD1N1F0 0.29 bc 

SD1N1 0.20 b SD1N1 0.17 a 
SD1N1F1 0.28 bc 

SD2N0 1.15 b SD2 0.91 b SD2 0.19 b SD2N0F0 0.29 b SD2N0 0.23 a SD2N0 0.16 ab 



SD2N0F1 0.28 bc 

SD2N1 1.28 b 
SD2N1F0 0.29 b 

SD2N1 0.24 a SD2N1 0.15 b 
SD2N1F1 0.30 a 

SD, sowing date; N, nitrogen; F, Fusarium; GLI/GLU: ) for the ratio between the contents of: gliadins and glutenins (GLI/GLU),; high molecular 

weight and low molecular weight glutenin subunits (HMW/LMW: high molecular weight and low molecular weight glutenin subunits;  ) and ω-

gliadins and α-β-γ-gliadins (ω-gli/α-β-γ-gli: ω-gliadins and α-β-γ-gliadins), and the contents of different glutenin subunits encoded by Glu-1 loci 

relative to total high molecular weight glutenins (Glu-A1x/HMW, Glu-B1x/HMW, Glu-B1y/HMW, Glu-D1x/HMW, Glu-D1y/HMW: the contents 

of different glutenin subunits encoded by Glu-1 loci relative to total high molecular weight glutenins ().  Mean values were indicated for the 

significance SV with the highest level of a significant interaction.*Means with the same letter are not significantly different between treatments 

(p<0.05, Duncan test).  
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Table A.4. Longevity parameters of accelerated aging assays calculated as the area under 

the curve (viability, water content, and T50) for each treatment combination (SD, sowing 

date; N, nitrogen; F, Fusarium). 

SD N F Viability Water content T50 

1 0 0 737.1 167.4 24 

1 0 1 741.5 164.9 22.8 

1 1 0 730.9 164.4 24.3 

1 1 1 753.9 163.2 23.4 

2 0 0 752.9 160.3 20.7 

2 0 1 712.8 161.7 20.9 

2 1 0 814.9 159.4 22.3 

2 1 1 795.3 163.5 21.1 

(viability, water content, and T50) for each treatment combination (SD, sowing date; N, 

nitrogen; F, Fusarium). 
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