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Abstract: Maize production is increasingly challenged by climate change, which affects
plant physiology, fungal colonization, and mycotoxin contamination. Aspergillus flavus,
a saprophytic fungus, thrives in warm, dry conditions, leading to aflatoxin B1 (AFB1)
accumulation, and posing significant food safety risks. Macro- and micro-climatic factors,
including temperature, humidity, and precipitation, influence kernel development, leaf wet-
ness duration, and mycotoxin biosynthesis. Nitrogen availability and irrigation play crucial
roles in modulating plant responses to these stressors, affecting chlorophyll content, yield
parameters, and fungal interactions. To investigate these interactions, a Completely Ran-
domized Design (CRD) was employed from 2020 to 2022 to assess physiological changes
in SY Orpheus maize hybrid under varying climatic conditions. Rising temperatures and
declining relative humidity (RH) significantly reduced kernel number per ear length from
25.60 ± 0.34 in 2020 to 17.89 ± 0.39 in 2022 (p < 0.05), impacting yield. The AFB1 levels
peaked in 2021 (156.88 ± 59.02 µg/kg), coinciding with lower humidity and increased
fungal stress. Water availability improved kernel numbers and reduced AFB1 accumulation
(p < 0.05) but did not significantly affect the total fungal load (p > 0.05). Nitrogen supple-
mentation enhanced plant vigor, suppressed AFB1 biosynthesis, and influenced spectral
indices. Potential confounding factors such as soil variability and microbial interactions
may require further investigations.

Keywords: maize; plant physiology; irrigation; nitrogen; aflatoxin B1; Aspergillus flavus;
climate change

1. Introduction
Maize (Zea mays) holds significant global importance as a staple food crop, contribut-

ing substantially to food security, economic stability, and agricultural diversity. As one of
the most widely cultivated crops, maize accounts for approximately 36% (equivalent to
782 million metric tons) of total grain production [1]. It is a primary source of calories and
essential nutrients, particularly in developing nations, where it is integral to local diets and
economies [2]. In the European Union, maize is a crucial crop, accounting for a significant
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portion of agricultural production and serving as a key ingredient in human and animal
diets [3]. While maize is highly adaptable to various climatic conditions, it remains vulnera-
ble to climate change, particularly temperature fluctuations and precipitation variability [4].
Studies indicate that extreme weather events, such as droughts and excessive rainfall,
significantly impact maize yields, leading to substantial losses comparable to those caused
by prolonged water stress [5,6]. For Middle Eastern Europe, climate projections suggest
an increased risk of yield failures, particularly under rain-fed conditions, necessitating
the adoption of drought-tolerant maize varieties and improved agricultural practices to
mitigate these risks [7–9].

The effects of climate on maize growth and development can be broadly categorized
into macro- and micro-climatic influences. Macro-climatic factors, such as temperature,
solar radiation, wind, and precipitation, shape the overall climate of a region and directly
impact maize phenology and yield potential. Temperature and solar radiation determine
the effective accumulated temperature and cumulative light energy needed for optimal
growth, while precipitation is crucial in maintaining soil moisture availability [10,11]. Wind
can further influence transpiration rates and cause mechanical damage to plants [12]. In
contrast, micro-climatic factors—such as canopy temperature, relative humidity, soil mois-
ture, and leaf wetness—operate at a more localized scale and can vary significantly within
a maize field. These micro-environmental factors influence key physiological processes,
including transpiration, photosynthesis, and nutrient uptake. For example, canopy temper-
ature is often lower than ambient air temperature due to evaporative cooling, which helps
regulate plant metabolism under heat stress [13]. Relative humidity within the canopy
affects transpiration rates, while soil moisture availability directly impacts root function and
nutrient absorption [14,15]. Additionally, leaf wetness plays a role in disease susceptibility,
particularly fungal infections, which can further compromise maize productivity [15].

Among the most concerning biotic threats to maize is contamination by Aspergillus flavus,
a saprophytic fungus that produces aflatoxins, particularly aflatoxin B1 (AFB1)—one of
the most potent naturally occurring carcinogens [16,17]. A. flavus infects maize in the
field, during harvest, and throughout storage, leading to significant economic losses and
food safety risks [17]. The proliferation of A. flavus and the subsequent accumulation
of aflatoxins are heavily influenced by environmental factors, particularly temperature,
humidity, and moisture content. Optimal conditions for fungal growth range between 25
and 35 ◦C, with high moisture levels facilitating infection and toxin biosynthesis [18,19].
It is also known that there is a negative correlation between some Fusarium mycotoxin
production and A. flavus [20,21].

Climate-related stressors, such as heat and drought, weaken maize defenses, poten-
tially increasing susceptibility to A. flavus infection. However, despite extensive research
on AFB1 contamination, the broader physiological effects of A. flavus on maize remain
poorly understood.

Understanding how irrigation and nitrogen fertilization, coupled with variations in
climatic factors, influence A. flavus contamination is critical for ensuring maize produc-
tivity, food safety, and economic stability. While previous studies have established that
temperature and humidity affect fungal proliferation [17,22], key gaps remain in under-
standing how these climatic variables predispose maize to A. flavus infection at different
growth stages. Additionally, whether A. flavus infection induces lasting physiological
changes in maize—potentially altering its resilience, yield quality, or susceptibility to future
stress—remains largely unexplored. This study aims to evaluate the physiological re-
sponses of maize to macro- and micro-climatic conditions, identifying key stressors that
may enhance susceptibility to A. flavus. Additionally, it seeks to determine whether A. flavus
infection leads to persistent alterations in maize physiology, which could have implications
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for crop resilience, yield quality, and food safety. By addressing these objectives, this
research contributes to a more comprehensive understanding of the climate–pathogen
interactions affecting maize, ultimately supporting the development of targeted mitigation
strategies to reduce fungal contamination under changing climatic conditions.

2. Materials and Methods
2.1. Field Experiment

Between 2020 and 2022, a micro-plot experiment was carried out according to Molnár
et al. (2022) [22]. SY Orpheus (FAO 380; Syngenta Hungary Ltd., Budapest, Hungary)
maize hybrid was selected for this study [23]. A Completely Randomized Design (CRD)
was employed to investigate the physiological changes in SY Orpheus resulting from
micro- and macro-climatic conditions and A. flavus contamination. This study examined
key response variables, including mycotoxin levels, mold count, starch, protein, total
polyphenols, kernel numbers per ear length, and chlorophyll and leaf spectral indices.
The explanatory variables included year, inoculation (A. flavus-inoculated vs. control),
irrigation (irrigated vs. non-irrigated), fertilizer application rates (60, 120, and 180 kg/ha),
leaf position (above ear vs. below ear), and measurement points (<0.3 m vs. 1.5 m). Each
treatment had three replicates. The plots consisted of 4 rows, each 5 m long and 3 m wide.
Row spacing was 76 cm, and the plant spacing was 20 cm. Seeds were sown manually in
mid-April each year. Treatments were randomly assigned across plots, ensuring each plot
received a unique combination of inoculation, irrigation, and fertilizer treatments. Data
were collected and analyzed using analysis of variance (ANOVA) to compare means across
treatment groups and determine the effects of the experimental factors on maize physiology
and mycotoxin contamination.

2.2. Mold Contamination

Aspergillus flavus AMK 4-16/IV (University of Debrecen, Debrecen, Hungary) was
streaked onto malate agar (MA) medium [20 g/L glucose, 10 g/L malate extract, 5 g/L yeast
extract, 15 g/L agar (Scharlab, Barcelona, Spain) and cultivated for seven days at 30 ◦C in
the dark. Conidiospores were washed with 0.2% Tween 20 (Scharlab, Barcelona, Spain) for
spore suspensions (106/mL). Plants were treated with 50 µL spore suspension through a
puncture canal on ears on 12 August 2020, 2 August 2021, and 4 August 2022 in the blister
(R2) phenological stage [22].

2.3. Field Measurements

The measurement program of the air conditioning stations was air temperature (◦C);
relative humidity (%); global radiation (W/m2); leaf moisture (%); precipitation (mm);
wind speed (m/s); soil temperature (◦C); soil moisture (5–15–45 cm m3/m3). With the
help of nodes, which are an integral part of the measurement program of air condition-
ing stations, the micro-climatic parameters of treatments with different water supplies
were measured. The design of the air conditioning station’s data logger (power sup-
ply: 4 V NiMH battery + 1.7 W solar cell; communication: GSM/GPRS/EDGE; antenna:
4GLTE) ensured the quality data reporting. For technical specifications of all sensors used,
refer to Table S1.

2.3.1. Temperature and Humidity

Air temperature and relative humidity were measured in each experimental plot using
Onset’s RXW-THC-B-868 wireless combination sensors (Onset Computer Corporation,
Bourne, MA, USA) (Table S1), which provided high spatial resolution while eliminating the
need for extensive cabling and minimizing the risk of damage in actively cultivated fields.
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Measurements were taken at two heights per location. The lower level (0.3 m) represents
the canopy section, where soil-driven micro-climate dynamics predominate and spore
dispersal from the soil occurs via splashing water. The upper level (1.5 m) corresponded to
the average height of maize ears and the maximum leaf area density zone.

2.3.2. Leaf Wetness

Leaf wetness duration was recorded as the time the water remained on the plant
canopy surface (logging interval: 5 min; sampling frequency: 10 s; averaging interval:
one day). Additionally, the duration of complete canopy dryness—indicating drought
conditions and the absence of atmospheric water sources (rainfall, dew formation, or
irrigation)—was continuously logged and aggregated daily. Measurements were conducted
using PHYTOS-31 dielectric sensors (METER Group Inc., Pullman, WA, USA) (Table S1)
mounted at the same height as the temperature and humidity sensors.

2.3.3. Precipitation

Rainfall was measured outside the experimental plots to eliminate errors due to canopy
interception. A Campbell Scientific (Logan, UT, USA) ARG100 tipping-bucket rain gauge
was used to collect precipitation data (Table S1). The irrigation volumes applied were
incorporated into the total water input for each treatment.

2.3.4. Wind Speed

Wind direction and velocity (05103, R. M. Young Company, Traverse, MI, USA)
(Table S1) were recorded at the standard weather station at a height of 2 m, with a logging
interval of 10 min, a sampling frequency of 10 s, and an averaging interval of one day. This
study analyzed only the 10 min average wind speed and maximum gust speed data.

2.3.5. Soil Temperature

Soil temperature (107TP, Campbell Scientific, Logan, UT, USA) measurements
(Table S1) were taken at a depth of 5 cm outside the maize plots using standard soil-
temperature-monitoring methods, with a logging interval of 10 min, a sampling frequency
of 10 s, and an average interval of one day.

2.3.6. Solar Radiation

Solar irradiance (CMP3, Kipp & Zonen, OTT HydroMet, Delft, The Netherlands)
(Table S1) was recorded outside the experimental plots using an upward-facing pyranome-
ter positioned at a height of 2 m (logging interval: 10 min; sampling frequency: 10 s;
averaging interval: one day). This instrument measured incoming shortwave radiation,
also known as global irradiance.

2.3.7. Data Processing and Evaluation

The original data from the three-year trial, recorded at 5 and 10 min intervals, were
aggregated daily to extract minimum, maximum, sum, and mean values. Since plant and
fungal stress factors influencing fungal development and toxin production are strongly
linked to extreme temperatures, humidity, and water availability, special emphasis was
placed on analyzing the severity and frequency of these occurrences.

2.4. Plant Physiological Measurements
2.4.1. Chlorophyll Content

The handheld chlorophyll content index (CCI) meter (model MC-100, Apogee Instru-
ments, Logan, UT, USA) was used to estimate the chlorophyll content of the leaves. In the
case of SPAD measurements, it is important to consider the irradiation, the leaf water status
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and the time of measurements. To eliminate such possible errors, the measurement time in
our experiment was always between 10 and 12 am. In the case of corn, the Apogee MC-100
chlorophyll meter is well applicable since the leaves are thin and the leaf surface is smooth.
The chlorophyll meter utilizes the transmittance ratio at 653 nm and 931 nm to determine
the relative chlorophyll content. The ratio is termed CCI, and the MC-100 converts CCI to
SPAD units. The measurements were performed once a week, starting from 10:00 a.m., for
5 weeks after inoculation. The measurements were taken on the leaves above and next to
the ears. In each replication, five measurements were taken along the entire length of the
leaf surface on the five designated plants. The measurement area was 63.6 mm2.

2.4.2. Spectral Reflectance

An ASD FieldSpec3 spectroradiometer (Malvern Panalytical, Malvern, UK) was used
to collect leaf spectral reflectance data. The equipment can detect the spectrum from 350 nm
to 2500 nm. The ASD Plant Probe accessory, equipped with an internal 99% reflectance
board, was used to filter out external interference and noise, thereby collecting pure leaf
reflectance spectra. Data acquisition and processing were performed using ASD RS3™
software (Malvern Panalytical, version 6.4, Malvern, UK). We calculated the REP (Red
Edge Position) and ratio of first derivatives of 725 and 702 nm from the spectral data to
detect changes in leaf optical properties under different treatments. The measurements
were conducted simultaneously and on the same leaves as for the chlorophyll content.

2.4.3. Kernel Numbers on Ear Length

At the end of the physiological development, the dried cobs were dehulled, and photos
were taken. In the photos, kernel numbers on the lengths of cobs (n ≥ 8) were determined
and statistically analyzed.

2.5. Analytical Measurements
2.5.1. Sample Preparation

Coarsely milled kernels exhibited distinct chemical compositions. The samples were
dried in a drying cabinet (UN55, Memmert GmbH, Schwabach, Germany) at 60 ◦C ± 1 ◦C in
three repetitions to achieve weight stability. The mean dry weight and standard deviation of
the three repetitions were calculated [24]. The antioxidant polyphenol content of the kernels
was determined using the Folin–Ciocalteu method and expressed as gallic acid equivalent
(GAE) based on a gallic acid reference curve [25]. Protein nitrogen content was measured
using the Kjeldahl method [26]. The samples were disrupted with concentrated sulfuric acid
and Se-containing catalyst tablets (VWR International Ltd., Geldenaaksebaan, Belgium) in
a digester (DKL 20 Automatic Digestion Unit, VELP Scientifica Srl, Usmate, Italy) at 420 ◦C.
After the sample cooled down, it was distilled in a Velp Scientifica UDK 149 distillation
device. The released ammonium was titrated using an automatic titrator (TitroLine 5000,
Velp Scientifica, Usmate, Italy). Ammonium sulfate and tryptophane of high purity were
applied as controls. The protein was calculated from the released ammonium with a factor
6.25. The starch content was determined using standard polarimetry with a CETI Polaris
Analogue Polarimeter (Medline, Chalgrove, UK).

2.5.2. HPLC Analyses

HPLC measurements were performed using a Thermo Scientific Dionex Ultimate
3000 HPLC system (Dionex Softron Ltd., Germering, Germany). Biopure mycotoxin stan-
dard solutions (Romer Labs, Tulln, Austria) were used in an appropriate dilution. Sample
preparation was carried out according to Adácsi et al. (2022) [27]. Thermo Scientific
Dionex Chromeleon 7.2 Chromatography Data System (CDS) software (Dionex Softron
Ltd., Germering, Germany) was used for data collection and evaluation. Calibration curves
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were prepared using Biopure mycotoxin standard solutions, and quality assurance was
performed with certified Biopure reference samples from Romer Labs (Tulln, Austria).
The performance, detection limit, linear range, and reproducibility of the applied HPLC
methods were evaluated by contaminating ground maize with mycotoxins at varying
concentrations (n = 8). The limit of detection (LOD) was 0.01 mg/kg deoxynivalenol (DON)
and 0.001 µg/kg zearalenone (ZEA). A linear range of up to 50 mg/kg was detected. The
relative standard deviations were calculated as the absolute value of the coefficient of
variation, and in all cases, it was found to be below 10%.

2.5.3. Fumonisin Analysis with ELISA

The detection of fumonisin (FUM) was performed using the AgraQuant Fumonisin
ELISA (Romer Labs, Tulln, Austria) according to the manufacturer’s instructions with the
BioTek Synergy HTX Multimode Reader (BioTek, Winooski, VT, USA). The samples were
measured at 450 nm (n = 3, CV% < 5%; LOD 0.2 mg/kg) [28].

2.6. Mold Count

Total mold counts were determined by the surface spreading method on Chloram-
phenicol Glucose Agar (Scharlab, Barcelona, Spain) medium incubated at 25 ◦C for
5 days [29].

2.7. Statistical Analysis

All collected data were analyzed using univariate analysis of variance (ANOVA)
through the generalized linear model (GLM) procedure. Mean differences were deter-
mined using Duncan’s multiple range test (DMRT) and the Independent-Sample t-test
at a 0.05 significance level. Pearson’s linear correlation analyses assessed variations in
response variables, while multiple regression analyses evaluated relationships between
variables. To stabilize variance, mold count data (CFU/g) were log-transformed, and AFB1
content was log-transformed prior to statistical analysis. The transformed data exhibited
a normal distribution [30]. Statistical analyses were performed using IBM SPSS Statistics
Version 20 software (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Kernel Production, Infection, Mycotoxin Contamination and Nutrient Composition

The effect of Aspergillus flavus inoculation on kernel production, kernel infection,
mycotoxin contamination and nutrient composition revealed notable differences between
the inoculated (IN) and control (CT) groups (Table 1).

The mean kernel number per ear length was 21.25 for the control group and 20.14
for the inoculated group, with a standard error of 0.33 and 0.43, respectively (Table 1).
Statistical analysis revealed that the inoculated group had a significantly lower mean kernel
number per ear length compared to the control group (p < 0.05).

Inoculation with A. flavus significantly increased the mold counts and AFB1 levels in
maize kernels. The inoculated group exhibited a significantly higher mean mold count
(6.32 ± 0.13) compared to the control group (5.55 ± 0.17; p < 0.05). Similarly, AFB1 concen-
trations were markedly elevated in inoculated plants (139.46 ± 38.64 µg/kg) compared to
the control (0.11 ± 0.07 µg/kg; p < 0.05).

In this study, fumonisin B1 (FB1), deoxynivalenol (DON), and zearalenone (ZEA)
were measured to assess the broader spectrum of mycotoxin contamination in maize un-
der experimental conditions. While the primary focus was on AFB1, evaluating these
additional mycotoxins provided insights into the interactions between Aspergillus and
Fusarium species [31] and their toxin production in response to stress factors such as ir-
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rigation, nitrogen supplementation, and climatic variations in the natural environment.
In this study, there were no statistically significant differences (p > 0.05) in the concen-
trations of FB1, DON, or ZEA between the groups. FB1 levels were consistently higher
than DON and ZEA, suggesting that the experimental conditions likely favored the pro-
liferation of Fusarium verticillioides and F. proliferatum, the primary producers of FB1, over
F. graminearum, which is responsible for DON and ZEA biosynthesis [32,33]. Although a
negative correlation was observed between FB1 and DON, it was not statistically signif-
icant, indicating potential but weak competitive interactions between these mycotoxin-
producing species. The higher FB1 levels could be attributed to the ecological dominance of
F. verticillioides and F. proliferatum, which are common endophytes in maize and can colonize
kernels even under relatively mild environmental stress [33]. In contrast, F. graminearum
thrives in cooler, more humid conditions, which may not have been prevalent during
the experiment. The environmental conditions, particularly temperature and moisture
availability, likely favored the proliferation of Fusarium spp. associated with FB1 pro-
duction while limiting the growth of F. graminearum and the accumulation of DON and
ZEA. Additionally, the SY Orpheus maize hybrid used in this study may have exhibited
varying susceptibility to different Fusarium species. Greater susceptibility to F. verticillioides
would result in elevated FB1 accumulation, whereas increased resistance to F. graminearum
could explain the lower levels of DON and ZEA. Starch and protein content were also
not significantly different (p > 0.05) between treatments, indicating that fungal inoculation
did not markedly influence these macro-nutrients. Likewise, total polyphenol content
showed no significant difference between the inoculated and control groups. This could
be attributed to the structural integrity of the SY Orpheus maize hybrid kernels, where
starch and protein reserves are compartmentalized within the endosperm and aleurone
layer, limiting direct fungal access to enzymatic degradation.

Table 1. Effect of inoculation on kernel production, infection, mycotoxin content and nutrient composition.

Parameter (Unit)
Inoculation

Inoculated (IN) Control (CT)

Kernel number per ear length 20.14 ± 0.43 b 21.25 ± 0.33 a
Mold count (logCFU/g) 6.32 ± 0.13 a ** 5.55 ± 0.17 b **

AFB1 (µg/kg) 139.46 ± 38.64 a ** 0.11 ± 0.07 b **
FB1 (mg/kg) 2.64 ± 1.33 a 4.73 ± 0.93 a

DON (mg/kg) 0.17 ± 0.17 a 0.15 ± 0.08 a
ZEA (mg/kg) 0.00 ± 0.00 a 0.00 ± 0.00 a

Starch (m/m% DW) 11.79 ± 0.36 a 11.75 ± 0.30 a
Protein (m/m% DW) 61.98 ± 1.29 a 63.26 ± 1.01 a

Total polyphenols (mg GAE/100 g) 206.41 ± 5.72 a 203.87 ± 4.60 a
Values are given as means ± SE (n = 18); Values in the groups followed by different letters within rows are
significantly different at p < 0.05 t-test; ** p < 0.01 t-test.

The kernel number per ear length showed no significant difference between irrigation
treatments (p > 0.05) (Table S3). However, the mean kernel number per ear length was
slightly higher in the irrigated group (21.23 ± 0.37) compared to the non-irrigated group
(20.19 ± 0.38). Levene’s Test for equality of variances indicated no significant difference be-
tween the groups (p > 0.05). The mean AFB1 concentration was higher in the non-irrigated
group (96.24 ± 41.40 µg/kg) compared to the irrigated group (43.32 ± 16.37 µg/kg),
though this difference was not statistically significant (p > 0.05). In contrast, the mean log
mold count was slightly higher in the irrigated group (6.04 ± 0.17) than in the non-irrigated
group (5.83 ± 0.18), but this difference was also not statistically significant (p > 0.05). No
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significant differences were observed in FB1, DON, or ZEA toxin levels between irrigation
treatments (p > 0.05) (Table S3).

The starch and protein contents were comparable between the non-irrigated and
irrigated groups, with no significant differences (p > 0.05). Similarly, the total polyphenol
content did not differ significantly (p > 0.05) between the two treatments, suggesting that
irrigation did not notably influence polyphenolic metabolism (Table S3).

A combined effect of inoculation and irrigation was investigated to evaluate the
influence of these treatments on plant physiology. This study included four treatment
groups: control–non-irrigated (CTNI), control–irrigated (CTIR), inoculated–non-irrigated
(INNI), and inoculated–irrigated (INIR; Table S2). These groups assessed how inoculation
with A. flavus and varying irrigation conditions affect plant physiological responses, fungal
growth, and AFB1 production. The one-way ANOVA analysis evaluated the effect of
treatment conditions on kernel number per ear length. The mean kernel numbers for
the CTNI, CTIR, INNI, and INIR groups were 21.17 ± 0.48, 21.33 ± 0.46, 19.09 ± 0.58,
and 21.11 ± 0.60, respectively (Figure 1a). The ANOVA results showed a statistically
significant effect of treatment on kernel number (p < 0.05). Irrigation mitigated the adverse
effects of A. flavus inoculation on kernel development, as evidenced by the similar kernel
numbers between the inoculated–irrigated (INIR) and control groups (CTNI and CTIR). In
contrast, the inoculated–non-irrigated (INNI) group exhibited significantly reduced kernel
numbers, indicating that water stress exacerbates the negative impact of fungal inoculation.
AFB1 levels varied significantly across treatments (p < 0.05; Figure 1b). The highest levels
were observed in the INNI group (192.31 ± 70.54 µg/kg), followed by the INIR group
(86.60 ± 25.89 µg/kg). This suggests that environmental stress and fungal infection promoted
higher toxin production. The lowest AFB1 levels were found in CTNI (0.18 ± 0.14 µg/kg) and
CTIR (0.04 ± 0.03 µg/kg). Mold counts were also highest in the INNI (6.32 ± 0.22) and INIR
(6.32 ± 0.14) groups, demonstrating that A. flavus inoculation significantly increased fungal
growth compared to the control treatments (CTNI and CTIR) (Figure 1c).

A combined effect of inoculation and nitrogen application was studied to evaluate
the effect of nitrogen on plant physiology, fungal growth, and AFB1 production. Six
treatment groups were established: control with 60 kg/ha nitrogen (CT60), control with
120 kg/ha nitrogen (CT120), control with 180 kg/ha nitrogen (CT180), inoculated with
60 kg/ha nitrogen (IN60), inoculated with 120 kg/ha nitrogen (IN120), and inoculated
with 180 kg/ha nitrogen (IN180). These groups were designed to assess varying nitrogen
application rates, both with and without fungal inoculation, and influence plant–fungal
interactions and associated outcomes (Table S2).

The ANOVA analysis explored the combined effect of A. flavus inoculation and ni-
trogen (N) levels on kernel development, as measured by kernel numbers per ear length
(Figure 2). The kernel numbers for CT60, CT120 and CT180 (Table S2) were 20.32 ± 0.57,
22.22 ± 0.54 and 21.33 ± 0.59, respectively (Figure 2). The kernel numbers for IN60, IN120
and IN180 were 19.89 ± 0.69, 20.14 ± 0.73 and 20.38 ± 0.80, respectively.
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Figure 2. Kernel number per ear length with treatments. Values are given as means ± SE (n = 6).
Values followed by different letters within figures were significantly different at p < 0.05 by Dun-
can’s multiple range test. CT60—control with 60 kg/ha nitrogen, CT120—control with 120 kg/ha
nitrogen, CT180—control with 180 kg/ha nitrogen, IN60—inoculated with 60 kg/ha nitrogen,
IN120—inoculated with 120 kg/ha nitrogen, IN180—inoculated with 180 kg/ha nitrogen.
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The one-way ANOVA analysis examined the effect of nitrogen application rates
(60 kg/ha, 120 kg/ha, and 180 kg/ha) on kernel number per ear length (Table S4). The
results revealed no statistically significant difference between the nitrogen application
groups (p > 0.05). The lack of a significant effect may suggest that variations in nitrogen
rates within the tested range do not markedly influence kernel development under these
experimental conditions. This could be due to optimal nitrogen saturation already achieved
at the lower application rate (60 kg/ha) or the limited sensitivity of kernel development to
further increases. Environmental factors, soil characteristics, or plant nutrient utilization
efficiency might also play a role in minimizing observable differences. Despite no significant
differences in kernel numbers across the groups in the overall ANOVA test (p > 0.05)
(Table S4), post hoc analysis revealed notable trends, with specific pairwise comparisons
indicating significant effects. At 120 kg N/ha, non-inoculated plants (CT120) produced
the highest kernel numbers, significantly exceeding those of non-inoculated plants at
60 kg N/ha (CT60; p < 0.05). In contrast, A. flavus-inoculated plants at any nitrogen level
exhibited suppressed kernel development, particularly at 60 kg N/ha (IN60; p < 0.05),
indicating that inoculation and reduced nitrogen levels compromise kernel productivity.

Inoculated samples (IN60, IN120, IN18) exhibited notably higher AFB1 and log mold
count levels than controls (CT60, CT120, CT180; Table 2). Post hoc testing for least sig-
nificant differences (LSD) revealed that IN60 had the highest mean AFB1 and log mold
count at 164.25 ± 74.25 µg/kg and 6.45 ± 0.21, respectively, potentially due to enhanced
fungal activity facilitated by early inoculation and nitrogen-enriched conditions (Table 2).
In the inoculated group, it was observed that an increase in nitrogen lowered AFB1 and
mold count.

Table 2. Variation in mold infestation, mycotoxin content, nutrient composition and total polyphenols
with nitrogen inoculation treatment.

Parameter (Unit)
Nitrogen Inoculation Treatment

CT60 CT120 CT180 IN60 IN120 IN180

AFB1 (µg/kg) 0.05 ± 0.04 b 0.23 ± 0.21 b 0.05 ± 0.04 b 164.25 ± 74.25 a 139.18 ± 54.25 ab 114.94 ± 80.80 ab
Mold count (log CFU/g) 5.60 ± 0.34 ab 5.50 ± 0.25 b 5.54 ± 0.32 b 6.45 ± 0.21 a 6.29 ± 0.26 ab 6.21 ± 0.22 ab

FB1 (mg/kg) 5.55 ± 2.11 a 6.17 ± 1.26 a 2.47 ± 1.10 a 2.72 ± 1.66 a 4.16 ± 3.73 a 1.05 ± 0.59 a
DON (mg/kg) 0.07 ± 0.07 a 0.16 ± 0.16 a 0.22 ± 0.22 a 0.52 ± 0.52 a 0.00 ± 0.00 a 0.00 ± 0.00 a
ZEA (mg/kg) 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a

Starch (m/m% DW) 11.87 ± 0.68 a 11.54 ± 0.47 a 11.83 ± 0.50 a 11.75 ± 0.77 a 11.71 ± 0.60 a 11.91 ± 0.64 a
Protein (m/m% DW) 63.08 ± 1.79 a 63.30 ± 1.77 a 63.42 ± 2.03 a 61.27 ± 2.51 a 62.47 ± 2.54 a 62.20 ± 2.00 a

Total polyphenols
(mg GAE/100 g) 206.58 ± 5.18 a 196.38 ± 12.84 a 208.64 ± 3.48 a 211.69 ± 14.04 a 204.54 ± 5.16 a 202.99 ± 11.02 a

Values are given as mean ± SE (n = 6). Values followed by the same letters within rows are not significantly
different at p > 0.05 Duncan’s multiple range test (DMRT). CT60—control with 60 kg/ha nitrogen, CT120—control
with 120 kg/ha nitrogen, CT180—control with 180 kg/ha nitrogen, IN60—inoculated with 60 kg/ha nitrogen,
IN120—inoculated with 120 kg/ha nitrogen, IN180—inoculated with 180 kg/ha nitrogen.

Fumonisin B1 (FB1) concentrations showed no significant differences across groups
(p > 0.05; Table 2). This indicates that varying nitrogen levels and inoculation did not
markedly influence FB1 production. It was observed that DON was absent in the later
inoculation treatments (IN120 and IN180).

There were no significant differences in starch and protein content across treatments
(p > 0.05; Table 2), indicating that these parameters remained stable despite inoculation
and nitrogen application variations. Slight variations in the total polyphenol content were
noted but were not statistically significant (p > 0.05).

Based on the findings, adequate irrigation and the application of 180 kg/ha nitrogen
emerged as the most effective strategy for managing A. flavus growth and AFB1 biosynthesis
in maize (Figure 3). Post hoc testing with Duncan’s multiple range test showed that the
INNI120, INNI180, and INNI60 groups significantly differed from CTIR180 and INIR180,
with lower mean kernel production (p < 0.05) (Table 3).
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Table 3. Variation in kernel production with nitrogen inoculation–irrigation treatment.

Treatment Kernel Number per Ear Length
CTNI60 20.58 ± 0.82 abc
CTNI120 21.57 ± 0.79 abc
CTNI180 21.38 ± 0.88 abc
CTIR60 20.11 ± 0.80 abc
CTIR120 21.75 ± 0.74 abc
CTIR180 22.67 ± 0.71 a
INNI60 19.46 ± 0.87 bc
INNI120 18.81 ± 1.11 c
INNI180 19.00 ± 1.05 bc
INIR60 20.26 ± 1.04 abc
INIR120 21.29 ± 0.95 abc
INIR180 21.92 ± 1.16 ab

Values are given as mean ± SE. Values followed by the same letters in a column are not significantly differ-
ent at p > 0.05 Duncan’s multiple range test (DMRT). CTNI60—control–non-irrigated with 60 kg/ha nitrogen,
CTNI120—control–non-irrigated with 120 kg/ha nitrogen, CTNI80—control–non-irrigated with 180 kg/ha nitro-
gen, CTIR60—control–irrigated with 60 kg/ha nitrogen, CTIR120—control–irrigated with 120 kg/ha nitrogen,
CTIR180—control–irrigated with 180 kg/ha nitrogen, INNI60—inoculated–non-irrigated with 60 kg/ha nitrogen,
INNI20—inoculated–non-irrigated with 120 kg/ha nitrogen, INNI80—inoculated–non-irrigated with 180 kg/ha
nitrogen, INIR60—inoculated–irrigated with 60 kg/ha nitrogen, INIR120—inoculated–irrigated with 120 kg/ha
nitrogen, INIR180—inoculated–irrigated with 180 kg/ha nitrogen.

Higher nitrogen levels (180 kg/ha) in inoculated treatments significantly reduced
AFB1 production and mold counts, indicating its potential to limit A. flavus colonization
and toxin production (Figure 3).

A combined effect of inoculation and irrigation was investigated to evaluate the
influence of these treatments on plant physiology (Table S5), and no statistical significance
was found. The correlation analysis revealed notable relationships between mycotoxins,
mold infection and nutrient content, shedding light on the underlying physiological and
biochemical dynamics in the experimental conditions (Table 4).
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Table 4. Pearson’s correlation (r) between mycotoxins, mold infection and nutrient content.

Parameter (Unit) AFB1 (µg/kg) FB1 (mg/kg) DON (mg/kg)
Starch

(m/m% DW)
Protein

(m/m% DW)
Total

Polyphenols
(mg GAE/100 g)

FB1 (mg/kg) 0.102
DON (mg/kg) 0.780 −0.069

Starch (m/m% DW) 0.167 −0.074 0.074
Protein (m/m% DW) 0.152 0.316 0.111 −0.664 **

Total polyphenols
(mg GAE/100 g) 0.267 0.106 0.388 −0.373 0.386

Mold count
(log CFU/g) 0.479 ** 0.177 0.070 0.313 −0.161 0.142

** correlation significant at 0.01 level.

AFB1 was positively correlated to mold count (r = 0.479, p < 0.01; Table 4). FB1, on
the other hand, showed a positive correlation with protein content (r = 0.316; p > 0.05) and
mold count (r = 0.177; p > 0.05) but was not statistically significant. Similarly, DON was
positively correlated with total polyphenols (r = 0.388, p > 0.05) but was not statistically
significant. Notably, starch content displayed a significant negative correlation with protein
content (r = −0.664, p < 0.01). Mold count was non-significantly positively correlated to
starch content (r = 0.313, p > 0.05). Protein content showed a positive correlation with total
polyphenols (r = 0.386, p > 0.05) but was negatively correlated to mold count (r = −0.161,
p > 0.05); however, it was statistically insignificant.

3.2. Physiological Changes in the Maize Plant

This experiment investigated the effects of various treatments on maize plants by
analyzing physiological changes. Key indicators assessed included chlorophyll con-
tent (measured as SPAD values) and leaf spectral indices, specifically red edge posi-
tion and the FD725/702 ratio. The impact of A. flavus inoculation on chlorophyll lev-
els and leaf spectral properties was evaluated, revealing significant differences between
treatment variables (Table 5).

Table 5. Effect of treatment variables on chlorophyll and leaf spectra changes in maize plants.

Treatment Variable
Parameter

Chlorophyll (SPAD) Red Edge Position (REP) FD725/FD702 Ratio

Inoculation 1

Inoculated (IN) 48.89 ± 0.11 a 722.07 ± 0.18 b 2.38 ± 0.01 b
Control (CT) 47.95 ± 0.12 b 723.23 ± 0.14 a 2.44 ± 0.01 a

Irrigation 1

Non-irrigated (NI) 48.79 ± 0.11 a ** 722.67 ± 0.15 a 2.35 ± 0.01 b **
Irrigated (IR) 48.05 ± 0.12 b ** 723.23 ± 0.14 a 2.47 ± 0.01 a **

Leaf position 1

Leaf above maize cob 48.00 ± 0.12 b ** 722.42 ± 0.17 b 2.39 ± 0.01 b
Leaf next to maize cob 48.82 ± 0.12 a ** 722.89 ± 0.16 a 2.42 ± 0.01 a

Nitrogen (kg/ha) 2

60 46.55 ± 0.15 c 721.47 ± 0.23 b 2.26 ± 0.02 c
120 48.99 ± 0.14 b 722.98 ± 0.19 a 2.45 ± 0.02 b
180 49.71 ± 0.13 a 723.51 ± 0.18 a 2.52 ± 0.02 a

Values are given as mean ± SE. Values followed by different letters within columns are significantly different at
p < 0.05; ** p < 0.01; 1 t-test; 2 Duncan’s multiple range test (DMRT); IN—inoculated; CT—control; NI—non-
irrigated; IR—irrigated.

The mean SPAD value for control plants (CT) was 47.95 ± 0.12, whereas inoculated
plants (IN) exhibited a significantly higher mean of 48.89 ± 0.11 (p < 0.01; Table 5). The
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mean REP value was significantly higher in control plants (723.23 ± 0.14) compared to
inoculated plants (722.07 ± 0.18; p < 0.01). Additionally, the FD725/FD702 ratio was
significantly higher in control plants (2.44 ± 0.01) than in inoculated plants (2.38 ± 0.01;
p < 0.01), suggesting differences in chlorophyll fluorescence properties.

The effect of irrigation on chlorophyll and the leaf spectra of maize plants revealed
significant differences between the inoculated (IN) and control (CT) groups (Table 5). The
mean SPAD was significantly higher in non-irrigated (NI) plants (48.79 ± 0.11) compared
to irrigated (IR) plants (48.05 ± 0.12; p < 0.01; Table 5). The REP value was not significantly
different between the two groups (722.67 ± 0.15 for NI vs. 723.23 ± 0.14 for IR; p > 0.05).
However, the FD725/FD702 ratio was significantly higher in irrigated plants (2.47 ± 0.01)
than in non-irrigated plants (2.35 ± 0.01; p < 0.01; Table 5).

Leaf position plays a crucial role in influencing plant physiological changes. This
study examined the changes in chlorophyll and leaf spectra with the leaf position of maize
plants (Table 5). The leaf positioned next to the maize cob exhibited significantly higher
SPAD values (48.82 ± 0.12) compared to the leaf above the cob (48.00 ± 0.12; p < 0.01).
Similarly, the REP value was significantly higher in the leaf next to the cob (722.89 ± 0.16)
than in the upper leaf (722.42 ± 0.17; p < 0.05). The FD725/702 ratio was significantly
greater in the leaf next to the cob (2.42 ± 0.01) compared to the leaf above (2.39 ± 0.01;
p < 0.05).

The effect of nitrogen on chlorophyll and leaf spectra of maize plants revealed signif-
icant differences between inoculated (IN) and control (CT) groups (Table 5). The chloro-
phyll content increased progressively with higher nitrogen levels, with SPAD values of
46.55 ± 0.15 at 60 kg/ha, 48.99 ± 0.14 at 120 kg/ha, and 49.71 ± 0.13 at 180 kg/ha (p < 0.01).
The REP value also increased with nitrogen application, with significantly higher values
observed at 120 kg/ha (722.98 ± 0.19) and 180 kg/ha (723.51 ± 0.18) compared to the
lowest nitrogen level (721.47 ± 0.23; p < 0.01). Similarly, the FD725/FD702 ratio, an indica-
tor of photosynthetic efficiency and stress adaptation, significantly increased with higher
nitrogen rates. The ratio was lowest at 60 kg/ha (2.26 ± 0.02) and increased to 2.45 ± 0.02
at 120 kg/ha and 2.52 ± 0.02 at 180 kg/ha (p < 0.01) (Table 5).

3.3. Micro-Climatic Changes in the Micro-Plot Experiment

Irrigation significantly influenced micro-climatic conditions in the maize field, af-
fecting temperature dynamics, relative humidity, and leaf wetness duration, which may
have contributed to kernel infection and mycotoxin accumulation (Table 6). The observed
increase in maximum temperature (Tmax) under irrigated conditions (28.43 ± 0.13 ◦C)
compared to non-irrigated fields (27.44 ± 0.17 ◦C; p < 0.01) can be understood through
the complex interplay between irrigation, soil moisture, and energy balance. While irriga-
tion is often associated with evaporative cooling, certain conditions can lead to localized
warming [34,35]. One possible explanation for the increase in Tmax under irrigation is
the enhanced canopy transpiration and soil moisture retention, which can alter sensible
and latent heat fluxes, leading to greater heat absorption during the day [35]. In some
cases, irrigation modifies the land–atmosphere energy balance by reducing albedo, thereby
increasing heat retention in the soil and plant canopy [36]. Additionally, increased soil
moisture can lead to delayed heat dissipation at night, further contributing to higher day-
time maximum temperatures [37]. Furthermore, the slightly higher mold count in irrigated
fields (6.04 ± 0.17) compared to non-irrigated fields (5.83 ± 0.18; Table S3) suggests that
the modified micro-climate under irrigation may have facilitated fungal proliferation, a
phenomenon influenced by increased leaf wetness duration and canopy humidity [38].
Conversely, the minimum temperature (Tmin) was significantly lower in irrigated fields
(14.30 ± 0.10 ◦C) than in non-irrigated fields (15.21 ± 0.14 ◦C; p < 0.01). This reduction could
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be due to increased evaporative cooling at night, which may slow down fungal growth but
prolong leaf wetness duration, a key factor in pathogen development. The longer transi-
tion time observed in irrigated fields (87.79 ± 3.12 min) compared to non-irrigated fields
(68.43 ± 2.51 min, p < 0.01) (Table 6) suggests that leaves remained moist for extended peri-
ods, creating a favorable environment for fungal colonization. However, despite these con-
ditions, the AFB1 concentration was notably lower in irrigated maize (43.32 ± 16.37 µg/kg)
than in non-irrigated maize (96.24 ± 41.40 µg/kg, Table S3), suggesting that irrigation
may have mitigated mycotoxin accumulation by reducing plant stress and enhancing
physiological defenses.

Table 6. Variation in micro-climatic factors with treatment variable.

Treatment
Variable

Micro-Climatic Factor

Average
Temperature,

Tavg (◦C)

Maximum
Temperature,

Tmax (◦C)

Minimum
Temperature,

Tmin (◦C)

Average
Relative

Humidity,
RHavg (%)

Minimum
Relative

Humidity,
RHmin (%)

Leaf Wetness
in Wet State,
LWwet (min)

Transition
Time (min)

Leaf Wetness
in Dry State,
LWdry (min)

Irrigation 1

Non-irrigated
(NI) 20.58 ± 0.11 a 27.44 ± 0.17 b ** 15.21 ± 0.14 a ** 72.91 ± 0.30 b 45.10 ± 0.36 a 426.49 ± 8.37 a 68.43 ± 2.51 b ** 909.95 ± 9.12 a

Irrigated (IR) 20.55 ± 0.10 a 28.43 ± 0.13 a ** 14.30 ± 0.10 b ** 73.94 ± 0.27 a 44.72 ± 0.33 a 411.49 ± 7.46 a 87.79 ± 3.12 a ** 896.81 ± 8.01 a

Canopy height 1

Lower height
(0.3 m AGL) 20.50 ± 0.11 a 28.47 ± 0.14 a ** 15.21 ± 0.14 a ** 74.34 ± 0.29 a ** 46.04 ± 0.37 a ** 381.43± 8.39 b ** 120.05± 3.92 a ** 895.79 ± 8.91 a

Upper height
(1.5 m AGL) 20.61 ± 0.11 a 27.57 ± 0.15 b ** 14.30 ± 0.10 b ** 72.75 ± 0.28 b ** 43.94 ± 0.32 b ** 449.12± 7.37 a ** 44.67 ± 1.37 b ** 908.66 ± 8.17 a

Nitrogen
(kg/ha) 2

60 20.53 ± 0.13 a 28.41 ± 0.17 a 14.30 ± 0.12 b 74.35 ± 0.34 a 45.16 ± 0.41 a 432.73 ± 9.00 a 101.33 ± 4.28 a 864.35 ± 9.77 c
120 20.72 ± 0.15 a 26.84 ± 0.24 b 15.82 ± 0.21 a 72.47 ± 0.39 b 44.52 ± 0.47 a 401.16 ± 10.71 b 64.03 ± 3.04 b 942.45 ± 11.63 a
180 20.47 ± 0.13 a 28.41 ± 0.16 a 14.30 ± 0.12 b 73.34 ± 0.33 b 44.91 ± 0.40 a 416.85 ± 9.44 ab 67.70 ± 2.77 b 911.54 ± 10.03 b

Values are given as mean ± SE. Values followed by different letters within columns are significantly differ-
ent at p < 0.05; ** p < 0.01; 1 t-test; 2 Duncan’s multiple range test (DMRT); NI—non-irrigated; IR—irrigated;
AGL—above-ground level.

Relative humidity (RH) was also influenced by irrigation, with the average relative
humidity (RHavg) being significantly higher in irrigated fields (73.94 ± 0.27%) than in
non-irrigated fields (72.91 ± 0.30%). This increase in humidity and extended leaf wetness
periods may have influenced fungal growth dynamics, although the difference in mold
count between treatments was not statistically significant (p > 0.05). Meanwhile, minimum
relative humidity (RHmin) remained statistically similar between treatments, indicating that
irrigation did not drastically alter nighttime moisture retention. Leaf wetness duration in
both the wet (LWwet) and dry (LWdry) states did not significantly differ between treatments.
However, irrigated fields had a slightly lower LWwet (411.49 ± 7.46 min) than non-irrigated
fields (426.49 ± 8.37 min) (Table 6).

Canopy height significantly influenced the micro-climatic conditions within the maize
field, affecting temperature distribution, humidity levels, and leaf wetness dynamics
(Table 6). Tavg remained statistically similar between the lower canopy (20.50 ± 0.11 ◦C)
and upper canopy (20.61 ± 0.11 ◦C; p > 0.05), suggesting stable overall thermal conditions
throughout the canopy (Table 6). However, Tmax was significantly higher at the lower
canopy (28.47 ± 0.14 ◦C) than at the upper canopy (27.57 ± 0.15 ◦C, p < 0.01), likely due
to restricted airflow and increased heat retention at lower levels from shading effects
and reduced convective cooling. Conversely, Tmin was significantly lower in the upper
canopy (14.30 ± 0.10 ◦C) compared to the lower canopy (15.21 ± 0.14 ◦C; p < 0.01), sug-
gesting more significant exposure to nighttime radiative cooling in the upper layers of
the maize stand. Relative humidity varied significantly with canopy height, with the
lower canopy maintaining a significantly higher RHavg of 74.34 ± 0.29% compared to
the upper canopy (72.75 ± 0.28%; p < 0.01). RHmin was also significantly higher in the
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lower canopy (46.04 ± 0.37%) compared to the upper canopy (43.94 ± 0.32%; p < 0.01),
indicating better moisture retention at lower heights. Leaf wetness duration was depen-
dent on the canopy position. The upper canopy exhibited a significantly longer LWwet of
449.12 ± 7.37 min compared to the lower canopy (381.43 ± 8.39 min; p < 0.01), suggesting
that dew or intercepted water persisted longer at the upper canopy due to greater exposure
to atmospheric moisture. The lower canopy experienced significantly longer transition
times (120.05 ± 3.92 min) compared to the upper canopy (44.67 ± 1.37 min; p < 0.01), in-
dicating prolonged periods of transitioning between wet and dry states. Leaf wetness in
the dry state (LWdry) remained statistically similar between canopy heights, implying no
significant differences in drying times (Table 6).

Nitrogen application significantly influenced micro-climatic conditions in the maize
field (Table 6). Tavg remained relatively stable across nitrogen levels, indicating no sub-
stantial alteration in overall field thermal conditions (Table 6). However, Tmax was sig-
nificantly lower at 120 kg/ha (26.84 ± 0.24 ◦C) compared to 60 kg/ha and 180 kg/ha
(both at 28.41 ± 0.17 ◦C and 28.41 ± 0.16 ◦C, respectively; p < 0.05). The minimum tem-
perature (Tmin) was significantly higher at 120 kg/ha (15.82 ± 0.21 ◦C) than at 60 kg/ha
and 180 kg/ha (both at 14.30 ± 0.12 ◦C; p < 0.05). Relative humidity varied with nitrogen
application, with RHavg recorded at 60 kg/ha (74.35 ± 0.34%), significantly higher than
at 120 kg/ha (72.47 ± 0.39%; p < 0.05). RHmin did not vary significantly across treatments.
Leaf wetness duration showed significant differences across nitrogen treatments. LWwet

was recorded at 60 kg/ha (432.73 ± 9.00 min), significantly higher than at 120 kg/ha
(401.16 ± 10.71 min; p < 0.05). The transition time was significantly shorter at 120 kg/ha
(64.03 ± 3.04 min) compared to 60 kg/ha (101.33 ± 4.28 min; p < 0.05). Leaf wetness in the
dry state (LWdry) was significantly higher at 120 kg/ha (942.45 ± 11.63 min) compared to
60 kg/ha (864.35 ± 9.77 min; p < 0.05). Fungal contamination and mycotoxin accumulation
were also influenced by nitrogen levels, with the highest log mold count (6.03 ± 0.23) and
AFB1 content (82.15 ± 43.19 µg/kg) recorded at 60 kg/ha. The lowest values were found
at 180 kg/ha (5.88 ± 0.21 and 57.49 ± 42.23 µg/kg, respectively).

These micro-climatic variations align with the findings from Table S4, which show
that nitrogen levels influenced fungal contamination and mycotoxin accumulation in
maize kernels. The highest log mold count and AFB1 content were recorded at 60 kg/ha
(6.03 ± 0.23 and 82.15 ± 43.19 µg/kg, respectively), whereas 180 kg/ha resulted in the
lowest figures at 5.88 ± 0.21 and 57.49 ± 42.23 µg/kg, respectively (Table S4). This sug-
gests prolonged leaf wetness and slower drying times at lower nitrogen levels may have
created favorable conditions for fungal growth and AFB1 production. The higher Tmax at
60 kg/ha could have stressed plants, making them more susceptible to fungal colonization.
Although kernel number per ear length and mold count did not show significant varia-
tion across nitrogen levels, reduced AFB1 levels at higher nitrogen rates suggested that
improved plant health and faster moisture dissipation at 120–180 kg/ha may have limited
fungal proliferation.

Pearson’s correlation analysis revealed significant relationships among various micro-
climatic factors, highlighting their interconnected roles in shaping the maize field environ-
ment (Table 7). Temperature variables (Tavg, Tmax, and Tmin) exhibited positive correlations.
Tavg showed the highest correlation with Tmax (r = 0.806, p < 0.01) and Tmin (r = 0.755,
p < 0.01). Relative humidity (RHavg and RHmin) displayed negative correlations with tem-
perature variables, particularly Tmax (r = −0.512, p < 0.01) and Tavg (r = −0.538, p < 0.01),
indicating that, as temperatures rise, relative humidity decreases. A positive correlation
between RHavg and RHmin (r = 0.810, p < 0.01) suggests that changes in minimum humidity
levels closely reflect overall humidity variations (Table 7).
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Table 7. Pearson’s correlation (r) between micro-climatic factors.

Factor Tavg (◦C) Tmax (◦C) Tmin (◦C) RHavg (%) RHmin (%) LWwet (min) Transition Time (min)

Tmax (◦C) 0.806 **
Tmin (◦C) 0.755 ** 0.298 **
RHavg (%) −0.538 ** −0.512 ** −0.229 **
RHmin (%) −0.475 ** −0.625 ** −0.081 ** 0.810 **

LWwet (min) −0.290 ** −0.278 ** −0.150 ** 0.427 ** 0.376 **
Transition time (min) −0.040 * 0.010 −0.027 0.202 ** 0.150 ** −0.150 **

LWdry (min) 0.287 ** 0.246 ** 0.170 ** −0.462 ** −0.384 ** −0.888 ** −0.202 **

* correlation significant at 0.05 level; ** correlation significant at 0.01 level. Tavg—Average temperature, Tmax—Maximum
temperature, Tmin—Minimum temperature, RHavg—Average relative humidity, RHmin—Minimum relative humidity,
LWwet—Leaf wetness in wet state, LWdry—Leaf wetness in dry state.

LWwet showed positive correlations with relative humidity parameters, particularly
RHavg (r = 0.427, p < 0.01) and RHmin (r = 0.376, p < 0.01), suggesting that higher atmo-
spheric moisture extends the duration of leaf wetness. However, LWwet was negatively
correlated with temperature variables, particularly Tavg (r = −0.290, p < 0.01), indicating that
higher temperatures reduce wetness duration by accelerating leaf drying. Transition time
was positively correlated with RHavg (r = 0.202, p < 0.01), but negatively correlated with
Tavg (r = −0.040, p < 0.05) (Table 7), indicating that higher humidity delays drying, whereas
higher temperatures promote faster drying.

LWdry was strongly negatively correlated with LWwet (r = −0.888, p < 0.01), confirming
the expected inverse relationship. Additionally, LWdry exhibited a negative correlation
with RHavg (r = −0.462, p < 0.01) and RHmin (r = −0.384, p < 0.01), suggesting that higher
humidity reduces dry-state durations. Interestingly, LWdry showed a positive correlation
with temperature variables, particularly Tavg (r = 0.287, p < 0.01) (Table 7), suggesting that
higher temperatures accelerate moisture loss, thus extending the dry leaf condition.

3.4. Seasonal Variation in Climatic Factors and Maize Plant Parameters

Macro-climatic conditions exhibited interannual variability (Table 8). The maximum
wind speed (SWmax) during maize development time increased from 2020 (0.72 ± 0.33 m/s)
to 2022 (0.84 ± 0.35 m/s; p < 0.05), while the average wind speed (SWavg) declined in 2022
(3.97 ± 0.12 m/s; p < 0.05). Soil temperature (Ts) showed a progressive increase across the
years, aligning with the trend observed in global radiation (Rg), which remained relatively
stable. Precipitation (P) varied annually, reaching its highest value in 2022 (2.18 ± 0.58 mm),
coinciding with increased irrigation (3.97 ± 0.12 mm) and resulting in the highest combined
precipitation and irrigation (PI) of 4.03 mm.

Correlation analysis (Table 9) showed a significant negative relationship between
precipitation and global radiation (r = −0.387, p < 0.01), suggesting that increased cloud
cover during rainfall events reduced solar radiation reaching the crop canopy. A positive
correlation was observed between precipitation and combined irrigation and precipitation
(r = 0.710, p < 0.01), indicating that supplemental irrigation effectively compensated for
variations in rainfall.

Macro-climatic variations strongly influenced micro-climatic factors (Table 8). Tavg

increased from 2020 (20.16 ± 0.10 ◦C) to 2022 (20.95 ± 0.15 ◦C; p < 0.05), mirroring the up-
ward trend in soil temperature. Tmax also rose significantly between 2020 (26.87 ± 0.18 ◦C)
and 2022 (28.55 ± 0.20 ◦C; p < 0.05), while Tmin exhibited fluctuations, reaching its lowest
value in 2021 (13.77 ± 0.14 ◦C). RHavg and RHmin declined over the years, with RHavg

decreasing from 79.06 ± 0.24% in 2020 to 68.21 ± 0.43% in 2022 (p < 0.05). LWwet followed
a similar pattern, with the most extended wet state observed in 2022 (471.88 ± 10.28 min)
and the shortest in 2021 (350.45 ± 7.64 min; p < 0.05). Correlation analysis results (Table 9)
showed that LWwet was positively correlated with RHavg (r = 0.427, p < 0.01), suggesting
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that higher humidity prolonged wetness periods. Transition time decreased significantly
from 145.58 ± 5.04 min in 2020 to 48.05 ± 1.95 min in 2021 and 46.75 ± 2.00 min in 2022
(p < 0.05), indicating faster drying as humidity declined and the temperature increased.

Table 8. Variation in climatic factors and maize plant parameters with years.

Variables Year
2020 2021 2022

Macro-climatic factors

Maximum wind speed, SW
max (m/s) 0.72 ± 0.33 b 0.75 ± 0.32 ab 0.84 ± 0.35 a

Average wind speed, SW
avg (m/s) 4.12 ± 0.13 ab 4.46 ± 0.14 a 3.97 ± 0.12 b

Soil temperature, Ts (◦C) 22.23 ± 0.29 a 22.65 ± 0.42 a 23.00 ± 0.42 a
Global radiation, Rg (W/m2) 173.11 ± 6.00 a 163.49 ± 5.39 a 169.12 ± 6.28 a

Precipitation, P (mm) 1.97 ± 0.52 a 1.10 ± 0.34 a 2.18 ± 0.58 a
Irrigation, I (mm) 0.65 ± 0.37 a 0.87 ± 0.37 a 3.97 ± 0.12 a

Combined precipitation and irrigation, PI (mm) 2.62 ± 0.66 ab 1.97 ± 0.49 b 4.03 ± 0.79 a
Micro-climatic factors

Average temperature, Tavg (◦C) 20.16 ± 0.10 c 20.57 ± 0.14 b 20.95 ± 0.15 a
Maximum temperature, Tmax (◦C) 26.87 ± 0.18 b 28.52 ± 0.17 a 28.55 ± 0.20 a
Minimum temperature, Tmin (◦C) 15.66 ± 0.17 a 13.77 ± 0.14 c 14.70 ± 0.13 b

Average relative humidity, RHavg (%) 79.06 ± 0.24 a 73.14 ± 0.25 b 68.21 ± 0.43 c
Minimum relative humidity, RHmin (%) 49.17 ± 0.40 a 43.70 ± 0.37 b 41.76 ± 0.46 c
Leaf wetness in wet state, LWwet (min) 433.50 ± 10.46 b 350.45 ± 7.64 c 471.88 ± 10.28 a

Transition time (min) 145.58 ± 5.04 a 48.05 ± 1.95 b 46.75 ± 2.00 b
Leaf wetness in dry state, LWdry (min) 808.85 ± 10.11 c 1011.66 ± 8.77 a 882.90 ± 11.24 b

Maize plant parameters
Kernel number per ear length 25.60 ± 0.34 a 20.70 ± 0.37 b 17.89 ± 0.39 c

Log mold count 5.66 ± 0.17 a 6.07 ± 0.26 a 6.06 ± 0.19 a
AFB1 (µg/kg) 18.83 ± 8.89 b 156.88 ± 59.02 a 33.64 ± 13.33 b
FB1 (mg/kg) 3.00 ± 1.35 ab 6.28 ± 1.85 a 1.78 ± 0.41 b

DON (mg/kg) 0.00 ± 0.00 b 0.48 ± 0.27 a 0.00 ± 0.00 b
ZEA (mg/kg) 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a

Starch (m/m% DW) 9.99 ± 0.09 c 12.18 ± 0.12 b 13.15 ± 0.17 a
Protein (m/m% DW) 65.63 ± 0.38 a 66.05 ± 0.45 a 56.19 ± 0.58 b

Total polyphenols (mg GAE/100 g) N.D. 212.41 ± 5.20 a 197.86 ± 4.17 a
Values are given as mean ± SE. Values followed by different letters within rows are significantly different at
p < 0.05 Duncan’s multiple range test (DMRT). N.D. Analysis was not performed.

Table 9. Pearson’s correlation (r) between macro-climatic factors.

Factor SW
max (m/s) SW

avg (m/s) Ts (◦C) Rg (W/m2) P (mm)

SW
avg (m/s) 0.622 **
Ts (◦C) 0.061 0.140 *

Rg (W/m2) −0.021 0.050 0.689 **
P (mm) 0.119 * 0.128 * −0.136 * −0.387 **
PI (mm) 0.100 0.071 0.046 −0.162 ** 0.710 **

* correlation significant at 0.05 level; ** correlation significant at 0.01 level. SW
max—Maximum wind speed, SW

avg—Average
wind speed, Ts—Soil temperature, Rg—Global radiation, P—Precipitation, PI—Combined precipitation and irrigation.

The impact of climatic variations on maize parameters was evident. Kernel number per
ear length declined significantly from 25.60 ± 0.34 in 2020 to 17.89 ± 0.39 in 2022 (p < 0.05;
Table 8), suggesting that rising temperatures and declining relative humidity negatively
affected kernel development. Mycotoxin contamination varied across development times,
with AFB1 levels peaking in 2021 (156.88 ± 59.02 µg/kg), coinciding with lower humidity
levels (RHavg = 73.14 ± 0.25%, RHmin = 43.70 ± 0.37%), which are known to favor A. flavus
infection and mycotoxin production. Similarly, FB1 and DON concentrations were highest
in 2021 (Table 8), suggesting that micro-climatic stress conditions in that year favored
Fusarium spp. development.
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The biochemical composition of maize kernels also showed notable trends. The starch
content increased significantly across years, from 9.99 ± 0.09% in 2020 to 13.15 ± 0.17%
in 2022 (p < 0.05), while the protein content showed an inverse trend, declining from
65.63 ± 0.38% in 2020 to 56.19 ± 0.58% in 2022 (p < 0.05) (Table 8). Additionally, the
polyphenol content, which plays a role in plant defense mechanisms, remained relatively
stable in 2021 and 2022 (Table 8), suggesting potential stress adaptation mechanisms in
response to environmental fluctuations.

4. Discussion
4.1. Kernel Production, Infection, Mycotoxin Contamination and Nutrient Composition

Aflatoxins are stressors, exacerbating oxidative damage and disrupting normal cellular
functions in developing kernels [31]. In this study, the AFB1 was significantly higher in
inoculated plants than in control plants, and A. flavus inoculation significantly reduced
the mean kernel number per ear length compared to the control group (p < 0.05). This
quantitative loss could be because of A. flavus negatively impacts maize’s reproductive
development. This aligns with previous findings that A. flavus contamination depletes
essential nutrients, disrupts metabolic processes, and induces physiological stress through
mycotoxin production [39]. The competition for nutrients between the pathogen and the
host plant likely compromises carbohydrate and nitrogen availability for kernel develop-
ment, leading to reduced reproductive success. One of the primary mechanisms underlying
this reduction is the production of aflatoxins, particularly AFB1, which has been shown to
impair maize growth and kernel formation [31]. Beyond nutrient competition and toxin
accumulation, A. flavus infection appears to disrupt hormonal signaling pathways essential
for kernel sets. Phytohormones such as auxins and gibberellins regulate reproductive de-
velopment, and fungal infections have been linked to hormonal imbalances that negatively
impact seed formation [40]. Altered hormone signaling may impair kernel initiation and
development, contributing to the decreased kernel number per ear length.

The significant increase in mold counts and AFB1 levels following A. flavus inocula-
tion highlighted the pathogen’s aggressive colonization and AFB1 production in maize.
A. flavus is known to be a prolific AFB1 producer, particularly under environmental condi-
tions favorable for fungal growth, such as high humidity and elevated temperatures [41].
This aligns with previous studies showing that fungal contamination and AFB1 accumula-
tion are closely linked, posing serious threats to maize quality and food safety [39]. The
ability of A. flavus to deplete essential nutrients from maize kernels contributes to reduced
grain development and overall plant health. This nutrient competition further exacerbates
the negative impacts of fungal infection, potentially impairing physiological processes
critical for yield stability [39]. Notably, even without visible symptoms, AFB1 contamina-
tion can still occur, underscoring the challenge of early detection and management [42].
The detection of AFB1 in the control group indicates the natural occurrence of A. flavus
in the soil. Several studies have shown that this fungus is commonly present in soil and
decomposes plant material and has been linked to the contamination of crops such as maize,
cotton, groundnuts, sorghum, and millet [43,44]. Soil and plant debris, in particular, act as
reservoirs for fungal inoculum, with evidence suggesting that they facilitate the survival
and reproduction of A. flavus. This is attributed to its saprophytic nature, which depends
on organic matter for sustenance [45].

A. flavus inoculation did not significantly correlate to the production of other myco-
toxins such as ZEA, FB1 and DON as these mycotoxins are typically associated with other
fungal species, particularly from the Fusarium genus [46]. However, co-infection scenarios
involving both A. flavus and Fusarium species can accumulate multiple mycotoxins simul-
taneously, complicating food safety assessments and management strategies [46]. Given
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the potential risks posed by a single mycotoxin, the simultaneous presence of two or more
mycotoxins may lead to additive or interactive effects, altering their toxicity in humans and
animals in ways that are not yet fully understood [47].

Recent studies have highlighted the co-occurrence of fumonisins (FBs) and aflatoxins
(AFs) in maize-growing regions, where high incidences of human hepatocellular carcinoma
(HCC), chronic liver disease, and growth retardation in children have been reported [48,49].
The combination of FBs and AFs is particularly concerning due to the well-documented
genotoxic effects of AFB1 and the capacity of FB1 to promote regenerative cell prolifera-
tion [50]. Growing awareness of human co-exposure to multiple mycotoxins is particularly
evident in cereals such as maize, tree nuts, oilseeds, and legumes. Other co-occurring myco-
toxins include ochratoxin A (OTA) and DON in wheat [51] and AF and DON in cereal-based
baby food in Europe [52] and Fusarium toxins and OTA in the United States [53].

The minimal impact of A. flavus inoculation on starch and protein content suggests that
short-term fungal infection does not significantly degrade these macro-nutrients [54]. This
could be attributed to the structural integrity of maize kernels, where starch and protein
reserves are compartmentalized within the endosperm and aleurone layer, limiting direct
fungal access to enzymatic degradation. However, prolonged fungal colonization or the
presence of additional environmental stressors, such as drought or nutrient deficiency, may
enhance enzymatic breakdown and compromise kernel composition over time [55].

Similarly, the stable levels of total polyphenols in inoculated plants indicate that
A. flavus infection did not strongly induce stress-related phenolic metabolism under the
experimental conditions tested [56]. Polyphenols play a crucial role in plant defense, acting
as antioxidants and antimicrobial agents; however, their biosynthesis is metabolically
energy-intensive. The lack of a significant increase in polyphenol content suggests that
the maize plants may have relied on alternative defense mechanisms, such as structural
reinforcements, phytohormonal responses, or antimicrobial proteins, rather than investing
heavily in phenolic production.

An essential factor influencing these results is the maize hybrid used in this study,
SY Orpheus, which exhibits high stress tolerance [23]. This hybrid’s genetic resilience
likely contributed to its ability to maintain nutrient stability under both abiotic and biotic
stresses. Its stress-adaptive traits may have facilitated efficient resource allocation, ensuring
that kernel composition remained unchanged despite fungal infection and environmental
challenges. The hybrid’s ability to sustain physiological homeostasis under varying condi-
tions underscores its suitability for cultivation in regions where drought stress and fungal
contamination threaten maize productivity.

While A. flavus plays a critical role in kernel development and AFB1 contamina-
tion, its effects on maize nutritional parameters and secondary metabolites may be less
pronounced in the short term. However, given the potential for aflatoxin accumulation
and the progressive impact of fungal stress on grain quality, continuous monitoring and
management strategies remain essential to ensuring food security and safety in maize
production [40,57], particularly as climate change alters environmental conditions that
influence fungal proliferation and toxin biosynthesis.

The combined effects of A. flavus inoculation and irrigation significantly influenced
maize physiology, particularly in kernel development and AFB1 accumulation. The findings
demonstrated that irrigation is protective in mitigating the negative impacts of A. flavus
infection, as evidenced by the comparable kernel numbers in irrigated groups (INIR and
CTIR). This suggests that sufficient water availability supports kernel formation even under
biotic stress. Conversely, the significant reduction in kernel numbers in the INNI group
underscores the compounded effects of fungal infection and water deficiency, likely due
to impaired nutrient uptake and increased oxidative stress restricting grain development.
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These results align with studies indicating that water stress exacerbates fungal proliferation
and toxin accumulation in maize [22].

The elevated AFB1 levels in the INNI group further highlight the increased suscepti-
bility of stressed plants to A. flavus colonization. The combination of inadequate irrigation
and nutrient limitation likely weakened plant defenses, facilitating fungal invasion and
AFB1 accumulation. This pattern is consistent with previous research showing that water-
stressed maize is more vulnerable to AFB1 contamination, as drought weakens plant
immunity and alters metabolic pathways, creating a favorable environment for fungal
proliferation [22]. Notably, while A. flavus is known to thrive under dry conditions, the high
mold counts observed in both the INNI and INIR groups suggest that the fungus is highly
adaptable and capable of growing under water-limited and water-sufficient environments.
Variable weather conditions during the entire plant-growing period of maize are likely
to favor fungi with very different ecological needs and to enhance fungal and mycotoxin
co-occurrence [58,59]. The physiological responses of the maize plant to these moisture
extremes may influence fungal growth and AFB1 biosynthesis in complex ways.

Interestingly, while fungal proliferation was observed under both moisture conditions,
the sustained application of irrigation appeared to reduce AFB1 accumulation, support-
ing previous findings that adequate moisture availability can suppress mycotoxin pro-
duction [60]. This suggests that while irrigation promotes kernel development, it may
also modulate AFB1 production. Irrigation plays a critical role in mitigating aflatoxin
contamination in maize by influencing both plant physiology and fungal development.
Well-irrigated maize plants exhibit enhanced physiological defenses, which limit A. flavus
colonization and aflatoxin biosynthesis. Optimal hydration supports cellular function,
enhances antioxidant activity, and improves nutrient transport, contributing to plant re-
silience and reducing fungal infection risks. By maintaining kernel integrity, irrigation min-
imizes microcracks that could serve as fungal entry points, thereby reducing susceptibility
to contamination [61,62].

In contrast, water stress weakens plant defenses by disrupting metabolic processes and
inducing oxidative stress, making maize more vulnerable to A. flavus infection. Drought
conditions impair nutrient uptake and distribution, particularly nitrogen, which is essential
for plant defense mechanisms. Adequate water availability counteracts these stress-induced
vulnerabilities, preserving kernel structure and sustaining metabolic homeostasis. How-
ever, irrigation may also modulate stress-response pathways, potentially altering secondary
metabolite production, which influences plant resistance to biotic stress [37,63]. Despite
this, the net effect of irrigation favors reduced aflatoxin accumulation by alleviating physio-
logical stress that would otherwise promote fungal proliferation.

This study demonstrated that nitrogen supplementation is critical in buffering maize
kernel development against biotic (A. flavus infection) and abiotic (nutrient stress) factors.
The enhanced kernel numbers in non-inoculated plants at 120 kg/ha nitrogen suggest that
nitrogen availability promotes essential physiological processes such as photosynthesis,
amino acid synthesis, and stress defense. These findings align with previous studies
indicating that nitrogen supports plant growth and resilience, reducing vulnerability to
fungal infections and subsequent AFB1 accumulation [64]. However, in inoculated plants,
kernel numbers declined at lower nitrogen levels (IN60 and IN120), likely due to fungal
interference with nutrient uptake and energy diversion toward plant defense mechanisms.

Nitrogen application plays a crucial role in reducing AFB1 concentrations and mod-
ulating A. flavus colonization in maize. The decline in AFB1 levels and mold count with
increasing nitrogen suggests that nitrogen enhances plant vigor, promoting stronger cellular
integrity, antioxidant activity, and efficient metabolic functions, all of which contribute to
improved resistance against fungal infection. These findings align with previous studies
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indicating that nitrogen availability regulates the expression of aflatoxin biosynthetic genes,
such as aflR and aflD, thereby suppressing toxin production [65].

Interestingly, while nitrogen fertilization reduced AFB1 biosynthesis, it had a relatively
minor effect on total mold counts. The presence of high fungal loads in inoculated maize
suggests that A. flavus successfully colonized the tissues but did not produce significant
toxins under high-nitrogen conditions. This indicates that nitrogen does not prevent
fungal establishment but rather alters host–pathogen interactions in a way that limits
aflatoxin accumulation. By enhancing plant immune responses, nitrogen may stimulate the
production of antifungal metabolites or structural defenses that inhibit fungal metabolism
and secondary metabolite synthesis.

Moreover, the stability of FB1 concentrations across treatments revealed FB1 inde-
pendence from A. flavus presence, which fungus primarily produces AFB1 but not fumon-
isins [66]. The absence of DON in inoculation treatments (IN120 and IN180) may indicate a
shift in fungal metabolic priorities or reduced fungal activity due to resource exhaustion
or competitive microbial interactions. Additionally, the marginally higher polyphenol
levels in inoculated treatments suggest an induced biotic stress response as polyphenols
are known to contribute to plant protection under pathogen attack.

Overall, these findings highlight the multifaceted role of nitrogen in modulating
A. flavus infection and mycotoxin production. Although nitrogen generally supports fungal
colonization, its influence on A. flavus metabolism appears to suppress AFB1 biosynthesis.
The lower mold counts in high-nitrogen treatments suggest that excess nitrogen may inhibit
fungal proliferation or alter fungal pathogenicity. These results underscore the importance
of nitrogen management in agricultural practices to mitigate AFB1 contamination and
optimize maize yield. Future studies should explore the molecular mechanisms underlying
nitrogen-induced changes in fungal metabolism and plant defense and optimal nitrogen
application strategies for balancing crop productivity and pathogen resistance.

The findings suggest that adequate irrigation and 180 kg/ha nitrogen were the most
effective strategies for managing A. flavus growth and AFB1 biosynthesis in maize (Figure 3)
while maintaining high kernel production. Inoculated treatments at 180 kg/ha nitrogen
exhibited significantly lower AFB1 levels and mold counts, indicating nitrogen’s potential
role in suppressing A. flavus colonization and toxin production. Nitrogen played a crucial
role in enhancing plant defenses, influencing leaf wetness, shaping microbial competition,
and interacting with irrigation to support plant health. By improving metabolic functions,
nitrogen promoted the synthesis of defense-related proteins, amino acids, and secondary
metabolites, which are crucial for pathogen resistance. Studies indicate that nitrogen-
treated plants exhibit elevated concentrations of pathogenesis-related proteins and essential
metabolites, strengthening their defense mechanisms against fungal infections [67]. Thus,
nitrogen acted not only as a growth nutrient but also as a key regulator of plant immunity.

Nitrogen also influenced leaf morphology, altering leaf wetness duration and moisture
retention. Increased nitrogen levels contribute to denser foliage, which can trap more
moisture, potentially affecting fungal colonization by modifying the micro-climate around
leaf surfaces [68]. Additionally, nitrogen availability may have altered soil microbial
competition, favoring beneficial microbes that suppress the growth of pathogenic fungi.
Nitrogen supplementation has been reported to enhance microbial biomass and functional
gene diversity, improving nutrient cycling and bolstering plant health [69,70]. However,
excessive nitrogen can disrupt microbial balance, lower soil pH, and inadvertently promote
pathogenic dominance [71,72]. Combined, irrigation enhanced nitrogen uptake, ensuring
the maize plants received adequate nutrients for optimal growth and defense responses
towards A. flavus proliferation and AFB1 accumulation.
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The positive correlation between AFB1 and mold count (r = 0.479, p < 0.01) reinforces
the well-established link between A. flavus proliferation and mycotoxin production. This
correlation suggests that environmental conditions favoring fungal growth also promote
AFB1 biosynthesis, aligning with previous studies indicating that high mold counts are
often accompanied by elevated AFB1 contamination [73,74]. Given that A. flavus thrives
under stress conditions such as drought, high temperature, and nutrient imbalance, effec-
tive environmental management strategies are critical to mitigating fungal colonization
and subsequent mycotoxin production. Nazari et al. (2019) [75] also reported a posi-
tive correlation between mycotoxins and fungal DNA in the wheat kernel, but only for
Fusarium sporotrichioides and Fusarium poae.

The significant negative correlation between starch and protein content (r = −0.664,
p < 0.01) highlights a metabolic trade-off in maize, wherein carbohydrate storage increases
at the expense of protein synthesis. This phenomenon is consistent with plant metabolic
resource allocation, as carbohydrate reserves are often prioritized under certain envi-
ronmental or physiological conditions, potentially reducing nitrogen assimilation and
protein biosynthesis [41,76]. This trade-off is particularly relevant under stress conditions,
where plants must balance growth, defense, and storage processes to optimize survival
and productivity.

The positive correlation between starch content and mold count (r = 0.313, p > 0.05)
suggests that starch may be a readily available carbon source for fungal growth, potentially
fueling mycotoxin biosynthesis. While this correlation was not statistically significant
in the present study, previous research indicates that fungal pathogens exploit plant car-
bohydrate reserves for their metabolic needs, increasing mold proliferation and toxin
accumulation [74,77]. This relationship implies that maize genotypes with higher starch
reserves may be more susceptible to fungal colonization, necessitating targeted breeding
strategies to balance yield and disease resistance. In addition, the ability of maize plants to
maintain relatively stable starch and protein levels under certain conditions suggests that
short-term fungal stress may not drastically alter nutrient composition; however, prolonged
exposure could lead to more pronounced metabolic shifts [78].

4.2. Physiological Changes in the Maize Plant

The unexpected increase in chlorophyll content following A. flavus inoculation suggests
a stress-induced compensatory response aimed at maintaining photosynthetic efficiency
and efficacy under pathogen pressure (Table 5). Biotic stress can trigger complex physiolog-
ical adjustments, including enhanced chlorophyll biosynthesis and delayed degradation,
as part of the plant’s defense strategy [79,80]. One possible mechanism is the activation
of stress-signaling pathways, such as those mediated by salicylic acid (SA) and jasmonic
acid (JA), which regulate chlorophyll metabolism in response to pathogen attack [81,82].
SA, in particular, has been linked to chlorophyll retention by modulating antioxidant en-
zyme activity and reducing chlorophyll degradation under stress conditions. Additionally,
A. flavus infection may induce reactive oxygen species (ROS) production, which, at moder-
ate levels, acts as a signaling molecule to enhance plant defense and metabolic adjustments,
including chlorophyll stabilization [82]. Prolonged A. flavus infection can lead to significant
physiological changes in maize plants, particularly through the disruption of photosyn-
thesis and chloroplast function. One of the earliest signs of A. flavus infection is chlorosis,
which is characterized by the yellowing of the leaves. This phenomenon is primarily
attributed to a decrease in chlorophyll synthesis, which is essential for photosynthetic ac-
tivity. Several interrelated factors contribute to this reduction in chlorophyll content. First,
A. flavus competes for key nutrients within the plant, such as magnesium and iron, both of
which are crucial for chlorophyll biosynthesis. The depletion of these nutrients is integral
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to the chlorophyll molecule’s structural integrity [83], and results in reduced chlorophyll
production and, consequently, diminished photosynthetic capacity [84]. In addition to
nutrient competition, fungal infection induces oxidative stress in maize plants. The ac-
cumulation of ROS as a result of fungal colonization can damage cellular components,
including chloroplast membranes, further impairing chlorophyll synthesis and function-
ality [85]. Excessive ROS also disrupts the balance of enzymatic activities necessary for
chlorophyll biosynthesis, inhibiting the action of chlorophyll-synthesizing enzymes [86].
This oxidative damage diminishes chlorophyll content and directly impacts the plant’s
photosynthetic efficiency.

The relationship between chlorophyll content and the plant’s water and nutrient status
is also critical, as both can be negatively affected by A. flavus infection [87]. When the
plant’s physiological balance is disturbed—whether through drought stress or nutrient
deficiencies—chlorophyll concentrations typically decline. This suggests that A. flavus,
by disrupting the plant’s overall health and nutrient acquisition, can lead to substantial
reductions in chlorophyll content.

Furthermore, the activation of defense mechanisms in maize in response to A. flavus
infection adds complexity to the situation. While the plant activates defense pathways to
combat the pathogen, these responses can divert energy and resources away from essential
physiological functions, including chlorophyll production [88]. Additionally, the altered
hormonal balance during infection, including increased levels of abscisic acid (ABA), can
lead to enhanced stomatal closure, thereby reducing photosynthetic rates and further
diminishing chlorophyll content [89].

Metabolic alterations resulting from A. flavus infection also influence gene expression
related to chlorophyll biosynthesis. Studies have shown that different maize varieties
exhibit distinct patterns of gene expression related to chlorophyll biosynthesis when in-
fected by A. flavus [90–92]. These variations highlight the genetic basis of chlorophyll
regulation, suggesting that breeding programs aimed at improving chlorophyll retention
could contribute significantly to developing maize cultivars with enhanced resistance to
fungal pathogens [93].

However, spectral changes, particularly the REP shift toward shorter wavelengths in
inoculated plants, indicate physiological disruptions. This shift is often associated with
chlorophyll degradation, increased stress-related pigments (such as total polyphenols), or
structural modifications in leaf tissue [94]. While increased chlorophyll content may reflect
an initial defense response, the REP shift suggests that fungal stress eventually compromises
photosynthetic integrity, potentially altering leaf optical properties and signaling pathways.

The decline in the FD725/FD702 ratio, an index of photosynthetic efficiency and pig-
ment composition, in inoculated plants further confirms disruptions in photosystem II (PSII)
function. Aflatoxins, particularly AFB1, induce oxidative stress, disrupt membrane stability,
and impair chloroplast function, altering chlorophyll fluorescence properties [95,96]. This
oxidative burden may initially stimulate chlorophyll synthesis as a short-term response
while concurrently reducing PSII efficiency, affecting overall photosynthetic performance.

Furthermore, the observed increase in total polyphenol content in inoculated plants
highlights the role of oxidative stress responses in fungal defense mechanisms. Polyphenols
are crucial in mitigating oxidative damage and enhancing plant resilience against pathogens,
consistent with the literature on plant stress adaptation [80]. However, their accumulation
and changes in spectral indices suggest an underlying metabolic cost associated with
fungal resistance.

Water availability is crucial in shaping maize physiological responses, particularly
regarding chlorophyll retention and photosynthetic efficiency. The significantly higher
SPAD values observed in NI plants (p < 0.05; Table 5) suggest an adaptive response to water
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stress conditions. This aligns with previous research indicating that plants often maintain or
even increase chlorophyll under water stress as a survival strategy to sustain photosynthetic
activity despite limited water availability [97]. This response is likely mediated by abscisic
acid signaling, which promotes stomatal closure, enhances water-use efficiency, and reduces
transpiration-related water loss [98]. In contrast, the lower SPAD values in IR plants
may reflect a dilution effect due to higher leaf water content, which reduces chlorophyll
concentration per unit area without necessarily impacting total chlorophyll levels. This
observation is consistent with the literature, which indicates that increased leaf hydration
can lead to lower SPAD readings despite improved photosynthetic performance [99].

The stability of REP values between IR and NI treatments suggests that irrigation had
minimal effects on leaf structural integrity or chlorophyll degradation. This suggests that
plants may employ compensatory physiological mechanisms to maintain reproductive
efficiency (REP) despite variations in water availability. Previous studies have shown that
while irrigation influences chlorophyll content, its impact on leaf structural properties is
often less pronounced [99]. The significantly higher FD725/FD702 ratio in irrigated plants
suggests enhanced electron transport efficiency, likely due to reduced photoinhibition
stress under optimal water conditions [100]. In contrast, the lower FD725/FD702 ratio
in NI plants indicates a decline in PSII quantum yield. This suggests that plants under
water stress relied more on non-photochemical quenching mechanisms to dissipate excess
light energy. This is a well-documented adaptation strategy, where plants shift from
photochemical energy conversion to thermal dissipation to mitigate oxidative damage [101].
These findings highlight the contrasting physiological adjustments between irrigated and
non-irrigated maize plants. While irrigation enhances photosynthetic efficiency and reduces
photoinhibition stress, water stress conditions trigger adaptive responses such as increased
chlorophyll retention and altered energy dissipation mechanisms.

Leaf position relative to the maize cob has a significant influence on chlorophyll
content, spectral characteristics, and photosynthetic efficiency (Table 5). The significantly
higher SPAD values observed in the cob-adjacent leaf (p < 0.01) suggest its critical role
in supplying photosynthates to developing kernels, which aligns with previous studies
highlighting the functional specialization of different leaf positions in maize [102]. This
enhanced chlorophyll retention likely ensures sustained photosynthetic activity to support
grain filling.

In contrast, the upper leaf exhibited lower SPAD values, which may be attributed to
greater exposure to light intensity and potential photoinhibition. Increased light exposure
can lead to slight reductions in chlorophyll content as a protective mechanism against
excessive excitation energy [103]. The significantly higher REP value in the cob-adjacent
leaf (p < 0.05) further confirms its superior chlorophyll concentration and overall leaf health.
REP shifts toward longer wavelengths are typically associated with higher chlorophyll con-
tent and better physiological status, reinforcing the importance of this leaf in maintaining
maize productivity under field conditions.

The FD725/FD702 ratio, an indicator of photochemical energy conversion efficiency,
was also significantly higher in the cob-adjacent leaf (p < 0.05). This suggests that the
leaf next to the cob operates under more favorable physiological conditions, experi-
encing reduced stress impact and maintaining efficient photosynthetic electron trans-
port. The lower FD725/FD702 ratio in the upper leaf implies greater exposure to envi-
ronmental stressors, such as fluctuating temperatures and excess light, which may in-
duce non-photochemical quenching mechanisms to dissipate excess absorbed energy and
prevent photodamage [103].

The findings indicate that increasing nitrogen application significantly influenced
chlorophyll content (SPAD values), red edge position (REP), and the FD725/702 ratio in
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maize plants (Table 5). Nitrogen availability is fundamental in regulating chlorophyll
biosynthesis, photosynthetic efficiency, and stress resilience in maize. The significantly
higher SPAD values at 180 kg/ha nitrogen application confirm improved leaf nitrogen
status and enhanced chlorophyll content, aligning with previous research indicating that
nitrogen is a key component of chlorophyll molecules [104]. Higher nitrogen levels pro-
mote increased carbon fixation, ensuring optimal photosynthetic activity. The observed
REP shifts toward longer wavelengths at higher nitrogen levels further support the re-
lationship between nitrogen availability and leaf health. Increased nitrogen enhances
chlorophyll retention, delays senescence, and strengthens leaf structure, improving spectral
properties [105]. This finding aligns with studies demonstrating that nitrogen fertiliza-
tion enhances chlorophyll fluorescence parameters, indicating better light absorption and
photosynthetic efficiency in maize [106]. The FD725/FD702 ratio, a photochemical energy
conversion efficiency index, was significantly higher in maize plants receiving 180 kg/ha
nitrogen. This suggests improved electron transport efficiency and reduced reliance on
non-photochemical quenching mechanisms. Conversely, the lower FD725/FD702 ratio at
60 kg/ha suggests nitrogen limitation, which may have reduced PSII efficiency and in-
creased stress-related photoprotective responses [107]. Nitrogen deficiency has been shown
to trigger premature chlorophyll degradation and impair photosynthetic performance,
increasing plant susceptibility to oxidative stress and environmental fluctuations [108].

Beyond its role in chlorophyll synthesis, nitrogen availability influences antioxidant
production and secondary metabolite biosynthesis, which can enhance plant resilience
against oxidative stress caused by mycotoxins. Given the interplay between nitrogen status
and stress responses, optimizing nitrogen fertilization strategies could mitigate stress-
induced physiological disruptions in maize while maximizing photosynthetic performance
and yield potential.

In this study, the highest chlorophyll content (SPAD value) was recorded in maize
plants that were inoculated, non-irrigated, received 180 kg/ha of nitrogen and were mea-
sured at the cob-adjacent leaf position. In contrast, the highest REP value and FD725/FD702
ratio were observed in maize plants that were inoculated, irrigated, received 180 kg/ha of
nitrogen, and were measured at the cob-adjacent leaf position. These findings suggest that
chlorophyll synthesis and retention are strongly influenced by nitrogen availability and
leaf position, with the cob-adjacent leaf likely benefiting from greater nutrient allocation.
The interaction between inoculation and irrigation appears to differentially affect spectral
properties, with irrigation potentially mitigating stress effects and promoting structural
and biochemical changes that enhance REP and FD725/FD702 ratios.

4.3. Micro-Climatic Changes in the Maize Field

The increased Tmax in irrigated fields, likely due to enhanced canopy transpiration and
greater soil moisture, created a micro-climate conducive to fungal proliferation (Table 6).
This was reflected in slightly higher mold counts, though the difference was not statistically
significant (Table S3). While higher Tmax could have favored fungal growth, increased
soil moisture likely mitigated extreme temperature fluctuations, preventing excessive
proliferation. The lower Tmin in irrigated fields, attributed to evaporative cooling at night,
may have further influenced pathogen dynamics by slowing fungal growth and prolonging
leaf wetness duration. The longer transition time observed in irrigated fields supports this
hypothesis, as extended leaf wetness is often associated with increased fungal activity.

Despite these micro-climatic conditions, significantly lower AFB1 concentrations in
irrigated maize suggest a protective role of irrigation against mycotoxin accumulation.
Reduced plant stress and enhanced physiological defenses likely suppressed AFB1 biosyn-
thesis. Although relative humidity was higher in irrigated fields, mold counts remained
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statistically similar between treatments, indicating that humidity alone did not markedly
influence fungal colonization. Overall, irrigated maize exhibited improved physiological
resilience, likely due to reduced oxidative stress and enhanced nutrient uptake, leading
to better kernel quality and lower AFB1 contamination. Conversely, non-irrigated plants
experienced greater water stress, which may have weakened defense mechanisms, making
them more susceptible to fungal colonization and toxin biosynthesis. Optimizing irrigation
schedules to balance soil moisture while avoiding excessive leaf wetness could further
mitigate fungal proliferation and AFB1 accumulation. Additionally, integrating resistant
maize varieties with irrigation management may offer a sustainable approach to reducing
A. flavus colonization and mycotoxin contamination.

The stable average temperature between the upper and lower canopy suggests a
relatively uniform thermal environment. However, significantly higher Tmax in the lower
canopy of irrigated maize, particularly around noon, may have resulted from greater soil
exposure to radiation due to south–north row alignment (Table 6). Factors such as leaf
angle and the height of the highest leaf area density relative to temperature probes could
have influenced airflow restriction and increased heat retention at lower levels. In contrast,
significantly lower Tmin in the upper canopy suggests greater exposure of upper leaves
to night-time radiative cooling, which may impact metabolic processes and pathogen
development. The lower canopy retained more moisture due to reduced air circulation and
increased transpiration from densely packed leaves, as reflected in higher RHmin values.
Increased evapotranspiration in the lower 0.3 m of the canopy also contributed to localized
humidity, potentially favoring fungal colonization.

Longer LWwet in the upper canopy suggests higher atmospheric moisture deposi-
tion, likely from dew formation, while extended transition times in the lower canopy
indicate prolonged leaf wetness, increasing fungal infection risk. The stability of Tavg

across nitrogen treatments suggests that nitrogen fertilization did not significantly alter
the overall thermal environment (Table 6). However, reduced Tmax at 120 kg/ha may
be due to enhanced canopy development, providing greater shading and reducing heat
accumulation. The increase in Tmin at 120 kg/ha, likely due to better canopy insulation,
suggests a micro-climate less prone to temperature extremes. Higher relative humidity
(RH) at 60 kg/ha may be attributed to denser canopy structure, which limited airflow and
increased moisture retention.

Nitrogen levels also influenced leaf wetness duration. At 60 kg/ha, longer LWwet

suggests reduced transpiration, prolonging surface moisture retention. Conversely, the
faster transition time and longer LWdry at 120 kg/ha indicate enhanced plant vigor and tran-
spiration, promoting quicker drying and reducing fungal risk. The micro-climatic changes
observed align with fungal contamination and mycotoxin accumulation trends. Prolonged
leaf wetness and higher Tmax at 60 kg/ha likely created favorable conditions for fungal
growth and AFB1 production. In contrast, improved plant health and faster moisture dissi-
pation at 120–180 kg/ha may have reduced fungal proliferation and toxin accumulation,
reinforcing the role of adequate nitrogen levels in mitigating mycotoxin contamination.

The correlations observed (Table 7) support these findings. The positive relationships
between temperature variables (Tavg, Tmax, and Tmin) suggest a consistent thermal trend
across day and night. The inverse correlation between temperature and relative humidity
reflects the expected reduction in atmospheric moisture at higher temperatures. Strong
correlations between LWwet and humidity parameters indicate that increased atmospheric
moisture prolongs leaf wetness, favoring fungal activity. Conversely, the negative corre-
lation between LWwet and Tavg suggests that higher temperatures accelerate leaf drying,
potentially limiting fungal proliferation. Additionally, the positive correlation between tran-
sition time and RHavg suggests that higher humidity levels delay leaf drying, prolonging



Agriculture 2025, 15, 767 27 of 34

conditions conducive to fungal growth. Finally, the negative correlation between LWdry and
relative humidity supports the idea that high humidity levels sustain moisture retention on
leaf surfaces, reducing dry periods and potentially increasing fungal pathogen risk.

4.4. Seasonal Variation in Climatic Factors and Maize Plant Parameters

The observed interannual variability in macro-climatic conditions highlights the in-
fluence of environmental fluctuations on maize production. The progressive increase in
soil temperature and stable global radiation suggests a warming trend, which, coupled
with precipitation variations, affected micro-climatic conditions. The negative correlation
between precipitation and global radiation supports the notion that increased cloud cover
during rainfall reduces incoming solar radiation, altering temperature and moisture bal-
ances in the field. At the micro-climatic level, the increase in Tavg and Tmax over the years
aligns with global warming trends and suggests an increased heat load on maize plants.
The observed decline in RHavg and RHmin is consistent with rising temperatures, which
elevates vapor pressure deficits, leading to drier air conditions. Preharvest infection by
A. flavus is rampant during such periods since it has been associated with periods of heat
and drought stress and insect damage [109]. This reduction in humidity likely influenced
leaf wetness duration, as evident from the positive correlation between LWwet and RHavg.
The significant decrease in transition time over the years indicates that increasing tem-
peratures and declining humidity accelerated leaf drying, potentially reducing the risk of
prolonged fungal infection.

Over the years, the declining kernel number per ear length suggests that rising temper-
atures and decreasing relative humidity negatively impacted maize reproductive success.
High temperatures can impair pollen viability and kernel set, leading to lower yields. AFB1
levels in the kernel varied year by year. However, the peak in AFB1 contamination in 2021
coincided with relatively high humidity and temperature, supporting previous findings
that A. flavus thrives under warm, dry conditions [110]. The concurrent increase in FB1
and DON in 2021 suggests that Fusarium spp. also responded to micro-climatic stressors,
potentially exacerbating mycotoxin contamination risks. The inverse relationship between
starch and protein content aligns with the well-documented negative correlation [111–113],
where environmental stressors such as temperature and moisture availability influence
metabolic partitioning [114–116]. Environmental stressors such as high temperature and
moisture deficits often lead to a metabolic shift favoring carbohydrate accumulation over
protein biosynthesis. The results confirm this trend, where increasing temperatures and
decreasing humidity likely promoted carbohydrate accumulation at the expense of protein
biosynthesis. The stable polyphenol content in 2021 and 2022 suggests potential stress
adaptation mechanisms, where secondary metabolite production may have played a role
in mitigating oxidative stress and pathogen defense. In conclusion, the variations in cli-
matic conditions significantly influenced maize micro-climate, yield, and quality. The
rising temperatures, declining humidity, and altered precipitation patterns contributed
to changes in leaf wetness duration, kernel development, and mycotoxin accumulation,
highlighting the need for adaptive agronomic strategies to mitigate climate-induced stress
in maize production.

5. Conclusions
This study investigated the physiological and biochemical effects of A. flavus inocula-

tion on maize under varying macro- and micro-climatic conditions, with a focus on kernel
composition, fungal proliferation, and mycotoxin contamination. The findings confirm
that A. flavus infection disrupts maize reproductive success by reducing kernel production,
likely due to metabolic interference and resource allocation toward defense mechanisms.
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Although the infection did not immediately degrade macronutrient composition, the asso-
ciated increase in AFB1 contamination, especially under water stress, poses a significant
food safety risk.

Environmental and agronomic factors played a crucial role in modulating plant re-
sponses to fungal stress. Irrigation mitigated the negative effects of A. flavus infection by
enhancing kernel production and reducing AFB1 accumulation, even in the presence of
fungal proliferation. In contrast, water stress exacerbated maize susceptibility to fungal
colonization and toxin biosynthesis, particularly in non-irrigated fields where higher mold
counts and AFB1 levels were observed. Nitrogen supplementation improved plant vigor,
reducing fungal colonization and mycotoxin biosynthesis through enhanced canopy de-
velopment and physiological resilience. The interaction between nitrogen availability and
fungal pathogenicity highlights the importance of agronomic management in mitigating
climate-induced stressors.

There is a need for integrated crop management strategies that optimize irrigation
and nitrogen applications to balance plant health, fungal control, and yield stability. The
observed correlations between climatic factors, fungal contamination, and plant physiologi-
cal responses highlight the urgency of adaptive strategies in the face of climate change. As
global warming continues to impact agricultural systems, stress-resilient maize varieties,
improved water management, and optimized nutrient application will be essential for
ensuring maize productivity and food safety. This research provides critical insights into
sustainable agricultural practices to mitigate the adverse effects of A. flavus and other fungal
stressors in maize production.
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and nitrogen; Table S3: Effect of irrigation on kernel production, infection, mycotoxin content and
nutrient composition; Table S4: Effect of nitrogen on kernel production, infection, mycotoxin content
and nutrient composition; Table S5: Variation in mycotoxin content and nutrient composition with
inoculation–irrigation treatment.

Author Contributions: Conceptualization, T.P. and A.D.; methodology, H.M.M., K.M., S.K. and T.P.;
software, H.M.M.; validation, T.P. and K.M.; investigation, S.K., C.A., T.D.-N., C.R. and K.B.; data cu-
ration, H.M.M., K.M. and T.P.; writing—original draft preparation, H.M.M. and T.P.; writing—review
and editing, H.M.M., T.P. and K.M.; visualization, H.M.M.; supervision, A.D.; funding acquisition, I.P.
All authors have read and agreed to the published version of the manuscript.

Funding: Project No. TKP2021-NKTA-32 has been implemented with the support provided by the Min-
istry of Culture and Innovation of Hungary from the National Research, Development and Innovation
Fund, financed under the TKP2021-NKTA funding scheme. This research is funded by the National
Research, Development, and Innovation Fund of Hungary project No. 2018-1.2.1-NKP-2018-00002.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within this article.

Conflicts of Interest: The funders had no role in the design of this study, in the collection, analyses,
or interpretation of data, in the writing of the manuscript, or in the decision to publish the results.

Abbreviations
The following abbreviations are used in this manuscript:

https://www.mdpi.com/article/10.3390/agriculture15070767/s1


Agriculture 2025, 15, 767 29 of 34

ABA Abscisic acid
AFB1 Aflatoxin B1
AGL Above-ground level
ANOVA Analysis of variance
CCI Chlorophyll content index
CFU Colony-Forming Unit
CRD Complete Randomized Design
CV Coefficient of variation
DMRT Duncan’s multiple range test
DON Deoxynivalenol
DW Dry weight
FB1 Fumonisin B1
FUM Fumonisin
GAE Gallic acid equivalent
GLM Generalized linear model
HCC Human hepatocellular carcinoma
JA Jasmonic acid
LOD Limit of detection
LSD Least significant difference
MA Malate agar
OTA Ochratoxin A
REP Red Edge Position
ROS Reactive oxygen species
SA Salicylic acid
SPAD Soil plant analysis development
ZEA Zearalenone
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