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Abstract

Wheat dust, an underutilized agro-industrial by-product, is rich in nutrients and may serve
as a sustainable soil amendment. This study evaluated its effects on wheat (Triticum durum
L.) growth, nitrogen metabolism, and drought tolerance. Two greenhouse experiments
were conducted. First, a dose-response trial (0, 2, 5, 10, 20% w/w) assessed biomass, chloro-
phyll content (SPAD), and expression of nitrogen-related genes (NR, NRT1, NRT2, GS2).
Second, a factorial experiment (0, 10, 20% x well-watered or 50% water capacity) exam-
ined growth, yield components, oxidative stress markers (MDA), antioxidant enzymes,
soil enzymatic activities, and multivariate responses. Wheat dust elicited concentration-
dependent, context-specific effects. Under well-watered conditions, 10% was optimal,
increasing shoot biomass (+39%) and chlorophyll (+10-15%), accompanied by upregula-
tion of NR, NRT1, and NR1T?2, indicating enhanced nitrogen acquisition. Under drought,
20% produced the strongest effects: biomass increased by +313%, seed number per spike
by +3900%, and seed weight per spike by +1650% relative to the stressed control. Lipid
peroxidation declined by 83%, while chlorophyll increased by +215%, reflecting strong
protection of membrane integrity and photosynthetic capacity. Soil biological activity was
markedly stimulated at 20% under drought, with FDA hydrolysis (+1320%) and protease
activity (+8250%) indicating enhanced microbial functioning and nitrogen cycling. Prin-
cipal component analysis confirmed a systemic shift from stress-dominated profiles in
controls to growth- and metabolism-oriented profiles at 20%, with convergence of stressed
and non-stressed plants. Thus, wheat dust improves productivity at moderate doses and
confers pronounced drought resilience at higher rates, supporting its valorization within
climate-resilient, circular agricultural systems.

Keywords: drought tolerance; nitrogen metabolism; oxidative stress mitigation; soil
enzymatic activity; wheat dust amendment

1. Introduction

Agricultural systems worldwide are under increasing pressure as the global popu-
lation continues to grow. The world population is projected to reach nearly 10 billion
by mid-century, which will substantially intensify the demand for food [1]. Current es-
timates suggest that food production will need to increase by 25-70% by 2050 to meet
this rising demand [2]. However, expanding agricultural production to such an extent
poses considerable environmental challenges. One of the most critical consequences is
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the accelerated depletion of natural resources, particularly water and soil. In many re-
gions already experiencing water scarcity, intensified agricultural activity can further strain
limited water supplies, exacerbate soil degradation, and ultimately threaten global food
security [3]. At the same time, the excessive and prolonged use of synthetic fertilizers
has raised serious environmental concerns, including soil degradation, nutrient leaching,
and greenhouse gas emissions [4]. This can lead to human health problems and further
environmental degradation. Globally, the environmental impacts of increased agricultural
production due to population growth are multifaceted and significant. Addressing these
challenges requires a combination of sustainable practices and technological innovations to
balance the need for increased food production with the imperative to protect and preserve
the environment.

One effective strategy in sustainable agriculture is the use of agro-industrial by-
products, which not only supports agricultural productivity but also contributes to en-
vironmental protection. Integrating these by-products into agricultural systems offers
a multifaceted approach to improving yields while reducing environmental pressures.
Their use promotes a circular economy, enhances soil health, reduces waste, and generates
economic opportunities, thereby supporting broader sustainable development goals [5,6].
Moreover, several studies, including those by [7,8], have shown that agro-industrial by-
products can be transformed into biostimulants that stimulate plant growth and improve
nutrient uptake, ultimately reducing reliance on chemical fertilizers. This not only boosts
crop productivity but also reinforces sustainable farming practices and mitigates the envi-
ronmental impacts associated with conventional fertilization.

The agro-industrial sector generates substantial volumes of organic residues, many
of which remain underexploited despite their significant agronomic potential. Valorizing
these by-products not only helps mitigate environmental pollution but also supports the
principles of the circular economy by converting waste into valuable resources. Rich
in nutrients and organic matter, agro-industrial residues serve as effective substrates
in bioprocesses, providing essential elements required by microorganisms and thereby
facilitating the production of bulk chemicals, biofuels, and other value-added products [9].

Wheat dust, a by-product generated during grain handling, milling, and storage, is
often discarded or treated as waste. Its accumulation represents both environmental and
economic challenges, making its valorization an important component of circular economy
strategies in the agricultural sector. Recent studies highlight the potential of wheat dust
to be transformed from an unwanted residue into a valuable resource. Wheat dust is a
heterogeneous dry powder composed primarily of grain fragments, soil particles, whole
seeds, and straw. It typically exhibits a bulk density of approximately 362 kg/m? and
contains substantial amounts of carbohydrates, ash, and crude fiber. Moreover, it is a source
of essential minerals such as calcium, iron, and potassium [10]. Its nutrient profile also
includes significant quantities of phosphorus and nitrogen, elements known to enhance
soil fertility, which underscores its potential use as an organic soil amendment. Valorizing
wheat dust in this way could help reduce environmental burdens and promote waste-free
agricultural production systems [10]. Beyond its chemical composition, wheat dust is
particularly attractive due to its fine texture and organic nature, which include carbon-rich
particles, residual proteins, fibers, and mineral constituents. These characteristics suggest
that it may function as a slow-release nutrient source while also influencing soil water
retention, aeration, and biological activity. Despite its abundance and promising properties,
wheat dust remains largely overlooked in plant nutrition research, indicating a need for
further studies to explore its agronomic potential.

Water scarcity is a major constraint to agricultural productivity, particularly in arid and
semi-arid regions where drought stress severely limits plant growth and yield. Drought
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impairs key physiological processes, including photosynthesis [11], induces oxidative
stress [12], and reduces nutrient uptake [13], ultimately leading to significant reductions in
crop yield and global food production [14]. Developing environmentally friendly strategies
to enhance plant drought tolerance is therefore essential for sustainable agriculture and
the conservation of vulnerable water resources. Organic amendments have emerged as a
promising approach to mitigate drought effects. Amendments such as biochar, compost,
and farmyard manure improve soil moisture dynamics by enhancing water-holding capac-
ity and retention, critical factors during water deficit [15]. They also improve soil structure,
increasing aggregate stability for better water infiltration and reduced evaporation [16].
Furthermore, by improving nutrient availability and stimulating microbial activity, these
amendments promote deeper root development, enabling plants to access subsurface
moisture reserves [17]. Applied research supports these benefits: for quinoa, biochar and
vermicompost improved water use efficiency and yield under moderate drought [18].
Similarly, vermicompost enhanced lettuce growth under drought stress [19], while cow
dung-derived vermicompost boosted wheat resilience and productivity under similar con-
ditions [20]. These findings suggest that beyond their fertilizing value, organic amendments
like vermicompost and biochar can significantly contribute to improved plant resilience in
water-limited environments.

Wheat (Triticum durum L.) is the most widely cultivated and consumed cereal crop
globally, serving as a vital source of nutrition and livelihoods [21]. It is grown on approxi-
mately 220 million hectares worldwide, with an annual production of around 778 million
metric tons, contributing significantly to agricultural value addition [22]. Wheat provides
essential dietary components, including carbohydrates (69%), protein (9.4%), fiber (1.8%),
and fat (2.5%) [23]. Despite its importance, wheat productivity remains highly vulnera-
ble to soil moisture availability. Drought has emerged as a major abiotic stress, severely
limiting global wheat production. Under drought conditions, wheat experiences reduced
chlorophyll content, impaired photosynthesis, induced oxidative stress, and disrupted
physiological and biochemical processes, all of which lead to substantial yield losses [22].
Drought stress also restricts plant height, leaf area, root development, and biomass ac-
cumulation, while accelerating senescence and shortening the grain-filling period [24].
To mitigate these effects, sustainable strategies such as the application of biostimulants
(e.g., Spirulina platensis extract) and organic fertilizers (e.g., biogas slurry) have shown
promise in enhancing drought tolerance and improving yield by reinforcing plant physio-
logical resilience [25,26].

Beyond conventional amendments, wheat dust may offer potential as an organic
fertilizer while also improving wheat resilience under drought stress. This study aims to
evaluate the efficacy of wheat dust as a sustainable organic fertilizer and assess its role in
enhancing wheat tolerance to drought. By examining its effects on growth parameters and
physiological, biochemical and molecular parameters, this research seeks to contribute to
the valorization of agricultural waste and support the development of environmentally
friendly strategies for resilient and sustainable wheat production systems.

2. Material and Methods
2.1. Experimental Materials and Design

Wheat dust is generated during the handling and processing of wheat. It consists of
fine particles and wheat residues that become airborne during various stages, including
harvesting, cleaning, sorting, storage, transport, and silo filling. The dust may contain
grain fragments, husks, germs, and other impurities or contaminants present on the wheat
grains. The wheat dust used in this study was supplied in large quantities by the Tunisian
Cereals Office (Office des Céréales de la Tunisie). The wheat dust exhibits favorable
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physicochemical characteristics for use as an organic soil amendment, including a slightly
acidic pH (6.4), very high organic matter content (87.9%), high total organic carbon, and
a high C/N ratio (42.6), indicating strong potential to improve soil structure, aggregate
stability, and water retention. It also provides moderate amounts of essential nutrients
(N, P, K, Ca, and Mg). The concentrations of heavy metals (Hg, Cd, Cu, Pb, Zn, As, Se)
are well below international permissible limits, while Ni and Cr remain within acceptable
thresholds (Table 1). The baseline physicochemical composition and nutritional properties
of the raw material matrix presented in Table 1 were determined and provided directly by
the certified analytical laboratories of the Tunisian Cereals Office using standard regulatory
quality-control protocols.

Table 1. Physicochemical Properties of Wheat Dust.

Unit Values
pH 6.4-18.9 °C
Total organic carbon g/Kg DW 494
Total N g/Kg DW 11.6
C/N 42.6
Organic matter content g/Kg DW 879
CaO g/Kg DW 8.57
MgO g/Kg DW 1.82
KO g/Kg DW 13.96
P>0s g/Kg DW 454
Hg mg/kg DW <0.05
Cd mg/kg DW <0.6
Cu mg/kg DW 17.4
Pb mg/kg DW <5
Ni mg/kg DW 78.4
Zn mg/kg DW 205
Cr mg/kg DW 383
Se mg/kg DW 1.81
As mg/kg DW 2.25

Two sequential experiments were conducted to assess durum wheat (the cultivars
Karim [27]) responses to wheat dust (WD) amendment and drought stress. In a preliminary
dose-response trial, plants were grown in pots containing soil amended with WD at 0%,
2%, 5%, 10%, or 20% (w/w) to evaluate effects on biomass, chlorophyll content (SPAD),
and nitrogen metabolism gene expression, from which the WD 10% and WD 20% rates
were selected for second trial. A subsequent factorial experiment then investigated the
interaction between soil amendment (0%, 10%, or 20% wheat dust) and water regime
(100% or 50% water-holding capacity, WHC) using soil from Essaida, Tunisia (45% sand,
40% silt, and 15% clay). The baseline soil WHC was determined using the gravimetric
method [28]. All treatments were executed in triplicate within a controlled glasshouse envi-
ronment. To maintain the target moisture levels, pots were weighed and irrigated twice per
week. Several soil samples collected from the Manouba Governorate, including the Essaida
region, were recently characterized [29-31]. Although no site-specific measurements were
conducted for the present trial, representing a limitation of this study, the available regional
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data provide a reliable baseline for the experimental conditions. The soils exhibited a
neutral to slightly alkaline pH, not exceeding 8. Soil organic carbon content ranged from
1.23% to 2.85%. The mean electrical conductivity was approximately 2 dS m~1, while the
cation exchange capacity (CEC) varied between 15 and 30 cmol(+) kg~!. Total nitrogen
content ranged from approximately 0.02% to 0.2%.

For both experiments, seeds were surface-sterilized in 70% ethanol for 2 min, rinsed thor-
oughly with distilled water, and sown. Five seeds were sown per pot (15 cm x 15 cm, filled
with 2 kg of air-dried and homogenized soil) and thinned to two uniform seedlings after
emergence. Treatments were arranged in a completely randomized design with 15 pots
(biological replicates) per treatment. Agro-physiological measurements were performed on
all 15 biological replicates, with each pot (containing two plants) considered one experi-
mental unit. For enzymatic activities identification, analyses were performed using three
independent biological replicates per treatment.

Two-week-old seedlings were subjected to the respective water treatments and grown
in a greenhouse under controlled conditions (15-25 °C, 70-90% relative humidity, 16/8 h
light/dark photoperiod). After 30 days, plants were harvested. The number of spikes, tillers,
and leaves, as well as shoot length, were recorded. Shoots, spikes, and roots were separated,
oven-dried at 60 °C for 48 h and weighed to determine dry biomass. Additional leaf and
root samples were flash-frozen in liquid nitrogen and stored at —80 °C for subsequent
biochemical analyses. Relative chlorophyll content was measured in durum wheat using a
SPAD-502 chlorophyll meter (Minolta, Osaka, Japan) at the stem elongation stage (Zadoks
growth stages 30-32), which is considered optimal for assessing plant nitrogen status
and photosynthetic capacity. To ensure consistency and minimize variability associated
with leaf age, readings were taken on the most recently fully expanded leaf (typically
the uppermost fully expanded leaf prior to flag leaf emergence). All measurements were
conducted in the morning, between 9:00 and 11:00, under dry leaf conditions and stable
light intensity, thereby enhancing data reliability and comparability.

2.2. Lipid Peroxidation (MDA) and Antioxidant Enzyme Assays

Lipid peroxidation was determined as described by [32]. 0.2 g of fresh material
(three plants/treatment) was homogenized in 4 mL of a 1% (w/v) solution of trichloroacetic
acid (TCA). Then, the mixture was centrifuged at 12,000 g for 15 min. After that, we
added 3 mL of 0.5% (w/v) thiobarbituric acid (TBA) in 20% (w/v) (TCA) to the collected
supernatant and the tubes were incubated at 95 °C for 30 min [33,34]. The reaction was
stopped by placing the reaction tubes in an ice bath. Centrifugation was subsequently
done at 9000 g for 10 min. To correct for non-specific turbidity, the absorbance measured at
600 nm (A_600) was subtracted directly from the absorbance at 532 nm (A_532), utilizing
the adjusted values to calculate final MDA concentrations and was expressed using the
molar extinction coefficient of 155 mM~! cm.

For antioxidant enzymes activities, 200 mg of roots and leaves (three plants/treatment)
were homogenized with 10% (v/v) polyvinyl-polypyrrolidone and 1 mL phosphate buffer
(50 mM, pH =7.8) containing 0.1% (v/v) triton x — 100 and 1 mM phenylmethylsulphonyl
fluoride. Extracts were centrifuged at 13,000 g (20 min) and the supernatant was used to
determine enzyme activities. Catalase (CAT, EC 1.11.1.6), superoxide dismutase (SOD,
1.15.1.1) and gatacol eroxidase (POX, EC 1.11.1.7) activities were measured as previously
described by [35]. The protein content of each sample was obtained according to [36].

2.3. Soil Enzyme Activities

After 30 days of plant growth, soil samples were collected from each pot at a depth of
0-15 cm to assess enzymatic activities, including phosphatase, protease, and fluorescein
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diacetate (FDA) hydrolysis. Alkaline phosphatase activity was determined following
the protocol of [37]. Briefly, 1 g of soil was treated with toluene and a universal buffer
adjusted to pH 11.0. Subsequently, p-nitrophenyl phosphate disodium salt (0.020 M) was
added as the substrate, and the mixture was incubated at 37 °C for 1 h. The amount of
p-nitrophenol released was quantified spectrophotometrically at 410 nm, and enzyme
activity was expressed as mg PNP kg~! dry soil h~!.

Protease activity was also measured according to [37]. In this assay, 2 g of soil was
incubated with 1% casein prepared in 0.2 M Tris—-HCl buffer (pH 8.1) at 50 °C for 1 h.
Protease activity was calculated based on the amount of tyrosine released and expressed as
mg tyrosine kg~ ! dry soil h~1. In addition, soil microbial activity was evaluated using the
FDA hydrolysis method as described by [38], which reflects the overall enzymatic activity
of soil microorganisms.

2.4. RNA Extraction, cDNA Synthesis, and Real Time PCR Assay

Leaves samples were ground into a fine powder with liquid nitrogen. Total RNA
was extracted according to [39]. Briefly, 20 uL of 3-mercaptoethanol was added into the
extraction buffer and then the mixture was incubated at 65 °C for 30 min (shake 30 s
and pause 2 min). In total, 600 pL of chloroform-isoamyl alcohol (24:1) was added to the
homogenate and the mixture was centrifuged at 14,000 g for 10 min at room temperature.
The supernatant was collected and total RNA was precipitated overnight at 4 °C using
lithium chloride (10 M) after which the tubes were centrifuged at 14,000 g for 30 min at
4 °C. The RNA pellet was dissolved in 200 uL of RNase-free water. An equal volume of
sodium acetate (3 M, pH 5.2) and 600 puL of absolute ethanol were added, set in —80 °C
for 30 min and then centrifuged for further 30 min at 14,000 g at 4 °C. The upper aqueous
phase was removed, and then the precipitate was washed in 600 puL 70% ethanol. After that,
the RNA pellets were allowed to dry for 2 min and were resuspended in 20 pL. RNase-free
water and finally stored in at —80 °C until use. The quantity and quality of RNA were
assessed spectrophotometrically using a NanoDrop® ND1000 spectrophotometer (Thermo
Fisher Scientific, Inc., Wilmington, DE, USA). Total RNA was treated with 5 U RNase-
free DNase I (Thermo Fisher Scientific, Inc., Wilmington, DE, USA) for 20 min at 37 °C.
Turbo-I First Strand cDNA Synthesis Kit (Biomatik, Wilmington, DE, USA) was used to
generate cDNA with 5 pg of total RNA from root tissues as indicated in the manufacture’s
protocol. The RT-qPCR was carried out in a 7300 Real-Time PCR Detection System (Applied
Biosystems, Foster City, CA, USA) with the following program: 95 °C denaturation for
10 min, then 40 cycles of denaturation at 95 °C for 30 s, annealing/elongation at 60 °C
for 1 min. The reactions were performed in 30 pL volume containing 2 pL of first strand
cDNA, 200 nM each of gene specific primers (Table 2), 15 uL Maxima SYBR Green/ROX
gPCR Master Mix (2X) (Biomatik, Wilmington, DE, USA) and 12 puL nuclease-free water.
Each gene was normalized to the internal ubiquitin levels. Analyses were executed using
three independent biological replicates per treatment, alongside no-template controls
to ensure quality assurance. A melting curve analysis of amplification products was
performed at the end of each PCR by slow heating from 65 °C to 95 °C at 0.5 °C/s and
continuous monitoring of the fluorescence signal. The heat map was generated using
R-4.6.1 package (http://www.r-project.org/ accessed on 24 May 2026) to compare the
changes in the amount of transcripts of the four selected genes.
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Table 2. Primer sequences used for gene expression analysis.

Genbank Accession

Primer Pair Name Used For Number/Reference Primer Sequence
TaNRT2.1 Nitrate transporter NRT2.1 AF332214.1 Rei(;rrvs‘;aggg%?ggggggccg‘égg%‘d
TuNRT1 Nitrate transporter NRT1 AY587264 F°rVI"{erder(;jgggﬁggéé’ggégﬁggggééfAC
Fopr CGACTEC AT Ten
TuGS2 Glutamine synthetase 2 DQ124212.1 Forward CATACTACTGCGCCGTAGGATCAGAC

Reverse GGCATGACCTCCCCGTTTGTT

The ubiquitin gene (BdUbq) served as the internal reference for normalization. Primer
specificity was verified by melting curve analysis from 65 °C to 95 °C, with fluorescence
recorded at 0.5 °C increments; a single peak confirmed specific amplification.

Relative gene expression was calculated using the 2~#4“t method [41], with ubiquitin
as the reference gene. ACt was determined as the difference between the cycle threshold
(Ct) of the target gene and that of the reference gene: ACt = Ctigrget — Ctyeerence- AACt was
then calculated by subtracting the ACt of the control sample from that of the treated sample:
AACt = ACtyepteq — ACtno- Relative expression (RQ) was derived as: RQ = 2-AACH
An RQ > 1 indicates upregulation, while RQ < 1 indicates downregulation relative to
the control.

2.5. Statistical Analysis

All statistical analyses were conducted using R version 4.6.1. One-way and two-way
ANOVA were applied to examine all studied parameters. As the design focused on exactly
two factors: organic amendment rate (Control, WD 10%, WD 20%) and water regime
(100% WHC, 50% WHC). When significant effects were detected by ANOVA, Tukey’s HSD
test was used for pairwise comparison of treatment means. Relationships among all mea-
sured parameters were evaluated, considering p-values < 0.05 as statistically significant.
Principal component analysis (PCA) was performed on all recorded parameters, including
organic amendments doses. PCA, a widely used multivariate technique, facilitates visual-
ization and uncovers underlying patterns in complex datasets by generating new variables
(principal components Dim.1 and Dim.2) that are linear combinations of the original vari-
ables, maximizing variance explained by the first components. Pearson’s correlation was
used to assess the relationships between principal components and the original parameters.
Biplot and correlation plot visualizations were created using the “FactoMineR,” “factoex-

7o

tra,” “ggplot2,” and “corrplot” R packages. Relative gene expression data were normalized

and visualized using a Proportional Change Index (PCI) to facilitate comparison among

treatments. After calculation of fold change relative to the control condition (derived

from 2~ AACt

values), expression differences were converted into proportional percentage
Expression treatment—Expression control s 1
Expression control * 100, which is

equivalent to (Fold change — 1) x 100. In this transformation, a value of 0 indicates no

changes according to the formula: PCI =

change relative to the control, positive values indicate upregulation, and negative values
indicate downregulation. The resulting PCI values were used to generate heat maps, where
color intensity reflected the magnitude and direction of transcriptional regulation across
treatments. This approach enables intuitive visualization of relative expression patterns and
facilitates direct comparison of treatment-induced transcriptional responses among genes.
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3. Results
3.1. Plant Growth Response to Wheat Dust Concentration (Trial 1)

A clear dose-dependent response was observed, with divergent effects depending
on the parameter assessed. Biomass accumulation exhibited a non-linear response to
treatment. The 10% amendment resulted in the highest biomass (=320 g; group “c”),
significantly exceeding the control (=230 g). In contrast, the 20% treatment produced the
lowest biomass (2140 g), indicating a pronounced inhibitory effect at high concentration.
Intermediate doses (2% and 5%) yielded moderate biomass values (=170 g), suggesting
limited stimulation relative to the control and highlighting a threshold-dependent response.
Chlorophyll content followed a broadly similar pattern. The 10% treatment produced
the highest chlorophyll level (=15%), whereas the control and 5% treatments showed
intermediate values (~13-14%). The lowest chlorophyll contents were recorded at 2%
and 20% (=12-13%). These findings indicate that a moderate amendment rate (10%)
enhances photosynthetic potential, while both suboptimal (2%) and excessive (20%) doses
reduce this benefit. In contrast, plant height displayed a distinct response pattern. The
control treatment resulted in the greatest elongation (=53 cm), followed by the 5% and
2% treatments (~49 and 47 cm). The 10% amendment significantly reduced plant height
(~41 cm), and the 20% treatment caused the most pronounced reduction (=31 cm). Thus,
increasing dust concentration negatively affected elongation growth, even under conditions
(10%) that enhanced biomass accumulation and chlorophyll content (Figure 1).

25

N
o

o
(%) 3udjuoo j|Aydoiolyo

-
o

Wheat Dust Doses [il Control [l WD 2% [l WD 5% M WD 10% [ WD 20%

Figure 1. Effects of increasing Wheat Dust amendment doses (Control, 2%, 5%, 10%, and 20%) on
three agronomic parameters of Triticum durum: biomass, chlorophyll content, and plant length, with
statistical groupings (Tukey test) indicated by different letters.

The principal component analysis (PCA) explained a large proportion of the total
variability (88.9%), with the first axis (Dim1, 65.6%) mainly associated with biomass and
chlorophyll content, and the second axis (Dim2, 23.3%) driven by plant length. Biomass and
chlorophyll content vectors were closely aligned, indicating a strong positive correlation
between these variables, whereas plant length followed a partially independent gradient.
Treatment distribution along the first axis revealed a clear dose-dependent effect of cereal
dust amendment. The 10% treatment was strongly associated with positive values of
Dim1 and aligned with biomass and chlorophyll content vectors, indicating enhanced
plant productivity and chlorophyll content. In contrast, the 20% treatment was positioned
in the opposite direction, reflecting a pronounced negative effect on these parameters,
suggesting potential toxicity or growth inhibition at high concentrations. The control
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treatment occupied an intermediate positive position, showing relatively good performance,
whereas the 2% and 5% treatments clustered on the negative side of Diml, indicating
limited or slightly adverse effects compared to the control. Results demonstrated that
cereal dust amendment exerts a concentration-dependent impact on wheat growth, with
10% representing the optimal level for improving biomass and physiological status, while
higher concentrations negatively affect plant performance (Figure 2).
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1
Dim1 (66.3%)

Figure 2. Principal component analysis; (A) correlations between original variables and principal
components, (B) position of the original variables in relation to their correlation with axes and
projection of cloud points representing the soil amended by different doses of wheat dust (2%, 5%,
10%, or 20%) in the plane formed by the axes Dim 1 and Dim 2.

3.2. Expression of the Nitrogen Metabolism Related Genes

In the present investigation, a heat map was used to depict changes in the expression
patterns of nitrogen metabolism-related genes (NR, NRT1, NRT2, and GS2) in response
to different doses of wheat dust (WD) (Figure 3). The expression of NR, which encodes
nitrate reductase responsible for reducing nitrate to nitrite, was markedly induced by wheat
dust amendment, particularly in plants cultivated in soils amended with 2% and 10% WD.
Plant nitrate uptake is mediated by both low- and high-affinity nitrate transport systems.
Therefore, the relative expression levels of two nitrate transporter genes, NRT1 (low-affinity
nitrate transporter) and NRT2 (high-affinity nitrate transporter), were analyzed. The results
showed that NRT1 expression was significantly upregulated in response to both 2% and
10% WD treatments, with the highest induction observed at 2% WD. In contrast, NRT2 was
strongly overexpressed in plants grown in soils amended with 2% WD and predominantly
with 10% WD. The GS2 gene, which plays a key role in ammonium assimilation into organic
compounds, exhibited moderate expression levels in control plants and in those treated
with 5% WD.
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Figure 3. Heat map representation of the effects of different doses of wheat dust on the nitrogen

%02 M

metabolism related genes (NR, NRT1, NRT2 and GS2) expression level in leaves of wheat durum
plants cultivated for 30 days in control soil and soil amended by different doses of wheat dust (2%,
5%, 10%, or 20%). Red and blue indicate higher and lower expression values, respectively. Intensity
of the colors is proportional to the absolute value of log?2 of the fold difference in expression.

3.3. Effect of Amendment with Wheat Dust on Durum Wheat Plants Subjected to Water Deficit
Stress (Trial 2)

Based on the results of the first part of the study, the 10% and 20% wheat dust (WD)
treatments were selected for further evaluation. These doses were chosen to assess the
potential of wheat dust to enhance wheat tolerance to drought stress.

3.4. Morphological Parameters: Spike Number and Weight, Tiller and Leaf Number, Shoot Length,
and Shoot and Root Dry Weight

The application of cereal dust induced significant dose- and water regime-dependent
effects on all measured parameters (Figure 4). Under well-watered conditions, plant
biomass (straw + ear) increased progressively with dust concentration, reaching +180% and
+420% above the non-amended control at 10% and 20% doses, respectively (p < 0.05). Under
water stress, similar trends were observed, albeit with overall lower absolute values, with
biomass increasing by +43% and +313% relative to the stressed control at 10% and 20%,
respectively, demonstrating a substantial mitigation of drought-induced biomass reduction.

Vegetative growth parameters responded more moderately to dust application. Collar-
to-awn length remained largely unaffected at the 10% dose (=0% change relative to both
controls), while the 20% amendment increased plant height by approximately +27% and
+23% under non-stressed and stressed conditions, respectively. Similarly, spike-to-awn
length increased by +9% and +47% at 10% and 20% under optimal watering, respectively.
However, under water deficit, the 10% dose slightly reduced spike length (-21%), whereas
the 20% dose maintained a strong positive effect (+39%), suggesting a threshold concentra-
tion below which the amendment fails to counteract drought-induced growth inhibition on
this trait.

Reproductive traits exhibited the strongest response to cereal dust application, par-
ticularly at the WD 20% dose. Under well-watered conditions, spike weight increased

https://doi.org/10.3390/nitrogen7030090


https://doi.org/10.3390/nitrogen7030090

Nitrogen 2026, 7, 90

11 0f 23

Plant biomass (straw + ear) (g)

Number of seeds per spike
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from 0.057 g in the non-amended control to 0.342 g with WD 10% and 0.912 g with WD
20%. Under water stress, WD 10% resulted in a modest reduction in spike weight (0.038 g)
relative to the stressed control (0.057 g). In contrast, WD 20% produced a marked in-
crease, reaching 25.260 g, which suggests substantial recovery of reproductive growth
under drought conditions. A comparable pattern was observed for seed number per spike.
Under well-watered conditions, seed number increased from 0.67 in the control to 3.00 with
WD 10% and 17.17 with WD 20%. Water stress severely reduced reproductive output in
untreated plants, which produced only 0.31 seeds per spike. However, WD application
partially alleviated this reduction, increasing seed number to 1.93 and 12.33 seeds per spike
at the 10% and 20% doses, respectively.
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Figure 4. Plant production parameters: spike number and weight, tiller and leaf number, shoot
length, and shoot and root dry weight of durum wheat plants cultivated for 30 days in control soil
and soil amended by 10% WD and 20% WD. Values are means of six replicates (1 = 6). Different
letters indicate significant differences at p < 0.05 according to Tukey’s test.

Seed weight per spike followed the same dose-dependent response. Under well-
watered conditions, seed weight increased from 0.038 g in the control to 0.098 g with WD
10% and 0.410 g with WD 20%. Under water stress, control plants produced only 0.020 g
per spike, whereas WD 10% and WD 20% maintained seed weights of 0.041 g and 0.347 g
per spike, respectively. Overall, the WD 20% treatment consistently improved reproductive
performance, with especially pronounced benefits under water-limited conditions.
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3.5. Effect of Wheat Dust Doses on Plant Enzymatic Activities and Chlorophyll Content

Wheat dust application significantly modulated oxidative stress markers, antioxidant
enzyme activities, and chlorophyll content under both well-watered and water-stressed
conditions (Figure 5). Superoxide dismutase (SOD) activity declined markedly in response
to dust amendment, decreasing by 77% and 70% at WD 10% and WD 20%, respectively,
relative to the non-stressed control. Under water stress, SOD activity was similarly reduced
by 63% and 53% at 10% and 20%, respectively, compared with the stressed control. Guaiacol
peroxidase (GPOX) activity showed a comparable trend, declining by 67% (WD 10%)
and 17% (WD 20%) under non-stressed conditions and by 47% (WD 10%) and 56% (WD
20%) under stress relative to their respective controls. Catalase (CAT) activity remained
unchanged at 10% under optimal watering but increased by 24% at WD 20%; under water
stress, however, CAT activity decreased slightly at WD 10% (-7%) and sharply at WD 20%
(=77%) compared with the stressed control.

I“‘J-l
ii =¢_5.JL
N

Figure 5. Oxidative stress markers, antioxidant enzyme activities and chlorophyll content of durum
wheat plants cultivated for 30 days in control soil and soil amended by 10% WD and 20% WD. Values
are means of six replicates (1 = 6). Different letters indicate significant differences at p < 0.05 according
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to Tukey’s test.

Markers of lipid peroxidation were strongly attenuated by wheat dust in a dose-
dependent manner. Malondialdehyde (MDA) measured at 532 nm decreased by 50% and
70% at 10% and 20%, respectively, under non-stressed conditions, and by 35% and 77% under
water stress, relative to the corresponding controls. Similar reductions were observed for MDA
measured at 600 nm, which declined by 50% (WD 10%) and 74% (WD 20%) in well-watered
plants and by 30% (WD 10%) and 83% (WD 20%) in stressed plants. These consistent decreases
across both MDA indices indicate a substantial reduction in membrane oxidative damage
following dust application, particularly at the 20% dose under drought.

In parallel, chlorophyll content (SPAD index) increased dramatically in response to
wheat dust. Under non-stressed conditions, chlorophyll content values rose by 146% and
110% at 10% and 20%, respectively, compared with the control. Under water stress, the
enhancement was even more pronounced, with increases of 215% (WD 10%) and 208% (WD
20%) relative to the stressed control. Collectively, these results demonstrate that wheat dust
amendment, especially at 20%, substantially alleviates drought-induced oxidative damage

https://doi.org/10.3390/nitrogen7030090


https://doi.org/10.3390/nitrogen7030090

Nitrogen 2026, 7, 90

13 of 23

while preserving photosynthetic pigment content, highlighting its strong protective effect
on plant physiological status under water deficit.

3.6. Effect of Wheat Dust Doses on Soil Enzymatic Activities

Wheat dust amendment significantly altered soil biological activity, with responses
strongly dependent on dose and water regime (Figure 6). Fluorescein diacetate (FDA) hy-
drolysis, an integrative indicator of total microbial activity, increased dramatically under
well-watered conditions, rising by 900% and 1200% at 10% and 20% wheat dust, respec-
tively, relative to the non-amended control. Under water stress, the 10% dose had little effect
(—11% compared with the stressed control), whereas the 20% treatment resulted in a striking
1320% increase, restoring and greatly exceeding the activity observed in the stressed control.
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Figure 6. Soil enzymatic activities in soils collected from durum wheat plants grown for 30 days
under control and drought stress conditions, with or without amendment by 10% and 20% WD.
Values are expressed as mean of 6 replications. Different letters indicate significant differences among
treatments according to Tukey’s test at p < 0.05.
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Protease activity exhibited a moderate increase under optimal watering, with values
67% and 28% higher than the control at 10% and 20%, respectively. In contrast, under water
stress, protease activity was exceptionally stimulated by wheat dust application, increasing
by approximately 7400% at 10% and 8250% at 20% relative to the stressed control. This
pronounced enhancement suggests a substantial activation of protein degradation and
nitrogen mineralization processes under drought conditions when wheat dust is applied.

Phosphatase activity showed more nuanced responses. Under non-stressed conditions,
activity increased by 28% at 10% wheat dust but remained essentially unchanged (—2%) at
20% compared with the control. Under water stress, the 10% dose reduced phosphatase
activity by 26% relative to the stressed control, whereas the 20% treatment induced a modest
9% increase.

Principal component analysis (PCA) explained 73.3% of the total variance, with PC1
accounting for 60.7% and PC2 for 12.6%. PC1 clearly separated treatments according
to wheat dust amendment, while PC2 primarily discriminated water regimes within
treatments (Figure 7).
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Figure 7. Principal component analysis (PCA) biplot and correlation matrix illustrating the effects of
drought stress and wheat dust (WD) amendments (10% and 20%) on growth, physiological, oxidative
stress, and soil enzymatic parameters of durum wheat after 30 days of cultivation. (A) Correlation
matrix showing the contribution of measured variables to the first two principal components (PC1
and PC2), where circle size and color intensity indicate the strength of variable contribution. (B) PCA
biplot displaying the distribution of treatments under stressed and non-stressed conditions, with
vectors representing the relationships among agronomic traits, antioxidant enzymes, oxidative stress
markers, chlorophyll content (SPAD), and soil enzymatic activities. Percentages on the axes indicate
the variance explained by each principal component.

Relative to the control, plants receiving 10% wheat dust shifted markedly along
PC2 toward higher values associated with shoot dry weight, protease activity, and tiller
number. In contrast, the control group clustered on the positive side of PC1 and was

https://doi.org/10.3390/nitrogen7030090


https://doi.org/10.3390/nitrogen7030090

Nitrogen 2026, 7, 90

15 of 23

strongly associated with oxidative stress markers (MDA), antioxidant enzymes (SOD,
GPOX, catalase), and yield components such as spike number and fertile tiller number. The
loading plot (Figure 6) indicates that oxidative stress markers MDA and SOD contributed
most strongly to PC1 (x70-78% relative contribution), whereas growth-related traits such as
shoot dry weight and SPAD also showed high loadings (>70%) but in the opposite direction.

Compared with the control, the 10% wheat dust treatment showed a clear separa-
tion between stressed and non-stressed plants along PC2, indicating that drought still
exerted a strong structuring effect on plant physiological status. Stressed plants under
10% amendment remained distinct from non-stressed ones, reflecting incomplete mitiga-
tion of drought effects.

In contrast, under the 20% wheat dust treatment, stressed and non-stressed plants
overlapped extensively, forming a single compact cluster with no clear segregation between
water regimes. This convergence indicates that the 20% amendment largely mitigated
drought-induced physiological differentiation observed in the control and 10% treatments.
In the control group, stressed and non-stressed plants were clearly separated, with stressed
plants aligning strongly with oxidative stress indicators MDA, whose contribution to PC1
exceeded 70% relative importance. Similarly, under 10% amendment, partial but still
evident segregation persisted.

The 20% wheat dust treatment shifted plant responses toward variables associated
with enhanced physiological performance, including SPAD, spike weight, and FDA ac-
tivity, which displayed strong negative loadings on PC1 (>65% contribution relative to
control-associated stress markers). This shift suggests a reorientation from oxidative stress-
dominated profiles (control) toward growth- and metabolic-activity-dominated profiles
(20% amendment).

4. Discussion

The present survey revealed a concentration-dependent and context-specific effect of
wheat dust amendment on wheat performance, characterized by a physiological optimum
at WD 10% under well-watered conditions and a striking drought-mitigation effect at WD
20%. This non-linear response aligns with the concept of hormesis, where moderate inputs
stimulate plant growth, whereas excessive levels may inhibit development under optimal
conditions but confer adaptive advantages under stress [42,43].

Under non-stressed conditions, the WD 10% amendment maximized biomass (+39%)
and chlorophyll content (+10-15%), and PCA confirmed a strong positive correlation
between these two variables along the principal axis explaining 65.6% of total variance.
Enhanced chlorophyll content likely increased photosynthetic efficiency and carbon as-
similation capacity, thereby driving biomass accumulation [44]. Organic amendments are
known to improve nutrient availability, stimulate microbial activity, and enhance nitrogen
mineralization, which directly supports chlorophyll biosynthesis and shoot growth [45,46].
However, the reduction in plant height at 10% suggests a shift in carbon allocation rather
than uniform stimulation, possibly reflecting altered hormonal balance or resource parti-
tioning that favors denser vegetative structures over vertical extension [47,48].

Transcriptional profiling of nitrogen metabolism-related genes revealed that wheat
dust substantially reprograms nitrate uptake and assimilation pathways in a dose-
dependent manner. The marked induction of nitrate reductase (NR) at WD 2% and WD
10% indicates enhanced nitrate reduction capacity, suggesting increased nitrate availability
and/or improved nitrogen acquisition efficiency in amended soils. NR is a key regulatory
enzyme linking external nitrogen supply to downstream assimilation and growth, and its
transcription is highly responsive to nitrate and carbon status [49,50]. Coordinated upregu-
lation of NRT1 and NRT2 further supports this interpretation. The strong NRT1 induction
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at WD 2% and WD 10% suggests that amendment increased soil nitrate concentrations
sufficiently to activate low-affinity uptake systems, while concurrent NRT2 overexpression
indicates that high-affinity transport also remained active, possibly reflecting dynamic
nitrate fluxes or microscale heterogeneity in amended soils. Such dual activation has been
reported under enhanced nitrogen turnover or fluctuating nitrate supply [51,52], and may
enhance nitrogen acquisition plasticity, allowing plants to exploit transient nitrate pools
generated through microbial mineralization. The moderate expression of GS2 (chloroplas-
tic glutamine synthetase) at control and 5% WD suggests that nitrate reduction, rather
than ammonium assimilation capacity, was the primary regulatory node affected by the
amendment, or that basal GS2 activity was sufficient to meet assimilation demand without
requiring transcriptional upregulation [53,54].

Collectively, moderate wheat dust application (2-10%) enhanced nitrogen acquisition
at multiple regulatory levels: stimulation of nitrate transporter expression (NRT1/NRT2),
activation of nitrate reduction (NR), and maintenance of assimilation capacity (GS2). That
the strongest induction occurred at 2% and 10%, rather than at higher doses, supports
the existence of a physiological optimum; excessive amendment rates may lead to nu-
trient imbalance, microbial immobilization, or feedback inhibition of nitrate transport
pathways [49,55]. These transcriptional data thus provide a mechanistic basis for the en-
hanced chlorophyll and biomass observed at moderate doses, linking improved nitrogen
metabolism to photosynthetic performance and growth.

In contrast, the 20% amendment reduced vegetative biomass under optimal condi-
tions (—39% vs. control), indicating that the beneficial threshold was exceeded. High
concentrations of organic amendments can transiently induce osmotic stress, nutrient
imbalance, or accumulation of phytotoxic compounds [56-58]. However, this inhibitory
effect was fully reversed under drought, where 20% wheat dust dramatically enhanced
biomass (+313%) and, most notably, reproductive output. Spike weight, seed number,
and seed weight per spike increased several-fold relative to the stressed control, in some
cases exceeding values observed under optimal watering. Such overcompensation sug-
gests activation of stress-buffering mechanisms, possibly through improved soil water
retention, enhanced microbial-mediated nutrient cycling, or priming of antioxidant and
osmoprotective pathways [59]. The disproportionate enhancement of reproductive output
is particularly significant, as drought typically reduces grain set and filling due to impaired
assimilate supply and oxidative damage [60]. The ability of the WD 20% amendment
to restore, and even amplify, reproductive performance indicates improved source-sink
coordination and sustained carbon allocation to developing grains, reflecting enhanced
photosynthetic resilience and nitrogen remobilization efficiency [44,61].

Importantly, the drought resilience observed under WD 20% appears to result from
indirect physiological alleviation rather than direct stimulation of antioxidant defense sys-
tems. Under water deficit, membrane damage was dramatically reduced (—83% MDA), yet
this protection was accompanied by decreased superoxide dismutase (SOD) and guaiacol
peroxidase (GPOX) activities rather than their upregulation. This coordinated decline in
oxidative damage and stress-reactive enzymes indicates that wheat dust suppresses ROS
generation at its source instead of enhancing downstream detoxification [62,63].

Although stomatal conductance and ABA signaling were not measured, the enzymatic
pattern strongly suggests improved plant water status as the primary mechanism. The
carbon-rich wheat dust matrix likely buffers the rhizosphere against rapid dehydration, sta-
bilizing root-zone moisture. This moderated water environment prevents the metabolic dis-
turbances that typically initiate oxidative cascades, thereby preserving membrane integrity
and the photosynthetic apparatus [44,62]. Consistently, chlorophyll content increased
markedly under drought (+215% SPAD relative to the stressed control), reflecting sustained
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photosystem stability and nitrogen assimilation, both closely linked to chlorophyll synthe-
sis and photosynthetic efficiency [44,64,65]. By shifting the plant from a stress-reactive to
a stress-preventive state, WD 20% reduces the metabolic cost of continuous antioxidant
synthesis, conserving energy for growth and reproductive development rather than defense
maintenance [66].

The mechanisms underlying this protection likely involve multiple interacting path-
ways. Organic amendments improve soil structure and water-holding capacity, moderating
root-zone dehydration [46,67], while enhanced rhizosphere microbial activity can stimulate
phytohormone or osmoprotectant production that reinforces plant tolerance [31,68]. Together,
these factors reduce ROS formation at the chloroplast and mitochondrial levels, explaining
both membrane stabilization and pigment preservation, which in turn support continued
carbon allocation to developing sinks and maintain grain filling despite water deficit [62].

The contrasting biomass responses to the maximum 20% WD dose under non-stressed
conditions between the two trials highlight the highly sensitive nature of raw organic soil
amendments across successive cultivation seasons. In Trial 1, using fresh organic residue,
the massive introduction of labile carbon caused acute, transient phytotoxicity and intense
microbial nitrogen immobilization, starving the young plants and reducing biomass [69].
Conversely, Trial 2 was conducted in the following season; the extended conservation time
of the wheat dust stock allowed for natural aging and partial structural pre-decomposition
of the organic matrix. Consequently, when applied in Trial 2, the amendment avoided
prolonged immobilization and shifted rapidly into an accelerated nutrient mineralization
phase. Under non-limiting water conditions, this sudden nutrient release acted as a power-
ful fertilizer flux, triggering an exceptional vegetative overcompensation (+420% biomass).
This divergence underscores that the storage and stabilization time of raw agro-industrial
residues exist on a fine threshold between temporary nutrient immobilization and rapid
nutrient release.

Wheat dust amendment also profoundly reshaped soil biological functioning in a dose-
and water-regime-dependent manner. The dramatic stimulation of fluorescein diacetate
(FDA) hydrolysis, up to +1200% under well-watered conditions and +1320% under drought
at the WD 20% rate, indicates a major enhancement of total microbial metabolic activity,
reflecting combined esterase, lipase, and protease action [70,71]. This suggests that wheat
dust provides readily metabolizable carbon substrates that activate microbial communities,
particularly under resource-limited conditions [46,72]. The exceptionally large increase in
protease activity under drought is particularly noteworthy, given that drought typically
suppresses microbial activity due to osmotic stress and substrate diffusion limitation [73].
While this sharp activation highlights that wheat dust counteracts drought-induced mi-
crobial inhibition, it is equally plausible that the amendment itself introduced inherent
plant-derived enzymes or altered the matrix chemistry to promote abiotic substrate break-
down [74]. The response suggests that wheat dust promotes a primed microbial state
capable of sustaining nitrogen cycling under water deficit, thereby supporting chlorophyll
maintenance and reproductive development [75]. Moreover, wheat dust consists of grain
fragments and husks rich in organic compounds, which may harbor baseline enzymatic
configurations that persist in the soil environment [76]. Therefore, future investigations
must prioritize methodological approaches, such as utilizing sterile organic controls or
molecular profiling, to rigorously distinguish between active, rhizosphere-mediated mi-
crobial synthesis and total background enzymatic contributions. Differentiating these
components is essential to avoid overinterpreting microbial dynamics and to refine our
understanding of nutrient cycling under water deficit. In addition, phosphatase activity
showed more moderate responses, a 28% increase at WD 10% under optimal watering
suggesting improved phosphorus mineralization, but limited stimulation at WD 20% and
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under drought, implying that phosphorus cycling was less responsive than nitrogen-related
processes, possibly reflecting shifts in nutrient stoichiometry [75].

The PCA provides an integrative perspective on these interactions. PC1 (60.7% of
variance) separated treatments primarily by amendment rate, driven by oxidative stress
markers (MDA, SOD; 70-78% relative contribution). Control plants clustered with these
stress indicators, particularly under drought, confirming that water deficit imposed a redox-
dominated physiological state. The 20% wheat dust treatment shifted plant—soil systems
toward the opposite pole of PC1, aligning with high FDA activity, SPAD values, and spike
weight, a reorientation from an oxidative stress-dominated profile to a metabolically active,
growth-oriented one. Crucially, while stressed and non-stressed plants remained clearly
segregated in the control and WD 10% treatments, they overlapped extensively at WD 20%,
forming a single compact cluster. This convergence implies that the higher amendment rate
largely neutralized drought-induced physiological divergence, consistent with emerging
evidence that organic inputs can enhance soil water retention, stabilize microbial networks,
and promote rhizosphere-mediated stress buffering [68,77]. Furthermore, it must be noted
that the 10% and 20% wheat dust mixtures were maintained at gravimetric targets relative
to the baseline soil WHC without recalibrating for amendment-induced shifts in bulk
density or porosity. As previously highlighted, the net positive effect of the amendment
is highly correlated with the direct improvement of soil WHC by the organic matrix.
However, because post-trial physical soil curves were not tracked, the observed plant
resilience captures the integrated agro-ecological outcome of the addition. Future work
should isolate these variables by monitoring real-time soil water potential shifts across
different amendment matrices.

The physiological and molecular responses observed in this study are consistent
with the intrinsic physicochemical properties of the wheat dust used as amendment
(Table 1). The material was characterized by an exceptionally high organic matter content
(879 g kg~!) and organic carbon concentration (494 g kg~!), together with moderate ni-
trogen (11.6 g kg~!), appreciable potassium (13.96 g kg~!) and phosphorus (4.54 g kg 1)
contents, and a relatively high C/N ratio (42.6), indicating that it functions primarily as a
carbon-rich organic substrate rather than a rapidly mineralizable fertilizer. The abundant
organic carbon likely stimulated rhizosphere microbial activity and nutrient turnover [78],
explaining the pronounced activation of FDA hydrolysis and protease activity observed in
amended soils. At moderate application rates (2-10%), microbial decomposition probably
generated sufficient mineral nitrogen to enhance nitrate transporter expression (NRT1 and
NRT2) and nitrate reductase activity, thereby supporting chlorophyll synthesis and biomass
accumulation [79]. In contrast, the high C/N ratio may have promoted temporary micro-
bial nitrogen immobilization at the 20% application rate under well-watered conditions,
accounting for the reduced vegetative growth despite the substantial organic matter input.
However, under drought, the same carbon-rich organic matrix likely became advantageous
by improving soil aggregation, increasing water-holding capacity, and sustaining microbial
metabolism despite limited soil moisture. Moreover, the relatively high potassium content
may have contributed to osmotic adjustment, stomatal regulation, and maintenance of
cellular turgor [80], while phosphorus availability would support energy metabolism and
root function under stress [81]. Collectively, these physicochemical characteristics provide
a mechanistic explanation for the dose-dependent responses observed, reconciling the
apparent growth inhibition under optimal conditions with the remarkable stress-buffering
capacity of the higher amendment rate during drought.

A key limitation of this study is its reliance on historical regional soil data rather than
site-specific baseline measurements from the experimental field. Initial soil properties
strongly influence both the effectiveness and decomposition of organic amendments. For
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example, in soils with lower organic matter content or sandier textures than the Essaida
regional average, the optimum 10% application rate under well-watered conditions may
differ, while the drought-buffering effect of the 20% rate could be more pronounced because
of changes in water-retention capacity. Conversely, in highly fertile or clay-rich soils, the
microbial stimulation and localized nitrogen immobilization observed at higher application
rates may be moderated or expressed differently. Recognizing this soil-dependent variabil-
ity is essential to improve the generalizability of wheat dust valorization across diverse
semi-arid agricultural landscapes.

When assessing the viability of wheat dust as an agricultural amendment, potential
heavy metal accumulation and biosecurity risks must be thoroughly evaluated. A mass-
balance calculation shows that the high application rates of 10% and 20% w/w introduce
theoretical maximum trace element loads of up to 76.6 mg kg~! for Cr and 15.68 mg kg !
for Ni into the potting soil matrix. While these final estimated values fall within standard
international thresholds for agricultural soil safety (FAO/WHO), tracking their specific
chemical fractions is necessary. Because these metals are embedded within a dense, lignocel-
lulosic organic matrix, their immediate ionic bioavailability is highly restricted, cushioning
the system against immediate phytotoxicity. Nevertheless, because raw wheat dust is a
heterogeneous industrial residue, it may harbor latent biosecurity risks, including pesticide
residues, mycotoxins, fungal spores, or viable weed seeds. Consequently, while wheat dust
shows high agronomic potential for circular drought mitigation, its transition to wide-scale
open-field systems requires regulatory pre-treatments, such as controlled thermophilic
composting or screening protocols, to guarantee total sanitary and environmental safety.

Although the 20% wheat dust amendment produced the strongest drought-mitigation
effects, its large-scale field application may present practical and economic constraints.
Incorporating such a high proportion of organic material across an entire field would
require substantial quantities of wheat dust, increasing transport, handling, and incor-
poration costs despite the widespread availability of this agro-industrial by-product in
many wheat-producing regions. Nevertheless, the present findings should not be inter-
preted as requiring uniform field-wide application. Localized placement of the amendment
within the crop rhizosphere, such as band application along planting rows or targeted
incorporation around individual plants, could substantially reduce the amount of material
required while maintaining high concentrations in the root zone, where the beneficial
effects on microbial activity, nutrient cycling, and soil water retention are most relevant.
Such precision application strategies have proven effective for other organic amendments
by maximizing plant-soil interactions while improving cost-effectiveness. Future field
experiments should therefore compare broadcast and localized wheat dust application to
identify the minimum effective dose capable of reproducing the drought-buffering effects
observed under controlled conditions while ensuring agronomic and economic feasibility.

5. Conclusions

In conclusion, this present survey demonstrated that wheat dust amendment exerts
concentration-dependent and environment-specific effects on wheat physiology, soil biol-
ogy, and plant-soil interactions. Under optimal watering, the 10% application enhanced
biomass, chlorophyll content, and nitrogen acquisition through coordinated upregulation
of nitrate transport and reductase activity. In contrast, the 20% application reduced vege-
tative growth under non-stressed conditions but markedly improved drought resilience,
increasing biomass, reproductive performance, and chlorophyll preservation while lim-
iting oxidative membrane damage. This protective effect appears to result from a shift
toward stress-preventive physiology, characterized by reduced ROS generation rather than
enhanced antioxidant detoxification. At the soil level, wheat dust strongly stimulated
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microbial metabolic activity and nitrogen-cycling enzymes, even under drought, thereby
supporting nutrient acquisition under water deficit. The PCA convergence of stressed and
non-stressed phenotypes at the 20% rate further highlights its systemic buffering capacity.
Overall, these findings identify wheat dust as a promising agro-industrial by-product for
climate-resilient agriculture, with dosage optimization being crucial: 10% for maximizing
productivity under favorable conditions and 20% for enhancing drought tolerance. Future
studies should identify the microbial taxa and rhizosphere signaling pathways involved
and validate these effects under diverse soils and field conditions.
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