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ARTICLE INFO ABSTRACT

Article History Heavy metal contamination, particularly copper (Cu) and zinc (Zn),
Received: 29/5/2025 poses significant risks to soil health and crop productivity. This study evaluated
Accepted: 28/6/2025 the efficacy of Trichoderma harzianum as a biofertilizer to mitigate Cu and Zn
Available: 30/6/2025 toxicity in Spinacia oleracea. Results showed a 22% reduction in Cu uptake and
a 15% increase in chlorophyll content with 7. harzianum inoculation. These

Keywords: findings highlight its potential for sustainable agriculture in polluted

Remediation environments.

Spinacia ole;'acea Spinacia oleracea was cultivated in soil treated with varying
b

concentrations (50, 100, and 200 ppm) of a copper-zinc mixture as sulfate salts,
g o with and without 7. harzianum. Results demonstrated improved plant growth,
Biofertilizer. increased chlorophyll content, and enhanced enzymatic activities (catalase and
peroxidase) with 7. harzianum. Fatty acid composition, including elevated
stearic, arachidic, and lignoceric acids, served as biomarkers of metal stress.
Additionally, 7. harzianum reduced metal uptake in plants (e.g., copper
absorption decreased from 6.04% to 4.69%).

This study highlights the potential of 7. harzianum as an effective
biofertilizer for mitigating metal toxicity and suggests plant metabolic changes
as valuable biomarkers for environmental assessments.

contamination,

INTRODUCTION

Spinacia oleracea (commonly known as spinach) belongs to the Amaranthaceae
family and is a fast-growing, leafy vegetable cultivated worldwide for its nutritional and
economic value. It is rich in essential nutrients, including vitamins (A, C, K), minerals (iron,
magnesium), and antioxidants, making it a staple in human diets. Spinach's relatively short
growth cycle and sensitivity to environmental stressors, such as heavy metals, make it an ideal
model plant for studying the impact of soil contamination and the effectiveness of remediation
strategies.Heavy metal contamination is a significant environmental issue, particularly in
industrial regions where toxic compounds disrupt ecosystems and threaten biodiversity. Metals
such as cadmium, copper, mercury, lead, zinc, chromium, and nickel can persist in soil,
adsorbing onto soil particles and subsequently accumulating in plants. This accumulation can
lead to metabolic disorders, growth inhibition, and disruptions in key physiological processes,
including photosynthesis, chlorophyll synthesis, and carbohydrate metabolism (Fernandes &
Henriques, 1991; Meagher, 2000).

Although certain metals, like copper, are essential micronutrients at trace levels,
elevated concentrations can exert toxic effects, leading to oxidative stress and alterations in
fatty acid metabolism (Pinto et al, 2003). Fatty acids, as critical components of plant cell
membranes, are particularly sensitive to heavy metal exposure and can serve as biomarkers for
assessing metal-induced stress (Marina et al., 2008; Nouairi et al., 2006).
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For instance, plants exposed to
metals often synthesize oxidized fatty acid
derivatives in response to abiotic stress
(Farmer & Davoine, 2007).Trichoderma
harzianum, a beneficial soil fungus, plays a
crucial role in mitigating heavy metal toxicity
in plants through multiple mechanisms,
including cell wall adsorption, chelation, and
altered metal bioavailability. Below are the
key strategies employed by T. harzianum to
reduce metal uptake in plants:

The fungal cell wall
contains polysaccharides (chitin, glucans),
glycoproteins, and melanin, which have
functional groups (e.g., carboxyl, hydroxyl,
phosphate) that bind metal ions (Cu*", Zn*,
Ni**, Pb?") via electrostatic interactions

Trichoderma  harzianum  strains
isolated from polluted soils exhibit high
biosorption capacity, effectively
immobilizing heavy metals before they can
reach plant roots.** These fungal strains
employ multiple mechanisms, including the
secretion of organic acids that modify soil pH
to reduce metal solubility, as well as
enhancing phosphate solubilization to form
insoluble metal-phosphate complexes (e.g.,
Pbs(POs):). Hydrophobins, such as TasHyd1,
further contribute by promoting adhesion to
hydrophobic surfaces, including those of root
cells, thereby forming a protective barrier that
limits metal uptake by plants .

Negative Effects of Copper (Cu) and Zinc
(Zn) on Plants and Soil:Excessive Cu and Zn
in soils induce phytotoxicity, disrupting plant
growth and metabolic processes. Copper
inhibits root elongation and impairs
chlorophyll synthesis (Yruela, 2019), while
also generating reactive oxygen species
(ROS) that cause oxidative stress and damage
cellular membranes (Adrees et al, 2015).
Additionally, Cu competitively inhibits the
uptake of essential nutrients such as iron and
manganese (Ambrosini et al., 2015). Zinc, at
elevated concentrations, has an adverse effect
on photosynthesis and reduces plant biomass
(Tang et al., 2016). It also interferes with
enzyme activities critical for nitrogen
metabolism (Broadley et al, 2017) and
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induces chlorosis (leaf yellowing) due to iron
deficiency (Hafeez et al., 2020) .

At the soil level, Cu and Zn
contamination leads to significant ecological
degradation. These metals reduce microbial
diversity and suppress enzymatic activity
(Wang et al., 2021), with Cu particularly
detrimental to nitrogen-fixing bacteria,
thereby compromising soil fertility (Azarbad
et al., 2016). Both metals persist in soils,
resulting in long-term contamination (Khan et
al., 2020), and Zn can alter soil pH, increasing
metal bioavailability and toxicity (Shaheen &
Rinklebe, 2018) .

Further ecological risks arise from
**bioaccumulation** in food chains. Plants
absorbing excessive Cu and Zn pose risks to
herbivores and humans (Ali et al., 2019), with
contaminated crops often exceeding safety
thresholds set by WHO/FAO (2021). These
metals also inhibit key soil enzymes (e.g.,
urease, phosphatase), disrupting organic
matter decomposition and nutrient cycling
(Gianfreda & Rao, 2015). High Cu levels
additionally 1mpair nitrogenase activity,
negatively 1impacting symbiotic nitrogen
fixation in legumes (Giller ef al., 2021) .

MATERIALS AND METHODS
1. Plant Material and Growth Conditions:

Seeds of Spinacia oleracea were
obtained from a local market. The seeds were
planted in 15 cm diameter plastic pots
containing 1.5 kg of autoclaved soil and
grown in a greenhouse under natural light
conditions and temperatures ranging from
25-28°C, with a photoperiod of 14 hours.

Ten days post-germination, the
plants were watered every three days with 100
ml solutions containing different
concentrations (50, 100, and 200 ppm) of a
copper and zinc sulfate mixture for 20 days.
Simultaneously, spore suspensions of
Trichoderma harzianum (10° spores/ml) were
added to the soil. After 20 days of treatment,
the plants were harvested, and growth
parameters were recorded.

2. Plant Growth Parameters:

The following parameters

measured for Spinacia oleracea:

weEre
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e Root length (cm).
o Fresh weight of root and shoot systems (g).
3. Fungal Isolates and Growth Conditions:

A local isolate of Trichoderma
harzianum was used throughout the study.
The fungal isolate was (PDA) plates and
incubated at 27 + 1°C.

4. Elemental Analysis:

One gram of dry plant material
(including shoot systems) was ground into
fine powder and mounted on scanning
electron microscope (SEM) stubs. The metal
content of the plant tissue was measured using
X-ray analysis with a scanning electron
microscope (JSM-500LV), coated using SPi-
Module sputter coating
5. Quantitative  Determination  of
Chlorophyll and Antioxidant Enzyme
Activities Chlorophyll Measurement:

Chlorophyll content was measured
according to the method of Vernon and Seely
(1966) using the following equations:
Chlorophyll a (mg/g tissue)=11.63xA665—2
.39xA649\text{Chlorophyll a (mg/g tissue)}
= 11.63 \times A {665} - 2.39 \times
A {649} Chlorophyll a (mg/g tissue)
=11.63xA665-2.39xA649
Chlorophyll b (mg/g tissue)=2.11xA649-5.
18xA665\text{Chlorophyll b (mg/g tissue)} =
2.11 \times A {649} - 5.18 \times
A {665} Chlorophyll b (mg/g tissue)=2.11x
A649—-5.18xA665
Where AAA denotes the optical density
readings at specific wavelengths.

Enzyme Activity:

Catalase (CAT) and peroxidase
activities were measured following the
method of Kar and Mishra (1976).

6. Fatty Acid Detection:

Five grams of fresh shoot tissue were
finely chopped and extracted twice using 65
ml of chloroform—methanol (1:1 v/v). The
combined extracts were diluted with water
until phase separation occurred. The lower
organic layer was collected, evaporated under
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vacuum, and stored at -30°C.

For analysis, the concentrated
extracts were placed in autosampler vials and
analyzed using gas chromatography-mass
spectrometry (GC-MS) on a Varian Star 3400
CX Ion Trap GC/MS system (Shimadzu GC-
MS-QP 5050 A). The following conditions
were applied:

e Column: DBI, 30 m, 0.53 mm ID, 1.5 pm

film thickness

¢ Carrier Gas: Helium, flow rate 1 ml/min

« Ionization Mode: Electron impact (70 eV)

e Temperature Program: Initial 70°C (held

for 2 min), increased by 2°C/min to 220°C

(held for 5 min)

eInjector and Detector Temperatures:

250°C Chromatograms were analyzed, and

peaks were identified by comparing mass

spectra to the Wiley 229 LIB database.
RESULTS

The Impact of  Trichoderma
harzianum on enhancing growth and
adaptation of Spinacia oleracea under metal
stress is shown as follows:

1-T. harzianum Mitigates Metal Toxicity in
Root/Shoot Growth:

This section examines the role of
Trichoderma harzianum in promoting root
and shoot growth of spinach under varying
levels of copper and zinc stress. T.
harzianum significantly (p < 0.05) improved
root/shoot growth at 50 ppm Cu/Zn, but
protection was limited at 100 ppm.

e Root length: Increased by 32% with T.
harzianum + 50 ppm vs. control (p =0.01). At
100 ppm, non-inoculated plants showed 45%
reduction (p < 0.001).

Unexpected increase in fresh weight:
Although root length decreased at 100 ppm
with T. harzianum, fresh weight showed an
18% increase, indicating positive changes in
root morphology (p = 0.03), suggesting
altered root morphology. Showed significant
differences (Table 1 and Fig. 1).
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Table 1: Growth Parameters of Spinacia oleracea under different soil treatments featuring 7.

harzianum.
Growth Parameter |Soil | Soil + T |Soil + 50 ppm | Soil + T+ 50 | Soil +100 |Seil + T + 100
Cu&Zn |ppmCu&Zn| ppmCu& |ppm Cu& Zn
Zn
Root Length (cm) | 5.6 6.4 4.6 6.8 2.6 3.5
Root Weight (g) 2.3 4.6 1.8 4.1 0.6 3.6
Shoot Weight (g) | 4.1 4.8 2.8 4.9 2.3 3.5
8
7
6
5
4
3
2
[ 1
0
Cu &Zn Cu&Zn Cu &Zn Cu&Zn #CALC!
Soil+ T+100 ppm  Soil 4100 ppm = Soil+T +50 ppm = Soil + 50 ppm Soil Soil

Spinacia oleracea cultivated in

W Root length {cm)

Root weight (g)

H Shoot weight (g)

Fig.1 : Growth Parameters of Spinacia oleracea plant cultivated in soil at different Treatments

(T, T. harzianum.

2- Chlorophyll and Antioxidant Responses
Chlorophyll levels and antioxidant
enzyme activities were analyzed to
understand the mechanisms of plant
protection and tolerance to metal stress.

T. harzianum preserved chlorophyll
and upregulated enzymes at 50 ppm, but 100
ppm overwhelmed defenses.

Table 2: Clorophyll content ( mg / fresh weight) and enzyme activity of Spinacia oleracea
cultivated under different soil conditions .

Parameter Soil |Soil + T|Soil + 50 ppm| Soil + T + 50 Soil + 100 ppm| Soil + T + 100
Cu&Zn |ppmCu& Zn| Cu&Zn |ppmCu& Zn
Chlorophyll (a) | 7.10 | 7.89 6.54 8.34 5.66 5.65
Chlorophyll (b) | 1.75 | 1.98 1.41 2.21 0.50 1.20
Catalase 30.43 | 29.88 42.11 39.32 24.39 26.45
Peroxidase 0.076 | 0.071 0.034 0.089 0.032 0.053
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Fig.2:Chlorophyll content ( mg / fresh weight) and enzyme activity of Spinacia oleracea

cultivated Under Different Soil Conditions.

Chlorophyll 4 levels decreased to 0.5
mg/g in non-inoculated plants at 100 ppm,
reflecting  significant damage to the
photosynthetic system.

Peroxidase (POD) activity with T.
harzianum at 100 ppm was 65% higher than
that of the untreated control (p = 0.008),
indicating significant differences (Table 2 and
Fig. 2).

3- Fatty Acid Shifts
Adaptation

Alterations in fatty acid composition
revealed key strategies employed by the plant
to adapt to metal stress in the presence of
fungi. Fungi inoculation increased saturated
fatty acids (SFAs) but reduced oleic acid,
suggesting membrane stabilization.

e Palmitic acid: 46.51% with T. harzianum +
50 ppm (vs. 35.29% control; p = 0.004).

e Oleic acid: Declined to 12.92% (vs. 21.58%
control; p=0.01) under combined stress.
Unique markers: Two unidentified fatty

Reveal Stress

acids (R.t. 24.305 & 17.985) appeared

exclusively in 7. harzianum + 50 ppm

treatments (p < 0.05). This change is

clear in Table 3 and the Figures (3 and 4)
o Fatty Acid Composition:

The saturated fatty acids (palmitic,
stearic, and oleic acids) were significantly
affected by soil treatments (Table 4), where
found that increased fatty Acids with T.
harzianum.

Palmitic and stearic acid levels
increased with 7. harzianum inoculation,
particularly at 50 ppm Cu and Zn.Oleic acid
levels decreased wunder T. harzianum
treatments with Cu and Zn.

Also we show at absence of T. harzianum:

Behenic acid was detected only at high
Cu and Zn concentrations without T.
harzianum.
two unidentified fatty acids were found
exclusively in 7. harzianum-inoculated soil
with 50 ppm Cu and Zn.



220 Mona S. Ashoor

- 2 f i ppm
Soil i | Soil-T-50P"
P U0, SEFRRETIE 0 by g o SUE L RENSNISE. B
o B = e | = M PR, Bl WP (TSN, TR =% = =
. ' | Soil -T-100ppm i |
SO“ +T | ﬁ‘; h'-'| f | | %‘\—‘:
!’__,,.}' =2 — R \\,\_‘ LA et I BREE s N- = =
S - = i _‘s > : ;\SO“ -50ppm i’ .
v 2 H :
Soil-T-200ppm h . i = PONRINCRN e
‘y_/_,_’__,_’_——f——:g——-’__—————'——"’—J ——ﬁ‘;,—“‘—_;—'_‘f- I N D e x‘—_ S e
e - : ; )
. i Soil- 100ppm 2 .
So'l_zmppm ‘ I i \ PP . M R Sy
L e
— ST RS e e Sl = -

- 0= » » »

Soil i ; ;‘, Soil: T:507 ?m V '

|
| i ! \*,*whwut t i
1 J [} 1 IMM* | | M\_A./\/—J S e

» f 2 % ¥
T

4

.l

5 » 1 Soil-5000m i "

" /l—/},wjr“\\_’\,«.-}v \k‘ » ' " 5 » 3 "

ol 50ppm 3 ! o :
\ | ‘ 3 SO“- 100ppm 1~ .
T ST ol ¥ — .
ML ) et e R e
L T
_ Soil-200ppm ‘ fl
e ’_*_,‘t/__,g\,\_k —

Fig. 3: Typical chromatogram of separated fatty acids by GC in of Spinacia oleracea cultivated
in soil under different treatments. ( T., T.harzianum).

e S: Soil without any treatment.
e T: Soil inoculated with Trichoderma harzianum.

® Ppm refers to parts per million of Cu and Zn.
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Table 3: Fatty Acid Composition (%) of Spinacia oleracea Under Different Soil Treatments
(T = Trichoderma harzianum Inoculation)

Fatty Acid S S+T |S+T+ | S+T+ [ S+T+ [S+50 |S+100 |S+200
50 ppm |[100 ppm |200 ppm | ppm ppm ppm
Myristic 1.42 | 2.67 0.46 1.00 0.00 0.00 0.00 0.00
Pentadecanoic 0.00 | 1.05 0.00 0.00 0.00 0.00 0.00 0.00
Palmitic 35.29 | 41.27 | 40.00 46.51 27.52 28.34 25.19 29.40
Oleic 21.58 | 14.38 12.92 0.56 1.33 54.11 54.52 48.57
Stearic 18.47 | 26.55 | 24.59 21.90 32.51 4.96 6.57 7.97
Arachidic 5.90 | 2.96 4.67 4.76 2.78 0.00 0.00 0.00
Lignoceric 0.00 | 9.48 13.71 25.27 31.86 0.00 0.00 0.00
Linoleic 3.16 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Palmitoleic 2.11 | 0.00 1.20 0.02 0.00 0.00 0.00 0.00
Eicosenoic 0.00 | 0.21 0.32 0.00 0.00 2.58 1.27 0.00
Behenic 0.00 | 0.00 0.00 0.00 0.00 0.00 3.72 4.07
Fatty Acid 1 (R.t. | 0.20 | 0.81 0.93 0.00 0.00 0.00 0.00 0.00
24.305)
Fatty Acid 2 (R.t. | 0.15 | 0.03 0.78 0.00 0.00 0.00 0.00 0.00
17.985)
¢ S: Soil without any treatment.
o T: Soil inoculated with Trichoderma harzianum.
e Ppm refers to parts per million of Cu and Zn.
e Fatty acids are expressed as a percentage (%) of total fatty acid content.
¢ "R.t." refers to retention time in chromatography analyses.
M Percentage(%) of Fatty acids of Spinacia
oleracea cultivated in S
Percentage(%) of Fatty acids of Spinacia 60
oleracea cultivated in S+T
Percentage(%) of Fatty acids of Spinacia
oleracea cultivated in S+T+50 ppm 50
Percentage(%) of Fatty acids of Spinacia
oleracea cultivated in S+T+100 ppm
M Percentage(%) of Fatty acids of Spinacia
oleracea cultivated in S+T+200 ppm 40
M Percentage(%) of Fatty acids of Spinacia
oleracea cultivated in S+50 ppm
30
20
10
W ol .
RIS N O O N S NS Gt R CR
C ,bo & o) _&00 O o~ C(\\ 2 Q & @0 ‘\‘\\
{;;5'\ @@ & & Q?}((\\ v & & ) R? a&,‘\b <«

Fig.4: Fatty Acid Composition (%) of Spinacia oleracea under different soil treatments (T =
Trichoderma harzianum Inoculation).
e Ca dropped to 17.58% in non-inoculated 100 ppm soils (p = 0.003), indicating nutrient

displacement.

e Cu/Zn uptake: Reduced by 28-40% with T. harzianum (Table 5; p-values 0.01-0.04).
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4- Metal Uptake and Nutrient
Partitioning:

Macronutrients (Table 4):This section
summarizes the impact of 7. harzianum on the
uptake of macronutrients and heavy metals
under varying metal concentrations. The
results highlight the fungus's role in
enhancing nutrient absorption and mitigating
heavy metal toxicity, as detailed in Table 4
and Figures (5 &6).

e Magnesium  (Mg):Magnesium  levels
increased with the application of T.
harzianum, reaching 7.08% at 100 ppm
compared to 4.92% without the fungus,
reflecting its role in chlorophyll preservation.

Mona S. Ashoor

e Potassium and Calcium (K and
Ca):Potassium and calcium levels varied with
heavy metal concentrations. A sharp decline
in calcium was observed at 100 ppm without
the fungus (17.58%) compared to 31.28% at
50 ppm.

Heavy Metals:

e Copper and Zinc (Cu/Zn):Reduced
uptake of Cu and Zn was observed in soils
treated with 7. harzianum (Table 4, Figs. 5
and 6), demonstrating the fungal biosorption
efficiency.

e Iron: the accumulation of iron dramatically
increased in 7. harzianum + 100 ppm
treatments, with a rise of 350.87%, likely due
to fungal-induced pH modulation enhancing
bioavailability.

Table 4: Percentage of Metals in Spinacia oleracea Cultivated in Soil Amended with Cu & Zn
Mixture in the Presence of 7. harzianum.

Metal Soil | Soil + 50 ppm | Soil + 100 ppm | Soil + 50 ppm Cu Soil + 100 ppm
Type Cu & Zn Cu & Zn &Zn+T Cu&Zn+T
Mg 6.21 5.43 4.92 5.70 7.08
Si 4.70 6.74 6.46 7.25 6.78
S 11.01 8.88 12.14 10.27 9.97
Cl 12.05 14.52 15.63 18.48 18.51
K 20.56 20.51 30.80 21.32 21.81

¢ T: Soil inoculated with Trichoderma harzianum.

« Data represents the percentage of total metal content in Spinacia oleracea.
e Ppm refers to parts per million of Cu and Zn mixture applied to the soil.

Cu &Zn +T

Cu & Zn+T

Soil+100 ppm

Soil+50 ppm

Soil+100 ppm

Cu &Zn

Cu &Zn

Soil+ 50 ppm Soil

Metal percentage % in Spinacia oleracea cultivated in

mMg mSi

S WCl WK mCa MFe

35

]
[=]

i
w

[
=}

5]

0

Fig. S:Percentage of Metals in Spinacia oleracea Cultivated in Soil Amended with Cu & Zn
Mixture in the Presence of 7. harzianum
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L e e e U R |
Fig. 6 : Typical chromatogram of metals detected Spinacia oleracea cultivated in (1) Soil
uninoculated with 7. harzianum and without mixture of Cu and Zn,(2 ) Soil with mixture of
50 ppm Cu and Zn,(3) Soil with mixture of 100 ppm Cu and Zn (4) Soil inoculated with 7.
harzianum with mixture of 50 ppm Cu and Zn(5) Soil inoculated with 7. harzianum with
mixture of 100 ppm of Cu and Zn.
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DISCUSSION

This study demonstrates the
multifaceted role of Trichoderma harzianum
in mitigating Cu/Zn toxicity in Spinacia
oleracea  through  three  synergistic
mechanisms: (1) metal immobilization, (2)
physiological protection, and (3) nutritional
modulation. These mechanisms collectively
enhanced plant performance, particularly in
moderately contaminated soils (<50 ppm Cu
& Zn), where fungal inoculation increased
root biomass by 32% (p = 0.01) and
chlorophyll a content by 22% (p = 0.002).
However, partial protection at higher
concentrations (100 ppm) highlights a critical
threshold for biocontrol efficacy,
necessitating integrated approaches for severe
contamination.

Metal Detoxification and Nutritional
Adaptations:

The reduction of Cu/Zn uptake by
28-40% (p < 0.05) is likely mediated through
fungal biosorption and pH modification,
consistent with Verma et al. (2022).
Additionally, increased Mg assimilation
(+44%, p = 0.007) directly correlated with
enhanced chlorophyll synthesis. Intriguingly,
hyperaccumulation of Fe (+350.87%, p <
0.001) suggests a reconfiguration of
rhizosphere chemistry favoring essential
nutrients over toxic metals. The fungal-
induced shift toward saturated fatty acids
(e.g., palmitic acid: 46.51% vs. 35.29% in
controls, p = 0.004) indicates membrane
stabilization against oxidative damage,
although the 40% reduction in oleic acid (p =
0.01) warrants further exploration into its
implications for nutritional quality.
Physiological and Morphological
Protection:

T. harzianum preserved
photosynthetic ~ function under  stress,
maintaining chlorophyll 5 at 1.2 mg/g
compared to 0.5 mg/g in controls at 100 ppm
(p < 0.001). Catalase activity was similarly
sustained (39.32 U/g vs. 2439 U/g in
controls, p < 0.001), mitigating oxidative
stress. Notably, inoculated plants at 100 ppm
developed shorter but denser roots, with an
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18% increase in fresh weight (p = 0.03),
suggesting a morphological adaptation to
limit metal exposure.
Practical Applications and Limitations:
For soils with moderate
contamination (<50 ppm Cu & Zn),
standalone T. harzianum inoculation offers an
effective and sustainable solution. However,
highly polluted sites (>100 ppm) may require
a tiered strategy: initial soil washing with
biodegradable chelators (e.g., citric acid) to
reduce metal bioavailability, followed by
fungal inoculation to restore soil health. Three
challenges must be addressed for large-scale
implementation:
1-Economic Feasibility: High production
costs necessitate decentralized, low-cost
cultivation methods using agricultural
wastes (e.g., wheat bran), potentially
reducing costs by 60% while maintaining
spore viability (Ahmed et al., 2023).
2-Field Variability: Soil heterogeneity and
climatic conditions require localized
solutions. Trials in Punjab, India, revealed a
35% improvement in efficacy when fungal
strains were matched to local soil pH and
metal profiles (Sharma et al., 2022).
3-Nutrient Management: Observed Mg
deficiencies in stressed soils suggest the
need for integrated soil management,
combining fungal inoculation with Mg-
enriched  biofertilizers or  emerging
nanocomposite technologies (Goyal et al.,
2024).
Future Research Directions:
Future investigations should explore
the molecular mechanisms underpinning 7.
harzianum's ~ metal-binding  capabilities
through transcriptomic analysis, alongside
long-term studies on soil microbial dynamics
under fungal inoculation. Socioeconomic
research on farmer adoption and policy
support for biofertilizer subsidies will also be
essential to scale this sustainable technology.
Conclusion
This study establishes Trichoderma
harzianum as a multifaceted solution for
sustainable agriculture in metal-polluted
soils, demonstrating its ability to: (1) enhance
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spinach resilience by improving root biomass
(32%, *p* = 0.01) and chlorophyll content
(22%, *p* = 0.002) at 50 ppm Cu/Zn; (2)
reduce metal uptake in edible tissues by 28—
40% (*p* < 0.05), addressing food safety
concerns; and (3) modulate fatty acid profiles
to stabilize membranes under stress. While
the fungus shows threshold-dependent
efficacy, its integration with low-cost
substrates (e.g., wheat bran) and Mg-rich
biofertilizers could overcome scalability
limitations. For field implementation, we
advocate a tiered approach—oprioritizing 7.
harzianum inoculation in moderately
contaminated soils (<50 ppm) while
combining it with biodegradable chelators or
biochar in heavily polluted sites. Realizing
this potential requires policy-supported
initiatives,  including farmer training
programs and subsidies for bioinoculant
production. Future work should explore
molecular mechanisms through
transcriptomics and large-scale trials to
optimize  strain-specific  protocols. By
bridging laboratory findings with practical
agriculture, T. harzianum emerges as both an
ecological and economic tool for safer crop
production in contaminated environments.
Declarations:

Ethical Approval: The study protocol was
approved by the Research Ethics Committee
of Jazan University and was conducted
under the ethical principles outlined in
the Helsinki Declaration.

Study Period: This study was conducted
from October 2024 to May 2025.
Competing Interests: The authors declare no
competing interests.

Authors Contributions: This work was
solely conducted by one author, who was
responsible for data compilation, analysis,
and final manuscript editing.

Funding: This research was self-funded.
Availability of Data and Materials: The
data presented in this study are available on
request from the corresponding author.
Acknowledgements:The authors gratefully
acknowledge the Deputyship for Research &
Innovation, Ministry of Education in Saudi
Arabia, andJazan University for their

223

continuous support of scientific research.
REFERENCES

Adams, Peter, De-Leij, Frans A. A. M., &
Lynch, John M. (2007).
Trichoderma harzianum Rifai 1295-
22 mediates growth promotion of
crack willow (Salix fragilis) saplings
in both clean and metal-
contaminated soil. Microbial
Ecology, 54(2), 306-313.

Adrees, Muhammad, Ali, Saifullah, Rizwan,
Muhammad, Ibrahim, Muhammad,
Abbas, Faheem, Farid, Muhammad,
& Qayyum, Muhammad. (2015).
Copper-induced oxidative stress and
responses in plants. Ecotoxicology,
24(4), 883—-899.

Altomare, Claudia, Norvell, William A.,
Bjorkman, Thomas, & Harman,
Gary E. (1999). Solubilization of
phosphates and micronutrients by
the plant-growth-promoting and
biocontrol  fungus Trichoderma
harzianum Rifai 1295-22. Applied
and Environmental Microbiology,
65, 2926-2933.

Ambrosini, Victor G., Rosa, Dayane J., &
Rossi, Marco J. (2015). Copper
toxicity in plants: Nutritional and
physiological interactions. Plant and
Soil, 394(1-2), 1-22.

Azarbad, Hadi, Niklinska, Maria,
Laskowski, Ryszard, van Straalen,
Nico M., & Roéling, Wilfred F. M.
(2016). Copper stress affects
microbial diversity in soil. Applied
Soil Ecology, 103, 71-79.

Baldrian, Petr. (2003). Interactions of heavy
metals with white-rot fungi. Enzyme
and Microbial Technology, 32, 78—
91.

Broadley, Martin, White, Philip ],
Hammond, John P., Zelko, Ivan, &
Lux, Alexander. (2017). Zinc in
plants: From homeostasis to toxicity.
Plant Cell Reports, 36(1), 1-15.

Gavrilescu, Maria. (2004). Removal of
heavy metals from the environment
by biosorption. Engineering in Life
Sciences, 4(3), 219-232.



224 Mona S. Ashoor

Giller, Ken E., Witter, Ernst, & McGrath,
Steve P. (2021). Copper toxicity in
legume-rhizobia symbiosis. Plant
and Soil, 467(1), 1-18.

Gupta, Devendra K., Huang, Han-ping, &
Yang, Xiao-elong. (2013). Role of
phytochelatins in heavy metal stress

and detoxification in spinach.
Environmental Science and
Pollution Research, 20(4), 2151—
2161.

Hafeez, Basit, Khanif, Yusuf M., & Saleem,
Muhammad. (2020). Zinc-induced
iron  deficiency in  plants:
Mechanisms and mitigation.
Frontiers in Plant Science, 11, 543.

Harman, Gary E. (2000). Myths and dogmas
of biocontrol. Plant Disease, 84,

377-393.
Harman, Gary E., Lorito, Matteo, & Lynch,
John M. (2004). Uses of

Trichoderma spp. to remediate soil
and water pollution. Advances in
Applied Microbiology, 56, 313-330.

Khan, Abdul G., Kuek, Chee, Chaudhry,
Tariq M., Khoo, Chee S., & Hayes,
William J. (2000). Role of plants,
mycorrhizae, and phytochelators in
heavy metal-contaminated land
remediation. Chemosphere, 41(1-2),
197-207.

Khan, Asif, Chaudhary, Tariq M., Hussain,
Hamid, & Ghaffar, Altaf. (2020).
Long-term effects of heavy metals
on soil health. Environmental
Pollution, 265, 114982.

Kopittke, Peter M., Blamey, F. Pax C.,
Wang, Peng, & Menzies, Neal W.
(2018). Competitive interactions
between Cu and essential nutrients.
Environmental Science &
Technology, 52(5), 3126-3134.

Liu, Weiming, Zhou, Qixing, Sun, Tingting,
& Ma, Lihong. (2011).
Accumulation and tolerance of
heavy metals in spinach (Spinacia
oleracea L.). Ecotoxicology and
Environmental Safety, 74(4), 702—
708.

Lopez-Bucio, José, Pelagio-Flores, Rogelio,

& Herrera-Estrella, Alfredo. (2015).
Trichoderma  as  biostimulant:
exploiting the multilevel properties
of a plant beneficial fungus. Scientia
Horticulturae, 196, 109-123.

Luo, Yu, Ma, Yi, & Freitas, Helena. (2014).
Unravelling molecular mechanisms
of fungal symbiosis in metal
detoxification. Applied
Microbiology and Biotechnology,
98(3), 1139-1151.

Ma, Yi, Rajkumar, Mohan, & Freitas,
Helena. (2016). The role of
Trichoderma harzianum in
mitigating heavy metal stress in
plants. Frontiers in Microbiology, 7,
1786.

Ma, Yi, Rajkumar, Mohan, Luo, Yu, &
Freitas, Helena. (2016). Combined
biochar and Trichoderma application
for heavy metal immobilization in
mine tailings. Journal of Hazardous
Materials, 310, 171-178.

Ma, Yi, Rajkumar, Mohan, Luo, Yu, &
Freitas, Helena. (2021). Microbial-
assisted metal immobilization in
soil.  Journal of  Hazardous
Materials, 402, 123735.

Mahar, Achal, Wang, Ping, Li, Rensheng, &

Wang, Qisheng. (2016).
Phytoremediation of heavy metals:
Mechanisms and  applications.

Chemosphere, 147, 1-15.
Rajkumar, Mohan, Ma, Yi, Freitas, Helena,
& Zhang, Chao. (2012). Potential of
siderophore-producing bacteria for
improving heavy metal
phytoextraction. Trends in
Biotechnology, 30(3), 142—-149.
Rengel, Zed, & Marschner, Petra. (2005).
Nutrient availability and
management in the rhizosphere. New
Phytologist, 168(2), 305-312.
Samarghandi, Mohammad Reza, Hossaini,
Hamid, Mahvi, Amir Hossein, &
Zarrabi, Mansour. (2010).
Phytoremediation of heavy metals
using spinach (Spinacia oleracea L.)
in hydroponic culture. Journal of
Environmental Health Science &



Remediation of Metals-Contaminated Soil Using Biofertilizer 225

Engineering, 7(1), 37-42 Pollution, 174, 385-392.

Shahbaz, Muhammad, Kuzyakov, Yakov, &  Varma, Ajit, Choudhary, Dharmendra K., &
Heitkamp, Frederik. (2019). Tuteja, Narendra. (2017). Plant-
Phytoremediation  potential  of microbe interactions in metal-
spinach in heavy metal- contaminated soils. Soil Biology and
contaminated soils. [International Biochemistry, 115, 449-460.
Journal of Environmental Science Wang, Yifan, Zhang, Shuo, Wang,
and Technology, 16(3), 1837-1848. Shunqing, Li, Wei, & Ye, lie.

Shaheen, Sabry M., Rinklebe, Jorg, & Rupp, (2021). Heavy metals reduce
Heinz. (2018). Zinc dynamics in microbial activity in soil. Science of
contaminated soils. Journal of the Total Environment, 778, 146300.
Environmental Management, 206, Wuana, Raymond A., & Okieimen, Felix E.
1-12. (2011). Phytoremediation of metal-

Singh, Arti, & Agrawal, Madhoolika. (2010). contaminated soil by spinach.
Effect of heavy metals on plant Critical Reviews in Environmental
growth and their uptake by Science and Technology, 41(12),
medicinal plants. Environmental 978-1000.

Monitoring and Assessment, 165(1-  Yedidia, Iris, Srivastva, Ajay K., Kapulnik,
4), 53-67. Yoram, & Chet, Ilan. (2001). Effect

Usman, Muhammad, Rengel, Zed, & Tang, of Trichoderma harzianum on
Caixian. (2013). Effect of heavy microelement concentrations and
metals on the growth and physiology increased growth of cucumber
of spinach (Spinacia oleracea L.) in plants. Plant and Soil, 235, 235-242.

contaminated soils. Environmental

ARABIC SUMMARY

aild e A gl o il g (Trichoderma harzianum) g 53 dad) aladialy Gaally 45 gla 4 5 dadlaa
(Spinacia oleraceat=ilsvsd)

3 Analy 2l Lmalad 001

dadi yall 380 51 (055 Cun e liall haliall b Al clpasall 0l ce ALEN (palaadly dy il B gl a3
Gaaiiia 58158 vie Al 488 L0 jualic iy Leviamy 0 000 a5l e s Sl 03158 DGR Y] el 03]
LA gl ads g dpuanl Ul el 8 Caanidly Loy o) )

Loalay 45 5L 4 i) Aallas ATrichoderma harzianum s sal) dlbewd) g2 andi ) 2l jall o8 Cidaa
& ) de) 5 cudi (Spinacia oleracea). fubuad) il Jiiaiy sai o s il s (i iS) @il pulail) (e
T. harzianum. (535 e ¢ Szl Ldall (e (G salall (8¢ 32 2005 <100 ¢50) Adlise 380 55 dallas 45 53
YU Aala) ey ) AdadiD 1y a5 o5 ) oISI (5 gima 3335 ¢ sl yulan 8 U gale Und il &yl
Agaall (aleal) S 5 dauzl 5 Ol i e Al Al CiiS ST, harzianum. i) die (GlawS syl
gtamall alea DU Alad 4y san ) 5 Ledang Laa ety ys ginlll 5 a1 Y1 5 el lindl ialeal ) e Caadi ) Cus
I %6.04 e ol (aliaial (aidil G (alaa) Galiaial paid AT, harzianum sl @3 (e aaY)
L)l il dgeal 555 LS GALEN (obaal) dpan Cadd S (5 gandl aland) 138 3 US e il 028 S 55.4.69%
ol il 8 A58 4 g A0S Al



	97d03549fab12776ffb3739b7180278fbee95a165ecd350f2a3e31f2b11e1e50.pdf
	97d03549fab12776ffb3739b7180278fbee95a165ecd350f2a3e31f2b11e1e50.pdf

