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ABSTRACT

The objective of the present study was to demonstrate the
influence of natural fertilizers based on arbuscular mycorrhizal
fungi (AMF) and composts as well as chemical fertilizer (NPK)
on growth and tolerance of tomato seedlings to water stress.
A greenhouse experiment was conducted with tomato
seedlings, which were grown in the presence of AMF and/or
composts and NPK alone under two water regimes: favorable
water regime (75% field capacity (FC) and water stress (35%
FO).

The results obtained water stress negatively affected the
tomato growth, physiology and biochemistry. However, AMF
inoculation combined with NPK or composts improved the
total dry biomass of tomato seedlings under normal and
drought stress conditions compared to the respective controls.
In addition, tomato plants physiology was significantly
increased when AMF was combined with C4 or C5 by
improving the photosynthetic pigments content (385.2% and
337.4%) as well stomatal conductance (48.3 % and 54.3 %) and
chlorophyll fluorescence (43.5 % and 17.2 %) under drought
stress conditions compared to the control. Control plants
were significantly the most affected by water stress resulted
in increased hydrogen peroxide (H202) and malondialdehyde
(MDA) content.The plants treated with composts as well as AMF
alone or combined with composts showed a better capacity
of tolerance of water stress by a significant accumulation
of soluble sugars, proteins and a high activity of antioxidant
enzymes, acting as a control system of reactive oxygen species
and thus providing protection against oxidative stress under
drought stress. These results highlight the importance of using
these biofertilizers, especially in bipartite combination of
composts and AMF in improving tomato adaptation to water
stress.
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INTRODUCTION

Currently, the whole world suffers from agricultural soil
degradation and the decrease of its fertility due to intensive
agriculture, extreme use of chemical fertilizers as well as
pesticides, deforestation and inorganic waste discharges
(Kouba et al, 2018; Ouachoua and Karkouri, 2020) [1,2].
Without forgetting the intervention of climate change in
exacerbating the situation (Ait-El-Mokhtar et al., 2022a; Borjas-
Ventura et al., 2020) [3,4]. The main problems accompanied by
the decrease in soil fertility are the loss of soil organic matter,
drought and salinity, which could hinder plant growth and
development by increasing their susceptibility to nutritional
imbalances and diseases (Chiappero et al, 2019; Zhang et
al., 2020) [5,6]. Drought stress is a severe environmental
challenge for sustainable agricultural production under the
present climate change conditions (Delshadi et al., 2017) [7].
Water deficiency disrupts plant growth and development
and causes physiological disturbances such as lack of water,
stomatal closure, and solute accumulation inside the cell that
negatively impact the plant biological system’s functioning
(Begum et al., 2020; Liu et al,, 2021; Saleem et al.,, 2022) [8-
10]. The water deficit adaptation mechanisms put in place by
the plant are limited in the case of a prolonged water deficit,
and the adverse effects of water deficit cause soil poverty in
mineral nutrients and organic matter and consequently crop
productivity reduction.

To fulfilldemand for agricultural crops, industrialized countries’
farming activities have experienced significant changes. On
the one hand, high rates of synthetic fertilizers application,
as well as pesticides, irrigation, and short crop rotations, have
enhanced yields and contributed to the reduction of hunger
in these countries (Debaeke et al., 2017; Tilman et al., 2002)
[11,12]. Modern high-input agriculture, on the other hand,
has resulted in a slew of environmental issues. Groundwater
pollution and eutrophication of aquatic systems as a result of
soil erosion, nutrient leaching, and run-off from agricultural
fields are major concerns in this context (Thonar et al., 2017)
[13]. Furthermore, because fertilizer manufacture and use
generate large greenhouse gas emissions, the widespread
use of synthetic fertilizers contributes to climate change.
Furthermore, natural fixation mechanisms in soil reduce the
effectiveness of some plant nutrients, such as phosphorus
(P), as only a percentage of the given P fertilizer is taken up

by plants (Ait-El-Mokhtar et al., 2022c) [14]. A significant
amount of P fertilizers is adsorbed to iron, aluminum oxides,
or calcium in the soil, depending on the pH and mineralogy,
and is no longerimmediately available to the plant (Mahmood
et al,, 2022) [15]. As a result, additional fertilizer inputs are
frequently kept on available to suit the crop’s needs. Finally, P
fertilizers, which are widely employed in modern agriculture,
are considered nonrenewable resources having a finite supply,
with reserves concentrated in a few nations throughout the
world (Ait-EI-Mokhtar et al., 2022¢; Reid et al., 2021) [14,16].
This situation would be aggravated in the coming years
due to climate change. As a result, effective recycling and
prudent resource use are essential to promote agricultural
sustainability.

For this, it is crucial to assess the effectiveness of using organic
amendments capable of mitigating the severity of crop
damage caused by abiotic stress including drought stress
and ensure the world population food security (Boutasknit
et al, 2021; Ullah et al., 2021) [17,18]. Among the current
new technologies in agriculture, there is the application of
biostimulants based on organic amendments and symbiotic
microorganisms (Cozzolino et al, 2021; Vahedi et al,, 2021)
[19,20]. Soil amendment with composts is a biological way to
combat the negative impacts of water deficit on plant growth
(Han-Song et al., 2010; Mata-Gonzalez et al., 2002; Schiitz et
al, 2018) [21-23]. Indeed, organic amendments, through their
composition in micro, macro-nutrients and organic matter,
intensify the plants defense system by allowing them to
maintain their main functions (Anli et al., 2020; Boutasknit
et al., 2020a; Chaichi et al., 2018) [24-26]. In addition, the
use of organic amendments allows plants to better maintain
their water content and stimulate their enzymatic and non-
enzymatic antioxidant system, which play a key role in plant
tolerance to different stress conditions (Abd-Elrahman et al.,
2022; Ait-El-Mokhtar et al., 2022b; Elfadil et al., 2022) [27-29].
In recent decades, the use of symbiotic microorganisms has
become a common practice in areas suffering from drought
and is considered both an economically and ecologically
beneficial strategy for the regeneration and restoration of soil
fertility and productivity (Boutasknit et al., 2020b; Cozzolino
et al, 2021) [30,31]. In addition, the contribution of symbiotic
microorganisms such as arbuscular mycorrhizal fungi (AMF)
can have a potential effect on plant growth as well as stress
tolerance through the increase of photosynthetic rate,
nutrient and water uptake, as well as physicochemical and
biological properties of the soil (Chouyia et al., 2022; Lahbouki
et al, 2022) [32,33]. Many recent studies have focused on
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exploiting arbuscular mycorrhizal fungi (AMF) to bio-protect
plants, mitigate the negative effects of drought and ensure
soil fertility and productivity (Zou et al., 2015) [34].

Therefore, the present work aims to evaluate the impact of
different composts, NPK fertilizer and their combination with
arbuscular mycorrhizal fungi (AMF) on the development
and tolerance of tomato to water stress under greenhouse
conditions.

MATERIAL AND METHODS
Plant Material and Applied Treatments

For surface-sterilization, tomato seeds variety Campbell 33

(Lycopersicon esculentum) were immersed in 5% sodium
hypochlorite for 10 min, followed by five washings with
sterilized distilled water. They were then placed in Petri dishes
containing moistened paper and incubated at 28 °C for 5
days in obscurity for 5 days. The germinated seeds were then
placed in trays containing autoclaved peat during 2 weeks.
Tomato seedlings of two leaf stage were transferred to plastic
pots of 5 kg of previously sterilized soil (for 3 h at 180 °C),
which had the following characteristics: electrical conductivity
(EC): 190 pS cm-1, pH: 8.60, Total organic carbon: 1.85%,
available phosphorus: 11 mg/kg. Different composts used
were prepared according to Mobaligh et al. (2021) [35]. The
physicochemical characteristics of the five composts tested in
this study were given in Table 1.

Table 1: Physicochemical characteristics of the used composts.

Parameters C1 Cc2 Cc3 c4 C5

Humidity (%) 53.28+0.31 | 4546+0.14 | 42.15+0.16 | 40.67 £0.23 40.50 £ 0.32

pH 8.60+0.01 8.79+0.01 8.82+0.02 8.90+0.01 8.90 +0.02

Total organic matter (% DW) 52.99+049 | 3796+0.72 | 31.87+0.09 | 24.57+0.11 25.04 £ 0.43

Total organic carbon (% DW) 29.44 +0.32 21.09 £ 0.15 17.70 £ 0.96 13.65+1.15 13.91+0.08
Available phosphorus (mg/kg DW) | 175.99+0.83 | 139.73+1.30 | 118.52+0.72 | 105.75+2.12 | 111.03+1.66

Ni (mg /kg DW) 6.31+0.82 2.90 £ 0.20 7.28£0.16 8.98 +0.35 9.25+£1.25

Cu (mg /kg DW) 26.19+1.00 | 1290+0.10 | 17.74+0.14 16.8 £ 0.32 16.45 +0.57

Pb (mg /kg DW) 1.45+0.15 0.90 £ 0.04 0.67 £ 0.03 0.66 = 0.02 0.84 £ 0.04
Zn (mg /kg DW) 9592 +548 | 50.50+1.60 | 125.63+1.59 | 132.69+2.39 | 121.56 + 10.53

Cr (mg /kg DW) 5.44 +1.92 2.20+£0.10 10.75+1.79 | 14.89+1.26 13.76 +0.83

As (mg /kg DW) 8.89+0.02 5.30£0.01 7.68 £ 0.06 7.29 £ 0.04 6.57 £0.29

Ca (% DW) 1.67 £0.00 21.10 £ 0.00 2.23£0.00 16.98 + 0.00 17.78 £0.00

K (% DW) 5.18 £ 0.00 5.66 £ 0.00 2.94 +0.00 4.84+0.00 4.25+0.00

Mg (% DW) 0.57 £0.00 1.40 £ 0.00 1.16 £ 0.00 2.80 £ 0.00 2.52+£0.00

Na (% DW) 5.38+0.00 3.21+0.00 5.10 £ 0.00 1.84 £0.00 1.95£0.00

Fe (% DW) 0.00 0.00 0.22 £0.00 0.31+0.00 0.29 £ 0.00

DW: dry weight; C1: green waste + leachate from landfill; C2: green waste + leachate from landfill + sugar lime

sludge (20%); C3: green waste + leachate from landfill + phosphate washing sludge (20%); C4: green waste

+ leachate from landfill + phosphate washing sludge (50%) and C5: green waste + leachate from landfill +

phosphate washing sludge (50%) + olive mill wastewater.
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The study used a randomized completely block design with
two variables: biofertilizer treatments and water stress levels.
During transplanting, compost treatments, soil was mixed and
homogenized withcompostatarate of 5%.The AMF treatments
were inoculated with 20 g of fresh inoculum from the native
mycorrhizal consortium containing root fragments and spores
as close to the roots as possible during transplanting, and the

chemical fertilizer treatment received 7 g of NPK per pot. The
plants were grown in the greenhouse of the Faculty of Science
Semlalia, Cadi Ayyad University, Marrakesh, Morocco, for four
months under controlled conditions. Two watering conditions
were used: well-watered (75% field capacity (FC) and water
stress (35% FC). 14 treatments were applied with five replicates
for each treatments (Table 2).

Table 2: Treatments received by the two water regimes used in the experiment.

75% field capacity

-AMF

+AMF

Treatments
Control

NPK|C1|C2|C3|C4

C5 | Control [INPK [C1|C2|C3|C4|C5

35% field capacity

-AMF

+AMF

Treatments

Control

NPK|C1|C2|C3|C4

C5 | Control [INPK [C1|C2|C3|C4|C5

Control: not inoculated and not amended; NPK: amended by chemical fertilizer; C1: (Green waste + Leachate);

C2: (Green waste + Leachate + sugar lime sludge (20%)); C3: (Green waste + Leachate + Phosphate sludge (20%));

C4: (Green waste + Leachate + Phosphate sludge (50%)); C5: (Green waste + Leachate + Phosphate sludge + oil

wastewater (5 L)); AMF: arbuscular mycorrhizal fungi consortium.

Mycorrhizal colonization measurement

Fresh roots were cut into 1 cm segments, rinsed, and cleaned
in 10% KOH for 30 min at 90 °C. The segments were acidified
for 10 min with 5% lactic acid, dyed for 30 minutes at 90 °C with
0.05% (w/v) Trypan blue, and then microscopically examined
for root mycorrhizal colonization. In 20 randomly chosen
root segments (1 cm length) per glass slide, the frequency of
fungal structures in the root system (F%) and the intensity of
mycorrhizal colonization (M%) were examined. According to
McGonigle et al. [36] (1990), mycorrhizal parameters (F% and
M%) were computed from root segments as follows:

o Infected root segment
Mycorhization Frequency MF (%)=( )

Total root segments
x100 (1) E

(9505 +70n4 43003 + 502 +nL)
Total root =egments

Mycorhization (%)=

(2)

Intensity Ml

where n is the number of fragments assigned with the index 0,
1,2, 3,4, or 5, with the following infection rates: 100 > n5 > 90;
90>n4>50;50>n3>10;10>n2>1;1>n1>0.

Evaluation of plant growth

The tomato seedlings were harvested four months after

transplantation. The root system was separated from the
shoots part and biometric data (plant height, root elongation
and dry weight of shoot and root parts) were determined.

Stomatal conductance and photosynthetic efficiency
evaluation

Before the harvest, stomatal conductance (gs) was measured
with a porometer (Leaf Porometer LP1989, Decagon Device,
Inc., Washington, USA) on five replicates per treatment on
a sunny day between 09:30 and 11:00 am as described by
Harley et al. (1992). With five repetitions per treatment,
photosynthetic efficiency was measured on the third fully
developed leaves using a portable fluorometer (Opti-sciences
0SlI 30p). Transmission at 650 nm on a leaf area of 12.5 mm?
was used to determine this parameter. The quantum yield (Fv/
Fm = (Fm - FO)/Fm) were represented by the Fv/Fm values,
where Fm and FO are the maximum and initial quantum yields
of dark-adapted leaves, respectively (Hosseinzadeh et al.,
2015) [371.

Photosynthetic pigments content determination

The extraction of photosynthetic pigment was carried
out according to Arnon (1949) [38] method. Leaf samples
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were ground in 80% acetone and the extract centrifuged
for 10 minutes at 10,000 g. A spectrophotometer was used
to measure the absorbance of the supernatant at three
wavelengths: 480, 645, and 663 nm. Based on the observed
absorbance values, the photosynthetic pigment content was
determined. As a blank, 80% acetone was utilized.

Hydrogen peroxide content and lipid peroxidation

evaluation

The content of hydrogen peroxide (H,0,) in leaves was
determined spectrophotometrically using the Velikova et
al. (2000) method. Leaf material (0.25 g) was homogenized
in 5 mL of 10% (w/v) trichloroacetic acid (TCA) before
being centrifuged for 15 minutes at 15,000 g. The hydrogen
peroxide concentration of the recovered supernatant
was determined. T mL potassium iodide (1 M) and 0.5 mL
potassium phosphate buffer (10 mM, pH 7) were added to
the supernatant. The absorbance was measured at 390 nm
after a 1 h of incubation in the dark. As a control, 10% TCA was
used. The content of malondialdehyde (MDA) was utilized to
determine lipid peroxidation using the Dhindsa et al. (1981)
[39] method. Leaf samples (0.25 g) were crushed in 10 mL of
0.1 % TCA and centrifuged for 10 minutes at 4 °C at 18,000
g. The supernatant (2 mL) was combined with 2 mL of 20%
TCA solution containing 0.5% thiobarbituric acid (TBA). The
mixture was boiled for 30 min at 100 °C, quickly cooled, and
then cleared by centrifugation at 10,000 g for 10 min. The MDA
concentration was determined by measuring the absorbance

of the supernatant at 532 and 600 nm.
Soluble sugars content evaluation

The leaf material (0.1 g) was ground in 4 mL of 80 % ethanol
and centrifuged for 10 minutes at 5000 rpm. The pellet was re-
suspended in 2 mL of ethanol and centrifuged after collecting
the supernatant. Using the Dubois et al. (1956) [40] approach,
supernatants were used to measure soluble sugars. 5 mL of
concentrated sulfuric acid and 1 mL of 5% phenol solution
were mixed with 1 mL of supernatant. A spectrophotometer
was used to measure the absorbance after 5 minutes at 485
nm (UV-3100PC). As a standard, glucose was used.

Measurement of proteins content

Bradford's (1976) [41] technique was used to determine the
soluble protein content. Plant samples (1 g) were homogenized
in 4 mL of 1 M phosphate buffer (pH 7.2) and centrifuged for
15 minutes at 4 °C at 18,000 x g. Spectrophotometer cuvettes
were pipetted with supernatants and dyes, and absorbance

was measured at 595 nm.
Enzymatic antioxidant activities evaluation

The peroxidase (POX) activity was determined using Polle
et al. (1994) [42] technique. In 0.1 mL enzyme extract, 3 mL
1 M phosphate buffer (pH 7.0), 20 mM guaiacol, and 40 mM
H,O, were used in the reaction mixture. The capacity of POX
to convert guaiacol to tetraguaiacol was measured at 470 nm.
An absorbance change of 0.01 unit min-1 was considered as
one unit of POX activity.

The Hori et al. (1997) [43] technique was used to assess
polyphenoloxidase (PPO) activity at 410 nm while monitoring
catechol oxidation.600 pL of 0.1 M catecholand 100 pL enzyme
extract were added to 3 mL of potassium phosphate buffer
(0.1 M, pH 7.0). The activity of the enzyme was determined in
pmol of catechol min-1 mg-1 of protein.

The activity of catalase (CAT) was assessed using Aebi (1984)
[44] method. CAT activity was determined as an absorbance
decrease caused by H,0, decomposition for 3 min at 240 nm.
The reaction solution consisted of 100 uL of vegetal extract,
0.1 mM potassium phosphate buffer (pH 7.0), 20 mM H,O,,
and 0.1 mM EDTA.

Soil Analyses

Soil physicochemical parameters were examined on samples
taken near the roots during harvest. A pH meter and an
electrical conductivity (EC) meter were used to measure the pH
and electrical conductivity (EC) of a diluted soil suspension of
1/10 (v/v). Total organic carbon (TOC) and organic matter (OM)
were determined using the method of Nelson and Sommers
(1996) [45], and available phosphorus (AP) was determined
using the technique of Olsen and Sommers (1982) [46].

Statistical Analysis

All data were examined using the ANOVA technique and the
Tukey's Honestly Significant Difference (HSD) test with CO-
STAT Statistical Software (CoStat 6.4) at a 5% significance level.
To check whether the residuals were normal, the Shapiro-Wilk
test was performed. XLSTAT v. 2019 was used to perform the
principal component analysis (PCA).

RESULTS
Mycorrhization Parameters

Obtained results revealed that water stress negatively affects
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tomato roots colonization by AMF. However, no significant (Figure 1).
different was shown in all treatments received AMF inoculation
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Figure 1: Mycorrhization frequency (a) and intensity (b) of tomato (Lycopersicon esculentum) seedlings after 4
months of composts and NPK application and AMF inoculation under two water regimes (75 and 35% FC). Tukey’s
HSD test at P < 0.05 was used to compare mean values + SD (Standard Deviation) to each other.

GROWTH TRAITS

Results of measured growth parameters were presented in
Figure 2. The shoot height was significantly improved under
drought stress conditions in plants treated by MC4 compared
to the control and NPK (Figure 2a). In addition, under the same
conditions, root elongation showed no significant difference
for all applied treatments compared to the control (Figure 2b).
In addition, total dry weight was significantly reduced under

drought stress conditions. However, applied treatments,
especially AMF combined with NPK or composts showed
significant improvement of total dry weight under drought
stress conditions compared to the control. The highest
improvement was recorded in tomato plants treated by MC1
(30%) compared to the control under water deficit conditions
(Figure 2c¢).
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Figure 2: Effects of composts and NPK application and AMF inoculation on tomato (Lycopersicon esculentum)
growth parameters: (a) shoot height (b) root length and (c) total dry weight under two water regimes (75 and 35%
FC). Tukey’s HSD test at P < 0.05 was used to compare mean values + SD to each other.
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Physiological traits

Obtained results showed that water stress significantly
decreases stomatal conductance and chlorophyll fluorescence
(Figure 3). However, tomato seedlings treated by NKP, C3, MC2,
MC3, MC4 and MC5 revealed a significant improvement of
this traits compared to the control under stressed conditions
(Figure 3a). Additionally, chlorophyll fluorescence was
increased in plants treated by C1, C2, M, MC1, MC2, MC3, MC4
and MC5 compared to the control and NPK treatments (Figure
3a).

The results presented in Fig. 4 showed that water stress
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negatively affects photosynthetic pigments namely
chlorophyll a and b, total chlorophyll and carotenoid contents.
The application of AMF and composts, especially MC2, MC3,
MC4 and MC5 treatments, showed significant improvement of
chlorophyll as compared to the control and NPK treatments,
respectively (Figure 4a). Moreover, chlorophyll a and total
chlorophyll content (T Chl) were significantly improved by C4,
C5, MC1, MC2, MC3, MC4 and MC5 treatments under water-
limiting (35% FC) conditions compared to the control and NPK
(Fig. 4b and c). As for carotenoid content, it was increased by
all treatments compared to the control and NPK treatments

except M and MNPK treatments, respectively (Figure 4d).
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Figure 3: Effects of compost and NPK application and AMF inoculation on physiological (a) stomatal

conductance and (b) chlorophyll fluorescence of tomato (Lycopersicon esculentum) seedlings under two water
regimes (75 and 35% FC). Tukey’s HSD test at P < 0.05 was used to compare mean values + SD to each other.
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Figure 4: (a) chlorophyll a, (b) chlorophyll b, (c) total chlorophyll, and (d) carotenoid content in leaves of tomato
plants under two water regimes (75% and 35% FC) and further grown without or with composts, NPK and
arbuscular mycorrhizal fungi. Tukey’s HSD test at P < 0.05 was used to compare mean values + SD to each other.

Biochemical Traits

The defense of tomato plants against water stress is not
only limited by physiological responses but rather by a
biochemical response that translates into an increase in
proteins and sugars. According to the results in Figure 5, this
response differs from one treatment to another. Under the
dry soil conditions (35% FC), the protein and sugar contents
were negatively affected. On the other hand, this effect was
overcome by the different applied treatments than the control
and NPK treatments except the M and MNPK treatments for
protein and M treatment for sugar, respectively (Figure 5a and
b). The highest improvement was recorded in MC4 and MC5-

plants by 401 and 372% for proteins and 163 and 172% for
sugars, respectively, compared to the control under drought
stress conditions.

The evaluation of antioxidant enzymes was estimated to
determine to what extent tomato plants will contract the
deleterious effect of water stress. Catalase (CAT), peroxidase
(POX) and polyphenol oxidase (PPO) were estimated under
both conditions (75% and 35% FC). The significant increase in
the activity of these three enzymes was pronounced in control
plants as well as in tomato plants treated with M alone under
stressed conditions (Figure 6).
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In order to know the deleterious effects caused by water stress
on tomato plants, analyses of the two stress markers were
considered by evaluating H,O, and MDA contents (Figure 7).
An increase of these stress markers was noticed following the
exposure of tomato plants to severe water stress (35% FC),
especially in control and NPK plants for H,0, (Figure 7a) and

104 m7s%FC

control plants for MDA (Figure 7b), respectively compared to
the other treatments. However, biostimulants application was
able to reduce these contents and the highest reduction was
recorded in plants treated with MC5 combination by 25% for
H,O, and 50% for MDA, respectively, compared to the control
under drought stress conditions.
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Figure 5: (a) total soluble proteins and (b) sugars content in tomato plants under two water regimes (75
and 35% FC) after application of composts, NPK and arbuscular mycorrhizal fungi. Tukey’s HSD test at P <
0.05 was used to compare mean values + SD to each other.
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Figure 6: (a) catalase, (b) peroxidase (POX) and (c) polyphenol oxidase (PPO) activities in tomato plants
under two water regimes (75 and 35% FC) after application of composts, NPK and arbuscular mycorrhizal
fungi. Tukey’s HSD test at P < 0.05 was used to compare mean values + SD to each other.
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Figure 7: (a) Malondialdehyde (MDA) and (b) hydrogen peroxide (H,O,) content in in tomato leaves under two
water regimes (75 and 35% FC) after application of composts, NPK and arbuscular mycorrhizal fungi alone or in
combination. Tukey’s HSD test at P < 0.05 was used to compare mean values + SD to each other.
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Effect of composts and NPK application and AMF
inoculation on soil characteristics

The findings of the soil analysis were shown in Fig. 8 and 9
after four months of composts and NPK application and/or
AMF inoculation. The soil pH was significantly increased in
soil treated by NPK fertilizer in both well-watered and drought
stress conditions, respectively compared to the controls
(Figure 8a). In addition, electrical conductivity was significantly
improved in soils amended with composts, inoculated with
AMF and those treated by composts combined with AMF
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under normal and stressed conditions than controls (Figure
8b). Moreover, regardless of the water regime, an increase in
soil TOC, TOM and P content was observed after 4 months
of tomato growing when composts were applied alone or in
combination with AMF (Figure 9) (Compared to the control).
However, the highest concentrations of P were obtained in
soils treated by C4 (1288 and 1540%), C5 (1353 and 1617%),
MC4 (1333 and 1627%) and MC5 (1322 and 1643%) under
well-watered and drought stress conditions, respectively
compared to the controls.
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Figure 8: Impact of composts and NPK application and AMF inoculation on soil (a) pH and (b) electrical
conductivity at harvest time of tomato grown under two water regimes (75 and 35% FC). Tukey’s HSD test

at P < 0.05 was used to compare mean values + SD to each other.
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organic matter and (c) available phosphorus content at harvest time of tomato grown under two water regimes (75

and 35% FC). Tukey’s HSD test at P < 0.05 was used to compare mean values + SD to each other.
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DISCUSSION

Drought is one of the most devastating global environmental
problemsthat negatively affect plant growth and development
as well as productivity (Khan et al., 2021) [47]. The investigation
for mechanisms that can promote plant growth and tolerance
to water scarcity at the time of cultivation is therefore critical.
Several biological technologies such as the use of biofertilizers
(AMF and compost) are currently utilized frequently in
agricultural programs to boost plant yield and enhance their
resistance to environmental challenges (Kohl et al., 2016; Van
Der Heijden et al., 2015) [48,49]. Indeed, symbiosis with AMF
increase plant growth and could confer drought resistance
due to mycelia proliferating in the soil beyond the rhizosphere,
forming a specialized network for acquiring water and mineral
nutrients from the soil (Hashem et al., 2019; Meddich et al,,
2015) [50,51]. Furthermore, compost contains nutrients that
are easily assimilated by the plant such as nitrates, phosphorus,
potassium, calcium, and magnesium (Ullah et al., 2021) [18]. It
is also able to provide better regulation of oxidative stresses
induced by environmental constraints. In light of this, the
current study aimed to study the effect of NPK fertilizer, AMF
and novel leachate and phosphate sludge composts, alone
or in combination, on growth, photosynthesis, metabolite
accumulation, alterations in ROS removal mechanisms and soil
physicochemical characteristics in tomato in greenhouse trials.
Regarding mycorrhization parameters, the native mycorrhizal
consortium successfully infected inoculated plants, but
no mycorrhizal structures were observed in the roots of
uninoculated tomatoes. Root colonization was significantly
reduced by application of the 35% FC water regime compared
to the 75% FC water regime in the absence or presence of NPK
or composts application. This result is in agreement with the
finding of Zhang et al. (2018) [52] and Wu et al. (2013) [53]
who reported that water stress had a negative effect on root
colonization by AMF during the drought period. This decrease
in root colonization could be attributed to the inhibition of
AMF spores germination caused by the water stress severity
(Kilpeldinen et al., 2020) [54]. In addition, the application of
NPK and composts showed no difference on root colonization
compared to the M treatment alone. This may be explained
by the ability of these amendments applied at optimal doses
to enhance or maintain root colonization by AMF (Anli et al.,
2022; Ziane et al., 2021) [55,56]. This advantageous impact
can be attributable to compost’s stimulatory effects on AMF
biological processes, such as spore germination as well as
hyphae spread and and mycelium length (Cozzolino et al.,
2016, 2021) [57]. Additionally, according to other studies, the

presence of phosphate and humic acid in the compost could
promote the development of AMF hyphae (Anli et al., 2021;
Pinos et al., 2019) [24,58].

The present study showed that the application of water stress
significantly reduced tomato growth. However, all composts
used alone or in combination with AMF significantly improved
tomato biomass under drought stress conditions compared to
the control plants. This is in agreement to the findings of other
previous studies that proved the beneficial effect of compost
application on the yield and growth of several crops under
water stress conditions such as wheat (Verma et al., 2015) [59],
quinoa (Benaffari et al., 2022) [60] and date palm (Anli et al.,
2020) [61]. Compost constitutes a finely degraded and fully
stabilized organic matter that promotes seed germination,
growth, flowering and fruiting of a wide range of crops
through hormonal effects (Mandal and Pal, 2022) [62]. This
enhancement can be attributable to the fact that compost
applied as an organic matter source provides enough mineral
nutrients for the growth, development and tolerance of plants
under abiotic stress (Anli et al., 2020; Olayiwola and Abiodun,
2019) [24,63]. Moreover, AMF could increase the bioavailability
of nutrients provided from compost to promote plant growth
directly or indirectly from soil to plants via the mycelium
structures under drastic environments (Ait-El-Mokhtar et
al., 2022b; Duo et al., 2018; Ortuno et al., 2018) [28,52,54].
Furthermore, when compared to the control and chemical
fertilizer treatment, the combination of the two amendments
with AMF (MC4 and MC5) significantly improved tomato
seedling growth, which can be explained by the combined
positive effects of composts and AMF in producing a higher
allocation of nutrients to plants and their ability to increase
phosphorus solubility (Benaffari et al., 2022; Cozzolino et al.,
2021) [31,64].

We studied in a comparative way, the effects of AMF, compost
and NPK fertilizer on the resistance to water stress of young
tomato plants in order to evaluate their adaptation to drought.
The best growth improvement was obtained by the combined
applications of both MC4 and MC5. If considered separately,
composts improved plant growth more, followed by AMF and
finally NPK fertilizer. The evaluation of water stress resistance
of tomato seedlings showed physiological alteration of tomato
plants during the water stress period. The water deficit reduced
stomatal conductance and chlorophyll fluorescence. Both
parameters were less affected in tomato plants in the presence
of biofertilizers under drought stress conditions. These
findings were in agreement with those obtained by several
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researchers (Anli et al., 2020; Boutasknit et al., 2021; Symanczik
et al., 2018) [24,65,66]. Stomatal conductance reveals the
stomatal opening status and the gas exchange status of the
plant. During drought episodes, the plant closes its stomata to
avoid damage (Lovisolo et al., 2010) [67]. Our results suggest
that plants treated with biofertilizers alone or in combination
have an ability to maintain high stomatal conductance and
chlorophyll fluorescence under water deficit conditions, which
could reflect a better adaptation to this stress through an
efficiency of using radiation for photochemical reaction and
CO2 assimilation (Bouchemal et al., 2018; Morales et al., 2020;
Yang et al., 2020) [68-70]. The leaf chlorophyll and carotenoids
were also affected content with the greatest losses observed
in control plants during water stress. The biofertilizers used
recovered the photosynthetic pigments content of the plants
with better improvements recorded in the plants that received
the amendments (C4 and C5) in combination with AMF under
drought stress conditions. Photosynthetic pigments are very
important traits used in several studies to detect the response
to water stress in plants (Shafiq et al., 2021; Yang et al., 2020)
[71,62]. Water stress limits photosynthetic activity through a
lowering of chlorophyll pigment contents. This reduction is
either due to a degradation of these pigments, a decrease in
their synthesis or to the closure of stomata and the lack of CO2,
which are associated with an accentuated production of ROS
(Al-Arjani et al., 2020; Yang et al., 2020) [72,63]. The decrease in
photosynthetic pigments level under water stress conditions
is largely due to damage to chloroplasts by ROS such as O2-
and H202, which can lead to peroxidation of membrane lipids
and consequently, destruction of chlorophyll (Begum et al.,
2020; Hasanuzzaman et al., 2020) [8,74], which linked with an
enhanced ROS production in the thylakoids (Kiani et al., 2008;
Tian et al., 2017) [75,76]. However, our results showed that
under water stress conditions, the biofertilizers allowed the
plants to still maintain high photosynthetic pigments content
compared to the control. The intervention of biofertilizers
allowed the tomato plants to restore the photosynthetic
system during the period of water stress. This suggests that
the use of AMF and compost can protect the photosynthetic
system of plants from degradation caused by water stress.
Furthermore, significant variations in sugar accumulation
were observed under water stress conditions and plants
treated by composts alone and AMF+Compost recorded the
highest sugar levels for both water regimes (35% FC and 75%
FC) compared to the controls. Sugars are considered by several

authors as good osmoregulators that may play an important
role in osmotic adjustment and plant adaptation to drought
damages (Barzana et al., 2014; Farooq et al., 2020; Shafiqg et al.,
2021) [71,77,78]. Osmotic adjustment is an early physiological
response of plants to water stress that allows cells to remain
turgid at very low water potentials through active solute
accumulation. They help maintain turgor pressure, which
is necessary for cell expansion and synthesis of cell wall
components, including cellulose (Thalmann and Santelia,
2017) [79]. According to Sairam et al. (2002) [80], these solutes
can interact with cellular macromolecules such as antioxidant
enzymes, stabilizing their structure and function.

A drastic increase of H202 and MDA was recorded in the
leaves during the period of water stress. This is a very usual
phenomenon when plants face hostile conditions. Comparing
the different treatments applied, the control plants had very
high H202 and MDA contents than the plants that received
AMF and/or composts/NPK, which recorded the lowest
values. This indicates that the control plants had experienced
a much higher oxidative stress than the plants under different
biological treatments. Low H202 and MDA accumulation in
colonized plants provides evidence for the ability of AMF and/
or composts to mitigate oxidative damage caused by ROS and
to enhance plant antioxidant defense systems in response
to water insufficiency (Benaffari et al., 2022; Boutasknit et al.,
2020b; Huang et al., 2014; Ni et al., 2013; Rani et al., 2018; Wu et
al.,, 2013) [30,53,59,80,81,82]. In conjunction with the increase
in H202 and MDA in the leaves, a decrease in leaf protein
under water stress conditions was observed with higher losses
in control plants compared to plants with fertilizer treatments.
This water stress induced decrease in protein, would be
mainly due to ROS damage to proteins (Rani et al.,, 2018)
[82] and an improvement in protein levels by the fertilized
plants could be due in part to the ability of the fertilizers
used to enhance the antioxidant defense system of the plants
that prevents excessive degradation of proteins and other
structural plant macromolecules (Boutasknit et al., 2020b;
Farooq et al., 2020; Ruiz-Lozano, 2003) [30,70,84]. Our study
also showed that under water stress conditions, antioxidant
enzyme activities were higher in the control plants than in
the plants that received the amendments, especially with the
combined C+M application, where the minimum activities
of CAT, POX and PPO were recorded. This high antioxidant
enzymes activity was proportional to the accumulation of
oxidant molecules, especially H202, which was higher in the
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control than in the fertilizer treatments, including AMF and/
or composts/NPK treatments. Indeed, to protect themselves
against ROS and their intermediates, plant cells at the level
of their organelles such as chloroplasts, mitochondria and
peroxisomes, develop powerful antioxidant defense systems
(Tahiri et al., 2022; Yadav et al., 2010) [85,86]. Previous studies
have demonstrated that compost and AMF could play a
key role in enhancing the antioxidant system, especially
in stressful environments (Boutasknit et al., 2020b; Duo et
al., 2018; Hasanuzzaman et al., 2021) [30,64,87]. According
to Djébali et al. (2011) [88], the concentration of ROS in
plant tissues is the result of a delicate balance between the
rates of their production and elimination by the antioxidant
system that defines the normal intracellular level of ROS and
maintenance at steady state. Instead of having an immediate
deleterious effect, this increase in ROS production is likely
to be beneficial to the plant if it nevertheless remains under
strict control (Bouchemal et al., 2018) [89]. However, under
water stress conditions, this balance will be disturbed by the
excessive increase of ROS in plant cells. The activation and/or
synthesis of antioxidants depends on the species involved, the
metabolic state of the plant and the intensity and duration
of the stress (Ahmad, 2014; Boutasknit et al., 2021) [66]. This
would explain the high activity of antioxidant enzymes (CAT,
POX and PPO) coupled with high H202 concentrations in the
control, due in part to intense stress that disrupted the ROS/
antioxidant balance very quickly. Our results suggest that the
presence of multiple enzymes performing the same catalytic
function is a very important feature that extends the ability to
adapt to water stress (Bouchemal et al.,, 2018; Du et al., 2019)
[69,89].

The use of biofertilizers has many advantages for agricultural
soils. The present work demonstrated the beneficial value
of using AMF and/or compost to improve soil quality
without influencing the environment function. In this
study, the used soil revealed low TOM and available P. The
proposed biofertilizers (composts and AMF) improved the
soil physicochemical traits, namely soil TOM and available
P under both 75 and 35% FC. These results are probably
due to the high organic matter content of composts (Table
1), especially C1 and C2 combined or not with AMF, which
showed significant improvement on growth and physiological
traits under normal and stressed conditions. This could be
also due to the role of AMF in metabolizing various chemical
compounds contained in the composts or produced by plant
roots like strigolactones and glomalin (Ben-Laouane et al,,

2021; Kaushal, 2019; Wang et al., 2021) [17,90,91]. In addition,
the present study, application of composts, especially C4 and
C5 combined with AMF significantly increased the growth
and tolerance of tomato seedlings but also improved the TOM
content and P availability in the soil compared to the NPK
treatment under drought stress conditions. These obtained
results are in agreement with those found in other studies,
which reported that plants treated with organic fertilizers
combined or not with AMF improved growth and tolerance
of plants compared to NPK fertilizer (Kevin et al.,, 2021; Sun
et al., 2018; Yu et al,, 2022) [92-94] Composts C4 and C5 with
their high richness in humus and mineral nutrients such as
P, K, Mg and Ca could also contribute to aggregate stability
and improved soil structure and fertility and consequently the
plant growth and productivity.

CONCLUSION

The present study allowed highlighting the effectiveness of
biofertilizers and NPK input on the growth and adaptation
of tomato seedlings to water stress. Based on the results
obtained, we can conclude that the fertilizers used, namely
AMF, compost and NPK fertilizer significantly improved the
growth of tomato plants grown under greenhouse.

The bipartite combination of AMF and composts gave a better
growth of the plants compared to the untreated plants or
treated with the NPK fertilizer. This concerns all the measured
growth parameters. Our results also showed that water stress
(35 % FC) is a limiting factor for young growing tomato plants
by affecting a large number of physiological and biochemical
processes. These young plants were much more vulnerable
to a prolonged water deficit if they did not receive fertilizers
that can help them adapt to the increased water stress.
Application of these fertilizers allowed tomato seedlings to
better withstand the water stress and recover physiologically
after the water stress period, but significant differences were
observed between the applied fertilizers.

The AMF+Compost treatment conferred better resistance
to water stress compared to the control plants and the NPK
fertilizer treatment, which offers opportunities to exploit these
indigenous natural resources for better drought adaptation of
tomato plants.
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