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Abstract: Climate change poses major challenges for agriculture in arid and semi-arid regions, with
drought conditions severely affecting water-intensive crops such as tomatoes. This study evalu-
ates the efficacy of organic amendments, derived from horse manure, and arbuscular mycorrhizal
fungi (AMF) on enhancing tomato (Solanum lycopersicum L.) fruit quality and soil health under
semi-arid field conditions. The experimental design included two irrigation regimes (well-watered
and drought stress) and two levels of vermicompost application (C1 5t ha~! and C2 10 t ha™!),
applied individually or in combination with AMF. The results indicate that drought stress reduced
tomato fruit growth and yield, while osmoprotectant accumulation, antioxidant enzyme activity,
and bioactive compound levels increased, and the 2,2-diphenyl-1-picrylhydrazyl radical scavenging
activity of tomato fruit also increased. Notably, the biostimulants application, especially (C1+AMF),
counteracted the adverse effects of drought, compared to the control, by significantly enhancing fruit
yields (60%), as well as increasing ascorbic acid levels (59%) and free amino acids content (90%).
These treatments also improved the activity of bioactive compounds and nutrient uptake in the fruit.
Furthermore, biostimulant application positively affected the physicochemical properties of soil. The
results obtained confirm that the application of biostimulants can be suitable for improving crop
sustainability and adaptability under conditions of water stress in semi-arid field regions.

Keywords: tomato; drought; organic amendments; arbuscular mycorrhizal fungi; fruit quality; soil
health; sustainable agriculture

1. Introduction

Agriculture in the Mediterranean region is affected by climate change, which is char-
acterized by the recurrence of extreme weather events (heat waves, droughts), the impact
of which could be increasingly negative in the near future [1,2]. In these regions, the lack of
water and the scarcity of arable soils directly affect crops and are among the main problems
facing them [3-5]. Over the last decade, the Mediterranean has had some of the most severe
droughts on record [6]. Indeed, research show that the frequency and severity of droughts
have increased since the early 2000s, putting significant strain on water supplies and crop
production [6,7]. Climate research indicate that these tendencies will intensify, with rising
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temperatures and decreased precipitation [8]. These changes provide a significant chal-
lenge to the region’s agricultural sustainability, necessitating the adoption of agricultural
technologies that are tailored to these changing conditions [9].

Tomatoes (i.e., Solanum lycopersicum L.; “Campbell 33 cultivar”) are considered one
of the world’s most consumable and economically attractive crops due to their high yield
and short shelf life, particularly in the Mediterranean region, including Morocco [10,11].
These plants are one of the most widely consumed both globally and locally. For instance,
Morocco produces the equivalent of 3 million tons of tomatoes, most of which are destined
for fresh consumption [11]. Moreover, tomato fruit plays an important role in protecting
human health, thanks to its richness in minerals, vitamins, essential amino acids, lycopene,
ascorbic acid, antioxidants, and dietary fiber [10,12,13]. These compounds are essential
in reducing oxidative stress and inflammation, which supports the immune system and
helps to protect against chronic diseases such as diabetes and various cancers [13]. Despite
these benefits, tomato plants are very sensitive to water stress, which greatly affects their
productivity and fruit quality [10,14].

Currently, sustainable agricultural strategies have been developed to mitigate the
adverse effects of drought stress on plants [15,16]. Among the mitigation strategies applied
are the application of biostimulants involving arbuscular mycorrhizal fungi (AMF) and
organic fertilizers including vermicompost (C) to the soil, which are thought to play a
positive role in mitigating various biotic and abiotic stresses, including water scarcity [17].

AMF have emerged as important biostimulants in enhancing plant resilience, par-
ticularly in the face of droughts and other environmental challenges [18]. These helpful
microorganisms develop symbiotic relationships with a diverse variety of different horticul-
tural crops, e.g., Ocimum basilicum, Lactuca sativa, Punica granatum, and S. lycopersicum [19].
AMF regulate plant growth and development by forming extra-radical mycelium around
the roots, which are inaccessible to roots or even root hairs, enabling the interchange of
nutrients and water for carbon sources such as sugars and lipids [20,21]. Plants inocu-
lated with AME, such as Festuca ovina, Opuntia ficus-indica, and Zea mays, enhance plant
growth and improve the absorption of nutrients, especially nitrogen (N) and phosphorus
(P), demonstrating the usefulness of AMF to various plant species [22-24]. Recent research
suggests that mycorrhizal fungi do more than just aid nutrient uptake. They also play a
major role in stimulating microbial and enzymatic activity, enhancing photosynthesis, and
increasing water uptake and flexibility in the face of abiotic and biotic stresses, ultimately
leading to increased yields [24-27].

The application of organic fertilizers, of which C is one, plays several roles in sup-
porting different horticultural crops under drought conditions [28-30]. Vermicompost is
recognized as an essential soil amendment that enhances resistance and tolerance to abiotic
stresses across various plant species [28,31]. Further, it has also been reported that this
organic fertilizer significantly influences plant cultivation by improving the physical, chem-
ical, and biological characteristics of dry soils [32,33]. Previous studies have shown that C
can stimulate plant nutrient uptake and increase mineral nutrition [34,35]. For instance, in
a study conducted by Paymaneh et al. [32], it was found that applying boosted P and zinc
increased absorption by 30 and 35%, respectively, in pistachio seedlings. Furthermore, C
plays a pivotal role in enhancing enzymatic antioxidants including superoxide dismutase,
catalase, peroxidase and polyphenol oxidase, and stomatal conductance, and in increasing
rates of photosynthesis and transpiration and phytohormone signaling including aux-
ins, cytokinins, gibberellins, ethylene, and abscisic acid; it also regulates reactive oxygen
species (ROS) [36-38]. It helps improve crop quality, productivity, and yield under drought
conditions [28,39].

On the other hand, several previous studies have shown that the use of AMF+C is
considered a biostimulant [17]. It helps to improve the growth and physiological and
biochemical capabilities of plants, such as cacti [37] and canola [30], under water stress.
These include increasing the plants’ ability to absorb water and nutrients, enhancing
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root growth, stimulating metabolism and growth, and improving immunity to abiotic
stresses [37,40].

Thus far, we lack data on the impact of applying C either alone or in conjunction with
AMF on the quality of tomato fruits under water stress conditions in the Mediterranean
region of Morocco in particular. Furthermore, few studies have been carried out to test
the appropriate ratio of AMF-assisted application of indigenous animal C to improve
plants yield, as well as fruit quality, improving soil quality in semi-arid regions [41]. This
study aimed to evaluate the reciprocal influences between applied biostimulants/organic
fertilizers, highlighting the importance of improving tomato fruit production and quality
under field drought conditions. The objectives of this research examined (1) the effect of
different ratios of C produced from horse manure alone, or in the presence of AMEF, on the
growth performance and production of tomato plants, with particular emphasis on under-
standing how these vital components interact under drought conditions; (2) identifying the
mechanism of a succession of these biostimulants/organic fertilizers in improving tomato
fruit quality under drought conditions; (3) identifying which of the applied percentages of
C is most appropriate with or without AMF to improve soil and tomato fruit quality under
water stress conditions; (4) providing a suitable biostimulant formula for tomato plants,
helping to improve their ability to adapt to difficult environmental conditions and achieve
sustainable, high-quality production in the face of challenges.

2. Results
2.1. Yield, Fruit Growth, and Root Colonization Changes

Data in Table 1 illustrate a significant improvement in fruit yield and growth, including
fruit shape index (FSI), fruit fresh weight (FW), and fruit dry weight (DW) for tomato
fruits planted under well-watered (WW) conditions by all treatments applied. On the DS
(drought-stressed) condition, a marked reduction in yield and fruit growth was observed
compared with WW conditions; however, on DS conditions, the application of AMEF, C1,
C2, AMF+C1, and AMF+C2 improved yield (43, 63, 67, 60, and 50%, respectively) and DW
(23, 44, 50, 48 and 49%, respectively), compared with control plants.

Table 1. Effectiveness of AMF and/or vermicompost doses on growth and yield parameters of
tomatoes and AMF colonization, grown under normal and drought conditions.

Yield/Plant TD (cm) LD (cm) FSI FW (g/Plant) DW (g/Plant) F% 1%
Control 2133 +£1.52¢ 491 4052 8.36 +0.77 0 1.70 £0.04 © 644.67 +22.32f 18.35+1.754 37.84 + 9.56 b¢ 2243 +1.14°
AMF 2533 £2.13f 5.26 + 0.51 ¢ 8.69+0248"  165+0079 67467 £19.228  2003+1.68° 7216+ 16368  54.11+3528
WW C1 31.67 + 1548 495 4 0.27 de 8924 0.12h 1.80 +0.03 f 689.67 +22578" 22744209 481648369  26.67 + 0.96"
2 38.00 + 1.36 5.034+0.22¢ 9.06 & 0.09 M 1.80 +0.03 702.00 &+ 1425  24.02+1.41f 4755 +7.254 27.82+1.35¢
AMF+C1  37.00 + 1.42 M 6.88 40448 9.27 +£0.121 1.34 +0.052 704.00 £ 11.65"  2355+223¢  69.13+ 15788  45.76 + 3.66f
AMF+C2  34.67 +1.26 8" 6.93 +0.638 9.47 +0.17] 136+0.05% 70333 +1247h 2489 +1458  61.37+9458  40.85+232°¢
Control 10.00 + 1.462 271 +052° 402 +0.32° 1.48 4+ 0.07 416.00 +13.66*  10.28 4 1.082 22.39 + 6.38 2 14.19 £ 0.682
AMF 14.33 +2.06° 343 +£022P 5.52 +0.08 P 1.60 4 0.03 4 447.67 +9.52° 12.61 +0.95° 51.65 + 8.28 ¢ 3419 +£2364
DS C1 1633 £236°4 4084 0.12b 5854030 143 £0.035 47833 +£2566°  1476+131  31.84+1756°  20.85+ 127"
2 16.78 +1.454 421 +0.02°¢ 6.03 + 0.36 4 1434004 49511420529 1537 +0.86°¢ 34.66 +5.42° 23.62 +1.09°
AMF+C1  16.00 £ 1.76 ¢ 422 +0.28° 6.01+0.154 1.42 4+ 0.06° 489.67 + 16344 15194+ 1.28°¢ 48.5 +8.32d 33.58 +1.554¢
AMF+C2  15.00 +2.43% 409 + 0.24 b 6.55+0.27°¢ 1.60+0.059  511.67+3575% 1530 £1.12¢  42.86+8.674  28.71+0.68°¢

WW: well-watered; DS: drought-stressed plants; TD: transverse diameter of tomato fruit; LD: longitudinal
diameter of tomato fruit; FSI: fruit shape index; FW: tomato fresh fruit weight; DW: tomato dry fruit weight; F:
root colonization frequency; I: mycorrhization intensity; Control: control treatment; AMF: plants inoculated with
AMF consortium; C1: plants amended with 5 t/ha of organic amendment; C2: plants amended with 10 t/ha
of organic amendment; AMF+C1: plants inoculated with AMF consortium and amended C1; AMF+C2: plants
inoculated with AMF consortium and amended C2. Data represent the means + standard error (SE) (n = 3).
Means in the same column with different letters indicate significant differences at p < 0.05.

Compared with WW plants, the frequency (F) and intensity (I) of AMF colonization
were significantly reduced under DW in tomato plants; however, under DS conditions,
AMF, AMF+C1, and AMF+C2 treatments resulted in the significant stimulation of F and I
mycorrhization by 130, 117, and 91%, respectively, compared with the non-inoculated DS
control (Table 1).
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2.2. Osmotic Solutes Changes

Figure 1 reveals a significant increase in total soluble sugar (TSS) and total acidity
(TAC) accumulation in tomato fruits growing under DS conditions; however, protein
content was reduced under the same conditions, in comparison with WW watered plants.
Furthermore, AMF, C1, C2, AMF+C1, and AMF+C2 plants increased TSS accumulation
(24, 13, 22, 49, and 42%, respectively), TAC (6, 11, 16, 9, and 15%, respectively) and protein
content (49, 69, 81, 87, and 65%, respectively), compared with control plants tested under
DS conditions. In WW conditions, TSS and protein content increased substantially with the
application of biostimulants, with a particularly marked increase recorded with AMF+C1
for TSS contents, and C1 for protein.
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Figure 1. Effect of applied water regimes on (A) total soluble sugar, (B) protein content, and (C) total
acidity of tomato, with Control: control treatment; AMF: plants inoculated with AMF consortium; C1:
plants amended with 5 t ha~! of organic amendment; C2: plants amended with 10 t ha~! of organic
amendment; AMF+C1: plants inoculated with the AMF consortium and amended in C1; AMF+C2:
plants inoculated with the AMF consortium and amended in C2. Data are mean =+ SE of 3 biological
replicates. Means followed by the same letters are not significantly different at p < 0.05 (Tukey’s test).

2.3. Carotenoid and Lycopene Content Changes

Figure 2 illustrates the significant effects of drought and the application of biostimu-
lant/organic fertilizers on carotenoid and lycopene content in tomato fruits. Under WW
conditions, the application of both AMF and/or C positively influenced these pigments,
when compared to the WW control plants. Under DS, an increase in both carotenoid and
lycopene levels was observed in the tomato fruit, surpassing the levels in WW plants.
Additionally, biostimulant application under DS led to a further increase in the accumula-
tion of these pigments. The recorded increases in lycopene and carotenoid content were,
respectively, 34 and 59% with AMF treatment, 53 and 45% for Cl-treated plants, 69 and
87% for C2 treatment, 69 and 87% for AMF+C1 treatment, and 64 and 82% for AMF+C2
treatment, compared with control plants under DS conditions.
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Figure 2. Effect of applied water regimes on (A) Carotenoid’s content and (B) Lycopene, with Control:
control treatment; AMEF: plants inoculated with AMF consortium; C1: plants amended with 5 t ha~!
of organic amendment; C2: plants amended with 10 t ha=1 of organic amendment; AMF+C1: plants
inoculated with the AMF consortium and amended in C1; AMF+C2: plants inoculated with the AMF
consortium and amended in C2. Data are mean =+ SE of 3 biological replicates. Means followed by
the same letters are not significantly different at p < 0.05 (Tukey’s test).

2.4. Ascorbic Acid and Free Amino Acids Changes

Results illustrated in Figure 3 illustrate the high accumulation of ascorbic acid and the
content of free amino acids in tomato fruit subjected to DS from treated and non-treated
plants compared to WW plants. In addition, the application of AMF and/or C1 and C2
revealed a greater accumulation of these compounds under DS conditions. The most
pronounced increases in ascorbic acid and total free amino acid were observed in the
AMF+C1 treatment under DS, by 52 and 90%, respectively, compared to the DS control.
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Figure 3. Effect of applied water regimes on (A) Ascorbic acid and (B) Total free amino acid, with
Control: control treatment; AMF: plants inoculated with AMF consortium; C1: plants amended with
5tha! of organic amendment; C2: plants amended with 10 t ha~! of organic amendment; AMF+Cl1:
plants inoculated with the AMF consortium and amended in C1; AMF+C2: plants inoculated with
the AMF consortium and amended in C2. Data are mean =+ SE of 3 biological replicates. Means
followed by the same letters are not significantly different at p < 0.05 (Tukey’s test).
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2.5. Phenol, Flavonoid, and DPPH Activity Changes

Drought stress significantly affected the levels of bioactive compounds in the plants,
altering total phenolic content (TPC), total flavonoid content (TFC), and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) activity specifically, as shown in Figure 4. Under DS conditions,
there was a significant increase in (TPC) and TFC accumulation, and improved ability
to scavenge DPPH free radicals was also demonstrated, compared to plants under WW
conditions. In addition, the application of biostimulants/organic fertilizers under DS
conditions led to a significant increase in TPC and TFC, with increases of, respectively, 12
and 18%, 23 and 19%, 35 and 26%, 40 and 32%, and 39 and 31%, observed in plants treated
with AMF, C1, C2, AMF+C1, and AMF+C2, respectively, compared with control plants
under the same drought conditions.
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Figure 4. Effect of applied water regimes on (A) Total phenolic content, (B) Total flavonoids content,
and (C) DPPH activity, with Control: control treatment; AMEF: plants inoculated with AMF consortium;
C1: plants amended with 5 t ha~! of organic amendment; C2: plants amended with 10 t ha=! of
organic amendment; AMF+C1: plants inoculated with the AMF consortium and amended in C1;
AMF+C2: plants inoculated with the AMF consortium and amended in C2. Data are mean =+ SE of
3 biological replicates. Means followed by the same letters are not significantly different at p < 0.05
(Tukey’s test).

In addition, these treatments under DS conditions also demonstrated a more effective
ability to neutralize DPPH free radicals, indicated by a decrease in ICs5j values of 5, 28,
43, 43, and 34%, respectively, compared to control plants. Furthermore, AMF and/or C
application significantly improved TFC, TFC, and DPPH activity under WW conditions,
compared with control plants under the same conditions.

2.6. Plant Nutrient Uptake Changes

The nutrient content of P, N, and potassium (K) in tomato fruit, in response to drought
stress and biostimulant applications, is presented in Table 2. The results show that DS
plants showed a decrease in plant nutrient uptake compared with WW plants. In addition,
the application of biostimulants improved mineral nutrient content under drought stress.
Yet the most significant improvement was observed in plants treated with AMF+C with
140, 23, and 74% improvement, respectively, for P, N, and K.
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Table 2. Effect of AMF and/or vermicompost doses on mineral nutrition of tomato fruit and AMF
colonization cultivated in normal and drought field conditions.

Water Regime Treatments Phosphorus (%) Nitrogen (%) Potassium (%)
Control 0.06 £ 0.01°¢ 1.26 +0.16 4 277 +£041°
AMF 0.12 +£0.02¢ 1.37 £ 0.12 ¢ 2.68 +0.36 8
WW C1 0.11 £ 0.01 de 1.44 +0.18 8 3.12 + 049 lji
c2 0.14 £ 0.03 ¢f 1.53 £ 0.27h 324+ 05218
AMF+C1 0.16 + 0.02f 1.50 £ 0.12h 345+ 0.298
AMF+C2 0.14 £ 0.03 ¢ 1.48 +0.11 8h 3.36 +0.488
Control 0.05 4+ 0.002 0.86 +£0.192 1.07 £ 0.292
AMF 0.08 £ 0.00 <d 0.88 £ 0.22 ab 1.15+0.32°
DS C1 0.05 £ 0.01 be 0.95+0.19b 1.44 +0.24°¢
c2 0.10 £ 0.02 de 0.99 + 0.16 bc 1.78 + 0.16 de
AMF+C1 0.12+0.01¢ 1.06 +0.18 ¢ 1.86 +0.16¢
AMF+C2 0.06 £ 0.00 € 1.03+0.11°¢ 1.75 4 0.35 de

WW: well-watered; DS: drought-stressed plants; Control: control treatment; AME: plants inoculated with AMF
consortium; C1: plants amended with 5 t/ha of organic amendment; C2: plants amended with 10 t/ha of organic
amendment; AMF+C1: plants inoculated with AMF consortium and amended C1; AMF+C2: plants inoculated
with AMF consortium and amended C2. Data represent the means =+ standard error (SE) (n = 3). Means in the
same column with different letters indicate significant differences at p < 0.05.

2.7. Soil Analysis

Table 3 data suggest that soil characteristics were affected by DS conditions com-
pared with WW conditions. Under WW conditions, however, the application of bios-
timulants/organic fertilizers showed a significant increase in soil parameters compared
with WW controls. Furthermore, as compared with the DS control, the presented results
illustrate that amending the soil under DS conditions resulted in a significant increase
in total organic carbon (TOC), available phosphorus (AP), and N levels as a response to
biostimulants treatments.
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Table 3. Effect of AMF and/or vermicompost doses on soil physico-chemical parameters before and after the experiment.
Water Regime WW DS

Treatments Control AMF C1 C2 AMF+C1 AMF+C2 Control AMF C1 C2 AMF+C1 AMF+C2
pH 7.74 40452 7.80 +0.33 % 7.84 4 0.52 b 7.934+0.82°¢ 7.86 + 0.63 ¢ 7914+028°¢ 77440512 7.84 +0.76 ¢ 7.81 4038 7.86 + 0.34 b 7.88 4 0.28 b 7.88 +0.31 ¢
EC (mS cm™1) 1.75 + 0.36 < 1.72 £ 0.54 «d 1.82 +0.41 1.79 + 0.34 «d 1.83 +£0.354 1.81 +0.41 152 +0.572 1.55 + 0.452b 1.67 £0.13 bc 1.65 + 0.28 b¢ 1.72 £ 0.35 «d 1.72 £ 0.21
TOC (%) 092 +0.12° 1154+ 031°¢ 1.35 4+ 0.28 ¢ 1.48 +0.19 8" 1434025 1.52 4+ 041" 0.88+0.112 0.95 +0.08® 1.25+0.19¢ 1.21 +£0.254 1.39 4+ 0.14 8 14140328
AP (mg/kg) 26.74 £3.362 433 +£4.15¢ 8436 £3.86°¢F  89.19+4.18%  10275+585'  91.95+6.228" 33.84 +3.68"° 53.48 £5.32¢ 7219 + 5.854 8832 +£4.86%  99.40 4+ 5.85M 99.39 + 5.56 hi
N (g/kg) 0.70 £ 0.092 0.98 £ 0.12 < 0.84 +0.09° 1.05 + 0.15 9¢ 1.02 £ 0.19 d¢ 1.08 £0.11°¢ 0.85 + 0.06° 112 +£025°8 127 +£0.19f8 1.30 £ 0218 134+ 0218 1.34+0.148

WW: well-watered; DS: drought-stressed plants; EC: electrical conductivity; TOC: total organic carbon; AP: available phosphorus; N: nitrogen; Control: control treatment; AMF: plants
inoculated with AMF consortium; C1: plants amended with 5 t/ha of organic amendment; C2: plants amended with 10 t/ha of organic amendment; AMF+C1: plants inoculated with
AMF consortium and amended C1; AMF+C2: plants inoculated with AMF consortium and amended C2. Data represent the means + standard error (SE) (n = 3). Means in the same
column with different letters indicate significant differences at p < 0.05.
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2.8. Thermal Mapping of Growth and Biochemical Characteristics of Tomato Fruit Quality

The heatmap presented in Figure 5 depicts the interrelationships between several
growth and biochemical characteristics of tomato fruit treated with different treatments
using a color gradient ranging from yellow (high positive correlation) to purple (strong
negative correlation). There are clear patterns of association among the data points; for
example, the positive correlation between yield and key nutrients such as N, P, and K and
soil nutrients emphasizes their relevance in fruit production and development. Another
strong positive correlation was observed linking TSS and fruit-free amino acids. In addition,
carotenoids and lycopene have a significant beneficial association. The heatmap also shows
that ascorbic acid has a modest association with amino acids. Conversely, TPC and TFC
exhibit a high negative connection with DPPH radical scavenging ability.
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Figure 5. Heat map analyses of tomato fruit subjected to different treatments, with FSI: fruit shape
index; FW: fresh fruit weight; DW: fresh dry weight; F: frequency of mycorrhization; I: intensity
of mycorrhization; TSS F: total soluble sugar in fruit; Pr: protein content; TAC: total acidity; Car:
carotenoids content; Lyc: lycopene; Aa: ascorbic acid content; Faa: free amino acids; TPC: total
polyphenol content; TFC: total flavonoid content; DDPH: scavenging capacity of 2,2-diphenyl-1-
picrylhydrazyl; P: phosphorus content in fruit; Nf: nitrogen content in fruit; K: potassium content
in fruit; EC: electrical conductivity; TOC: total organic carbon; AP: available phosphorus in soil; N:
nitrogen content in soil.

3. Discussion

Changes in yield, including fruit quality, and the biochemical characteristics of tomato
yield were studied with the application of an AMF consortium with and without two rates
of organic fertilizers. The plants were grown in open fields, under water-stressed conditions
in a semi-arid environment. Water-stressed conditions are generally found to adversely
affect crop productivity and quality, either through water scarcity or by impairing the
availability and assimilation of mineral nutrients.

Mycorrhizal symbiosis is a key factor in plants” ability to withstand drought con-
ditions [15]. Our results revealed that DS reduced the rate of mycorrhization. These
findings are consistent with previous research, which found that the colonization potential
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of AMF-inoculated plant roots reduced when grown in water-limited soils [29,42]. This
suggests that DS damages mycorrhizal structures by limiting spore germination or by
decreasing normal symbiosis [43,44]. Furthermore, the combination of AMF and C1 and C2
decreased root infection under DS. This may be due to the P content of C, which reduces
the plants’ need for AMF colonization [45,46]. Furthermore, composted organic waste
may include breakdown products that hinder mycorrhizal fungi, as AMF development is
heavily impacted by soil conditions and management approaches [45].

For the current study, drought led to a significant reduction in yield and fruit growth
parameters. Drought stress results in the growth inhibition of tomato plants by decreasing
their stems’ cross-sectional areas and the diameter of xylem vessels which, in turn, affects
plant water transport efficiency and fruit water content [47,48]. Furthermore, drought stress
also affects specific and hydraulic conductivity in tomato plants, resulting in reduced plant
growth and fruit fresh weight [49]. This results is consistent with several previous studies,
e.g., research carried out on lettuce by Ouhaddo et al. [42] and on tomatoes by Lahbouki
et al. [10]. Interestingly, AMF and C, when applied at different rates to tomato plants, can
have varying positive effects on yield and fruit quality in drought conditions.

The beneficial effects of AMF on increasing the size and weight of tomato fruit, as well
as increasing the yield under water-deficit conditions, can be attributed to their ability to en-
hance the uptake of available water in the root zone through the soil-plant continuum [50].
This is crucial for maintaining turgor pressure and metabolic activities in developing fruits,
resulting in improved growth outcomes [51,52]. Furthermore, fungi contribute to the
absorption and facilitation of nutrient uptake, particularly by enhancing the uptake of P
in plants [24]. Phosphorus is vital for cellular energy transfer, photosynthesis, and the
synthesis of nucleic acids, all of which contribute to increased fruit size and biomass [53].
In addition to P, AMF aids in the absorption of other essential nutrients such as N and
K [54,55]. These elements play key roles in the fruiting process of plants, leading to in-
creased yields [53]. On the other hand, C significantly enhances the productivity of tomato
plants by supplying essential nutrients such as P, N, and K in forms readily accessible
to the plants. Moreover, the C improves soil aeration and aggregation, thereby boosting
the soil’s capacity to hold water [56,57]. This improvement provides plants with more
consistent access to water, positively affecting soil structure. Additionally, C is rich in humic
substances and hormonal activity, which stimulates plant growth which, in turn, stimulates
increased cell division and expansion, contributing to the growth and development of plant
tissue and thus increasing fruit size and yield [28,58].

Furthermore, our results also demonstrated that the dual application of AMF and
C1 significantly increased plant growth parameters. The synergy between AMF and a
moderate amount of C might create an optimal balance of nutrients available to the tomato
plants. AMF enhances the uptake of P and other nutrients, which, when combined with
the balanced nutrient profile provided by the lower rate of C, could lead to more efficient
use of nutrients, promoting healthier plant growth and fruit development [59,60].

Tomato fruit quality is strongly affected by drought stress, mainly due to changes in
metabolic pathways that influence the accumulation of TSS, TAC, and secondary metabo-
lites. In this study, an increase in TSS, TAC, and free amino acids was observed in tomato
fruit grown under DS. The accumulation of these compounds in plant tissues could also be
linked to the activation of starch hydrolysis during water stress, which acts as an osmotic
adjustment mechanism to keep cell turgor pressure stable and to support overall physiolog-
ical characteristics [42,61,62]. In addition, the response of plant fruits to drought-induced
oxidative stress is characterized by a significant modulation of oxidative activities.

In this study, enhanced levels of carotenoids, lycopene, TAC, and ascorbic acid indicate
an enhanced antioxidant defense system aimed at neutralizing the ROS generated under
stress conditions [62,63]. Carotenoids and lycopene, known for their bright pigmentation in
tomatoes, play an important role beyond aesthetic appearance [61]. Previous studies have
shown that these compounds have strong antioxidant properties, effectively quenching
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singlet oxygen and various other volatile oxygen species, thus preventing potential damage
to cellular components caused by water stress [24,63,64].

In the presence of AMF and/or C, under drought stress, the concentrations of these
pigments increased. Several previous studies have shown that the application of AMF/C
increases carotenoid and lycopene levels [32,65]. This may be due to the ability of my-
corrhizae to increase P uptake, which ensures the availability of ATP required for the
carotenoid biosynthesis pathway, ultimately leading to lycopene production [66,67]. On
the other hand, mycorrhizae modulate phytohormones, in particular abscisic acid, and
can affect lycopene biosynthesis. Furthermore, C aids in the formation of acetyl-CoA and
influences the activity of pyruvate kinase and phosphofructokinase due to its richness
in nutrients, especially potassium, which plays an important role in the synthesis of ly-
copene [68]. In addition, the rise in ascorbic acid levels can be attributed to its crucial
function as an antioxidant within the plant’s defense mechanism against oxidative stress.
Due to its ability to directly scavenge various types of harmful oxidants, C protects plant
cells from oxidative damage [24,69].

Similarly, the increased observation of TFC and TPC contents supports the tomato
fruit’s superior ability to defend against oxidative stress. They work by giving ROS
electrons, which neutralize them and stop oxidative damage [70]. Additionally, these sub-
stances function as metal chelators and aid in the stability of cell membranes, strengthening
their ability to fend off oxidative stress due to drought [71,72]. The positive effects of AMF
on the expression of genes related to phenylpropanoids, flavonoids, and isoflavonoids
may be linked to the accumulation of this compound. As previously observed, AMF
could modify plant phytohormones such as cytokinins and auxin during drought stress,
potentially increasing the production of phenolic compounds [16,73]; however, the effect of
C on flavonoids and other phenolic acids is unclear. A possible explanation for the increase
in these compounds is that organic amendment contains high levels of humic and fulvic
acids, which have been associated with the production of phenolic metabolites [74].

Plants facing drought conditions and growing in an environment enriched with
biostimulants/ organic fertilizers demonstrated an enhanced ability to cope with stress
by activating antioxidants better than other plants. As shown in several studies, the
accumulation of phenolic compounds is directly linked to improved DPPH activity in ICsg
plants [75,76]. This suggests that the increased accumulation of these compounds may be
a contributing factor in improving the plant’s ability to regulate and suppress oxidative
activities that can be harmful during periods of stress such as drought.

4. Materials and Methods
4.1. Plant and Biostimulants/Organic Fertilizers Materials

To explore the effects of biostimulants on water stress and tomato fruit quality, a
field study was conducted on S. lycopersicum L., or “Campbell 33 cultivar,” which were
obtained from the National Institute of Agricultural Research (Marrakech, Morocco). Seeds
were initially sterilized in 10% sodium hypochlorite for 10 min, then placed on 1% agar
plates with half-strength MS medium to check microbial contamination. These plates
were incubated in the dark at 28 °C for five days. Subsequently, seedlings were moved to
sterilized plastic trays filled with peat vegetable; after 15 days, seedlings exhibiting uniform
growth were transferred to the field for planting.

The mycorrhizal inoculum utilized in this study contained spores, mycelium, and
infested maize root fragments. It consisted of 1034 spores per 100 g soil in 22 species [75].

The organic fertilizer used in this study was a C containing a mixture of horse manure
and straw, enriched with Eisenia fetida earthworms. The C is produced locally, as described
by [41]. Physical and chemical properties included a pH of 7.7, an electrical conductivity of
4.89 mS cm ™}, an organic matter concentration of 438.8 mg g~!, available phosphorus of
0.29 mg g~ !, a total organic carbon content of 280 mg g~ !, and total nitrogen measured at
6.2mgg 1.
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AMF and C were applied during the planting phase, added directly to the soil and
distributed evenly throughout the plots. This process was conducted before planting the
tomato seedlings to ensure optimal interaction between the AMF and plant roots, and to
optimize soil fertility with C.

4.2. Field Experimental Design Plant Assay

The field experiment was conducted at a private agricultural field in the SAADA
district of Marrakesh, Morocco, (31°37/39.9” N and 08°07'46.7” W). The region experiences
a semi-arid, typically Mediterranean climate, with an average annual temperature of
19.6 °C, ranging from an average monthly temperature of 7 °C in January to 30 °C in July.
The average annual rainfall is 250 mm, and most of it occurs in the period from February to
June [77]. The agricultural plot is equipped with a drip irrigation system, and there is no
record of employing pesticides or chemical fertilizers in past cultivation cycles.

The soil in the field has a sandy clay loam texture, comprising 52% sand, 24%
clay, and 24% silt. The electrical conductivity (EC) of the irrigation water measures
3.02 £ 0.25 dS m~!, while the pH level is 7.22 4 0.32.

The experimental setup was organized in a randomized block design, dividing the
field into 36 plots (0.8 m wide and 0.5 m apart) with 6 rows each, hosting about 8 plants
per plot. Each plot was randomly allocated to two watering regimes (well-watered or
water-stressed) and biostimulants/C treatments, as detailed in Table 4 and Figure S1, with
three replications per treatment, totaling 36 plots (2 x 6 x 3).

Table 4. Different applied treatments in the study.

Treatments = Water Regime

Control well-watered Plants non-inoculated and non-amended
AMF water-stressed Plants inoculated with AMF (200 g/plot)
C1 Plants amended with vermicompost at 0.6 kg/plot (5 t ha=!)
C2 Plants amended with vermicompost at 1.2 kg/plot (10 t ha=')
AMF+C1 Combined application of AMF and C1
AMF+C2 Combined application of AMF and C2

Well-watered (WW) plants were irrigated using drip emitters providing 8 L per hour,
while drought-stressed (DS) plants received water at 4 L per hour from similar emitters.
Irrigation for both groups was scheduled twice daily in two 30 min intervals, one in the
morning and the other before sunset. This irrigation regime was applied consistently 5 days
a week, from the first week of planting until harvest.

4.3. Mycorrhization Assessments

Colonization by AMF was determined using the Trypan blue staining method [78]
and observed under a Zeiss Axioskop 40 microscope at 40-100x magnification. Briefly,
1 g of roots (fresh weight) was cleaned with 10% KOH at 90 °C for 1 h, washed with
distilled water, and acidified in 5% HCL. A 5% Trypan blue solution was used to stain fixed
root samples. Fa and I of AMF infection were determined using the equations below as
described by Trouvelot and Kough [79]:

Infected root segments

100
Total root segments

AMF infection frequency =

(95n5 + 70n4 + 30n3 + 5n2 + n1)
Total root segments

AMF infection intensity =

where n5 corresponds to the number of roots with an infection level of 5 (infection rate
90-100%); n4 corresponds to the number of roots at level 4 (infection rate 50-90%); n3
corresponds to the number of roots at level 3 (infection rate at 10-50%); n2 corresponds to
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the number of roots at infection level 2 (infection rate 1-10%); and n1 corresponds to the
number of roots at level 1 (infection rate 0-1%).

4.4. Fruit Yield and Growth Measurement

Using a digital caliper, the transverse diameter (TD) and longitudinal diameter (LD)
of each tomato fruit were measured, and FSI was calculated as reported by [80] as follows:

LD
FSI = —
TD
Tomato FW was measured using an analytical balance (accurate to 0.01 g). The fruit
was placed in a drying oven, baked at 105 °C for 1 h, and dried at 80 °C to constant weight,
which was recorded as DW. Fruit yield was taken at harvest and expressed as the number
of fruits per plant.

4.5. Total Soluble Sugar and Protein Content Determination in Fruit Tomatoes

The content of TSS was determined spectrophotometrically by recording the ab-
sorbance at 585 nm according to [81]. Finely ground samples of fruit (0.1 g) were ho-
mogenized in 4 mL of ethanol (80%). Of the supernatant obtained, 0.2 mL was mixed with
0.2 mL of 5% phenol and 1 mL of concentrated sulfuric acid, then calculated using the
standard glucose curve.

The measurement of protein content was started by homogenizing 0.1 g of freeze-dried
fruit in a cold mortar with 4 mL of 1 M phosphate buffer (pH 7), supplemented with 5%
polyvinylpolypyrrolidone. After centrifuging the homogenate at 18,000 g for 15 min at
4 °C, the content of soluble protein was measured using the Bradford method [82].

4.6. Total Acidity Determination in Fruits Tomatoes

Titrimetry was used to determine total acidity (TAC) using a 0.1 N NaOH solution. In
a mortar, 1 g of fruit pulp was combined with 20 mL of distilled water. In the presence of
phenolphthalein, the juice was filtered and titrated with a 0.1 N NaOH solution [83]. Using
the mathematical relationship, total acidity was calculated as follows:

NaOH used volume) x (NaOH molarity) x (milliequivalent factor)

1
Sample volume X100

TTA (%) = (

with milliequivalent factor = 0.0064 (citric acid).

4.7. Carotenoid and Lycopene Content Determination in Tomato Fruit
Carotenoid concentrations were measured spectrophotometrically at 480, 663, and

645 nm, as described by Zhou et al. [84]. Acetone (80%) was used to extract carotenoids from
tomato fruit samples. Their concentrations were determined using the following formula:

[(A480 + 0.114) x (A663 — 0.638) x (A645)] x V

Carotenoids(mg/gdw) = 1000 X DW

where, A = absorbance; V = extract final volume, and DW = dry weight.

The Lycopene content of the tomato fruit was quantified according to the methodology
described by Roldan-Gutiérrez and Luque de Castro, i.e., spectrophotometrically at 595 nm
using an ultraviolet-1800 spectrophotometer (Shimadzu, Kyoto, Japan) [85]. Lycopene
concentration was determined by applying an extinction coefficient of e: 3450.

4.8. Ascorbic Acid and Free Amino Acids Content Determination in Tomato Fruit

Ascorbic acid content was determined according to the method described by Adrian
and Peir6 [86]. The determination of ascorbic acid was determined on the comparison
between the volume of 2,6-DCPIP used in this titration and the volume used with a standard
ascorbic acid solution at a concentration of 0.1%.
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The content of total free amino acids was assessed spectrophotometrically at 760,
employing the ninhydrin-assay-based protocol established by Lee and Takahashi, with
glycine serving as the calibration standard [87].

4.9. Assessment of Phenol and Flavonoid Content in Tomato Fruit

Total polyphenol content, TPC, and DPPH activity were measured on tomato fruit
powder obtained after drying at 50 °C for 48 h, then the samples were ground and sieved.

Total polyphenol content was calculated using the Folin—Ciocalteu method [88]. Dried
tomato fruit powder was ground in 50 mL of 80% methanol and filtered using a Buchner
funnel and Whatman filter paper. The absorbance at 725 nm was determined, with gallic
acid as the reference phenolic component.

Total flavonoid content was measured spectrophotometrically at 510, using the method
outlined by Tohidi et al. [89]. Dried tomato fruit powder was ground in 50 mL of methanol
(80%) and mixed with a 30 mL 5% NaNO, solution and 60 mL of 10% aluminum chloride.
The mixture was stopped by spiking 2 mL of 1 M sodium hydroxide. TFC was expressed
as mg quercetin per g dry weight.

4.10. 2,2-Diphenyl-1-picrylhydrazyl Radical Scavenging Activity

The determination of the scavenging capacity DPPH’ of the methanol tomato extract
was measured at 517 nm according to the method outlined by Aruwa et al. [90]. The
reaction mixture consisted of 50 uL of the tomato extract, added to 2 mL of a 60 mM
methanolic solution of DPPH. The group blank was considered to replace the sample with
distilled water.

4.11. Plant Nutrient Uptake Analysis

The mineral nutrients (N, P, and K) of the tomato fruit were measured. After the
samples were oven-dried at 50 °C for 48 h, they were finely crushed, and 1 g was added
to each digestion tube along with H,SO, for digestion [91,92]. The plant filtrate was
analyzed for nitrogen using the Kjeldhal technique, and the amounts of phosphorus were
determined using the spectrophotometric method. Fruit K concentration was measured by
flame photometry [93].

4.12. Soil Analysis

Soil physicochemical parameters were examined after the experiment. Soil samples
were taken from around the root zone, air-dried, and then sieved. The pH and EC of a
water-based solution were measured as part of the examination. In addition, total organic
carbon was assessed using the technique proposed by Aubert [47,94]. Available phosphorus
was determined using the approach taken by Olsen and Sommers [95].

4.13. Statistical Analysis

Statistical analysis was performed using SPSS 23 software on the average values of
three replicates & standard error (SE). Using ANOVA, followed by a separate Tukey’s
test with significance set at p < 0.05, the effects of drought, AMEF, C levels, and their
interactions were assessed (SPSS 23, IBM, Armonk, NY, USA). The heat map characteristics
of tomato plants measured under various treatments were plotted using GraphPad® Prism
v9.0 software.

5. Conclusions

In this study, it was clearly demonstrated that the productivity and quality of tomato
fruit are negatively affected by water stress under field conditions. The results indicated
that the use of biostimulants/organic fertilizers contributed to improving and increasing
tomato quality under drought conditions. The application of AMF and C, either separately
or in combination, significantly improved the productivity and growth of tomato fruit,
especially in terms of FSI and DW under DS. Additionally, biostimulants/organic fertilizers
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demonstrated a positive effect in enhancing the accumulation of osmotic substances and
improving the performance of antioxidant enzyme systems and bioactive compounds, as
well as increasing nutrient uptake (N, P, and K), which contributed to reducing drought-
induced oxidative stress. Furthermore, AMF and/or C led to significant improvements in
soil fertility, leading to increased organic matter content and nutrient levels, which enhanced
the ability of the soil to support plant growth. Based on our findings, we recommend the
use of AMF+C1 as a sustainable strategy to increase tomato productivity and improve
tomato quality in arid and semi-arid agricultural environments. As promising as these
results are, there is still a need for further research to understand the molecular mechanisms
underlying these biostimulants in improving tomato resistance to water stress. Further
research is also needed that applies these biostimulants to different growing environments
and climates during different seasons in order to confirm their effectiveness in enhancing
tomato tolerance to water stress.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants13111449/s1, Figure S1: Experimental design map with,
Control: control treatment; AMF plots: plants inoculated with AMF consortium; C1 plots: plants
amended with 5 t ha~! of organic amendment; C2 plots: plants amended with 10 t ha~! of organic
amendment; AMF+C1 plots: plants inoculated with the AMF consortium and amended in C1;
AMF+C2 plots: plants inoculated with the AMF consortium and amended in C2.
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