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Abstract 

 

Drought is a major abiotic factor limiting agricultural ecosystem productivity in arid and semi-arid areas. This study aims 

to evaluate the role of biostimulants in mitigating the adverse effect of water stress (well-watered (WW): 75% field capacity 

(FC) and drought-stressed (DS): 25% FC) through the application of single or combined biostimulants based on two microbial 

consortia (P: Bacillus subtilis and Bacillus sp., M: native arbuscular mycorrhizal fungi) and organic amendment (C) to Zea 

mays L. The metabolism of exposed plants to DS was negatively modified, affecting growth, mycorrhizal symbiosis, 

biochemistry, physiology, and mineral nutrition of the maize plants and also generated changes in the soil properties. 

Furthermore, biostimulants, particularly CM, improved shoot and root dry biomass by 179 and 275%, respectively, compared 

with control plants under DS. However, under 25% FC, shoot height and root length were stimulated by PC (68%) and P 

(37%) compared with the controls. Root mycorrhization was more intense when soil contained P and inhibited when it was 

amended with C under DS. The single/combined application of biofertilizers enhanced stomatal conductance, osmolytes 

(proline and total soluble sugars), antioxidant system (Polyphenol oxidase), and leaf mineral composition (K, Fe, S, Ca, Mn, 

and Zn) compared with untreated plants. On the other hand, stress markers content (malondialdehyde and hydrogen peroxide) 

were reduced by CMP treatment (67% and 18%, respectively). Biostimulants (C and/or P and/or M) modified soil quality by 

improving total organic matter, available phosphorus, nitrogen, K, Si, Ca, Fe, S, Mn, and Zn. In conclusion, the strategy of 

combining biostimulants could be an ecological solution in degraded agricultural soils in arid and semi-arid regions to protect 

maize crops against drought. 
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Introduction 

 

On a global scale, and in (semi)arid climates in 

particular, irregular rainfall and elevated temperatures are 

the principal factors threatening and disrupting food 

security through pronounced drought. The greatest threat is 

that drought is expected to bring down the world's 

production of major crops by around fifty percent by 2050 

and by ninety percent by 2100 (Malhi et al., 2021). Due to 

climate change, crops of economic interest, in particular, 

are being adversely affected by extreme water shortages in 

terms of yield and fruit nutritional quality (Soares et al., 

2023). Several Researchers have reported that drought 

damages morpho-physiological aspects of plants, such as 

cells’ membrane degradation, increased oxidative activity, 

and reduced photosynthesis rates (Boutasknit et al., 2020; 

Manaa et al., 2021). Drought disrupts the normal 

circulation of water in plant’s different parts, resulting in 

physiological drought (Quiroga et al., 2020). Many 

physiological parameters are negatively affected by severe 

drought, including water content, photosynthetic pigments, 

leaf water potential and stomatal conductance (Anli et al., 

2020; Ouhaddou et al., 2023a). Similarly, at the 

biochemical level, water stress weakens immune system 

performance by accumulating reactive oxygen species 

(ROS), thus, generating oxidative stress (Hasanuzzaman et 

al., 2020). Besides affecting the plant, this stress also 

impacts the physico-chemical properties of the soil 

(Benaffari et al., 2022). In very water-limited conditions, it 

is the root that receives stress first, as it is in contact with 

changes in soil moisture (Shimazaki et al., 2005). Access 

to mineral elements and water is, therefore, very limited in 

such conditions (Soufiani et al., 2023). There are several 

reasons behind this, such as the slower release of mineral 

nutrients as they move from a mobile to an immobile state. 

On the other hand, lower soil water content leads to 
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reduced leaching of nutrients into the soil solution and a 

lower mineral weathering rate (Schlesinger et al., 2016; 

Slessarev et al., 2016). This lack of access to mineral 

nutrients has direct repercussions on the photosynthetic 

machinery, whose functioning is closely linked to mineral 

elements and water, which in turn reduces biomass and 

plant yields (Zargar et al., 2017). 

Cereals are among the crops affected by drought, as in 

the case of maize (Zea mays L.) (Sood et al., 2020). Around 

forty percent of global maize production decreased due to 

drought in 2013 (Daryanto et al., 2016). As its name suggests, 

sweet corn (SC) has a high sugar content (polysaccharides) 

(Harakotr et al., 2022). Worldwide, SC plays a key role, both 

directly and indirectly, by providing calories, proteins, and 

certain vitamins and minerals needed by humans (Xiang et 

al., 2019). It is intended for human use, fodder, ethanol, and 

industrial sugar production. Corn is the world's most 

important cereal crop, accounting for 1.135 billion tonnes per 

year (Tinte et al., 2022). In the context of climate change and 

population growth, the introduction of phytochemical 

products to intensify agricultural productivity has been the 

main solution. However, their massive application year-on-

year threatens soil and human health (Rouphael & Colla, 

2020; Mushtaq et al., 2021). Saving and ensuring food 

security without compromising soil and human health is one 

of the ecological approaches most recommended by 

researchers (Nephali et al., 2021; Krasilnikov et al., 2022). 

Scientists are now suggesting that the use of biostimulants is 

one of the main strategies for boosting agricultural 

productivity, particularly during drought (Meddich, 2022). 

Several studies showed the biostimulants' ability to induce 

positive changes in plants’ physiological, biochemical, and 

growth processes (Wu, 2017; Etesami & Maheshwari, 2018). 

The plant rhizosphere is a source of microorganisms such as 

plant growth-promoting bacteria (PGPR) whose role is the 

stimulation of the growth of plants through a number of 

mechanisms (Ouhaddou et al., 2022a). They facilitate access 

to mineral elements through their direct action on roots. 

PGPR modulate the adverse impacts of oxidative stress 

generated by drought by strengthening the enzymatic 

antioxidant system (SOD, POX...etc). These bacteria 

stimulate the biosynthesis of phytohormone signalling 

pathways essential for plant development and growth under 

standard and stress conditions. They have a positive effect on 

the structure of soil via substances capable of binding soil 

particles together to form aggregates, notably 

exopolysaccharides (Raklami et al., 2019; Slimani et al., 

2023). In addition, plants are also able to form symbiotic 

relationships with arbuscular mycorrhizal fungi (AMF), 

providing the plant with its needs, notably water and mineral 

elements, through their mycelial network (Han et al., 2023). 

AMF can supply plants with a degree of resistance to abiotic 

stresses, such as drought, through some adaptive strategies: i) 

improving the plant's water status by stimulating genes 

encoding aquaporins (Cheng et al., 2020), ii) increasing the 

efficiency of mineral uptake thanks to arbuscules such as the 

acquisition of phosphorus, potassium, and nitrogen in the 

plant (Meddich et al., 2021b; Begum et al., 2022), iii) 

improving gas exchange (Soussani et al., 2023), iv) 

modulating osmotic stress by accumulating osmolytes 

(Begum et al., 2022), v) regulating oxidative stress by 

boosting antioxidant activity (Ikan et al., 2023b). In addition 

to rhizospheric microorganisms, soil enrichment with organic 

amendments such as compost is a good alternative for 

farmers (Mobaligh et al., 2023). Thanks to its composition in 

organic matter and minerals, including phosphorus and 

nitrogen, it boosts crop productivity and yields (Meddich et 

al., 2019; Ben-Laouane et al., 2020). Numerous studies have 

confirmed compost’s role in improving plant growth traits, 

physiology and biochemistry under conditions of water 

deficit (Kanwal et al., 2017).  

It has been demonstrated that the microorganisms 

mentioned above when combined or not with compost, 

enhance the growth of various crops (lettuce, alfalfa, 

wheat) in comparison with their singular applications 

(Gopal et al., 2012; Begum et al., 2022). However, 

research on the use of this new alternative combination in 

sweet corn (SC) in water stress conditions is still not well 

developed. In this respect, this study aims to test the 

efficacy of single or combined application of native 

biostimulants and compost on morphological, biochemical, 

physiological, and nutritional processes of SC plants under 

well-watered and drought-stressed conditions. Particularly 

to understand the role of mineral elements in plant 

tolerance through the application of biostimulants. 
 

Material and Methods  
 

Indigenous microorganisms and local compost: The 

microbial biostimulants used in this study were collected 

from the palm grove of Tafilalet’s rhizosphere, which is 

situated in an arid area 500 kilometers southeast of 

Marrakech, Morocco. To obtain an optical density of about 

1 at 600 nm (1×109 CFU/mL) for the PGPR (P)-based 

bacterial consortium, all strains were grown for 48 hours at 

30°C in Tryptic Soy Broth (TSB) liquid medium with 

agitation. The mycorrhizal consortium (M) was obtained 

by multiplication using maize as a mycotrophic plant for 3 

months. The M inoculum consisted of fragments of 

infected roots, vesicles, and hyphae. Both consortia were 

inoculated at the time of transplanting of maize seeds and 

the local compost was mixed with the soil. Table 1 lists all 

the characteristics of the biostimulants used. 
 

Plant growth conditions, treatments, and study design: 

This work was carried out at Cadi Ayyad University, 

Faculty of Science, Marrakech, Morocco, in a culture room 

with a temperature of 24°C, photosynthetically active 

radiation (PAR) of 600 µmol m−2s−1, light/dark photoperiod 

of 16/8 h, and 65.5% relative humidity. The maize seeds 

(Zea mays L.) were disinfected with NaClO (10%) for ten 

minutes and rinsed with distilled water, then germinated in 

sterile sand for three days. After germination, seeds were 

moved and placed in plastic bags (3 seeds/pot) containing 

three kilograms of soil previously sterilized in an oven at 

180°C for 4 hours. The following physico-chemical 

characteristics were observed in the soil used: sand: 50%, 

loam: 30%, clay: 20%, pH: 8.6 and EC: 0.2 mS/cm, 

available phosphorus: 12 ppm, organic matter: 1%, organic 

carbon: 0.60%, nitrogen: 0.09%, calcium: 0.86%, 

potassium: 0.24%, silicon: 0.4%, iron: 2.45%, sulfur: 

0.03%, manganese: 0.04, zinc: 0.007%. 
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Table 1. Biostimulants characteristics. 

 Origin  Properties  Applied amounts 

Compost (C) - Vermicompost 

- pH: 7.7 

- Phosphorus: 1.11 % 

- Nitrogen: 2.05 % 

- Potassium: 0.88 % 

- Calcium: 0,85 % 

- Magnesium: 0.90 % 

- Zinc: 5.1 ppm 

- Copper: 2.00 ppm 

- Iron: 5.9 ppm 

- Carbon: 18.02 %−1 

5% 

Mycorrhizal 

consortium (M) 

- 15 species: Acaulospora delicata, Acaulospora leavis, 

Acaulospora sp,, Claroideoglomus claroideum, Glomus 

aggregatum, G. clarum, G. claroides, G. deserticola, G. 

heterosporum, G. macrocarpum, G. microcarpum, G. 

versiforme, Glomus sp., Rhizophagus intraradices, 

Pacispora boliviana 

- Tolerance to water and salt stress 

- Promotes plant growth 
15 g 

Bacterial 

consortium (P) 
- 2 species: Bacillus subtilis, Bacillus sp.  

- Secretion of exopolysaccharides (EPS) 

- Solubilization of phosphorus,  

- Solubilization of potassium 

- Auxin synthesis 

- Resistance to polyethylene glycol 6000 

10 ml (reminder 

after 15 days) 

 
Two factors were investigated in the experiment in a 

completely arbitrary design: 1) water stress using two 
water regimes, well-watered (WW: 75% of field capacity 
(FC)) and drought-stressed (DS: 25% FC). 2) based on 
biofertilizers applied alone: i) plants without treatment 
(control), inoculated with the bacterial consortium (P), 
AMF consortium (M), or organic amendment (C), or 
mixed: ii) M+P, P+C, C+M, and C+M+P. All treatments 
were repeated 10 times. At the 4-leaf stage of the maize 
plants, DS was applied and the soil moisture was 
maintained according to the desired water regime. 

 
Root mycorrhizal colonization and growth: After 
harvesting the maize plants, the roots were cleaned and 
subjected to an evaluation of colonization by mycorrhizal 
structures using the methodology developed by Phillips & 
Hayman (1970). The roots were chopped into short 
fragments (1 cm) and then treated with 10% KOH until 
total emergence and placed at 90°C for 40 min. To 
neutralize excess KOH, samples were subsequently treated 
for 10 minutes with 2% HCl. Roots were stained using 
trypan blue (90°C for 20 min). After microscopic 
observation (OPTIKA Microscopes, Italy), Two indexes 
for mycorrhization were measured: the frequency of 
mycorrhization (MF) and the intensity of mycorrhization 
(MI) as described by Trouvelot et al., (1986).  

Morphological growth traits such as shoot dry weight 

(SDW), root dry weight (RDW), shoot height (SH), root 

length (RL), and leaves number (LN) were measured. After 

that, the root and above-ground sections were dehydrated 

at 80°C until their weights stabilized. Mineral elements 

content was assessed in leaves such as calcium (Ca), 

Silicon (Si), phosphorus (P), potassium (K), iron (Fe), 

manganese (Mn), sulfur (S), and zinc (Zn) by XRF 

analyzer Delta Handheld, Olympus, Germany. The kinetics 

of growth parameters and physiology were recorded during 

maize cultivation every two weeks (W). 
 

Photosynthetic efficiency and gas exchange 

measurements: Gas exchange (gs) measurements were taken 

between 09:00 and 11:00 using a porometer (SC-1 LEAF 

POROMETER) on well-developed leaves along the leaf blade 

according to the procedure described by Harley et al., (1992).  
Measurements of chlorophyll fluorescence were taken 

using a portable fluorometer: OPTI-SCIENCE, OS30p. 
The test surface was created by clamping a leaf and leaving 
it in the dark for half an hour. Following the light flash, the 
fluorescence signal was acquired at a speed of 10 μs for one 
second. The initial fluorescence (F0), maximum 
fluorescence (Fm), and quantum yield were measured.  
 

(Fm-F0)/Fm= Fv/Fm, where Fv is the variable fluorescence 

(Straaer, 1995). 
 

Protein quantification and antioxidant activity 
determination: To obtain fresh material protein extracts, 0.1 
g was ground and placed in 4 mL of 1 M phosphate buffer (pH 
7) together with 2.5% insoluble polyvinylpolypyrrolidone 
(PVPP) and 0.1 mM EDTA (ethylene diamine tetraacetic acid) 
(Bradford, 1976). These extracts were used for the 
determination of enzyme activities. 

Using the method of Hori et al., (1997), polyphenol 
oxidase (PPO) activity was evaluated. 0.1 ml of the enzyme 
extract was added to two milliliters of catechol (10 mM). 
The activity of PPO was given in units of enzyme mg-1 of 
protein. The amount of enzyme causing an increase in 
absorbance of 0.001 min-1 at 420 nm is defined as one unit 
of PPO activity. 
 

Osmolytes determination: The concentration of total 
soluble sugars (TSS) was measured after grinding a fresh 
0.1 g sample in ethanol 80%. Once centrifuged, test tubes 
were filled with 0.2 ml of the extract, 0.2 mL of phenol and 
1 mL of pure sulfuric acid. The concentration of TSS was 
assessed at 485 nm (Dubois et al., 1956). 

Proline concentration was assessed as described by 
Carillo et al., (2008). 0.1 g of the fresh material was ground 
in 4 ml of ethanol (40%). The extract was stored overnight 
at 4°C. Afterwards, a mixture of 1% ninhydrin, 60% acetic 
acid, and 20% ethanol was added in 1 ml to 0.5 ml of the 
ethanolic extract obtained. Optical density (OD) was read 
at 520 nm following placement of the reaction mixture at 
90°C for 20 minutes. 
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Malondialdehyde and hydrogen peroxide content: 
Quantification of malondialdehyde (MDA) was done 
according to the method developed by Dhindsa & Matowe 
(1981). 1 mL trichloroacetic acid (TCA) 10% and 1 mL 
acetone (90%) were used to homogenize 0.05 g fresh material. 
After centrifugation, 0.5 mL of 0.6% thiobarbituric acid 
(TBA) and 0.5 mL of 0.1% phosphoric acid were combined 
with 0.25 mL of the supernatant. After 30 minutes of 
incubation at 100°C, the process was stopped with an ice bath, 
and 0.75 mL of 1-butanol was added. Measurements of OD 
were made at 532 and 600 nm. 

Hydrogen peroxide (H2O2) levels in leaves were 
determined by grinding 0.1 g in 2 mL of 10% (w/v) TCA. 
After centrifugation, the OD of a mixture containing 0.5 
mL of the supernatant, 1 mL potassium iodide (1 M), and 
0.5 mL potassium phosphate buffer (10 mM, pH 7) was 
measured at 390 nm (Velikova et al., 2000). 
 

Soil analysis: After harvesting, rhizospheric soil samples 
were subjected to the following analyses: Nitrogen (N) 
(Kjeldahl method), available phosphorus (AP) (Olsen & 
Sommers, 1982), total organic carbon (TOC) and total organic 
matter (TOM) (Aubert, 1978), electrical conductivity 
(conductivity meter, HI-9033, Hanna Instruments, Padova, 
Italy) and pH in water (pH meter, HI 9025). Mineral elements 
were assessed, such as calcium (Ca), iron (Fe), potassium (K), 
silicon (Si), phosphorus (P), manganese (Mn), sulfur (S), and 
zinc (Zn) by X-ray fluorescence spectrometry (XRF) 
(Analyzer Delta Handheld, Olympus, Germany). 

 
Statistical data analysis: Data analysis was carried out 
using RStudio (version 2023.9.1.494). For data analysis, 

two-way ANOVA based on Tukey's Honest Significant 
Difference (HSD) test with a significance value of 5% was 
employed. At the p<0.05 level, smaller values denote 
significant differences between treatments. In addition, in a 
heatmap, a Pearson correlation and Dendrograms were done 
between the physiological, morphological, nutritional, and 
biochemical characteristics of the maize plants in all 
treatments. For mycorrhization frequency and intensity, the 
non-parametric Scheirer–Ray–Hare test was used instead 
(Rohlf & Sokal, 1995), followed by the Dunn post hoc test.  

 

Results 

 
Effect on mycorrhizal symbiosis, growth and physiology: 
Microscopic examination of maize plant roots showed that 
untreated plants were not infected with AMF (M). Drought 
stress (DS) significantly reduced mycorrhization intensity 
(MI), with the highest value (59.3%) observed in plants 
supplemented with P compared with their control (M). Under 
the same conditions, this parameter showed an increase when 
C and P were applied to the soil (CMP). An almost total 
inhibition of root colonization (4.2%) was observed with the 
double combination of M and C (CM), regardless of watering 
conditions (Fig. 1A). On the other hand, mycorrhization 
frequency (MF) ranged between 60% and 100% under WW 
or DS conditions. The results showed that DS significantly 
reduced MF. Under 25% field capacity (FC), plants 
mycorrhized in the presence of bacterial consortium (MP) 
showed 100% mycorrhization compared with plants treated 
only with mycorrhizal consortium M. But this frequency was 
reduced in the presence of compost (C) under WW or DS 
conditions (Fig. 1B). 

 

 
 

Fig. 1. Effect of biostimulants (P: bacterial consortium, M: mycorrhizal consortium, C: compost, PM, PC, CM, and CMP) 
and water regimes (75 and 25% FC) on mycorrhization intensity (a) and frequency (b) in maize plants compared with 
controls (Ctr). The values of each column labeled with different letters indicate significant differences assessed by the 
Scheirer–Ray–Hare test, followed by the Dunn post hoc test. 
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Fig. 2. Effect of biostimulants (P: bacterial consortium, M: mycorrhizal consortium, C: compost, PM, PC, CM, and CMP) and water 

regimes (75 and 25% FC) on (a, b) shoot height, (c) shoot dry weight, (a, d) root length and (e) root dry weight in maize plants compared 

with controls (Ctr). The values of each column labeled with different letters indicate significant differences assessed by Tukey’s test (p 

< 0.05). Boxplots show the median (horizontal line), quartiles (boxes), and mean (white circle). 

 

Compared with control plants, the unfavorable water 

regime adversely affected morphological indicators such as 

shoot dry weight (SDW), root dry weight (RDW), shoot 

height (SH), root length (RL), and number of leaves 

formed (LN) (Fig. 2A, B, C, D, E). However, soil 

enrichment with biostimulants significantly improved 

these parameters, irrespective of the water regime imposed. 

SH was positively stimulated following the application of 

PC (37%) and CM (36%) under severe conditions 

compared with respective controls (Fig. 2A, B). The values 

of this parameter ranged between 20 and 100 cm over time 

depending on the stress and the biostimulants applied (Fig. 

3). As soon as the stress was applied (W3 and W4), its 

values were lower in the untreated plants (64 ± 4.93). 

Moreover, biostimulants in association with microbes (PC) 

enhanced this parameter (90 ± 3.98) (Fig. 3). A remarkable 

and significant effect was noted on SDW of plants grown 

in the presence of 5% compost and/or P or M, e.g., 

154.26%, 138.31%, and 179%, respectively, under 25% 

FC (p <0.05, Fig. 2C). While, RL was improved by P 

(68%) compared with control plants (Fig. 2A, D). Among 

all treatments, plants treated with CM showed a high value 

of RDW compared with the control under a pronounced 

lack of water (Fig. 2E). It should also be noted that the 

number of leaves increased in plants receiving the 3 

biostimulants at the same time under 25% FC. Over time, 

only 6 leaves were reached because of the delay generated 

by DS from W3, except for CM and CMP were 8 leaves 

were observed in comparison with control plants after the 

severe stress periods. 
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The physiology of maize plants was affected by DS 

and applied biostimulants. DS negatively affected stomatal 

conductance (gs) (Fig. 3). However, the addition of 

biostimulants improved this parameter, particularly in 

plants treated with C and/or M under reduced water levels 

(25% FC) as compared to control. With no water stress, 

inoculation of plants with the P significantly improved gs 

by 293% as compared to the control. During and after water 

stress application, gs began to decrease after 1 month of 

cultivation, essentially in plants neither amended nor 

inoculated. Therefore, during this period, a clear 

improvement was observed in the plants receiving CM at 

the same time, compared with their control. Tripartite 

application (CMP) helped to overcome the negative effect 

of DS on maize plants by improving photosynthetic 

apparatus (Fv/Fm) by 3.5% compared with the untreated, 

stressed control, but no significant difference was detected. 

From W1 to W4, the Fv/Fm of untreated maize plants 

decreased as the soil began to dry out (from 0.760 to 

0.723). On the other hand, the Fv/Fm of the plants 

biostimulated by CMP decreased from 0.780 to 0.740 in 

comparison with the control plants (Fig. 3). 

 

Effect on Biochemical Traits  

 

Proteins and antioxidant activity: The water regimes 

applied (75 and 25% FC) and the biostimulants affected the 

protein content and antioxidant activity of the aerial part 

(Table 2). With no water stress, plants treated with P alone or 

with C and M (CMP) showed maximum protein contents 

(p<0.05) of 89 and 93%, respectively, in comparison with 

unstressed control. Moreover, under 25% FC, the combination 

of P with C enhanced protein composition (307%) compared 

with untreated and stressed plants. PPO recorded higher 

values (p<0.05) in stressed and untreated plants followed by 

those treated with M alone and RC in duplicate. 

 

Osmolytes accumulation: Reducing soil moisture from 

75 to 25% FC caused an increase in total soluble sugars 

(TSS) and proline levels in the leaves (Table 2). Whatever 

the water regime applied, the triple combination of 

biostimulants (CMP) increased TSS levels in comparison 

with control plants. With no water stress, sugars were 

reduced by half as compared with controls in plants 

inoculated with P or M. As for proline, the combined action 

of C and P significantly (p<0.05) increased proline levels 

(119.41 µmol/g) compared with all treated and untreated 

treatments under 25% FC. In addition, plants inoculated 

with bacterial suspension (P) showed higher amino acid 

accumulation irrespective of FC application, compared 

with stressed and unstressed controls. 
 

Lipid peroxidation and hydrogen peroxide content: The 

level of hydrogen peroxide(H2O2) in leaves was 

significantly reduced as a result of biostimulant application 

compared with untreated plants in severely water-limited 

conditions (25%). A significant (52%) reduction (p<0.05) 

in H2O2 levels was observed for treatments with C and P 

(PC) followed by those mycorrhized and inoculated with 

MP (35%), CMP (19%) and CM (17%) under DS 

conditions compared with their respective controls (Table 

2). Decreasing FC to 25% also induced an over-

accumulation of the final by-product of cell membrane 

degradation (MDA) in the leaves. However, the triple 

combination (CMP) recorded very low and significant 

values (by 67%) in MDA compared to control plants under 

DS conditions (Table 2). 
 

Effect of drought stress and biostimulants on mineral 

composition of leaves and soil: XRF results showed that 

the soil and maize leaves mineral content evolved 

positively during the biostimulant*DS interaction (Table 

3). Soil desiccation (25% FC) caused a significant 

attenuation of (macro) microelements in the leaves. 

Potassium (K) and iron (Fe) were significantly improved in 

plants grown in compost-amended soils and infected with 

the fungi (CM) under severe conditions, compared with 

other treatments, including the untreated and non-

inoculated controls. However, plants double-treated with 

PC revealed highly significant sulfur (S) and manganese 

(Mn) values compared with control plants under 25% FC. 

Zn and Ca reached maximum values in mycorrhizae-

treated plants alone (M) or in combination with the 

bacterial consortium (P), respectively, in comparison with 

control plants. In the conditions of water stress, treatments 

with the triple combination (CMP), showed high values of 

phosphorus (P) in comparison with their controls. 

The mineral elements evaluated (Ca, K, Si, Fe, P, S, 

Mn, and Zn) were also affected by the water regimes and 

biostimulants application. Under WW conditions, soils 

inoculated with CMP, MP, and P had high Ca contents of 

15, 13.4, and 13.46%, respectively, compared with control 

soils. However, under DS conditions, Ca, S, and Fe levels 

in M-treated soil exceeded those in the control. Under the 

same conditions, the addition of C alone improved the 

composition of S (12.32%), Si (5.3%), P (2%), Mn (3%), 

and Zn (10.8%) compared with the control. The M and P 

treatments significantly improved soil K content at 21.23 

and 15.52%, respectively, compared with their 

corresponding controls (Table 3). 

 

Effect on soil physico-chemical properties: Positive 

changes in soil physicochemical properties were observed 

after harvesting maize plants under WW and DS conditions. 

Total organic matter (TOM), total organic carbon (TOC), 

available phosphorus (AP) and nitrogen (N) were 

significantly modified (p<0.05) in soils supplemented 

mainly with C singly or together with P and/or M (Table 4). 

Under DS conditions, the maximum values of TOM, and 

TOC were raised and improved significantly by PC (238%), 

C (211%), and CM (201%) compared to control soils. In 

addition, AP levels were significantly improved in the soil 

where all the biostimulants were combined (CMP), followed 

by soil treated with compost alone under DS conditions, 

compared with their controls. As for N, significantly high 

levels were noted in the soil that had received the three 

biofertilizers (CMP) in comparison with unstressed control. 

Under DS conditions, mycorrhizae-amended soil 

inoculation (CM) was the best treatment in terms of N 

content compared with the other treatments, including the 

stressed and unstressed control, but no significant 

differences were noted. Electrical conductivity and pH were 

modified by the effect of biostimulants and FC. Both DS and 

biostimulants caused a slight increase in these parameters.  
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Fig. 3. Kinetics of growth and physiological parameters under the 

effect of biostimulants (P: bacterial consortium, M: mycorrhizal 

consortium, C: compost, PM, PC, CM, and CMP) and water 

regimes (75 and 25% FC) every 15 days from the date of 

transplanting (W1, W2, W3, and W4) compared with controls. 

SH: shoot height, LN: leaf number, gs: stomatal conductance, 

Fv/Fm: chlorophyll fluorescence. 

 
 
Fig. 4. Pearson correlation analysis for the effect of biostimulants (Ctr: 

control plants, P: bacterial consortium, M: mycorrhizal consortium, C: 

compost, PM, PC, CM, and CMP) and water regimes (75 and 25% 

FC) on physicochemical characteristics of soil. TOM: total organic 

matter, TOC: total organic carbon, AP: available phosphorus, EC: 

electrical conductivity, Ca: calcium, K: potassium, Si: silicon, Fe: iron, 

P: phosphorus, S: sulfur, Mn: manganese, Zn: zinc.
 

Pearson correlation and principal component analysis: 
Fig. 4 shows the results of the correlation between the mineral 
elements of maize plants and the physicochemical 
characteristics of the soil. A highly positive correlation 
(coefficient tending towards 1) was revealed between the 
mineral composition of the plants and that of the soil. For 
example, between "Nsoil, AP, TOM and TOC" and "Kplant, Splant, 
Siplant and Pplant". On the other hand, it is negative (values 
tending towards -1) between "Feplant and Caplant" and "Casoil 
and Ksoil". Additionally, there is a significant correlation within 
the plant between "Caplant" and "Splant and Mnplant". 

Principal component analysis (PCA) combined all the 
parameters studied at soil and plant level, in the presence 
or absence of biostimulants in conditions of water stress. A 
total variability of 47.9 (PC1 = 32.9%, PC2 = 15%) was 
detected (Fig. 5). A positive correlation was observed 
between the biostimulants applied (combined or not) and 
growth, physiological and nutritional parameters, as well 
as root mycorrhization under normal or stress conditions. 
The PCA of individuals showed that the PCs, CMs, CMPs, 
PC, CM, and CMP treatments were strongly positively 
correlated along the PC1 axis whatever the water regime 
imposed. This goes hand in hand with the strong 
contribution revealed in the PCA-Variables between 
growth parameters (RDW, SDW, SH, LN, and RL), 
physiology (Fv/Fm, gs), biochemistry (Prol and Ptn), 
nutrition (Siplant, Pplant, Kplant, Splant, Caplant, Mnplant, and 
Feplant), soil physicochemical characteristics (TOM, TOC, 
AP, Nsoil,). Moreover, the PCA of variables showed a clear 
positive correlation under water stress conditions between 
MDA, PPO, H2O2, TSS, and Znplant. 
 

Dendrograms in a heatmap matrix and cluster analysis: 
This analysis makes it easier to read the data by showing the 
parameters with higher (red color) and lower (blue color) 

values and their grouping. For example, in the left half of the 
heatmap, growth parameters (LN, RL, SH, SDW, and 
RDW), leaf mineral elements (Kplant, Splant, Pplant, and Siplant) 
and soil physicochemical properties (AP, TOM, TOC, and 
Nsoil) were significantly increased and positively correlated 
by the action of biostimulants alone or in combination, in 
particular the combination of C with microorganisms (CM, 
PC, CMP), whatever the field capacity applied (Fig. 6). On 
the other hand, in the right half of the heatmap, a stronger 
positive correlation was observed concerning MDA, H2O2, 
PPO, TSS, and Znplant in untreated and M-treated plants 
under severe water stress conditions. 

 

Discussion 
 

Losses in agricultural yields are continuing at a 
spectacular rate, in parallel with climate change, especially 
the pronounced drought in (semi)arid climates (Paz et al., 
2016; del Pozo et al., 2019). Moving away from intensive 
farming practices such as chemical fertilizers towards 
biological agriculture, such as the integration of 

biostimulants, is proving to be the best sustainable 
ecological solution (Castiglione et al., 2021). Numerous 
studies have confirmed the serious consequences of 
drought on plant biochemistry, physiology and nutrition 
(Bogati & Walczak, 2022; Meddich, 2022). However, the 
use of biostimulants, including PGPR, AMF and organic 

amendments, modulate these adverse effects (Boutasknit et 
al., 2020; Ouhaddou et al., 2023a). In this study, moving 
from 75 to 25% FC caused many changes in the soil and 
plant. Mycorrhizal symbiosis was affected significantly by 
DS as mycorrhization frequency (MF) and mycorrhization 
intensity (MI) decreased from 100 to 93% and from 51 to 

22%, respectively, in mycorrhized plants alone. This is 
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explained by the delay in spore germination and 
degradation by drought (Zhang et al., 2018). Whatever the 
water regime used, the presence of bacterial consortium (P) 

doubled the percentage of colonization of mycorrhizal 
structures within the root cortex (59%) compared with 
control or mycorrhizal plants alone (22%). The same 
results were obtained in several studies on different plant 
species, such as maize, rice, barley, and lettuce under 
abiotic stress (Aini et al., 2019; Ouhaddou et al., 2022a, 

2023b; Silva et al., 2023). This indicates that P stimulated 
the differentiation of AMF hyphae and vesicles (Gopal et 
al., 2012). Studies in genetics have shown that this 
stimulation is due to the secretion of certain substances by 
the bacteria (Sangwan & Prasanna, 2022). On the other 
hand, these parameters fell sharply in the presence of 

compost (C), with a percentage of 5% (w/w). The same 
biostimulants in addition to P had a high MI value under 
DS conditions compared with their controls. This 
inhibition strategy is due to the fact that the plant has found 
sufficient nutrients in the C. Studies have explained this 
blockage of root colonization by the presence of sufficient 

phosphorus (Yazici et al., 2021). It is also possible that 
excessive phosphorus input into the soil results in an 
increase in membrane phospholipids, which in turn 
enhances its rigidity (Aloui et al., 2018). According to El 
Amerany et al., (2020), the success of AMF colonization 
of maize roots depends also on the dose of applied 

compost. On the other hand, other studies have postulated 
that compost encourages root colonization by mycorrhizal 
structures (hyphae, vesicles, and arbuscules) (Paymaneh et 
al., 2023). Humic substances are among the complex 
molecules that stimulate spore germination (Pinos et al., 
2019). A study on the effect of water stress (30% FC) and 

AMF on maize reported that root colonization by 
mycorrhizal structures was intensive under water stress 
conditions compared with normal conditions (80%) (Silva 
et al., 2023). Similar findings were reported by Meddich et 
al., (2021a) concerning drought stress's effect on root 
colonization. This ability to penetrate the periphery of the 

central root cylinder under water-limited conditions was 
reflected by the action of root exudates (Steinkellner et al., 
2007; Baumert et al., 2018). Strigolactones and flavonoids 
are part of the root-secreted molecules in the event of 
increased water shortage and enter into dialogue with the 
spores to propagate the root (Nagata et al., 2016). Plenty of 

researchers have documented the positive correlation that 
exists between mycorrhizal symbiosis and plant growth 
(Baslam & Goicoechea, 2012; Fall et al., 2023). Moreover, 
in our study, the growth attributes of plants treated with M 
alone followed the same trend as the control plants despite 
the degree of colonization observed. The present work 

showed that growth parameters were negatively affected by 
water stress, such as shoot and root length and shoot and 
root dry weight. This damage might result from the over-
accumulation of ROS in leaves like H2O2 and MDA in our 
case, or the accumulation of other ROS as demonstrated by 
Choudhury et al., (2017). However, the application of 

biostimulants positively affected the plants, regardless of 
the water regime applied. As shown in our work, root and 
shoot biomass, shoot height, and root length correlated 
positively with mineral element content, in particular, 
potassium (K), nitrogen (N), iron (Fe), and available 
phosphorus (AP). In terms of high performance, our results 

affirm that P, CM, PC, and CMP showed their power to 
provide growth shelter under very low humidity (25% FC) 
compared to the respective control plants. Aroca et al., 

(2008) demonstrated that the response to water stress via 
biostimulants is due to the regulation of the root's hydraulic 
properties, promoting water transport to the shoot and 
accelerating the plant's leaves rehydration. This response is 
probably linked to shoot stomatal conductance (gs) and 
root hydraulic conductivity being coordinated along with 

phosphorus content (Bitterlich et al., 2018; Kranz et al., 
2020; Quiroga et al., 2020). Numerous studies confirmed 
that the combination of biostimulants gives better results 
than their individual application thanks to synergistic 
dialogues (Pinos et al., 2019; Raklami et al., 2019; Halim 
et al., 2021; Ouhaddou et al., 2022b). The root is the organ 

that acts as an intermediary between the aerial parts and the 
soil, and its growth depends on soil physicochemical, and 
biological characteristics (Kulkarni et al., 2017; Maqbool 
et al., 2022). In light of our results, root biomass and length 
were improved in plants treated with P or CM. This can be 
explained by the growth hormones secreted by the bacteria, 

increasing root surface area and, therefore water and 
mineral salts uptake by the plant (Kumari et al., 2019). The 
synergistic effect of CM possibly results from compost's 
advantageous properties, owing to its structure, porosity, 
water retention capacity, and mineral composition 
(Ouhaddou et al., 2023a). This extraordinary matrix also 

provides a suitable surface for the maximum functioning of 
microbes, such as potassium and phosphate solubilization 
and the transfer of other mineral elements and water by 
AMF hyphae, for the benefit of plants (Wahid et al., 2016; 
Anli et al., 2022; Slimani et al., 2022). One of the serious 
consequences of drought is that it adversely affects the 

normal transfer of mineral elements to the plant (Der, 
2014). In our study, the mineral status of maize plants 
decreased or increased proportionally with soil moisture 
(75 and 25% FC). In contrast, the role played by the 
biostimulants used, appropriately modulated the effect of 
pronounced soil desiccation on foliar mineral content. 

Compost has been reported to provide macro- and micro-
nutrients to plants (Kanwal et al., 2017; Kakabouki et al., 
2020). For example, the CM treatment showed an 
enhancement in foliar K, Ca, and Fe under water stress 
(25% FC) compared with the control. These findings are 
consistent with the results obtained by Boutasknit et al., 

(2021) on drought-stressed carob plants. Indeed, studies 
have pointed out the role of K in several physiological 
processes, in particular stomatal dynamics, under the 
control of abscisic acid (Sarwat & Tuteja, 2017; Ouledali 
et al., 2019). In addition to its role in osmotic regulation, 
as reported by Ortuño et al., (2018). This work shows that 

the presence of a bacterial consortium in the treatments 
increases the Fe content. This may be due to the capacity 
of this consortium to chelate Fe via siderophore secretions, 
which increases the bioavailability of this nutrient (Umair 
et al., 2018). Symbiosis with M and/or P increased Ca 
levels under severe water conditions. In parallel with this 

postulate, He et al., (2022) showed that the synergistic 
action of Glomus mosseae and endophytic bacteria 
(Bacillus amyloliquefaciens) significantly increased Ca 
and other mineral content in common bean seeds compared 
to normal plants. Ca plays a number of roles, particularly 
in cell wall rigidity.  
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The reduction of water up to 30% FC was the main 
condition for Glomus mosseae to penetrate and colonize the 
root cells of barley to supply it with missing nutrients such as 
Ca and phosphorus (Meddich et al., 2021b). Sulfur (S) is one 
of the essential microelements in plants, as it is essential for 
protein synthesis (Métayer et al., 2008). It is an important 
factor in tolerating water stress in plants, as reported by 
Ahmad et al., (2016). In parallel to our results, maize plants 
treated with PC concentrated a lot of S under desiccated soil 
compared to control plants. Moreover, it has recently been 
reported that AMF can improve the mineral status of water-
stressed Pistachio plants, particularly zinc (Zn) (Abbaspour et 
al., 2012). This element acts as a catalyst for numerous 
enzymatic processes implicated in the synthesis of proteins 
and carbohydrate metabolism (Broadley et al., 2012). In our 
study, Zn was significantly increased by M in parallel with the 
control under 25% FC. In addition, the use of compost in 
combination with the bacterial consortium (Bacillus subtilis 
and Bacillus sp.) increased leaf manganese (Mn) 
concentration under severe water stress (25% FC) in 
comparison with stressed control plants. In the same context, 
Delshadi et al., (2017) demonstrated that inoculating Bromus 
tomentellus plants with Azotobacter vinelandii improved 
mineral content, particularly Mn. This nutrient is necessary for 
the initiation of several metabolic reactions, in particular for 
the functioning of the photosynthetic apparatus (formation of 
chloroplasts), and plants' protection against oxidative stress in 
extreme environmental conditions (Shams, 2019; Messant et 
al., 2023). Mn is the main key for the superoxide dismutase 
(SOD) enzyme to counteract reactive oxygen species (ROS) 
(Ye et al., 2019). Studies have reported that photosystem II 
performance is linked to Mn. Furthermore, cell division and 
elongation depend on Mn variations in the plant (Broadley et 
al., 2012). In this study, soil desiccation caused negative 
changes in the physiological traits of maize plants. 
Statistically, the observed improvements in mineral nutrition 
are directly correlated with maize plant physiology. Numerous 
studies have reported that most mineral elements are involved 
in several physiological processes, in particular, the 
photosynthetic machinery. In this regard, we have shown that 
stomatal conductance showed a significant improvement 
upon the treatment of maize plants with native biostimulants. 
Treatment C combined with P and/or M outperformed the 
other treatments, particularly the control, in terms of gas 
exchange efficiency. This was due to good assimilation and 
diffusion of CO2, resulting in enhanced yield and plant 
growth. The improvement in stomatal conductance can also 
be explained by up-regulation of the genes coding for 5-
bisphosphate carboxylase/oxygenase (Rubisco) in charge of 
CO2 fixation (Erb & Zarzycki, 2018). Tolerance to water stress 
via biostimulants is also linked to the good photosynthetic 
efficiency of chlorophyll pigments (Goñi et al., 2018). 
Chlorophyll fluorescence (Fv/Fm) is a parameter that gives 
information on the photosystem II state and functioning 
(Hernández-Herrera et al., 2016). After taking Fv/Fm 
measurements, we found that the biostimulants applied 
improved this parameter. In particular, plants treated with C, 
the mycorrhizal consortium (CM), were the most distinctive 
in terms of photosynthetic performance under conditions of 
severe water shortage. One explanation for this is a good 
composition of photosynthetic pigments, in particular 
chlorophyll a and b, as well as the mineral elements essential 
for the photosynthetic apparatus, in particular Mn, Fe, etc. In 
a recent pot experiment, the chlorophyll content of maize 
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leaves inoculated with Funneliformis mosseae and exposed to 
three levels of water stress (75%, 55% and 35%) was 
spectrally estimated (Sun et al., 2021). Their findings revealed 
that at 35% FC, this species increased leaf chlorophyll content, 
thereby increasing photosynthetic net rate as well as 
transpiration rate (E), stomatal conductance (gs) and water use 
efficiency of maize plants (Sun et al., 2021). Meddich et al., 
(2021a) revealed that mycorrhized melon plants grown under 
water stress concentrated chl a, chl b and carotenoids very 
significantly. The cell structure is damaged by heavy water 
stress by reducing its protein composition. In addition, our 
results indicated an improvement in protein content in plants 
treated with both C and P (307%). In line with these results, 
Khan et al., (2019) demonstrated that inoculation with a 
Bacillus-based consortium (Bacillus thuringiensis, Bacillus 
subtilis, and Bacillus megaterium) enhanced the protein 
composition and metabolic regulation of chickpea under 
water-limited conditions. There are many adaptation 
strategies in plants, including the enzymatic antioxidant 
system capable of neutralizing the effect of oxidative stress 
generated by ROS, particularly H2O2 (Kapoor et al., 2019). 
Catalase (CAT), superoxide dismutase (SOD), peroxidase 
(POX) and polyphenoloxidase (PPO) are key enzymes 
responsible for defending various plants against biotic and 
abiotic stresses, irrespective of treatment with biostimulants. 
(He et al., 2020; Ikan et al., 2023a). Our findings show that 
treated and untreated plants exposed to water deficit (25% FC) 
have very high PPO values. According to Liu et al., (2019), 
this increase could be due to the overexpression of the 
transcription factor MnMYB3R1, which increases the 
transcription of the MnPPO1 gene that confers drought 
resistance to Morus notabilis plants. In the event of an 
exaggerated lack of water, plant cells turn their behaviour 
towards the accumulation of specific molecules known as 
osmolytes (osmotic adjustment), namely glycine betaine, 
proline and total soluble sugars (TSS) (Shafiq et al., 2021; 
Slimani et al., 2023). Proline is an amino acid that is stored in 
cell vacuoles and transported to the cytoplasm in the event of 
osmotic stress generated by drought (Lehmann et al., 2010). 
These dehydrated cells, therefore, develop a strategy of 
drawing water from the external environment towards the 
internal environment, which further rehydrates the entire 
cellular system (Enebe & Babalola, 2018). The accumulation 
of this amino acid keeps also the cells well hydrated and 
stabilizes the chloroplast membrane integrity, helping to 
protect and restore the photochemical functioning of 
photosystem II (Maia Júnior et al., 2020). In fact, our work 
showed that leaf proline has significantly accumulated, 
especially in those supplemented with compost and PGPR 
under conditions of pronounced water stress. Such 
accumulation could be justified by overexpression of the gene 
(p5cs) encoding the enzyme pyrroline-5-carboxylate 
synthetase (P5CS) (Adamipour et al., 2020). The increase in 
proline levels in maize leaves exposed to DS gives an 
indication of the improvement in water status, in particular 
relative water content, water content, water potential and good 
hydraulic conductance within the roots. The improvement in 
root water uptake was explained by the expression of genes 
encoding fungal and plant aquaporins (Sharma et al., 2021). 
High levels of proline are also known to stimulate antioxidant 
enzyme synthesis (Hayat et al., 2013). Similarly to proline, 
our study showed that TSS also follows the severity of water 
shortage, i.e., as FC decreases, TSS accumulates to a greater 
extent in treated and untreated leaves. This is reflected in the 

osmotic regulation strategy employed by the maize plant to 
relieve the DS effect (Ortuño et al., 2018). The present study 
shows that osmolyte concentration correlates directly with 
mineral element content. Osmolytes boost oxidative stress 
effect by lowering the concentration of ROS to normal values 
since they are necessary for cell signaling (Toscano et al., 
2023). H2O2 and MDA are among the stress markers that 
accumulate during abiotic or biotic stress in plants and cause 
deterioration of unsaturated fatty acid chains in membrane 
phospholipids (Ait Rahou et al., 2021; Akensous et al., 2022; 
Bogati and Walczak, 2022). These ROS are mainly produced 
by chloroplasts, mitochondria and peroxisomes when cells are 
very dehydrated (Pastore et al., 2007; Sandalio et al., 2013). 
ROS overproduction induces carbohydrates, proteins and 
genetic material (DNA) oxidation (Sharma et al., 2012; 
Anjum et al., 2015). The present work showed that the severe 
water stress imposed increased the concentration of the above-
mentioned stress markers, especially in mycorrhizal and 
control plants in comparison with the other treatments. 
However, the maximum reduction was noted in plants treated 
with MP and PC under DS conditions. This reduction may be 
linked to good assimilation of mineral elements and improved 
water uptake. In addition, the mechanism involved in this 
attenuation was explained by the fact that antioxidant 
enzymes such as peroxidase (POX) reduce H2O2 to water and 
catalase (CAT) to oxygen and water (Rajput et al., 2021). This 
also indicates that the cells are well protected and retain their 
integrity despite the drying out of the soil. These results are 
supported by Anli et al., (2020). Our results also showed that 
plants inoculated with P alone and CMP accumulated less 
MDA than the other treatments.  

Biostimulants positively affect not only the 

physiological, biochemical, nutritional, and growth traits 

of plants but also the soil's physicochemical and biological 

properties (Bogati & Walczak, 2022; Raho et al., 2022). 

Moreover, several researchers reported that plants raised in 

dry conditions suffer from the lack of mineral elements 

such as phosphorus, nitrogen, and potassium, etc., as well 

as suitable structure and texture for plant growth (Mu et al., 

2023; Quintana et al., 2023). On the basis of our results, 

the 25% FC imposed generated radical changes in the soil 

physico-chemical properties. On the other hand, the use of 

biostimulants in the root zone appropriately modulated this 

effect, essentially by adding compost in combination with 

microorganisms. Numerous studies have shown that 

composts of various origins are a major source of mineral 

elements derived from organic matter degradation, which 

are essential for the development and growth of plants 

under extreme environmental conditions (Duong et al., 

2012; Mobaligh et al., 2023). From the results obtained, it 

should be noted that soils amended with compost, whether 

or not combined with the two microbial consortia, 

improved their organic matter and carbon content. 

According to principal component analysis results, NPK, 

available phosphorus (AP), organic matter and 

physiological and growth parameters were influenced and 

positively correlated by the combined action of CM and PC 

along the PCA2 axis (32.9%) under conditions of increased 

soil dryness. Recently, we showed that soil enrichment 

with an organic amendment combined with rhizospheric 

microorganisms improved AP and OM for lettuce plants' 

tolerance to water stress conditions (33% FC) (Ouhaddou 

et al., 2023a). The effectiveness of these combinations 
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enables plants to absorb nutrients either directly from the 

compost or via micro-organisms by the action of 

solubilization or transport using AMF hyphae (Grobelak et 

al., 2015; Kohler et al., 2015). Moreover, it has been shown 

that when there is a phosphorus deficit, AMF express genes 

coding for specific phosphorus (Pi) transporters in their 

extracellular hyphae, which improves phosphorus nutrition 

and, therefore, plant growth (Giovannini et al., 2020; Cao 

et al., 2022). In addition, compost increases water retention 

and promotes plant rooting thanks to its porous structure 

and good root oxygenation (Xu et al., 2018; Kranz et al., 

2020). Our study also revealed that biostimulants 

positively changed soil mineral composition compared 

with the control soil. For example, nitrogen (N) was 

maximized in soil supplemented with C and inoculated 

with AMF. This was accompanied and positively 

correlated with the growth of maize plants under water 

stress. These changes in the soil have positive 

repercussions in the aerial part, increasing the performance 

of the defense system against a pronounced lack of water.  
 

 
 

Fig. 5. Principal component analysis (PCA: individuals and variables) of all the parameters measured in the plant and in the soil for 

maize under the impact of biostimulants (Ctr: control plants, P: bacterial consortium, M: mycorrhizal consortium, C: compost, PM, PC, 

CM and CMP) and water regimes (75 and 25% FC). SH: shoot height, RL: roots length, SDW: shoot dry weight, RDW: root dry weight, 

LN: leaf number, Fv/Fm: chlorophyll fluorescence, gs: stomatal conductance, MI: mycorrhizal intensity, MF: mycorrhizal frequency, 

H2O2: hydrogen peroxide, MDA: Malondialdehyde, PPO: polyphenoloxidase activity, TSS: total soluble sugars, Prol: proline, Ptn: 

proteins, EC: electrical conductivity, TOM: total organic matter, TOC: total organic carbon, AP: available phosphorus, Ca: calcium, K: 

potassium, Si: silicon, Fe: iron, P: phosphorus, S: sulfur, Mn: manganese, Zn: zinc. 
 

 
 

Fig. 6. Cluster and dendrogram analysis in a heatmap matrix for the impact of biostimulants (Ctr: control plants, P: bacterial consortium, 

M: mycorrhizal consortium, C: compost, PM, PC, CM, and CMP) and water regimes (75 and 25% FC). SH: shoot height, RL: roots 

length, SDW: shoot dry weight, RDW: root dry weight, LN: leaf number, Fv/Fm: chlorophyll fluorescence, gs: stomatal conductance, 

MI: mycorrhizal intensity, MF: mycorrhizal frequency, H2O2: hydrogen peroxide, MDA: Malondialdehyde, PPO: polyphenoloxidase 

activity, TSS: total soluble sugars, Prol: proline, Ptn: proteins, EC: electrical conductivity, TOM: total organic matter, TOC: total organic 

carbon, AP: available phosphorus, Ca: calcium, K: potassium, Si: silicon, Fe: iron, P: phosphorus, S: sulfur, Mn: manganese, Zn: zinc. 
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Conclusion  

 
As already pointed out by several studies, drought is a 

worldwide challenge to food security. In light of the results 
obtained, it appears that water stress has adversely affected the 
morphological, physiological, biochemical, and nutritional 
traits of maize plants. Changes at the soil level were also 
generated after limiting water to 25% FC. However, the use 
of biostimulants modulated the effect of this constraint by 
improving the total biomass and root architecture of the maize 
plants. The application of biostimulants in combined mode 
proved effective in improving maize plants' tolerance to water 
stress. This beneficial effect stems from a multi-pathway 
strategy of mechanisms developed by biostimulants for 
overcoming the effects of water stress. These include i) 
improving photosystem II performance by increasing the 
Fv/Fm ratio and CO2 fixation by increasing stomatal 
conductance, ii) improving leaf mineral status (K, Fe, Mn, Si, 
S, Ca, P and Zn), iii) dedicated osmotic adjustment through 
the accumulation of total soluble sugars and proline, iv) 
strengthening of the antioxidant system (high PPO activity) 
and reduction of stress markers (H2O2 and MDA). This 
tolerance is also attributable to biostimulants' positive effect 
on the soil, in particular, the enhancement in organic matter 
and mineral elements such as nitrogen, assimilable 
phosphorus, K, Fe, Mn, Si, S, Ca, P, and Zn. From a 
performance point of view, the bacterial consortium (Bacillus 
subtilis, Bacillus sp.) alone and the compost in association 
with the mycorrhizal consortium are considered distinctive 
compared with the other treatments, including the control. In 
order to provide plants with systemic drought tolerance, it is 
important to apply biostimulants in combined mode. 
Consequently, it would be interesting to exploit the 
indigenous microbial community of the rhizosphere for the 
restoration of degraded soils suffering from drought. 
Experiments under field conditions are important to confirm 
the results obtained.  
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