
Arbuscular Mycorrhizal Fungi Improve Drought Tolerance of Quinoa Grown in
Compost-Amended Soils by Altering Primary and Secondary Metabolite Levels

Wissal Benaffari1,2,3, Fatima-Ezzahra Soussani1,2,4, Abderrahim Boutasknit1,2,5, Salma Toubali1,2,3,
Abir Ben Hassine3, Hala Ben Ahmed3, Rachid Lahlali7,* and Abdelilah Meddich1,2,6,*

1Centre d’Agrobiotechnologie et Bioingénierie, Unité de Recherche labellisée CNRST (Centre AgroBiotech-URL-CNRST-05),
Université Cadi Ayyad, Marrakech, 40000, Morocco
2Laboratory of Agro-Food, Biotechnologies and Valorization of Plant Bioresources (AGROBIOVAL), Department of Biology,
Faculty of Science Semlalia, Cadi Ayyad University (UCA), Marrakech, 40000, Morocco
3Tunisian-Moroccan laboratories (LMTM) of Plant Physiology and Biotechnology and Climate Change LPBV2C, Tunis, 1000,
Tunisia
4Faculty of Sciences, Laboratory of Plant, Animal, and Agro-Industry Productions, University Ibn Toufail, Kenitra, 14000, Morocco
5Department of Biology, Pluridisciplinary Faculty of Nador, Mohammed First University, B.P. 300, Seloune, Nador, 62700, Morocco
6Sustainable Agriculture Research Institute (ASARI), Mohammed VI Polytechnic University (UM6P), Laayoune, 70000, Morocco
7Department of Plant Protection, Phytopathology Unit, Ecole Nationale d’Agriculture de Meknès, Km10, Rte Haj Kaddour, BPS/40,
Meknès, 50001, Morocco

*Corresponding Authors: Rachid Lahlali. Email: rlahlali@enameknes.ac.ma; Abdelilah Meddich. Email: a.meddich@uca.ma

Received: 14 June 2024 Accepted: 22 August 2024 Published: 30 September 2024

ABSTRACT

Quinoa (Chenopodium quinoa) has recently gained popularity as a pseudo-cereal cultivated in various countries
due to the nutritional and antioxidant benefits of its seeds, and its capacity to persist in water-stressed environ-
ments. Our study aimed to assess the effects of native arbuscular mycorrhizal fungi (AMF) and local organic
amendments on the metabolic responses and antioxidant activity of quinoa seeds under water-stressed conditions.
To this end, quinoa plants were grown in soils inoculated with an indigenous mycorrhizal consortium AMF and
amended with two types of compost from horse manure (HM) and green waste (GW) under two water regimes:
well-watered (WW) 75% and 25% field capacity (FC). The primary metabolite contents (sugars and total protein)
of quinoa seeds were measured. Additionally, the study involved identifying and quantifying secondary metabo-
lites, particularly phenolic compounds (quercetin, vanillic acid, rutin, coumaric acid, kaempferol, and tetraterpe-
noids carotenoids) in quinoa seeds were determined using high-performance liquid chromatography (HPLC).
The individual application of AMF and HM increased the total protein content in quinoa seeds by 8% and
6%, respectively, in contrast to the water-stressed control plants (WS). Conversely, the combined application
of AMF, GW, and HM led to a 21% increase in sugar content compared to the control seeds under water-stressed
conditions. Additionally, HPLC analysis identified five phenolic compounds, namely quercetin, kaempferol, vanil-
lic acid, coumaric acid, and rutin. Under WS conditions, the application of biostimulants, whether used indivi-
dually or in combination, brought about a rise in the identified phenolic compounds, except rutin, compared to
controls. Consequently, these findings suggest that using AMF, either alone or in combination with HM and/or
GW, can enhance the total protein content of quinoa seeds, help sustain higher levels of both primary and sec-
ondary metabolites under water stress conditions, thereby enhancing tolerance and reducing the detrimental
impact of water stress on quinoa plants.
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1 Introduction

Quinoa (Chenopodium quinoa), which was first cultivated in the Andean region of South America,
belongs to the amaranth family and the Chenopodiaceae subfamily [1–4]. Owing to its wide genetic
diversity and resilience to the severe conditions of the Andean highlands, quinoa is thought to be resistant
to temperature variations between day and night, as well as Abiotic factors, such as salinity, and drought
[5,6]. Quinoa’s secondary metabolites, including tannins and flavonol glycosides [7,8], are pivotal in
enhancing its tolerance to drought stress conditions [9]. These compounds act as antioxidants and
protectants, playing a vital role in quinoa’s capacity to preserve cellular integrity and function under
drought and other environmental stresses [10,11]. By scavenging reactive oxygen species and stabilizing
cellular membranes, these metabolites contribute significantly to quinoa’s resilience and adaptability in
diverse climatic conditions [12]. These secondary metabolites contribute to quinoa’s ability to combat
oxidative stress and support overall health. In addition to its antioxidant properties, quinoa’s protein
content is notably higher compared to many other cereals. It is regarded as a high-quality protein source
due to its substantial levels of lysine and methionine [10–13]. Quinoa not only contains tannins and
flavonol glycosides crucial for its resilience to drought stress but also boasts an array of antioxidants like
ascorbic acid, phenolic compounds, and phytosterols. These antioxidants are valued for their ability to
reduce inflammation and fight fungal infections, contributing to quinoa’s overall health benefits [14,15].
Furthermore, these antioxidants serve as immunological enhancers, potentially reducing the incidence of
diabetes and cardiovascular disease [6–8]. It has been termed ‘one of the grains of the 21st century’ due
to its resilience in adverse environmental circumstances and its outstanding functional and nutritional
qualities [6]. Its antioxidant capacity is linked to its content of phenolic compounds, including
kaempferol, quercetin, and α-tocopherols. These compounds interrupt the autoxidation chain reaction of
fatty acids by interacting with fatty acid peroxyl radicals, leading to the production of stable, non-radical
products [14–17].

Drought is recognized globally as a critical stress factor significantly limiting plant productivity across
various regions of the world [18,19]. Drought stress happens when soil available water is reduced and the
atmospheric conditions lead to continuous water loss through evaporation or transpiration [18,19]. This
can result in oxidative stress if the reducing power produced by light-dependent reactions surpasses the
rate at which it is used in the Calvin cycle [20]. Reactive oxygen species (ROS) can be overproduced due
to an excess of reductants in the photosynthetic electron transport chain., which can cause additional
damaging changes within the cell [21,22]. The mechanisms that plants have developed to avoid the
negative effects of reactive oxygen species are crucial to their ability to withstand stressful conditions
[23–25]. They built a range of complicated defense systems, including ROS scavenging mechanisms that
consist of antioxidant enzymes and secondary metabolites [23–25]. In addition, alongside defensive
strategies, several new biotechnologies have emerged to improve plant performance in drought
environments. Lately, biostimulants have become widely recognized as natural and environmentally
friendly methods for enhancing soil health and boosting crop resistance to environmental stresses like
drought [26,27]. Applying arbuscular mycorrhizal fungi (AMF) is recommended as they improve nutrient
uptake, soil porosity, structure, and water availability and efficiency [28]. AMF increases levels of
metabolites and polyphenols through significant changes in physiological processes and enzymatic
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activity [29–31]. These fungi form symbiotic associations with plant roots to improve resistance to water
stress and enhance nutrient uptake. This is achieved through mechanisms such as hormone regulation and
alteration of gene expression pathways [32–34]. The synthesis of secondary compounds and polyphenols
in plants is stimulated by this symbiotic interaction [35], which is crucial for their defense against
environmental stressors and enhancement of nutritional quality [36,37]. Moreover, as a useful alternative
to the over-reliance on chemical fertilizers for crops, organic compost is gaining popularity in today’s
farming industry [38,39]. It is used to increase water retention, improve plant health and long-term soil
fertility, minimize nutrient loss, and improve carbon content [27–40].

Extensive research on quinoa has primarily concentrated on its seed nutritional profile, protein quality,
starch properties, and its application in food products derived from cereal flours [41,42]. However, few have
evaluated the antioxidant activity and metabolite levels of quinoa seeds under stress and treated with
biostimulants/biofertilizers. The effect of native AMF and local organic amendments on the metabolic
responses and antioxidant activity of quinoa seeds under water-stressed conditions was assessed in this
investigation.

The research aims to examine the effect of the AMF, either individually or in conjunction with organic
amendments from green waste and/or horse manure, on the biochemical and metabolic characteristics of
quinoa seeds under water-stressed conditions. We hypothesized that these biostimulants, used individually
or in combination, might boost the synthesis of secondary metabolites lessen the detrimental
consequences of water stress, and enhance the antioxidant capacity of water-stressed quinoa plants.

2 Materials and Methods

2.1 Protocols and Experimental Design
Quinoa seeds (Variety: pinu) were obtained from the National Institute for Agricultural Research

(Marrakesh, Morocco). They were first immersed in a dilution of 5% sodium hypochlorite for 10 min.
Then, they were immersed in distilled water for 10 min and rinsed five times to remove any remaining
sodium hypochlorite. After disinfection, the seeds were placed in Petri dishes and incubated at 25°C for
seven days. One plant per plastic bag containing three kilograms of soil previously sterilized for four
hours at 180°C was used to transplant the evenly formed, pre-germinated seedlings. Soil physiochemical
parameters are presented in the Table 1.

It was an experiment under controlled conditions in a greenhouse in Marrakech, Morocco, at Cadi Ayyad
University. Two distinct water regimes were used: (1) well-watered (WW), which needed continuous
irrigation at 75% of field capacity (FC), and (2) water-stressed (WS), which required decreased irrigation
at 25% of FC. Each water regime included five treatments: C: non-inoculated and non-amended seedlings
(Control), AMF: Seedlings inoculated with 60 g AMF inoculum containing about 100 spores and 2 g
mycorrhizal root fragments (high AMF frequency (96%) and intensity (60%)) containing hyphae, vesicles
and spores, GW: seedling treated with 5% of green waste compost, HM: seedling treated with 5% of
compost from horse manure and AMFGWHM: the tripartite combination of AMF, GW and HM The
study had fifteen duplicates of each treatment in a randomized experimental design. Plants were sustained
for 4 months under controlled conditions with light (photon flux density ranged from the plants were
cultivated under controlled conditions for 4 months, with a light photon flux density ranging from

Table 1: Initial analysis of the physicochemical properties of the soil utilized

EC (mS cm−1) pH TOM (%) TOC (%) P (mg kg−1) TKN (%) K (mg kg−1) Ca2+ (mg kg−1)

0.14 8.18 1.12 0.59 7.89 8.67 567.89 2355.91
Note: EC: electrical conductivity, TOM: total organic matter; TOC: total organic carbon; P: phosphorus, TKN: total Kjeldahl nitrogen. K: potassium,
Ca: calcium.
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330 µmol m2 s−1 and an average temperature of 25.5°C, and average relative humidity 65%). The TDRmeter
(Delta UK Ltd., Clacton-on-Sea, UK) was used to monitor soil moisture in all pots daily in the morning and
evening. The amount of water required under the various water conditions was derived using the measured
soil bulk density, field capacity, soil weight, moisture content and maximum soil moisture.

2.2 AMF Consortium
The isolation of the AMF consortium, known as Aoufous, was carried out in the Tafilalet region of

Morocco., includes a mixture of 15 indigenous species: Rhizophagus intraradices, Claroideoglomus
claroideum, Pacispora boliviana, Acaulospor, Acaulospora delicata, Acaulospora sp, Glomus
macrocarpum, Glomus deserticola, Glomus claroides, Glomus aggregatum, Glomus clarum, Glomus
versiforme, Glomus heterosporum, Glomus microcarpum, Glomus sp.

Zea mays L. was used as the host plant for a three-month period while AMF consortium was cultivated
in a controlled greenhouse environment using trap culture in pots. The 5% sodium hypochlorite solution was
used for the sterilisation of maize seeds by immersion in it for five minutes. Any remaining contamination
was then carefully removed with sterile distilled water. To increase the density of the inoculum, the seeds
were co-cultivated with the host plant in sterilized sand within a greenhouse environment. Once the roots
were colonized by hyphae, vesicles, and spores, they were chopped into small segments and utilized as
the inoculum. For the control plants, an equivalent amount of autoclaved mycorrhizal inoculum was
applied [43].

2.3 Measurements of Protein Content and Total Soluble Sugar
The Bradford method [44] was utilized to quantify soluble protein content. One gram of seeds was

homogenized in 4 mL of 1 M phosphate buffer (pH 7.2), then centrifuged at 18,000 × g for 15 min at
4°C. The supernatant was mixed with dye and transferred to spectrophotometer cuvettes, where the
absorbance was measured at 595 nm.

Samples of seeds (0.1 g) were homogenized in 80% ethanol and centrifuged at 5000 rpm for 10 min.
0.25 mL phenol and 1.25 mL sulphuric acid were added to the resulting supernatant. The absorbance of
the solution was measured at 485 nm for the determination of the total soluble sugar (TSS) content [45].

2.4 Determination of Total Carotenoid
Cold acetone and petroleum ether were used to determine total carotenoid content. At 450 nm,

absorbance was measured. An extinction coefficient of 2500 was used to calculate the amount of
carotenoids [46].

2.5 Preparation of Extract and Polyphenols Quantification
The preparation and extraction procedures were conducted according to the methods specified by

Bahmanzadegan et al. [47], utilizing HPLC with an ultra-high-performance liquid chromatography
(UHPLC) system equipped with a photodiode array detector. Elution was monitored at wavelengths of
279.5 and 280 nm. These techniques have been specifically designed to recognize and measure the
phenolic compounds in quinoa seeds. Among the phenolic acids identified by HPLC in quinoa are
Quercetine, Kamepferol, vanillic acid, coumaric acid and Rutin.

2.6 Statistical Analysis
The statistical software SPSS version 23.0 (IBM, Armonk, NY, USA) was used to analyze the data. An

analysis of variance (ANOVA) was performed on the data to look at changes over treatment. The mean
separation was assessed using Tukey’s honest significant difference test at a significance level of 5%
(p < 0.05).
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3 Results

3.1 Effect of Water Stress and Biostimulants on Carotenoid Content in Quinoa Seeds
Carotenoid content showed an increase under water stress (Fig. 1). Similarly, the use of biostimulants,

either individually or in combination, notably enhanced the carotenoid content in quinoa seeds under (WW).
Specifically, compared to untreated plants that received horse manure treatment (HM) and arbuscular
mycorrhizal fungi combined with green waste and horse manure (AMFGWHM) showed a 34% and 26%
a significant enhancement in carotenoid levels respectively. Similarly, they increased under WS in treated
plants, particularly in HM with an improvement of 7% compared to the control plants.

3.2 Effect of Water Stress and Biostimulants on Osmolytes Accumulation in Quinoa Seeds
In all treatments, exposure to water stress raised total soluble sugars (TSS) and decreased protein content

(see Table 2). The reduction in protein content was more pronounced in uninoculated and unmodified plants.
However, biostimulants significantly increased both TSS and protein content in quinoa seeds under (WS) in
comparison to the control. Specifically, protein content in quinoa plants treated with GWand AMF-GW-HM
increased by 20% compared to untreated plants under well-watered (WW) conditions. The AMF-HM-GW
combination also increased protein content in WW compared to the control. Table 2 shows that infected and
treated plants had significantly higher TSS contents (p < 0.05) than untreated plants under both WW and
water-stressed (WS) conditions. Under WS conditions, this accumulation reached higher values in AMF
quinoa plants, with 8% improvement, and under WW conditions, in HM plants, with an improvement of
46% compared to their controls.

Figure 1: The impact of two water regimes (WW: 75% FC,WS: 25% FC) on carotenoids content in seeds of
control and treated quinoa plants. Means (±SD) within the same graph followed by different letters are
significant at p < 0.05

Table 2: Total soluble sugar (TSS) and (B) protein content of seeds of quinoa plants grown under two water
regimes (WS and WW)

Water regime Treatments Protein (mg/100 g) TSS (mg g−1)

WW C 7260.9 ± 92.0 c–e 10.87 ± 2.02 d

AMF 7360.9 ± 105.5 c 14.63 ± 0.55 c

GW 8694.2 ± 129.3 ab 14.70 ± 0.47 bc

HM 8504.3 ± 110.4 b 15.89 ± 1.38 bc

AMFGWHM 8756.5 ± 108.6 a 14.55 ±1.30 bc
(Continued)
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3.3 Effect of Water Stress and Biostimulants on Quercetin Content in Quinoa Seeds
Fig. 2 illustrates a notable rise in quercetin concentrations in response to water stress. The quantity of

quercetin markedly increased in plants treated with biostimulants in comparison to the control. Under
water stress (WS), plants treated with (GW) had the highest quercetin concentrations (114.6%), followed
by plants treated with AMF alone (80.31%) and plants treated with AMF in combination with green
water and humic substances (AMF-GWHM) (36.4%) in comparison with the control. In both well-
watered (WW) and water-stressed conditions, GW-treated plants had the highest quercetin concentrations.

3.4 Effect of Water Stress and Biostimulants on Kaempferol Content in Quinoa Seeds
Under water stress, the concentration of kaempferol in quinoa seeds has increased considerably (Fig. 3).

Indeed, plants exposed to water stress and treated with biostimulants had the highest kaempferol
concentration. The use of biostimulants, either individually or in combination, significantly enhanced
kaempferol levels compared to untreated plants. Under (WS) conditions, the greatest kaempferol
concentration was found in plants inoculated with the tripartite AMFGWHM combination, with an
improvement by 298%, GW by 101% and AMF by 63% compared to the control.

Table 2 (continued)

Water regime Treatments Protein (mg/100 g) TSS (mg g−1)

WS C 5960.3 ±140.8 j 15.38 ± 0.06 bc

AMF 7040.7 ± 61.0 f 16.67 ± 2.56 a–d

GW 7084.3 ± 80.5 ef 15.28 ± 0.94 bd

HM 7104.2 ± 77.7 d–f 16.27 ± 2.89 bd

AMFGWHM 7227.5 ±137.2 cd 15.68 ± 0.73 bd
Note: Values are mean ± SD. Significant differences as determined by Tukey’s test (p < 0.05) are indicated by different letters in the columns.

Figure 2: The impact of two water regimes (WW: 75% FC, WS: 25% FC) on quercetin content in seeds of
control and treated quinoa plants. Means (±SD) within the same graph followed by different letters are
significant at p < 0.05
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3.5 Effect of Water Stress and Biostimulants on Vanillic Acid Content in Quinoa Seeds
Our finding showed that application of water stress results in Vanillic acid concentration rising., as

shown in Fig. 4. Compared to the control plants, the use of biostimulants significantly improved this
parameter. Under (WS), the highest vanillin acid concentrations were observed in the AMFGWHM-
treated plants, which improved by 187% over the control. However, under both well-watered (WW) and
water-stressed (WS) conditions, the application of AMF alone resulted in lower vanillic acid
concentrations compared to other treatments.

3.6 Effect of Water Stress and Biostimulants on Coumaric Acid Content in Quinoa Seeds
Fig. 5 shows that coumaric acid levels were affected by water stress. Applying biostimulants, alone or

combined, significantly raised this parameter under water-stressed conditions compared to the control. The
use of (GW) and (HM) resulted in the highest coumaric acid concentrations, with increases of 559.2% and
341.5%, respectively, compared to the water-stressed control plants.

Figure 3: The impact of two water regimes (WW: 75% FC, WS: 25% FC) on Kampferol content in seeds of
control and treated quinoa plants. Means (±SD) within the same graph followed by different letters are
significant at p < 0.05

Figure 4: The impact of two water regimes (WW: 75% FC, WS: 25% FC) on vanillic acid content in seeds
of control and treated quinoa plants. Means (±SD) within the same graph followed by different letters are
significant at p < 0.05
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3.7 Effect of Water Stress and Biostimulants on Rutin Content in Quinoa Seeds
Water stress significantly lowered rutin concentrations in quinoa seeds. Green waste (GW) and horse

manure (HM) resulted in a significant decrease in rutin content of 87.8% and 83.3%, respectively, as
compared to control plants, as shown in Fig. 6.

4 Discussion

Quinoa has recently been included in the list of healthy pseudo-cereals, and is acknowledged as one of
the best sources of protein derived from plants [48,49]. In addition to containing high quality protein, they are
a primary source of energy due to their starch content [47–50]. Quinoa carbohydrates can be regarded as a
nutraceutical food due to their effects on lowering cholesterol, providing beneficial hypoglycemic effects,
and reducing free fatty acids [41–51]. The bioactive substances in quinoa are mostly present in the seed’s
outer layers, where they operate as a chemical barrier to keep out insects and microbes [41–50]. In
quinoa seeds, more than 20 free and conjugated phenolic compounds have been identified. Major ones

Figure 5: The impact of two water regimes (WW: 75% FC, WS: 25% FC) on coumaric acid content in seeds
of control and treated quinoa plants. Means (±SD) within the same graph followed by different letters are
significant at p < 0.05

Figure 6: The impact of two water regimes (WW: 75% FC, WS: 25% FC) on rutin content in seeds of
control and treated quinoa plants. Means (±SD) within the same graph followed by different letters are
significant at p < 0.05
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include flavonoids like kaempferol, quercetin and their glycosides, vanillic acid, ferulic acid and their
derivatives [52,53]. Research has shown that the antioxidant potential of quinoa seeds correlates with
their increased phenolic content [54,55]. The most common dietary phenolic components are phenolic
acids and flavonoids, which are particularly abundant in quinoa seeds. Quinoa leaves and seeds contain
significant bioactive substances that are beneficial to health. Free, esterified, or attached to elements of the
cell wall [56], they can neutralise free radicals, block oxidases, stabilise free radicals, chelate metal ions
and inhibit radical chain reactions [56–58]. They are commonly found in plants and, consequently, in
plant-based foods. Consuming phenolic compounds can promote health and well-being by regulating
glucose and lipid metabolism, boosting pancreatic β-cell activity, and increasing insulin secretion [59,60].
Quinoa seeds contain an extensive amount of flavonoids, including kaempferol and quercetin glycosides.
The antioxidant activity of quinoa is likely due to non-phenolic substances, such as carotenoids [61].
Carotenoids are natural pigments that range in hue from yellow to reddish-orange, and give plant tissues
their distinctive flavor. Besides from their structural functions, they are highly recognized for their
antioxidant properties that prevent lipid peroxidation and maintain membrane stability. They are
necessary for the non-radiative dissipation of surplus energy and for the assembly of the light-harvesting
complex [62–68].

Our findings revealed that carotenoid levels in stressed quinoa increased under drought conditions.
Tissue carotenoïdes concentrations can be changed by drought stress [69–71]. Although a decrease in leaf
area may be associated with the drought-induced rise in carotenoid content, it may also be a defensive
strategy meant to lessen the damaging impact of water stress [72,73]. The accumulation of carotenoids
for osmotic regulation of drought-stressed plants in many crops has been reported [74–77]. Carotenoids
serve a crucial function as photoprotective agents by quenching singlet oxygen generated from excessive
light energy, thus preventing membrane damage. This aspect of carotenoid activity has been thoroughly
examined in various other publications [78,79]. Additionally, the accumulation of carotenoids in stressed
plants had a beneficial impact on their relative water content (RWC). This elevated RWC may stem from
osmoregulation by osmoprotectants, since drought-stressed plants frequently accumulate carotenoids or
sugars [80–83]. Whatever the water circumstances, biostimulants resulted in much higher carotenoid
levels than untreated plants. The availability of nutrients is likely key to the synergistic effect of
biostimulants in boosting total carotenoid concentrations. The significant release of minerals by compost
and the improved mineral uptake facilitated by AMF are likely to contribute to increased levels of
carotenoids in plants [84,85]. This is consistent with the above results. The combined application of AMF
and compost is critical for reducing the negative effects of water stress in plants by raising carotenoid
concentrations [70–86].

The leaves and grains of quinoa have been shown to have a higher nutritional value than other types of
cereals. The protein in quinoa is a vital nutritional component and could make a significant contribution to
reducing malnutrition in a wide range of populations [7–64]. Variations in protein content may be associated
with cultivation under water stress, with the plant producing less protein than one grown under normal
conditions [87–89]. Water stress negatively affects the protein content of quinoa seeds. However, the
application of both biofertilizers improved this parameter. Proteins play a role in numerous processes by
altering plant metabolism under stress and activating signaling in the plant defense network [87–90]. In
our study, quinoa showed the maximum total soluble protein in treated plants, while the minimum was
observed in untreated plants. Boutasknit et al. [91] discovered that the soluble protein content of
Ceratonia siliqua decreased significantly under drought stress, while AMF and compost led to a
significant increase in its protein content. In addition, Sheteiwy et al. [92] and Elsherpiny [93] suggested
that AMF and compost enhance the accumulation of various proteins essential for plant metabolism. This
variation in protein levels may clarify how the combination of AMF and compost improves the non-
enzymatic antioxidant defense system under water stress [57]. Still, by boosting antioxidant enzyme
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activity in drought-stressed host plants, AMF in combination with compost can lessen oxidative stress [94].
Plants react to drought stress by increasing the concentration of osmoregulatory substances inside their cells
[95]. These substances, such as soluble sugars, help regulate osmotic potential, maintain cell turgor pressure,
scavenge free radicals, provide energy and carbon reserves, and offer protection to membrane structures and
enzymes involved in metabolism [96–98]. In this experiment, water stress led to an increased accumulation
of soluble carbohydrates in quinoa seeds. However, the level of these metabolites was more pronounced in
quinoa treated by biofertilizers. Indeed, the mycorrhizal consortium and compost used enhance content of
TSS in quinoa plants under both water regimes. The results suggested that the accumulations of
carbohydrates and sugars are implicated in plant tolerance due to the greater photosynthetic capacity
under water stress conditions. Ye et al. [99] demonstrated that mycorrhizal plants had increased levels of
soluble sugars after drought, suggesting improved maintenance of photosynthetic capacity. The
observation that AMF-plants sustain higher nitrogen metabolism and display reduced stress-induced
accumulation of soluble proteins and amino acids compared to non-mycorrhizal plants supports this
interpretation [100–102]. The accumulation of sugar suggests that AMF colonization improves enhances
the host plant’s drought tolerance [103]. Ben-Laouane et al. [104] furthermore noted that, in water-
stressed situations, AMF inoculation and compost amendment considerably raised chemical constituents
like proline concentration, chlorophyll a, b, and total chlorophyll content. This enhancement improved
osmoregulation in water-stressed alfalfa plants. Our findings show that combining AMF and compost
before exposing quinoa seedlings to water stress affects the total soluble solids (TSS) content.

In crops, the synthesis and accumulation of polyphenols are generally triggered by abiotic stresses, such
as water stress. Plants experiencing water stress can become significant sources of polyphenols by boosting
the concentration of these compounds in their tissues, although this often results in reduced biomass
production [105]. This increase in the phenolic content of quinoa seeds following the addition of
biostimulants could be attributed to the positive effect of biostimulants in enhancing the accessibility of
nutrients required by plants, and subsequently their uptake, transport and accumulation in plant tissues in
full concentration, particularly phosphorus [106]. In the present study, Quercetin increases under stress
conditions, particularly in plants inoculated with AMF and amended with compost/vermicompost, as
previously reported [107,108]. Indeed, Mohammadi et al. [109] confirmed a greater increase in quercetin
in stressed buckwheat compared to the unstressed plants, indicating that the synthesis of phenolic
antioxidants such as quercetin can take place under stress conditions. This increase shows that mycorrhiza
and compost (green waste and horse manure) act as moderators, encouraging the production of secondary
metabolites under unfavorable conditions. In the same vein, under conditions of water stress, plants
accumulated kaempferol content. The kaempferol content in the seeds of stressed plants was higher than
in normal plants. The results of this investigation are in harmony with the study of Mahdi et al. [110] on
Cichorium intybus L. Exposure to drought stress resulted in an increase in Kaempferol content. This
flavonoid subclass has been shown to be essential for controlling plant-environment interactions,
particularly when it comes to helping plants adapt to different abiotic stresses. ROS produced by adverse
circumstances can generally be scavenged by flavonoids [111]. Quercetin derivatives are very helpful for
buffering fluctuations in ROS homeostasis because of their chemical structure [112–115]. In addition to
their antioxidant properties, they also act on α-glucosidase and prevent pancreatic lipase from functioning
[51]. According to Sekhavatizadeh et al. [64], quinoa contains many derivatives of quercetin and
kaempferol that are not found in regularly eaten grains. Vanillic acid and Coumaric acids present a
similar result. It was clear from the data that water stress increased their content. Additionally, under
stress conditions, rutin, which is one of the main phenols in quinoa, showed a significant decrease,
especially in treated plants compared to the untreated ones. However, water stress significantly decreased
the rutin content of quinoa seeds. These findings are consistent with those of Gharibi et al. [116]. Rutin
content in quinoa seeds in this study exceeded 20 mg/100 g FW. Gharibi et al. [116] showed that
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variation in rutin content in quinoa seeds is related to stress conditions. Meanwhile, the amounts of quercetin,
vanillic acid and coumaric acid also increased significantly in the treatments. These results are in line with
what has been observed. The application of biostimulants has significantly increased the quantities of several
phenols, particularly under water stress, giving quinoa plants the ability to resist better, especially under
unfavorable conditions [117,118]. The objective of current study sought to assess the influence of
indigenous biostimulants on the polyphenolic content of quinoa seeds, namely phenolic acids and
flavonols, under both normal and water stressed circumstances.

5 Conclusion

The positive role of the biostimulants used on the quality of quinoa seeds under water stress was
demonstrated. Both organic amendments and AMF improved the nutritional value of the seeds, as well as
their antioxidant capacity. Interestingly, the quinoa plant’s response to water stress was more pronounced
in plants treated with these biostimulants. and can be a key tool for quinoa’s tolerance to water stress via
metabolic and biochemical mechanisms.
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