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Abstract

This study is the first to investigate the mycorrhizal associations of Sulla (Sulla aculeolata)
growing wild in the semi-arid region of northeastern Morocco. The physicochemical properties of
the soil and the chemical composition of the plants were analyzed at two different sampling sites
(Ras El-ma and Bni Chiker). Spores were extracted from the rhizosphere, counted, and identified.
The most probable number (MPN) approach was used to assess the indigenous soil mycorrhizal
potential. Field surveys revealed that the plant biomass was 6512.5 kg DM/hectare at Ras El-ma
and 2000 kg DM/hectare at Bni Chiker. Sulla aculeolata from Ras El-ma had a significantly higher
organic matter content (86.89%) and a lower ash content (13.11%) compared to the Bni Chiker
(73.15% and 26.85%, respectively). Chemical composition analysis showed no significant difference
(P >0.05) in crude protein content between the two sites. Similarly, the assessment of macronutrients
revealed no differences in N, P, Mg, and S between the sites. Conversely, S. aculeolata from Ras EI-
ma had a higher K content (1.75%) and a lower Na concentration (0.22%), whereas plants from Bni
Chiker exhibited the highest levels of Ca (4.67%) and Na (0.6%). The fungal spore density ranged
between 1123 and 2300 spores per 100 g of soil, with spores predominantly belonging to the
genus Glomus. The indigenous mycorrhizal potential of the soil was high, reaching 6400 propagules
per kg. Root analysis revealed endomycorrhizal structures, including arbuscules, vesicles, and
hyphae. The mycorrhizal frequency ranged between 88.89% and 92.22%, while mycorrhizal
intensity and arbuscular intensity reached 26.2% and 39.52%, respectively. Selecting and utilizing
arbuscular mycorrhizal fungi (AMF) present in the rhizosphere could enhance the production of
vigorous Sulla plants, supporting their preservation and domestication in Mediterranean semi-arid
pastures while improving forage productivity.

Keywords — Sulla aculeolata — endomycorrhizae — biomass forage — chemical composition, semi-
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Introduction

Introducing new legume species with high forage yield and nutritive value can be beneficial in
increasing low-cost meat production. In 2020, the demand for forage in Morocco had reached nearly
three billion units of feed. The decline in soil fertility has been a significant constraint to developing
the forage sector, particularly in semi-arid ecosystems. The excessive use of chemical fertilizers is
potentially hazardous to the environment and the proliferation of soil microbial populations.
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According to Luan et al. (2020), chemical fertilizers not only increase production costs but also
reduce overall yield.

Sulla (Sulla aculeolata) is native to temperate Europe and the Mediterranean basin. This
legume has been cultivated for centuries due to its high nutritional value and ability to enrich soils.
The most beneficial characteristic is its ability to fix atmospheric nitrogen through a symbiosis with
rhizospheric rhizobacteria. Such a process enriches the soil with nitrogen, benefiting other plants.
The flowers attract pollinators like bees, which is crucial for the reproduction of many plant species
in their habitats. The species participates in the valuation of the fallows by adding organic nitrogen
and fixing soil. Sulla is a legume characterized by high protein content and its palatability for
ruminants. Forage contains moderate levels of condensed tannins. De Koning et al. (2003) reported
that in Australia, the agricultural productivity of Sulla reached 26 t/ha in the second year. This
Fabaceae is also used as an ornamental and medicinal plant to treat a variety of ailments such as
fever, cough, and cold. Studies on Sulla focus on its ecological roles and applications in sustainable
agriculture due to its nitrogen-fixing abilities. Sulla aculeolata is rare and even endangered in
northwestern Morocco, this genetic erosion led to symbiosis changes, specifically, a reduction in
mycorrhizal symbiosis (Duponnois et al. 2013).

Arbuscular mycorrhizal fungi (AMF) are the most ancient and widespread mycorrhizal type,
formed by >80% of plants (Harrison et al. 2012) and involving 240 fungal species
(Spatafora et al. 2016). AMF belong to the Glomeromycota phylum (Brundrett & Tedersoo 2018).
The positive effects of this symbiosis on plant development and quality are well demonstrated
(Begum et al. 2019). In fact, the fungi have been found to increase soil nutrient content, the
phosphorus (P) uptake (Puschel et al. 2021) and other nutrients such as N, S, Cu and Zn (Bhandari
& Garg 2017).

The use of AMF can reduce the need for chemical fertilizers, promoting more sustainable
agricultural practices. Plant development is attributed to the favorable effects of AMF that invade
plant roots or reside in the rhizosphere, these fungi assist the host plants by beneficially modifying
the rhizospheric soil properties. Additionally, AMF enhance the host plant’s capacity to adapt to
severe ecological conditions, such as drought, heavy metals, microplastics, pathogens, and
herbivorous insects (Li et al. 2023). Although AMF are frequently found in natural soils and
contribute to agricultural sustainability, cultural methods most significantly disrupt their
communities and diversity (Jansa et al. 2003). Based on these circumstances, numerous studies have
shown that using AMF spores or propagules for soil biofertilization results in improved plant growth
and enhanced quality. Furthermore, M’saouar et al. (2024) revealed that the co-inoculation with
Rhizobium sullae and AMF enhanced the biomass and the growth parameters of Sulla flexuosa
compared with non-inoculated treatments.

Since the systematic analysis of the mycorrhizal status of S. aculeolata has not yet been
conducted, the purpose of this study was to (i) assess the soil mycorrhizal potential, (ii) determine
the natural mycorrhization rate of Sulla plants, (iii) measure the AMF spore density, and (iv) evaluate
the mineral content of this forage legume. In furnishing essential background information, the paper
provides the basis for any Sulla development program in the semi-arid ecosystems through the use
of AMF, as they are most beneficial in this context.

Materials and methods

Plant sampling and soil analysis

Plant samples (stems and leaves) of S. aculeolata were collected from three-square plots of 1m?
set up at Bni Chiker and Ras El-ma sites across the northeastern of Morocco. Samples were harvested
at flowering stage, oven-dried at 60°C, and finally crushed using POLYMIX® PX-MFC 90 D
Hammer mill. Climatic parameters (annual rainfall, minimum and maximum temperatures) of the
study areas were retrieved from the National Oceanic and Atmospheric Administration (NOAA)
available at https://www.ncei.noaa.gov. Additionally, three topsoil samples (0—20 cm) per site were
collected to evaluate the physicochemical soil characteristics. A homogeneous sample of 1kg was
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prepared from a mixture of collected soils and kept in a clean bag until analysis. The main physical
and chemical characteristics of the soil were determined by conventional analyses performed by the
National Institute of Agronomic Research (INRA), Rabat, Morocco. The densimetry method was
used to determine the soil granulometry (Bouyoucous 1962). The total CaCO3 determination was
conducted using Bernard’s calcimeter. Soil pH was measured by a Mettler Toledo SevenEasy 728
Metrohm pH meter. Organic matter was assessed using the Walkley-Black method (Walkley & Black
1934). The Kjeldahl method (ISO 11261, 1995) was used to determine total nitrogen (N), and the
Olsen method to assess the available phosphorus (Olsen, Cole & Watanabe 1954). Potassium was
extracted by CHsCOONH, at pH 7 (Bower et al. 1952) and measured using a flame photometer,
model CL-378.

Shoot chemistry analysis

Major mineral elements (N, Ca, K, Mg, P, S, and Na) were determined using the wavelength-
dispersive X-ray fluorescence (WDXRF) method. The samples were milled and compressed into a
pellet under high pressure. Mineral content analysis was performed using eight analyzer crystals and
three types of detectors: scintillation, gas-flow, and sealed xenon. Analyses were conducted at the
Technical Support Unit for Scientific Research (UATRS) of the National Center for Scientific and
Technical Research (CNRST) in Rabat, Morocco. Furthermore, plant samples were examined for
organic matter (OM) by incineration at 550 °C for 12 hours (AOAC, 1997). Crude protein content
was determined using the Kjeldahl method, involving sample digestion with sulfuric acid, ammonia
distillation and absorption, followed by titration to calculate protein content using a 6.25 conversion
factor.

Isolation and quantification of AMF spores

The spore extraction from the rhizosphere was achieved through wet sieving, followed by
sucrose centrifugation for two minutes at 1000 revolutions per minute (Gerdemann & Nicolson
1963). After being enumerated, the spores were analyzed for their morphological characteristics and
classified at the genus level. The density of AMF spores was determined by calculating the richness
per 100g of dry soil. The original classification of the AMF species published on the home page of
the International Collection of Vesicular Arbuscular Mycorrhizal fungi (INVAM) was used as a
reference for the characterization test.

Soil mycorrhizogenic potential

The dilution method was applied to evaluate the indigenous soil inoculum potential by the well-
known “Most Probable Number” method (MPN) according to the statistical outlined in the Cochran
table (Cochran et al. 1950). Six dilution levels were obtained by carefully mixing the original soil at
1/10 quantity with an autoclaved sandy soil (120 °C, 40 min, two times). Five replicates were
prepared for each degree of dilution. The seeds of Sorghum vulgare (trap plant) were pre-germinated
for two days on humid filter paper (El Gabardi et al. 2019a). One germinated seed was then
transferred into each of the small plastic pots filled with 100g of different soil dilutions. The complete
root system was mounted on a microscope slide and analyzed at a 400x magnification under the
microscope to verify the presence of arbuscular mycorrhizal structures. Data were presented as the
number of AM fungal propagules in 100 g of dry soil.

Determination of AMF root colonization

To assess mycorrhizal rate and visualize the fungi structures in the plants, thirty root pieces
(1cm/plant) were collected, cleared with KOH, stained in Trypan blue, and mounted on slides
(Phillips & Haymann 1970). A systematic analysis was carried out to establish the abundance of
AMF hyphae, arbuscules, and vesicles in the root bark. The frequency of AM colonization (F%),
intensity of AM colonization (M%) and arbuscule abundance (A%) were evaluated with
MYCOCALC software, available at: Mycorrhizal Manual (Trouvelot et al. 1986).
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Statistical analysis

Significant differences between treatments were determined using Duncan's multiple range
tests as part of SAS (version 9.1.3, SAS Institute Inc., Cary, NC, USA). The results were statistically
compared by ANOVA test (P value < 0.05).

Results

Research sites and soil analyses

The study area is located in the semi-arid northeastern Morocco. From 2011 to 2022, the
average annual rainfall was 353.33mm at Bni Chiker and 412.2 mm at Ras El-ma (Figs. 1 and 2).
The mean minimum temperature was 10.33 °C and 2.56 °C respectively, at Bni Chiker and Ras El-
ma. At Ras El-ma, the maximum temperature was 39 °C while it was 30.14 °C at Bni Chiker.
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Fig. 1 — Mean annual rainfall and temperature at Bni Chiker.
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Fig. 2 — Mean annual rainfall and temperature at Ras El-ma.

The physicochemical analysis of the soil beneath S. aculeolata (Table 1) showed a sandy
texture at Bni Chiker and loamy sand at Ras El-ma. The pH is alkaline for all the sites. The soil is
generally poor in P2Os and nitrogen. Organic matter content was high at Bni Chiker and poor in Ras
El-ma. The highest level of K>O was recorded in Ras El-ma, but the lowest was at Bni Chiker. The
soils are enriched in calcium carbonate, particularly at Bni Chiker.
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Table 1. Soil characteristics of the sampling sites.

Sites Texture % pH OM P05 KO N CaCO3

C FSi CSi FSa CSa (H0) (%) (ppm) (ppm) (%) (%)
Bni 102 102 41 274 144 838 2 5.1 1115 0.09 33.6
Chiker

RasEl-ma 5.1 205 173 352 0.8 8.8 06 6.1 250 0.08 21
C: Clay; FSi: Fine silt; CSi: Coarse silt; FSa: Fine sand; CSa: Coarse sand

Plant biomass

The results presented in Fig. 3 show that the S. aculeolata biomass was higher at Ras ElI-ma;
the recorded value was 6512.5 Kg/hectare with a statistically significant difference from Bni Chiker
(2000 Kg/hectare).
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Fig. 3 — Mean plant biomass of S. aculeolata. Data followed by the different letters are significantly
different (P < 0.05)

Aboveground tissue chemistry

The chemical analysis results of S. aculeolata are shown in Table 2. The highest organic matter
concentration and the lowest ash content were obtained at Ras El-ma. The survey revealed no
statistically significant (P> 0.05) difference between the sites in the rate of crude proteins.

Table 2. Mean chemical composition of S. aculeolata.

Sites Bni Chiker Ras El-ma
oM 73.15° 86.89?
Ash 26.85% 13.11°
CP 13.76° 13.972

OM: Organic matter; CP: Crude proteins.
Data followed by the different letters are significantly different (P < 0.05)

Shoot mineral analysis

The study showed that sites had no significant effect (P <0.05) on the nitrogen (N), phosphorus
(P), magnesium (Mg), and sulfur (S) content (Table 3). However, the above-ground tissue potassium
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(K) increased significantly at Ras El-ma. The calcium (Ca) and sodium (Na) concentrations of S.
aculeolata from Bni Chiker were statistically higher.

Table 3. Macro mineral elements present in S. aculeolata.

Sites Bni Chiker Ras El-ma
Nitrogen 2.2% 2.23
Phosphorus 0.142 0.142
Potassium 0.95° 1.752
Calcium 4.67° 1.11°
Magnesium 0.272 0.242
Sulfur 0.55? 0.622
Sodium 0.6 0.22°

Data followed by the different letters are significantly different (P < 0.05)

AMF spore abundance

A very abundant and diversified population of mycorrhizal fungi was revealed by assessing the
spore density in the rhizosphere of S. aculeolata (Fig. 4). Statistically, the total number of spores at
Bni Chiker was significantly higher compared to Ras El-ma.
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Fig. 4 — Spore abundance of the soil beneath S. aculeolata. Data followed by the different letters are
significantly different (P < 0.05)

Within the Glomales order (Fig. 5), the spores were classified into three genera: Septoglomus,
Scutellospora and Glomus (the most abundant). The spores were sub-spherical, with two or three
walls, and varied in color. Their sizes ranged from 110 pm to 240 pum.
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Fig. 5 — AMF spores isolated from the rhizosphere beneath S. aculeolata.
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Soil mycorrhizogenic potential

Mycorrhizogenic potential was high in both sites (Fig. 6). Mycorrhizal propagules in 1Kg of
soil were abundant; they reached 3500 at Ras El-ma and 6400 at Bni Chiker. AMF propagules exist
as spores, colonized root fragments, and vegetative hyphae.
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Fig. 6 — Mycorrhizal potential of soil beneath S. aculeolata. Data followed by the different letters
are significantly different (P < 0.05)

Mycorrhizal rate of Sulla

Based on the root examination, the plants were mycorrhized and densely colonized, with
varying mycorrhizal rates depending on the site (Fig. 7). The mycorrhization frequency of Sulla
aculeolata was 92.22% at Bni Chiker and 88.89% at Ras ElI-ma. At Bni Chiker compared to Ras EI-
ma, there was a higher mycorrhizal intensity in the plant roots. The mycorrhizal intensity and
frequency did not vary significantly between the sites. Finally, the arbuscular intensity was
significantly higher at Ras EI-ma.
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Fig. 7 — Mycorrhizal parameters of S. aculeolata roots. Data followed by different letters are
significantly different (P < 0.05)

The root observation revealed the presence of endomycorrhizal structures in the two sites, such
as coils, arbuscules, hyphae, and intraradical spores (Fig. 8). The non-mycorrhized roots were
extremely rare. The majority of the hyphae were coenocytic, while septate forms were infrequently
observed.
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Fig. 8 — Mycorrhizal infection of S. aculeolata. (G: 400). a—b arbuscules. c—d spores at the root
cortex. e intraradical hyphae. f extraradical hyphae. g coils. h Non-mycorrhized root

Discussion

Our study highlighted a previously unknown AMF related to S. aculeolata in two semi-arid
regions of northeastern Morocco. It emphasized the need to understand the link between these
ubiquitous plant root symbionts and the shoot chemical composition. Soil analyses are thought to be
crucial for understanding the diversity and abundance of AMF. The soils beneath this legume tend
to be deficient in phosphorus and nitrogen, while potassium is typically abundant. Compared to Bni
Chiker, the soil of Ras El-ma had less organic matter.

There is a lack of data on the chemical composition of this species, thus, it is crucial to screen
this species in order to assess its potential use in ruminant diets. The species had high crude protein
levels compared to other Sulla species, such as Sulla pallida, which had only 12.5%, but less
compared to Sulla spinosissima (22.7%) (ElI Yemlahi et al. 2024). Sulla aculeolata can establish
symbiosis with rhizobia, affecting crude protein content (Kishinevsky et al. 2003). The bacteria
provide most of the nitrogen needed by the host plant, with some efficient species providing more
than 90% (Sulas et al. 2009, Fitouri et al. 2012). Compared with some forage species currently used
as fodder in Mediterranean semi-arid pastures, this forage legume showed a higher organic matter
content (Molina et al. 1997, Aboukhalid et al. 2002, Haddi et al. 2009, Louhaichi et al. 2021, Nunes
et al. 2022). Likewise, the aboveground parts contained a higher ash rate than other Sulla species. El
Yemlahi et al. (2024) found less ash in the shoots of Sulla spinosissima (20%) and Sulla pallida
(14%). Aboveground biomass is a key ecosystem component and an essential indicator of plant
development (Fu et al. 2013). Sulla aculeolata shoot biomass reached 6512.5 kg/hectare; the
increased biomass content, especially at Ras El-ma, may be linked to high mycorrhizal rates,
particularly to its arbuscular mycorrhizal intensity. In relation to the recommended range of mineral
elements for ruminants, S. aculeolata has significant levels of Ca and Mg and is moderately below
the mineral requirements for other nutrients (McDowell 1997).

Analysis of AMF spores and propagules isolated from the soil revealed that they were generally
abundant, showing an important mycorrhizal potential. These results are in agreement with those of
M’saouar et al. (2019) beneath Sulla flexuosa (5840 spores/100g of soil). Sulla aculeolata has the
ability to nourish and biofertilize the soil through the production of mycorrhizal propagules. This
biofertilization is crucial for reducing ecological stress effects and improving sustainable ecosystem
management (Elkoca et al. 2008).

According to Rivaton (2016), the high spore abundance may be attributed to the soil sandy
texture. Moreover, a positive and statistically significant correlation was demonstrated between the
spore density and soil organic matter exceeding 0.5% (Mohammad et al. 2003). The soils beneath S.
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aculeolata were very poor in P20s (< 15 ppm) (EI Oumlouki et al. 2014). The phosphorus depletion
may be explained by the degraded ecosystem, nonetheless, it has been shown that plant tissues absorb
high phosphorus amounts (Azcon & Barea 1997). Phosphorus is essential to the germination and
development of AMF spores. Soils with decreased phosphorus availability may have higher spore
concentrations (Pyoabalo et aal. 2021). Sulla grows on alkaline and calcareous soil (Gagnard et al.
1988), due to high pH (8.8) and CaCOz levels. Calcareous soils often have more than 15% CaCOs;
the majority of soil nutrients, including N, P, K, and S, commonly remain less accessible to plants
(FAO 2020, Pasricha et al. 2000, Taalab et al. 2019). To overcome the soil's mineral depletion, S.
aculeolata develops a beneficial symbiosis with the rhizosphere endomycorrhizae. These symbionts
produce compounds that modify the biochemistry of plant-fungal interaction and promote the
dissolution of minerals, thereby releasing nutrients for plant uptake (Hinsinger et al. 2011).

Morphological identification of AMF is essential to confirm, with some certainty, the identity
of the species. The spores are important and convenient for identifying mycorrhizae faster than other
approaches (Fall et al. 2022). AMF biodiversity showed the presence of three genera based on
detailed morphological analysis: Glomus, Acaulospora, and Septoglomus. Other authors have also
noted similar results. Kachkouch et al. (2012) isolated five genera from the soil beneath olive trees;
Meddich et al. (2017) found three genera in Marrakech and Tafilalet palm tree soils. Most of the
species belong to the genus Glomus, which generally dominates AMF communities in Moroccan
soils (El Hazzat et al. 2017, El Khaddari et al. 2019, el Aymani et al. 2019, Artib et al. 2019, El
Gabardi et al. 2019b, Maazouzi et al. 2021, 2023, Sellal et al. 2021). Additionally, this genus is
widespread globally, from the dry forests of Ethiopia (Tesfaye et al. 2004) to the tropical rainforests
of Mexico (Haas et al. 1990). Glomus dominates due to its high reproductive capacity (Bever et al.
1996, Ourras et al. 2021, Sellal et al. 2024) and its competition with indigenous AMF (Moreira et al.
2003). Significant mycorrhizogenic potential reflects a well-functioning soil (Chantelot 2003); this
parameter is considered adequate above 1500 propagules per Kg of soil. Thus, at Bni Chiker, the
assessment showed the highest mycorrhizogenic potential. In this site, S. aculeolata enriches the soil
with the mycorrhizal propagules. Likewise, S. aculeolata has a dense branching and taproot system,
which enables it to multiply and effectively trap mycorrhizal fungi.

If the spore analysis reveals diverse AMF, the differences in mycelium and mycorrhizal
structures provide clear confirmation of this fact. Inside the roots, mycorrhizal fungi create vesicles,
arbuscules, and hyphae, which are storage, transfer, and transport structures, respectively. Sulla
aculeolata exhibited a greater root colonization rate. Currently, there is no information available
regarding its mycorrhizal status. However, significant mycorrhizal colonization suggests a high
dependence on mycorrhizae. Mycorrhizal frequency and intensity in Sulla roots reflect high soil
propagule pressure. Considering the abundant arbuscules, it appears that there is high exchange
intensity between the fungi and S. aculeolata. The extent of fungi's spread within the roots can be
clearly indicated by these parameters. Sulla appeared to be more receptive to the establishment of
mycorrhizal structures. The sampling period may have contributed to the high frequency of root
mycorrhization; indeed, Birhane et al. (2012) proved that spring is the most frequent colonization
season. Also, the high mycorrhizal intensity is negatively correlated to the available soil phosphorus
concentration, as found by Dai et al. (2014). In addition, Bowen (1987) found that the root
colonization increases up to 35 °C, which could be confirmed for S. aculeolata based on the
temperature of the sampling site. According to Diagne & Ingleby (2003), beyond 12% mycorrhizal
intensity, the benefits obtained by the plant symbiont are significant. Hartmann et al. (2008) found
that the plant genotype influences both the quantity and quality of rhizo-deposits, thereby; the change
in root exudates necessary for AMF proliferation may lead to an increase in mycorrhizal values of
Sulla aculeolata.

The diversity of endomycorrhizal structures at the roots, such as the thickness and appearance
of the mycelium, as well as the shapes of the arbuscles and vesicles, suggests a morphogenetic
richness of the mycorrhizal community living in symbiosis with this legume. Our study revealed
variation in hyphal thickness, which is consistent with the results of Zubek et al. (2008) and
Giovanetti et al. (2010), who mentioned that the thickness of fungal hyphae varies between 2 and 20
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um. According to Dodd et al. (2000) and Blaszkowski (2003), fine mycelia correspond to the genus
Glomus. Scutellospora mycelia has a thick and coil-like structure. Arbuscules are tree-like structures
growing inside the roots to improve the interaction between fungi and plant cells and facilitate the
exchange of nutrients (Hause & Fester 2005). The hyphal networks enhance soil aggregation,
aeration, and water retention, creating a favorable environment for Sulla. The growth of S. aculeolata
in this semi-arid ecosystem may be the result of a wide network of hyphae in the soil, as demonstrated
in earlier research (Zhong-Qun et al. 2007, Tahat et al. 2008). The abundance of vesicles in the roots
of this legume is a valuable source with high inoculation potential (Strullu & Romand 1986, Mosse
1988). Strullu et al. (1997) hypothesized that substances accumulated in vesicles within the roots
enable the plant to grow independently.

Conclusions

The current study is the first report on an in-depth description of the mycorrhizal associations
of Sulla aculeolata. The survey was conducted at Bni Chiker and Ras El-ma, two sites in semi-arid
northeastern Morocco. This forage legume grows in these environments where soils are nutrient-
poor; however, its aboveground tissues contain significant amounts of chemical compounds. The
results demonstrated that the plant is a mycotrophic species, known for its high mycorrhizal rate. It
establishes a beneficial symbiosis with arbuscular mycorrhizal fungi, thereby enhancing its chemical
composition and facilitating growth in the semi-arid ecosystems of northeastern Morocco.

Future studies are necessary to further select and identify AMF species with high infectivity
and excellent adaptability to various types of environments. Fungal bio-inoculation can be used as a
promising approach for the integrated conservation and sustainable management of degraded semi-
arid ecosystems. Additionally, this applied method can also generate high-quality livestock fodder
for optimal nutrition while avoiding chemical fertilizers.

Acknowledgements
The authors express their sincere thanks to the National Centre for Scientific and Technical
Research (CNRST) for their collaboration.

References

Aboukhalid KA, Maatougui B, Chiboub M, Bahnini et al. 2002 — Nutritional value of pastoral species
indigenous to Eastern Moroccan rangelands. AFRI Med Agricultural Journal - Al Awamia 136,
19-35.

AOAC 1997 — Official methods of analysis. 16" ed. AOAC Int, Gaithersburg, MD, USA.

Artib M, El Hazzat N, Msairi S, Hibilik N, EI Gabardi S, Touati J, Selmaoui K, Ouazzani Touhami
A, Douira A 2019 — Behavior of a composite endomycorrhizal inoculum in the rhizosphere of
five mycotrophic species. Plant Archives 19 (2), 2531-2537.

Azcon R, Barea JM. 1997 — Mycorrhizal dependency of a representative plant species in
Mediterranean shrublands (Lavandula spica L.) as a key factor to its use for revegetation
strategies in desertification threatened areas. Applied Soil Ecology 7, 83-92.

Begum N, Qin C, Ahanger M, Raza S et al. 2019 — Role of arbuscular mycorrhizal fungi in plant
growth regulation: Implications in abiotic stress tolerance. Frontiers in Plant Science 10, 1086.

Bergero DC, Préfontaine N, Miraglia, and P. G. Peiretti. 2009 — Comparison between the 2N and 4N
HCI acid-insoluble ash methods for digestibility trials in horses. Animal: An International
Journal of Animal Bioscience 3 (12), 1728-1732.

Bever J, Morton J, Antonovics J, Schult P. 1996 — Host dependent sporulation and diversity of
arbuscular mycorrhizal fungi in a mown grassland. Journal of Ecology 84, 71-82.

Bhandari P, Garg N. 2017 — Dynamics of arbuscular mycorrhizal symbiosis and its role in nutrient
acquisition: an overview. Mycorrhiza- Nutrient Uptake, Biocontrol. Springer International
Publishing, Eco-restoration, Cham. Pp. 21-43.

33



Birhane E, Sterck FJ, Fetene M, Bongers K et al. 2012 — Arbuscular mycorrhizal fungi enhance
photosynthesis, water use efficiency, and growth of frankincense seedlings under pulsed water
availability conditions. Oecologia 169, 895-904.

Btaszkowski J. 2003 - Arbuscular mycorrhizal fungi (Glomeromycota), Endogone and complexipes
species deposited in the Department of Plant Pathology, University of Agriculture in Szczecin,
Poland. http://www.zor.zut.edu.pl/Glomeromycota/

Bouyoucous, GS. 1962 — Hydrometer method improved for making particle size analysis of soils.
Agronomy Journal 54 (5), 464-465. doi: 10.2134/agronj 1962 — 00021962005400050028x.

Bowen GD. 1987 — The biology and physiology of infection and its development in: Ecophysiology
of VA mycorrhizal plants (ed. GR safir). CRC Press, Boca Raton, Florida, USA. Pp: 27-70.

Bower CA, Reitemeier RF, Fireman M. 1952 — Exchangeable cation analysis of saline and alkali
soils. Soil Science 73 (4), 251-262.

Brundrett MC, and Tedersoo L. 2018 — Evolutionary history of mycorrhizal symbioses and global
host plant diversity. New Phytologist 220, 1108-1115.

Chantelot E. 2003 — Activité biologique des sols « Méthode d’évaluation », Fiche rédigée a partir du
document sur les méthodes d’évaluation de 1’activité biologique de ’'ITAB.

Cochran, William G. 1950 — Estimation of bacterial densities by means of the “most probable
number”. Biometrics 6, 105-116.

Dai M, Hamel C, Bainard LD, Arnaud MS et al. 2014 — Negative and positive contributions of
arbuscular mycorrhizal fungal taxa to wheat production and nutrients uptake efficiency in
organic and conventional systems in the Canadian prairie. Soil Biology and Biochemistry 74,

156-166.
De Koning C, Lloyd DL, Hughes SJ, McLachlan D et al. 2003 — Hedysarum, a new temperate forage
legume with great potential — field evaluation. In ‘Solutions for a better environment.

Proceedings of the 11th Australian agronomy conference’. 2—6 February 2003 — Geelong.
(Eds M Unkovich, G O’Leary) (The Australian Society of Agronomy: Geelong, Vic.).

Diagne O, et Ingleby K. 2003 — Ecologie des champignons mycorhiziens arbusculaires infectant
Acacia raddiana. In un arbre au désert, édité par Michel Grouzis et Edouard Le Floch, IRD,
205-228.

Dodd JC, Boddington CL, Rodriguez A, Gonzalez-Chavez C et al. 2000 — Mycelium of arbuscular
mycorrhizal fungi (AMF) from different genera: form, function and detection. Plant and Soil
226, 131-151.

Duponnois R, Ba AM, Prin Y, Baudoin E et al. 2013 — Les champignons mycorhiziens : une
composante majeure dans les processus biologiques régissant la stabilité et la productivité des
écosystemes forestiers tropicaux. Le projet majeur africain de la Grande Muraille Verte 2007
— la 421-440. Available on www.m.elewa.org ISSN 1997 — 5902.

El Aymani I, El Gabardi S, Artib M, Chliyeh M, Selmaoui K, Ouazzani Touhami A, Benkirane R,
Douira A. 2019 — Effect of the number of years of soil exploitation by Saffron. Acta
Phytopathologica et Entomologica Hungarica 54 (1), 71-86.

El Gabardi S, Chliyeh M, Mouden N, Ouazzani Touhami A. 2019a — Determination of the
endomycorrhizogenic potential of phosphate laundered sludge by using the mycorrhizal
infectious method (PIM). Plant Cell Biotechnology and Molecular Biology. Plant Cell
Biotechnology and Molecular Biology 20(11&12), 501-510.

El Gabardi S, Chliyeh M, Touhami A O, EI Modafar C. 2019b — Diversity of mycorrhizal fungi
arbuscular at phosphates sludge, Khouribga region (Morocco). Plant Archives 19(2), 2233—
2241

El Hazzat N, Artib M, EI Gabardi S, Touati J et al. 2017 — Study of the diversity of arbuscular
mycorrhizal fungi in the highway slopes of Taza region (north-east of Morocco). Annual
Research & Review in Biology 17(4), 1-10.

EL Khaddari A, EL Gabardi S, Ouazzani Touhami A, Aoujdad J et al. 2019 — Diversity of
Endomycorrhizal Fungi in The Thuya rhizosphere, Sefrou Region (Middle Eastern Atlas,
Morocco). Plant Cell Biotechnology and Molecular Biology 20(23-24), 1143-1159.

34



El Oumlouki K, Moussadek R, Zouahri A, Dakak H et al. 2014 — Study of physic-chemical quality
of water and soil in the region Souss Massa (Case perimeter Issen), Morocco. Journal of
Materials and Environmental Science 5, 2365-2374.

El Yemlahi A, Arakrak A, Laglaoui A, Ayadi M et al. 2024 — Potential contribution of Sulla
spinosissima subsp. capitata and Sulla pallida as a forage crop in arid Mediterranean regions.
Arid Land Research and Management 38(6), 1-27.

Elkoca E, Kantar, Fiahin F. 2008 — Influence of nitrogen fixing and phosphorus solubilizing bacteria
on the nodulation, plant growth, and yield of Chickpea. Journal of Plant Nutrition 31,157-171.

Fall AF, Nakabonge G, Ssekandi J, Founoune-mboup H et al. 2022 — Diversity of arbuscular
mycorrhizal fungi associated with maize in the eastern part of Uganda Biology and Life
Sciences Forum 15, 1-12.

FAO. 2020 — FAO Soils Portal: Management of Calcareous Soils (accessed 20.05.20)

Fitouri SD, Trabelsi D, Saidi S, Zribi J et al. 2012 — Diversity of rhizobia nodulating Sulla
(Hedysarum coronarium L.) and selection of inoculant strains for semi-arid Tunisia. Annals of
Microbiology 62 (1), 77-84.

Fu YY, Wang JH, Yang, GJ, Song XY et al. 2013 — Band depth analysis and partial least square
regression-based winter wheat biomass estimation using hyperspectral measurements.
Spectroscopy and Spectral Analysis 20133-3, 1315-13109.

Gagnard J, Huguet C, Ryser JP. 1988 — l'analyse du sol et du végétal dans la conduite de la
fertilisation, le contrdle de la qualité des fruits. Secrétariat Générale OILB/SROP, Edition -
Diffusion ACTA. 87 P.

Gerdemann J, Nicolson T. 1963 — Spores of mycorrhizal endogone species extracted from soil by
wet sieving and decanting. Transactions of the British Mycological Society 46, 235-244.
Giovanetti M, Avio L, Sbrana C. 2010 — Fungal spore germination and pre-symbiotic mycelial
growth — physiological and genetic aspects. In: Arbuscular Mycorrhizas: Physiology and

Functions, Koltai H., Kapulnik Y. (editors). Berlin, Springer, 3-32.

Haas JH, Menge JA. 1990 — VA-mycorrhizal fungi and soil characteristics in avocado (Persea
Americana mill.) orchard soil. Plant and Soil, The Haguel27(2), 207-212.

Haddi ML, Arab H, Yacoub F, Hornick JL et al. 2009 — Seasonal changes in chemical composition
and in vitro gas production of six plants from Eastern Algerian arid regions. Livestock Research
for Rural Development 21, 47.

Harrison MJ. 2012 — Cellular programs for arbuscular mycorrhizal symbiosis Current Opinion in
Plant Biology. 15, 691-698.

Hartmann A, Rothballer M, Schmid M. 2008 — Lorenz Hiltner, a pioneer in rhizosphere microbial
ecology and soil bacteriology research. Plant and Soil 312, 7-14.

Hause B, Fester T. 2005 — Molecular and cell biology of arbuscular mycorrhizal symbiosis. Planta
221, 184-196.

Hinsinger P, Brauman A, Devau N, Gerard F et al. 2011 — Acquisition of phosphorus and other poorly
mobile nutrients by roots. Where do plant nutrition models fail? Plant and Soil 348, 29-61.

Jansa J, Mozafar A, Kuhn G, Anken T et al. 2003 — Soil tillage affects the community structure of
mycorrhizal fungi in maize roots Ecological Applications 13, 1164-1176. 0761(2003) —
13[1164: STATCS]2.0.CO;2.

Kachkouch W, Ouazzani Touhami A, Filali-Maltouf A et al. 2012 — Arbuscular mycorrhizal fungi
species associated with rhizosphere of Olea europaea L. in Morocco. Journal of Animal &Plant
Sciences 15(3), 2275-2287.

Kishinevsky BD, Nandasena KG, Yates RY, Numas C et al. 2003 — Phenotypic and genetic diversity
among rhizobia isolated from three Hedysarum species: H. spinosissimum, H. coronarium and
H. flexuosum. Plant and Soil 251 (1), 143-53.

Li Y, Wang X, Chen X, Lu J et al. 2023 — Functions of arbuscular mycorrhizal fungi in regulating
endangered species Heptacodium miconioides growth and drought stress tolerance. Plant Cell
Reports (20234-2), 1967-1986.

35



Louhaichi M, Gamoun M, Hassan S, Abdallah MAB. 2021 — Characterizing biomass yield and
nutritional value of selected Indigenous range species from arid Tunisia. Plants 10(10), 2031.

Luan HA, Gao W, Huang SW, Tang JW et al. 2020 — Substitution of manure for chemical fertilizer
affects soil microbial community diversity, structure and function in greenhouse vegetable
production systems. PLOS ONE 15, e 0214041.

Maazouzi S, Aoujdad J, Selmaoui K, El Gabardi S et al. 2020 — Evaluation of the mycorrhizal status
of Acacias in the Rhamna-Sidi Bouathman and the Haha regions in Morocco. Plant Cell
Biotechnology and Molecular Biology 21(1&2), 1-18.

Maazouzi S, Aoujdad J, Selmaoui K, Chliyeh M et al. 2023 — Mycorrhizal status of Argania spinosa
(L.) Skeels in north eastern of Morocco. Notulae Scientia Biologicae15(2), 11405.

M’saouar R, Bakkali M, Laglaoui A, Arakrak A. 2019 — Evaluation of the mycorrhizal potential of
Hedysarum flexuosum L. in relation with the soil chemical characteristics in the northwest of
Morocco. Moroccan Journal of Biology 16, 13-18.

M’saouar R, Elyemlahi A, Belechheb T, Laglaoui A et al. 2024 — Effect of dual inoculation with
arbuscular mycorrhizal fungi and Rhizobium sullae on Sulla flexuosa L. growth and
performance. International Journal of Agricultural Technology 20(3),1141-1152.

McDowell LR. 1997 — Minerals for grazing ruminants in tropical regions. Gainesville, USA:
University of Florida, Institute for Food and Agricultural Sciences, University of Florida.
Meddich A, Ait EI Mokhtar M, Wahbi S, Boumezzough A. 2017 — Evaluation des potentialités
mycorhizogenes en lien avec les parameétres physico-chimiques des sols de palmeraies du
Maroc (Marrakech et Tafilalet). Cahiers Agricultures 26(4), 45012. doi: 10.1051/cagri/2017 —

044.

Mohammad J, Rushdi Hamadw S, Issa Malkawi H. 2003 — Population of arbuscular mycorrhizal
fungi in semi-arid environment of Jordan as influenced by biotic and abiotic factors. Journal of
Arid Environments 53, 409-417.

Molina E, Garcia MA, Aguilera JF, Lindberg JE. 1997 — The in vitro digestibility of pastures from
semi-arid Spanish lands and its use as a predictor of degradability. In: Recent advances in small
ruminant nutrition. Zaragoza. CIHEAM, Options Meéditerranéennes: Série A. Séminaires
Méditerranéens, Gonda H. L. and Ledin I (ed.), vol. 34: 27-31.

Moreira-Souza SFB, Trufem SM, Gomes-Da-Costa, EJBN, Cardoso. 2003 — Arbuscular mycorrhizal
fungi associated with Araucaria angustifolia (Bert.) O. Kize, Mycorrhiza 13(4), 211-215.

Mosse B. 1988 — Some studies relating to “independent” growth of vesicular arbuscular endophytes.
Canadian Journal of Botany 66, 2533-2540.

Nunes HPB, Teixeira S, Maduro Dias CSAM, A Borba AES. 2022 — Alternative forages as roughage
for ruminant: Nutritional characteristics and digestibility of six exotic plants in Azores
archipelago. Animals 12 (24), 3587.

Olsen SR, Cole CV, Watanabe, FS 1954 — Estimation of available Phosphorus in soils by extraction
with Sodium Bicarbonate. USDA Circular No. 939, US Government Printing Office,
Washington DC.

Ourras S. El Gabardi S, EI Aymani I, Mouden N et al. 2021 — Diversity of arbuscular mycorrhizal
fungi in the rhizosphere of saffron (Crocus sativus) plants along with age of plantation in
Taliouine region in Morocco. Acta Biologica Szegediensis 65(2), 199-209.

Pasricha NS, Bansal SK, Golakia BA. 2000 — Balanced nutrition of groundnut and other field crops
grown in calcareous soils of India. Proceedings of national symposium September 19— 22, 2000
—Junagadh, Gujarat, pp 1-257.

Phillips J, Hayman D. 1970 — Improved procedures for clearing roots and staining parasitic and
vesicular arbuscular mycorrhizal fungi for rapid assessment of infection. Transactions of
British Mycological Society 55, 158-161.

Puschel D, Bitterlich M, Rydlova J, Jansa J. 2021 — Drought accentuates the role of mycorrhiza in
phosphorus uptake. Soil Biology and Biochemistry 157, 108243.

Pyoabalo A, Abotsi K, Adjonou K, Novinyo S, Kokutse A, Kokou K. (2021). Mycorrhizal status of
natural stands of Pterocarpus erinaceus Poir. (Fabaceae) in Sudanian and Guinean zones of

36



West  Africa. Annual Research & Review in Biology xx, 81-90. doi:
10.9734/arrb/2021/v36i630392.

Rivaton D. 2016 — Etude des champignons mycorhiziens arbusculaires des sols en systemes de
grandes cultures biologiques sans élevage. Application a la nutrition phosphatée. HAL Id :
dumas-01472700 https://dumas.ccsd.cnrs.fr/dumas-01472700

Sellal Z, Ouazzani Touhami A, Dahmani J, Maazouzi S et al. 2021 — Distribution and abundance of
arbuscular mycorrhizal fungi of Argania spinosa tree and mycorrhizal infectious potential of
rhizospheric soil of 15 Argania groves in southwestern Morocco. Plant Cell Biotechnology and
molecular Biology 22, 1-29.

Sellal Z, Ouazzani Touhami A, Mouden N, Selmaoui K et al. 2024 — Effect of the combined treatment
of Endomycorrhizal inoculum and Trichoderma harzianum on the growth of Argan plants. In:
Ezziyyani M, Kacprzyk J, Balas VE. (eds), International Conference on Advanced Intelligent
Systems for Sustainable Development AlI2SD 2023 — Lecture Notes in Networks and Systems,
vol 931. Springer, Cham.

Spatafora JW, Chang Y, Benny GL, Lazarus Ketal. 2016 — A phylum-level phylogenetic
classification of zygomycete fungi based on genome-scale data. Mycologia 108, 1028-1046.

Strullu DG, Romand C. 1986 — Méthode d’obtention d’endomycorhizes a vésicules et arbuscules en
conditions axéniques. Comptes Rendus de I'Académie des Sciences, Series- 111, Sciences de la
Vie 303, 245-250.

Strullu DG, Diop TA, Plenchette C. 1997 — Réalisation de collections in vitro de Glomus intraradices
(Schenck & Smith) et de Glomus versiforme (Karsten et Berch) et proposition d’un cycle de
développement. Comptes Rendus de I'Académie des Sciences 320, 41-47.

Sulas L, Seddaiu G, Muresu R, Roggero PP. 2009 — Fixation de I’azote du Sulla en conditions
méditerranéennes. Agronomy Journal 101(6), 1470-1478.

Taalab AS, Ageeb GW, Siam HS, Mahmoud SA. 2019 — Some characteristics of calcareous soils. A
review. Middle East Journal of Agriculture Research 1(8), 96-105.

Tahat MM, Kamaruzaman S, Radziah O, Kadir J. 2008 — Response of (Lycopersicon esculentum
Mill.) to different arbuscular mycorrhizal fungi species. Asian journal of Plant Sciences 7, 479—
484.

Tesfaye G, Teketay D, Assefa Y, Fetene M. 2004 — The influence of fire on soil seed bank
composition and density and regeneration in a humid tropical forest, southeast Ethiopia.
Mountain Research and Development 24, 354 — 361.

Trouvelot A, Kough J, Gianinazzi-Pearson V. 1986 — Mesure du taux de mycorhization d’un 256
systeme radiculaire, recherche de méthodes d’estimation ayant une signification fonctionnelle.
257 In V. Gianinazzi-Pearson, & S. Gianinazzi (Eds.), Physiological and genetical aspects of
258 mycorrhizae. INRA, Paris, 217-221.

Walkley AJ, Black IA. 1934 — Estimation of soil organic carbon by the chromic acid titration method.
Soil Science 37, 29-38.

Zhong Qun H, Chao Xing H, Zhibin Z, Zhirong Z et al. 2007 — Changes in antioxidative enzymes
and cell membrane osmosis in tomato colonized by arbuscular mycorrhizae under NaCl stress.
Colloids and Surfaces: Biointerfaces 59, 128-133.

Zubek S, Turnau K, Btaszkowski J. 2008 — Arbuscular mycorrhiza of endemic and endangered plants
from the Tatra Mts. Acta Societatis Botanicorum Poloniae 77, 149-156.

37



