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Article

Arbuscular Mycorrhizal Fungi Improve Growth and Phosphate
Nutrition of Acacia seyal (Delile) under Saline Conditions
Anicet Georges Bruno Manga 1,* , Malick Ndiaye 2, Mame Arama Fall Ndiaye 2, Seyni Sané 2,
Tahir Abdoulaye Diop 3, André Amakobo Diatta 1 , César Bassene 1, Doohong Min 4 , Martin Battaglia 5

and Matthew Tom Harrison 6
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5 Department of Animal Sciences, Cornell University, Ithaca, NY 14850, USA
6 Tasmanian Institute of Agriculture, University of Tasmania, Newnham Drive, Launceston, TAS 7248, Australia
* Correspondence: anicet.manga@ugb.edu.sn

Abstract: Many plant species adapted to semi-arid environments are grown in the Sahelian region
in northern Africa. One such species is Acacia seyal (Delile), a multipurpose leguminous tree grown
in various agroecological zones, including saline soils. These challenging arid and semi-arid envi-
ronments harbor a diversity of arbuscular mycorrhizal fungi (AMF) communities that can develop
symbiotic associations with plants to improve their hydromineral nutrition. This study compared the
effects of native AMF communities isolated from semi-arid sites (high, moderate, and low salinity
zones Ndiafate, Ngane, and Bambey, respectively) and the AMF Rhizoglomus aggregatum on the
development and phosphate nutrition of A. seyal seedlings subject to three salinity treatments (0, 340,
and 680 mM). Plant height, dry matter weight of the shoots and roots, and phosphorus uptake from
the soil were measured. Plants inoculated with AMF native species from each site that were provided
with up to 340 mM of NaCl had greater shoot height than plants grown under 680 mM salinity. At
NaCl concentrations above 340 mM, shoot and root development of A. seyal seedlings diminished.
However, dry matter production of shoots (7%) and roots (15%) improved following AMF inoculation
compared with the control (respectively 0.020 and 0.07 g for shoots and roots). When inoculated
with AMF isolates from the high salinity zone (Ndiafate), phosphate content/nutrition was increased
by 10% around 30 days after inoculation compared with non-inoculated seedlings (2.84 mg/kg of
substrate). These results demonstrate that native AMF inoculants are capable of helping plants
withstand environmental constraints, especially those exposing plants to harsh climatic conditions.
We discuss insights on how AMF influences the interplay between soil phosphorus and perceived
salinity that may have implications for broader relationships between plants and symbiotic fungi.

Keywords: Acacia seyal; arbuscular mycorrhiza; phosphate nutrition; salinity; fungi; drought;
inoculation; NaCl; aridity

1. Introduction

Arbuscular mycorrhizal fungi (AMF) are symbiotic micro-organisms widely dis-
tributed in various ecosystem types throughout the world, where they form symbiotic
associations with the root systems of various plants. Many studies have shown that AMF
promote and improve plant growth through their network of mycelial hyphae that explore
the soil beyond the root proliferation zone [1]. This enables the AMF to supply various
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mineral elements to plants, especially nutrients with low soil mobility (e.g., phosphorus,
zinc, copper) to receive carbohydrates from plant photosynthesis [2].

Among mineral elements essential to plant development, phosphorus (P) plays an
essential physiological role and represents up to 0.2% of plant dry matter [3]. In soils, P
exists in different forms; however, the predominant inorganic form (Pi) is H2PO4—when
the soil pH is between 5–6 [4]. Phosphorus diffusion in soil solutions is low, and P is
taken up by plants in its inorganic form [5]. The low mobility of phosphorus is related to
its interactions with iron, aluminum, and calcium [6] and its assimilation by soil micro-
organisms [7]. Therefore, P is considered as a limiting factor difficult for plants to assimilate,
particularly in arid environments, which are characterized by a low nutrient content. The
availability of soil P-reserves is critical for growth and survival of plants in degraded
habitats [8]. Several authors have shown that the symbiotic association of plants with
mycorrhizal fungi improves P uptake by plants [9].

Acacia seyal (Delile) is known as a typical Sahelian tree and a nitrogen-fixing species,
which belongs to the Acacia genus, one of the largest genera of leguminous tree and shrubs
of over 60 African acacias. Native from the Senegalese to the Sudanian Sahelian zone, A.
seyal combines tolerance of periodically inundated heavy clay soils with major roles in fuel
and fodder production in the southern edge of the Sahara Desert. A. seyal is a multipurpose
tree known mainly for its production of gum tahla [10]. Leaves and shoots provide forage
and wood is particularly used for charcoal production. The branches are used for fencing
and the fruits are often lopped by herders when forage decreases in the dry season. Due
to its high plasticity, A. seyal is adapted to harsh environments and has a key function in
ecosystem functioning. In nutrient-poor semi-arid Sahelian ecosystems, characterized by
low and erratic variable rainfall, A. seyal plays an important role in soil fertility through its
ability to fix atmospheric nitrogen in association with rhizobia [11,12], and to acquire other
nutrients with mycorrhizal fungi [13].

The various habitats in which plants grow are characterized by a diversity of soils
and microbial communities. The functional diversity of microbial communities, depending
on the potential of the soil micro-organisms in a specific ecosystem, could help plants to
better cope with abiotic constraints. The characterization of AMF in multiple semi-arid
environments has revealed habitat-specific AMF types [14]. It is plausible that plant root
exudates [15], soil pH [16], salinity [17], drought [18], and defoliation [19–21] contribute
to and define plant growth and the diversity and density of AMF communities found in
different habitats. This AMF taxonomic diversity is correlated with a functional diversity
that influences uptake efficiency of mineral elements from the soil [22]. From an ecological
viewpoint, the diversity of AMF growing at various sites, according to their efficiency in
the symbiosis with plants, might affect mineral nutrition especially for P and plant devel-
opment. Some authors have demonstrated the efficiency of indigenous AMF in improving
plant nutrient uptake, particularly for soils affected by salinity [13,23]. However, a better
knowledge of the specific relationships between plants and AMF communities is necessary
for an adequate use of these telluric micro-organisms in constrained environments, such as
saline soils [24].

Low phosphate content of soils is common in many regions, including Senegal. Ac-
cordingly, natural phosphate has often been used as a fertilizer to increase P content to
ensure sufficient P availability of plant requirements. We hypothesize that AMF will im-
prove growth of Acacia due to increased access to soil P. From an ecological point-of-view,
the diversity of AMF growing at various sites, according to their efficiency in the symbiosis
with plants, might affect mineral nutrition and plant development, especially for P. Our
aim was to examine whether arbuscular fungi occurring in ecological zones occupied
by A. seyal influence the phosphate nutrition and growth of A. seyal under a range of
salinity levels.



Soil Syst. 2022, 6, 79 3 of 18

2. Materials and Methods
2.1. Plant Material and Substrate

Seeds from A. seyal trees were harvested at maturity from adult trees grown in the
Bambey soil (Diourbel Region, Senegal). Seeds were sterilized in 95% sulfuric acid (H2SO4)
for 30 min, rinsed four times with distilled water before immersion in sterilized distilled
water for 2 h to facilitate germination. The seeds were germinated in Petri dishes containing
agar (0.8%) and placed in the dark at 30 ◦C. After 3 days, pre-germinated seeds were
planted in pots containing the perlite substrate and then transferred to the greenhouse of
the Laboratoire Commun de Microbiologie IRD/UCAD/ISRA, Bel-Air, Senegal.

2.2. Sources of Arbuscular Mycorrhizal Fungi

The AMF used as inoculum was collected from the rhizosphere of A. seyal grown
at three sites: Ndiafate (14◦04′ N; 16◦10′ O), Ngane (14◦11′ N; 16◦05′ O), and Bambey
(14◦42′ N, 16◦29′ O), corresponding to high, moderate, and low salinity zones, respectively
(Figure 1). The average annual rainfall of the region ranges from 500 to 1000 mm/year and
is characterized by a long dry season that typically occurs between November and June.
The minimum and maximum day time temperature in this region was between 20 and
40 ◦C. Soils at Ngane and Ndiafate sites are non-disturbed while Bambey is characterized
by disturbed and cultivated soils.
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Figure 1. Location of the sampling sites in Senegal.

Soil and root samples (containing a mixture of endogen AMF spores, hyphae, and
mycorrhized roots) used as inoculum were collected at a depth of approximately 0–20 cm
from the A. seyal rhizosphere. Thirty samples were collected randomly at each site. These
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soil samples were pooled and homogenized at the collection site and used to generate a
composite sample.

2.3. Soil Physical and Chemical Properties

Soil chemical analysis (Table 1) collected from sampling sites were carried out by the
Laboratoire des Moyens Analytiques (IRD, Dakar). Total carbon and nitrogen analyses
were performed using the combustion system Thermo-Finnigan Flash EA 1112 (Thermo-
Finnigan). Available phosphorus was measured by the method of Dabin [25] and soil
electrical conductivity (EC) and pH were determined using a 1:5 soil/water suspension [26].
Exchangeable cations were measured by emission spectroscopy.

Table 1. Physicochemical properties of soils from the three sites, Ngane, Ndiafate, and Bambey.

Ngane Ndiafate Bambey

EC mmho/cm 28.3 100.8 0.49
pH water 5.6 3.6 5.5
pH KCl 4.9 4.2 5.2
CEC 2.42 4.26 1.78
C/N 11 20 10
Assimilable Olsen
P2O2 (ppm) 13.7 16.0 11.5

Clay 4.95 5.67 3.86
Coarse silt 20–50 7.88 8.57 5.52
Coarse sand > 200 32.1 21.8 24.9
Texture sandy sandy sandy

EC: Electrical Conductivity, CEC: cation exchange capacity, C/N: Carbon on Nitrogen ratio, P2O2:
available Phosphorus.

2.4. Mycorrhizal Inoculum Production

Two inocula were used for this study: (1) a single species, Rhizoglomus aggregatum
(DAOM 227128), previously isolated by Dalpé, Diop [27], provided by the Laboratoire
Commun de Microbiologie IRD/UCAD/ISRA, Bel-Air, Senegal; and (2) a mixture of
species collected from the rhizosphere of A. seyal trees from Bambey, Ngane and Ndiafate,
maintained in monoculture in a greenhouse with maize (Zea mays L.) seedlings as host
plants, growing in a sterilized substrate to trap indigenous AMF spores [28]. After a four-
month period in pot culture, AMF spores were extracted from the substrate by the wet
sieving method [29] to check the viability of the spores before identification and inoculation
to A. seyal seedlings.

AMF spores from Bambey, Ngane, and Ndiafate, selected with a binocular magnify-
ing glass, were grouped and classified according to their morphotypes. Spores of each
morphotype were mounted on microscope slides in polyvinylalcohol-lactic acid-glycerol
(PVLG) [30] and PVLG mixed with Melzer’s reagent (1:1, v:v). The taxonomic identification
of spores to genus and species level was based on the original species descriptions available
at http://fungi.invam.wvu.edu/the-fungi.html (accessed on 12 March 2020).

Indigenous AMF used as the inoculum for the current experiment included five species
from Ndiafate (Acaulospora scrobiculata (Trappe), Rhizoglomus aggregatum ((Schenck and
Sm.) Sieverd., Silva and Oehl), Rhizoglomus microaggregatum ((Koske, Gemma and Olexia)
Sieverd., Silva and Oehl), Claroideoglomus etunicatum ((Becker and Gerd.) Walker and
Schüßler), and Glomus rubiforme ((Gerd. and Trappe) Almeida and Schenck); two species
from Ngane (Acaulospora lacunosa (Morton) and Acaulospora scrobiculata (Trappe)); and
three species from Bambey (R. aggregatum ((Schenck and Sm.) Sieverd., Silva and Oehl),
Septoglomus constrictum ((Trappe) Sieverd., Silva and Oehl), and Glomus lacteum (Rose
and Trappe)).

http://fungi.invam.wvu.edu/the-fungi.html
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2.5. Experimental Design

The experiment consisted of 5 inoculation treatments and 3 NaCl levels (0, 340, and
680 mM), resulting in 15 treatment combinations, with each replicated 3 times each for a
total of 45 pots each containing 6 plants. Pregerminated A. seyal seeds were sown (six per
pot) and NaCl was added in a diluted form in deionized water. To allow mycorrhization
to take place, a single application of NaCl (100 mL solution at 340 and 680 mM per plant)
based on previous studies [31,32] was supplied to A. seyal seedlings after 3 weeks of growth
with AMF. Control plants received 100 mL distilled water.

The perlite used as substrate was mixed with exogenous phosphorus source (3 mg
P per 100 g substrate of natural phosphate from Taïba, Senegal) and homogeneously
distributed. The perlite-phosphate mixture was then placed in the culture pots at a rate of
100 g per pot.

For each A. seyal seedling, inoculation with AMF was carried out after transplanting
seedlings in plastic bags by placing 20 g of inoculum (sterile substrate containing a mixture
of spores, hyphae, and fine roots) of the species tested at a depth of 2–3 cm as close as
possible to the vicinity of A. seyal roots. Non-inoculated seedlings received the same
amount of sterilized substrate without AMF, and the pots were placed in a greenhouse and
arranged in a completely randomized design.

Inoculations were performed with a substrate containing the AMF propagules, and
the following treatments were performed: 1—Non-inoculated controls; 2—plants inocu-
lated with AMF from Ndiafate; 3—plants inoculated with AMF from Bambey; 4—Plants
inoculated with AMF from Ngane; and 5—plants inoculated with Rhizoglomus aggregatum
(DAOM 227 128). A nutritive solution of Long Ashton [33] without phosphorus was added
after 3 days of culture. Plants were maintained in culture for 30 days in the greenhouse and
watered regularly to field capacity.

2.6. Shoot and Root Height and Dry Weight

After 30 days of cultivation, shoot and root parts of A. seyal seedlings were harvested,
separated, and their height was measured with a ruler. After determining height, shoot
and root samples were oven-dried for 3 days at 70 ◦C until constant weight and weighed
separately to determine dry weight.

2.7. Plant Phosphorus Content

The amount of phosphorus taken from the substrate by the A. seyal seedlings and
amount of phosphorus in the plant tissues were determined by performing a mineral
analysis of harvested samples. Dry shoot material was ground and placed into capsules (ap-
proximately 500 mg of dry shoot per capsule) for a calcination process at 550 ◦C overnight.
After completing the calcination, the ash samples were mineralized with concentrated nitric
acid (5 mL of 65% HNO3/capsule) on a heated plate until evaporation of the acid. Then,
diluted nitric acid (1:2) was added to the capsules, which were again placed on a heated
plate and removed at the time of boiling. The content of each capsule was filtered using
Whatman filter paper (diameter 110, N◦. 41) into flasks by rinsing with distilled water and
then adjusted to a 50 mL volume using distilled water. After filtration, the P concentration
in the HNO3-solution was determined using the green malachite colorimetric method [34]
with a spectrophotometer at a wavelength of 610 nm.

2.8. AMF Root Mycorrhization

At the end of the experiment, AMF root colonization was assessed using a random
sampling of the root system, with three replicates for each treatment. Fine roots were
sampled and thoroughly rinsed with tap water to remove sand particles, and then stained
as described by Philips and Hayman [35]. Histological examination of root colonization
was performed by microscopy by selecting ten root fragments of approximately 0.5 cm
in length, placed between slides and coverslips with a few drops of glycerol as described
by Trouvelot [36]. The intensity and frequency of mycorrhizal root colonization were
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calculated with a mycocalc program (https://www2.dijon.inra.fr/mychintec/Mycocalc-
prg/download.html (accessed on 17 July 2020)).

2.9. Statistical Analysis

A two-way analysis of variance (ANOVA) was used to test the effects of AMF inocu-
lation and NaCl level on plant height, shoot and roots biomass, and P uptake of A. seyal
seedlings. When treatment effects were significant at α = 0.05, Student Newman–Keuls
test was used to for mean separation. Correlation analyses were performed to determine
the relationships between P uptake (mg/Kg of substrate) and P accumulation in tissues
(mgP/g) of A. seyal (Delile) and its dry weight (g) for shoot and root parts. All statistical
analyses were performed using SAS software.

3. Results
3.1. Interaction between NaCl Level and AMF Inoculation on A. seyal Shoot Height and
Root Length

When grown under 0 and 340 mM NaCl, enhanced shoot growth was observed for
the seedlings inoculated with isolates from Ndiafate, Ngane, and Bambey (high, moderate,
and low salt zones, respectively) compared with the control without inoculation. Without
the addition of NaCl, the height of the inoculated seedlings with Ndiafate high and Ngane
moderate salt zones isolates (19.75 ± 3.27 cm) were significantly greater (p = 0.002) than
those of the seedlings inoculated with single isolate R. aggregatum (DAOM 227128) and con-
trols (17.55 ± 2.28 cm). At 350 mM of NaCl, AMF isolates from Ndiafate (20.95 ± 1.88 cm),
Ngane (21.23 ± 3.20 cm), and Bambey (20.58 ± 2.54 cm) showed shoot height significantly
higher (p = 0.04) compared with seedlings inoculated with R. aggregatum and non-inoculated
controls. When the concentration of NaCl increased to 680 mM, no significant differences
were observed (p = 0.164) between inoculated and non-inoculated plants (with an average
shoot length of 18.22 ± 3.54 cm) (Figure 2).
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Figure 2. The effect of the AMF isolates × NaCl interaction on the growth of shoot parts of A. seyal
seedlings after 30 days of culture. Ndiafate, Ngane, and Bambey correspond to high, moderate,
and low salinity zones, respectively, where the AMF were collected. Bars with the same letters for
each variable are not significantly different at p < 0.05 (Newman–Keuls test) and error bars represent
standard error of the mean (n = 270).
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The mean root length values (Figure 3) did not show significant differences (p = 0.016)
between controls and inoculated seedlings for 0 (17.26 ± 3.84 cm) and 340 mM
(18.78 ± 3.90 cm) NaCl. However, the interaction between AMF isolates and NaCl at
680 mM significantly decreased the root length (p < 0.05). The root length of the plants inoc-
ulated with AMF isolates from Bambey low-salty soil was greater (18.99 ± 3.99 cm) than
those of other treatments. The shortest roots were observed for controls (14.54 ± 2.86 cm)
and seedlings inoculated with AMF isolates of Ndiafate high (15.44 ± 4.44 cm) and Ngane
moderate (14.66 ± 3.47 cm) salt zones.
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Figure 3. The effect of the AMF isolates × NaCl interaction on A. seyal root length after 30 days
of culture. Ndiafate, Ngane, and Bambey correspond to high, moderate, and low salinity zones,
respectively where the AMF were collected. Bars with the same letters for each variable are not
significantly different at p < 0.05 (Newman–Keuls test) and error bars represent standard error of the
mean (n = 270).

3.2. Interaction between NaCl Level and AMF on A. seyal Shoot and Root Biomass

A 7% increase was observed between inoculated plants and controls for shoot. The
dry biomass values of the shoot parts varied depending on the NaCl level of the substrate
(Figure 4). The interactions between the AMF isolate and 340 mM NaCl produced the
highest dry biomass (0.24 ± 0.06 g), while the lowest average weights were detected at
680 mM NaCl (0.19 ± 0.07 g). However, no significant difference was observed (p = 0.02)
between the different treatments at 0, 340, and 680 mM of NaCl.
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Figure 4. The effect of the AMF isolates×NaCl interaction on the dry biomass of the shoot parts of A.
seyal seedlings after 30 days of culture. Ndiafate, Ngane, and Bambey correspond to high, moderate,
and low salinity zones, respectively where the AMF were collected. Bars with the same letters for
each variable are not significantly different at p < 0.05 (Newman–Keuls test) and error bars represent
standard error of the mean (n = 270).

A 15% increase was observed between inoculated plants and controls for root. Dry root
biomass of A. seyal seedlings also varied with NaCl content, and AMF inoculated isolates
(Figure 5). The ANOVA revealed no significant differences (p = 0.06) between the root dry
weight biomass of plants without the addition of NaCl and those that received 340 mM
NaCl, regardless of the AMF isolate. The combination of a 680 mM dose of NaCl plus R.
aggregatum (DAOM 227128), produced the highest root biomass (0.092 ± 0.04 g), which was
significantly greater than the non-inoculated controls (0.068 ± 0.02 g) and those inoculated
with the AMF isolates from Ngane (0.065 ± 0.02 g) and Bambey (0.068 ± 0.02 g). The
seedlings inoculated with AMF from Ndiafate had an intermediate value (0.078 ± 0.04 g).

3.3. Interaction between NaCl Level and AMF on A. seyal P Uptake

Phosphate nutrition was increased by 10% at approximately 30 days after inoculation
compared with non-inoculated seedlings. There were no significant differences (p < 0.05)
in P uptake by A. seyal seedlings for the 0 to 340 mM NaCl concentrations, regardless
of the origin of the AMF isolate (Figure 6). However, P uptake decreased at 680 mM of
NaCl, although this was AMF isolate-dependent. For seedlings inoculated with AMF
coming from the Ndiafate high salt zone rhizosphere, the P uptake was significantly higher
(3.75 ± 0.84 mg per kg substrate) than the control seedlings (2.46 ± 0.17 mg per kg of
substrate) and those inoculated with AMF from Ngane (2.48 ± 0.28 mg per kg of substrate)
moderate salt zone.
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Figure 5. The effect of the AMF isolates × NaCl interaction on the dry root biomass of A. seyal
seedlings after 30 days of culture. Ndiafate, Ngane, and Bambey correspond to high, moderate,
and low salinity zones, respectively where the AMF were collected. Bars with the same letters for
each variable are not significantly different at p < 0.05 (Newman–Keuls test) and error bars represent
standard error of the mean (n = 270).
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Figure 6. The effect of the AMF isolates × NaCl interaction on P uptake after 30 days of culture.
Ndiafate, Ngane, and Bambey correspond to high, moderate, and low salinity zones, respectively
where the AMF were collected. Bars with the same letters for each variable are not significantly
different at p < 0.05 (Newman–Keuls test) and error bars represent standard error of the mean
(n = 270).
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Analysis of P-concentration in the tissues of A. seyal seedlings showed no significant
difference (p = 0.14) between the 0 mM (1.44 ± 0.22 mg P per g of tissue) and 680 mM
(1.58 ± 0.33 mg P per g of tissue) NaCl treatments, regardless of the AMF isolates (Figure 7).
However, the P accumulation in tissues (1.51 ± 0.19 mg P per g tissue) were significantly
higher (p = 0.04) than seedlings inoculated with Ngane AMF isolates (1.20 ± 0.14 mg P per
g tissue) and control seedlings (1.18 ± 0.14 mg P per g of tissue) with 340 mM NaCl plus
Bambey low salt zone AMF isolates. The plants inoculated with AMF from Ndiafate high
salt zone and R. aggregatum species had an average content of 1.31 ± 0.11 mg P per g of
tissue for 340 mM NaCl.
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Figure 7. Effect of the AMF isolates × NaCl interaction on the accumulation of P in tissues after
30 days of culture. Ndiafate, Ngane, and Bambey correspond to high, moderate, and low salinity
zones, respectively where the AMF were collected. Bars with the same letters for each variable are
not significantly different at p < 0.05 (Newman–Keuls test) and error bars represent standard error of
the mean (n = 270).

3.4. Correlation Analysis

Correlation analyses were performed to evaluate whether P uptake and P accumula-
tion in tissues influenced shoot dry weight and root dry weight of A. seyal (Delile) under
saline conditions. The results in Figure 8 show a positive but weak relationship between P
uptake (mg/Kg of substrate) and shoot dry weight (r = 0.30 ***; Figure 8a) and root dry
weight (r = 0.19 ***; Figure 8b). There was also a significantly positive association between
P accumulation in tissues (mgP/g) and shoot dry weight (g), root dry weight (g) (Figure 8).
The results revealed a low effect size but positive correlation between P accumulation in
tissues and shoot dry weight (r = 0.41 ***; Figure 8c) and root dry weight (r = 0.25 ***;
Figure 8d).
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3.5. Mycorrhizal Colonisation

After 30 days of culture, examination of stained root segments revealed the presence
of infectious units in all treatments, except the non-inoculated seedlings (Table 2). The
frequency and intensity of colonization of A. seyal root seedlings varied according to
the concentration of NaCl in the substrate. The highest frequencies and intensities of
colonization were observed in seedlings growing on substrates without NaCl. Significantly
higher mycorrhizal intensities (p = 0.02) were observed in plants inoculated with Ndiafate
high salt zone AMF isolates (4.6± 0.17%) compared to plants inoculated with R. aggregatum
(1.52 ± 0.10%) at 0 mM of NaCl. On the other hand, the AMF isolates from the Ngane
moderate salt zone with 6.02 ± 0.90% showed the highest mycorrhization intensities under
340 mM NaCl. Addition of 680 mM of NaCl induced no significant differences (p = 0.09) in
the mycorrhization intensities, which averaged 0.87%. Although a decrease in mycorrhizal
frequencies was observed with increasing NaCl content, no significant difference was
observed between treatments (p = 0.07).

Table 2. Effect of isolates on the mycorrhization of A. seyal seedlings in the presence or absence of
NaCl after 30 days of culture.

AMF Isolates

Intensity (%) Frequency (%)
NaCl (mM)

0 340 680 0 340 680

Ndiafate 4.6 ± 0.02 bc 1.3 ± 0.13 a 0.6 ± 0.1 a 42 ± 8.19 c 32 ± 3.61 abc 16 ± 3.61 a

Ngane 2.9 ± 0.28 ab 6.0 ± 0.90 c 0.7 ± 0.0 a 32 ± 9.64 abc 52 ± 5.57 c 18 ± 3.00 ab

Bambey 2.3 ± 0.69 ab 1.8 ± 0.47 ab 1.5 ± 0.2 a 50 ± 4.58 c 40 ± 69.54 bc 34 ± 5.00 abc

R. aggregatum 1.5 ± 0.10 a 2.1 ± 0.27 ab 0.7 ± 0.0 a 32 ± 6.25 abc 34 ± 5.57 abc 16 ± 1.00 a

Values (Mean ± SE) with dissimilar letters in a row are significantly different at p < 0.05 (Newman–Keuls test).
EC: Electrical conductivity, C/N: Carbon on Nitrogen ratio, P2O2: available Phosphorus.

4. Discussion

In agronomy, the concept of available phosphorus is used to estimate phosphorus
available to plants. The availability of P in increasingly saline soils is generally reduced
due to the ionic competition that reduces P activity. In addition, P concentrations in the soil
solution are closely controlled by sorption processes and by the low solubility of Al-P or
Fe-P precipitates [37].
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The general model of the influence of mycorrhizal fungi associated with plants is
two-fold: (1) an increase in tissue P in mycorrhizal plants and (2) an increase in P-flux
in the roots is more important than in non-mycorrhized plants [38]. In saline soils, high
P absorptions by plants inoculated with AMF could improve their growth rate and salt
tolerance by reducing the adverse effects of salt stress [39]. The role of arbuscular fungi
and the importance of their diversity in plant growth and nutrition has been described by
many authors [13,40] and confirmed in this study.

When NaCl in the substrate increased from 0 to 340 mM, plants inoculated with
AMF species from the Ndiafate, Ngane, and Bambey (high, moderate, and low saline soils
respectively) had greater shoot height compared to the other treatments. Although the
interactions were significant for root elongation, shoot and root dry weight and phosphorus
uptake were not affected by treatments. However, a better P accumulation in tissues
was observed for seedlings inoculated with AMF from Bambey low saline soils, which
is in line with the findings of Nakmee et al. [41], who observed a better absorption of
phosphorus with Sorghum plants inoculated with Acaulospora spinosa and Glomus sp. This
finding suggests a potential for AMF to stimulate shoot elongation for A. seyal.

One hypothesis is that A. seyal seedlings require a low-dose of NaCl during early devel-
opment. A. seyal seedlings inoculated with mycorrhizal species from the Ngane (moderate),
Ndiafate (high), and Bambey (low) saline soils grew better than when inoculated with a
single AMF (R. aggregatum). The positive effect of AMF might also be due to the presence
of one or more efficient symbiotic AMF species in the inoculum. This positive effect of
AMF could be due to a solitary or synergistic effect which improved the development of
the shoot parts of the plants; R. aggregatum alone did not have a significant effect for these
NaCl concentrations. According to Karagiannidis and Nikolaou [42], despite the lack of
absolute specificity, the efficiency of the symbiosis depends on both the rhizome and the
AMF species.

The greater accumulation of P in tissues with 340 mM of NaCl when plants were
inoculated with AMF from Bambey low salty soil is in line with the findings of Feng
et al. [43], who showed that colonization of maize roots by Glomus mosseae significantly
increased the phosphorus concentration in tissues, especially during salt stress. As for A.
seyal, the improvement of development at this dose of NaCl could be explained by the
existence (at this concentration) of a larger P uptake by seedlings, favored by the presence
and development of roots and mycelial hyphae, which might play a role in increasing the P
uptake. Indeed, the hyphae of a mycorrhizal fungus extend beyond the root depletion zone
and can absorb water and nutrients in the soil solution at osmotic potentials different from
those of the root surface [44]. The synergistic effect of fungal diversity on the development
of A. seyal seedlings might be related to the ability of hyphae to spread differently in the
soil. For example, Jakobsen et al. [45] showed that Acaulospora laevis hyphae reached 81
mm in length after 4 weeks, whereas the hyphae of two other fungi (Glomus sp.) only
reached 31 mm. Even if the hyphae of Glomus sp. spread less than A. laevis, Glomus sp
was more effective than A. laevis beyond the root zone [45,46]. Quintero-Ramos et al. [47]
observed a difference in the acquisition of P depending on the AMF isolate (G. etunicatum,
G. mosseae, and G. pallidum) for maize and sunflower (Helianthus annuus), but the efficacy
of the AMF isolate also depended on the plant species/cultivar. Several studies have
shown that mycorrhizal plants growing in water-stressed environments have a higher P
acquisition than non-mycorrhizal plants [48].

This extension of the mycelial network by the AMF could favor the extraction of
various nutrients [49] and the storage of larger quantities of absorbed phosphorus than
by roots of the plants, thus facilitating the continuous movement of the P inside the
hyphae [50].

The presence of root-associated acid phosphatase activity has been described by some
authors for the acquisition of P by plants under conditions of low nutrient availability
in the soil [51]. This phosphatase activity, which results in the hydrolysis of organic P,
originates from the plant roots, soil micro-organisms or mycorrhized roots [9]. A positive
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effect of AMF on phosphatase activity was also described by McArthur and Knowles [52]
but only at low levels of P. The importance of these enzymes is not always evident, and
their role is modulated by several factors, including soil P availability, certain characteristics
of the plant species (mainly concerns the threshold value of effective P uptake), and the
microbial interactions in the rhizosphere/mycorrhizosphere [53]. Dodd et al. [54] found
that phosphatase activity was increased by inoculation of two out of three AMF. These
authors suggested that the fungus isolate could determine phosphatase activity.

Phosphatase activity might be responsible for improved uptake and accumulation
of P in the plant and might be influenced by the inorganic Phosphorus (Pi) levels and Pi
transporters, which are crucial regulators of AM symbiosis [7,55]. The Pi uptake from
the soil by the plants associated with the AMF could be linked to the conditions of the
ecological environment. Different Pi transporters involved in Pi transport have been found
in various mycorrhizal fungi [56] but also in various plants [57]. We hypothesized that the
efficacy of these transporters can vary with the diversity of AMF and be affected by changes
in the environment, such as the presence of NaCl, causing a change in the Pi flux from the
external environment to the plant. This abiotic factor could constitute a stimulus for the
A. seyal seedlings and/or the AMF, which could induce the activation or the repression of
specific genes and lead to variations in transcription factors and physiological responses.

A NaCl concentration above 340 mM resulted in a decrease in the development of
the seedlings (both the shoot and roots parts). This observation was confirmed by the
measurement of root dry biomass and mycorrhization intensities, which decreased when
680 mM NaCl was added to the substrate. The decrease in plant development when 680
mM NaCl is added to the substrate could be explained by the difficulty for the plants to
obtain proper water and nutrients due to the osmotic stress but also by the difficulty for
their symbiotic partner to develop and participate in the hydromineral nutrition of plants
in culture.

However, we observed an increase in root length for plants inoculated with AMF
from Bambey low saline soil and a better root biomass when plants were inoculated with
R. aggregatum (DAOM 227128), species at 680 mM. The species R. aggregatum has been
previously found to be associated with, Faidherbia albida leguminous tree in the Sahelian and
Soudano-Guinean zone of Senegal [27] and seems to proliferate in the arid and semi-arid
regions [58,59]. It was noted in the present study that R. aggregatum in symbiosis with
A.seyal seedlings helps to uptake more phosphorus at high salt concentrations (650 mM
NaCl). This resulted in an increase of P in the plant tissues correlated with a better root
biomass. This could help root system to better explore the rhizosphere in order to improve
the hydromineral nutrition of seedlings.

The symbiotic performance of fungi could vary according to the species of mycorrhizal
fungi present in a given ecological zone and the environmental conditions. The interactions
between plants and soil micro-organisms could be complex because they involve partners
with different physiological functions. This requires a certain compatibility that allows
them to achieve beneficial relationships. At the plant level Moeneclaey et al. [60], 2022
demonstrated that species with different ecological strategies differed in their response to
soil phosphorus supply, including the concentration of phosphorus in their tissues. This
will result in a modulation of the correlations between P uptake and its accumulation in
plant tissues.

The sorghum inoculated by native mycorrhizal ecotype produced greater plant biomass
under saline and sodic soils than the uninoculated plants because of the alleviation of salt
stress through greater root biomass, improved K+/Na+ ratio, P content, and P uptake
compared to nonmycorrhizal plants [61].

Tian et al. [62] tested the hypothesis that AMF from saline soils have a greater capacity
to alleviate saline stress in plants than fungi from non-saline soil. They found that isolates
from saline soil significantly improved plant growth at 3 g/kg NaCl and increased phospho-
rus concentrations at 0 and 1 g/kg NaCl. They concluded that the mechanisms by which
AMF protect plants from the detrimental effects of salinity might involve their capacity



Soil Syst. 2022, 6, 79 15 of 18

to influence the uptake of sodium and chloride. They also found that the mycorrhizal
strain originating from the saline habitat was better adapted to conditions of salinity and
conferred greater benefit to the host plants. Chebaane and Symanczik [17], suggested
that the production of easily-extractable glomalin related soil protein might be involved
in the tolerance of AMF to increased salinity in the soil. According to Elgharably and
Nafady [63], salt stress can limit root growth and accordingly the uptake of P and other
essential elements is reduced. However, these authors showed that despite the limited AM
colonization under saline conditions, AMF inoculation resulted in an increase of the grain
yield and the shoot and root weights as compared to the control (NM), which indicates the
subsequent benefits of AMF colonization to the plant roots under saline conditions.

In our study, we found that AMF from Ndiafate and Ngane (respectively high and
moderate) saline soils did not improve shoot and dry root biomass. However, an increase of
the phosphorus uptake was observed for plants inoculated with AMF from Ndiafate highly
saline soil at 640 mM NaCl. According to Al-Karaki et al. [64], salt-tolerant plant species
are more highly colonized by AMF than sensitive species. Our results show that P uptake
by mycorrhizal plants is not closely correlated with the percentage of root colonization, as
demonstrated by Karagiannidis et al. [65].

5. Conclusions

Assessment of the effects of arbuscular mycorrhizal fungi on the early stages of
development and phosphate nutrition of A. seyal (Delile) revealed an improvement in
phosphorus nutrition by some AMF (Ndiafate isolates) for high levels of NaCl, despite the
limited duration of the experiment. Pre-inoculation of A. seyal plants by arbuscular fungi in
semi-arid environments was shown to have a positive effect that might help to reduce the
adverse effects of salt stress on plant growth, development, and nutrient uptake, especially
for phosphorus during the early stages of plant development. Based on our findings,
the effects of the mycorrhizal symbiosis resulted in an early response after inoculation,
suggesting that inoculation at the early seedling stage, before transferring seedlings to
the field, could allow A. seyal plants to better withstand the hostile environments, such
as those with high water-deficit or heat stress, or salinity. These findings suggest that
AMF inoculation could be a viable approach to sustain plant production under saline
conditions. Further research is needed to assess the efficiency of different AMF to determine
efficient symbiotic plant-AMF association under adverse environment; this work could be
conducted under a range of salinity levels, such as those we conducted here.
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