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The use of salinity-tolerant symbiotic plants to rehabilitate salt-affected lands is practiced in many areas
in the world, but is often faced with the survival of introduced plants in their new environments. However,
plant vitality could be improved by inoculation with symbiotic rhizobia and arbuscular mycorrhizal fungi
(AMF), known to make available essential plant nutrients such as nitrogen and phosphorus. Vachellia
nilotica subspecies Adansonii, a symbiotic legume and excellent candidate for the rehabilitation of
degraded soils. The present study aimed to assess the effect of rhizobia and AMF inoculation on V.
nilotica species adansonii plants' growth improvement and salinity tolerance. A greenhouse experiment
was carried out with inoculated treatments with AMF (Rhizoglomus and Gigaspora species) combined or
not with rhizobia (Mesorhizobium, Rhizobiun and Sinorhizobium). Three levels of salinity were considered
(0.250, and 500 mM). Nodulation, mycorrhization, plant growth parameters, and shoot mineral content
were assessed. Results showed that salinity negatively affected these parameters. However, combined
AMF/rhizobia improved them in inoculated plants under salinity. Globally, inoculation with Rhizoglomus
and Mesorhizobium improves mycorrhization, nodulation, and biomass. Also, inoculated plants showed
more nitrogen (N), Phosphorus (P) and Sodium (Na) content at high salinity. Sodium-potassium (K/Na)
ratio decreases with salinity and was higher in Rhizoglomus/Mesorhobium treatment at 500 mM

Key words: Vachellia nilotica, arbuscular mycorrhizal fungi (AMF), salt tolerant rhizobia, inoculation, symbiotic
parameters, salinity.

INTRODUCTION

Land degradation as salinization is a major constraint on goal 6 (SDG6). In many areas around the world as in

the development of affected regions and constitutes both Africa, this phenomenon is often due to the presence of
aglobal and a local challenge, sustainable development salt (NaCl) in the soil and is exacerbated by high
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temperatures related to global climate change. Salinization
is the result of both natural process (intrusion of seawater
into the land, etc) and human activities such as irrigation
and salt farming. The consequences of this abiotic
constraint include loss of fertility and degradation of the
physical and chemical properties of the soil, leading to the
loss of arable lands, reduced plant biodiversity, and finally
to desertification. The rehabilitation and recovery of salt-
affected soils are of vital importance and are becoming a
necessity to increase land productivity. The outcome of
these actions is to stabilize the soil, protect against
weathering, conserve and develop natural plant resources,
sequester carbon, and improve soil fertility.

In Senegal, soil rehabilitation involves several aspects:
desalination through drainage (construction of anti-salt
dams and bunds, drainage systems, etc.), liming,
amendments with phosphogypsum or organic, and/or
agrobiological methods such as revegetation of affected
areas with tolerant plant species. This latter method is
economically more affordable and more sustainable. The
best plant species used in revegetation programs are
plants able to survive on nutrient-poor, degraded land and
tolerant to salinity. Some leguminous trees, such as V.
nilotica, have this ability to regenerate, stabilize and
improve soil fertility (Bouhnik et al., 2019). Salt-affected
soils contain a very low rate of nitrogen (Heng et al., 2024;
Elsiddig et al., 2023), which is a limiting factor for plant
development.

Using plant species able to symbiotically fix nitrogen for
reforestation is an alternative to rehabilite salt affected soil.
Egamberdieva et al. (2019) showed that leguminous trees
had better growth rate and survival in saline conditions
when inoculated with salt-tolerant rhizobia. However, most
leguminous spp. and their associated microorganisms are
sensitive to salinity; hence, the choice of tolerant symbiotic
strains like those associated to Acacia s.l. It has also been
shown that some rhizobia symbiotic to leguminous trees
are also tolerant to soil salinity (Fall et al., 2008; Thrall et
al., 2009).

Thus, V. nilotica, a multipurpose legume, has been used
in many reforestation programs in Senegal and several
other tropical regions around the world because of its
ability to grow in salt affected soils.

This ability is thought to be linked to its capacity to form
a tripartite symbiosis with both soil rhizobia and arbuscular
mycorrhizal fungi (AMF) (Samba-Mbaye et al., 2020).
These two symbiosis interactions play an important role in
plant vitality, improving fertility and the stability of soil
aggregates. Rhizobia are soil bacteria that are symbiotic
to leguminous plants and can fix molecular nitrogen (Nz2),

which is abundant in the atmosphere. These bacteria live
in the nodules formed by the plants to fix the nitrogen and
transform it into a form available for the plant's use.
Because of this microbial symbiosis, plants can grow in
nitrogen-deficient soils. So, using halo-tolerant rhizobia to
alleviate salt stress in plants is a natural restorative
strategy to change plant salt tolerance (Li et al., 2025).

Moreover, AMF are natural root symbionts providing
water and essential mineral nutrients to host plants,
improving plant growth and yield under both stressed and
unstressed conditions (Begum et al., 2019). The greatest
benefit of AMF in mycorrhized plants is phosphorus
acquisition. According to Evelin et al. (2019), AMF deploy
several biochemical and physiological mechanisms that
act synergistically to enhance higher salinity tolerance of
the host plant. Improving the phosphorus content of plants
is the best salinity tolerance strategy for plants colonized
by fungi. AMF are considered as biofertilizers and often as
bio-protectors, because in addition to improving the
hydromineral nutrition of plants, AMF assist them in
fighting pathogens. According to Wang et al. (2018), AMF
are also considered to be bioenhancers of plant tolerance
to soil salinity.

However, in tropical soils, populations of native rhizobia
and AMF strains are often quantitatively and qualitatively
reduced because of increasing temperatures or
inefficiency to optimize the beneficial effects of symbiosis.
In this context of climate change with increasing
temperatures, inoculation with effective strains becomes
an imperative to improve plant symbiosis and plant growth
in the nursery before transplanting to the field for more
successful establishment. Inoculation with AMF to improve
plant growth and productivity has been widely studied on
several plant species (Smith and Smith, 2011) using either
a single or several species, native or selected (Quifiones-
Aguilar et al., 2016) associated or not with rhizobia.
However, previous studies (Séne et al., 2010; Soliman et
al.,, 2012; Fall et al., 2017; Klinsukon et al., 2021) have
shown that double inoculation rhizobia/AMF had a more
beneficial effect on the symbiotic properties and
productivity of Acacia plants due to the synergistic effect of
the two symbioses on the plant. It was shown that the
efficiency of nitrogen fixation depended on phosphorus
availability, which can be supplied by the mycorrhizal
symbiosis. However, for each species, it will be necessary
to determine the most effective microorganisms, especially
because their effectiveness can vary depending on the
associated plant spp.

Moreover, previous studies identified more Glomus
spores in the rhizosphere of V. nilotica growing in non-
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Table 1. Description of experimental treatments
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Treatment name

Description of applied type of inoculum

CM1 Rhizoglomus aggregatum + Rhizoglomus intraradices
CM2 Gigaspora rosea + Gigaspora margarita
R1CM1 Rhizobium spp. (LCM4934) + CM1

R1CM2
R2CM1
R2CM2
R3CM1
R3CM2
TCM1

TCM2

Rhizobium spp. (LCM4934) + CM2

Ensifer spp. (LCM4917) + CM1

Ensifer spp. (LCM4917) + CM2

Mesorhizobium spp. (LCM4942) + CM1

Mesorhizobium spp. (LCM4942) + CM2

Control 1: non sterilised soil + CM1 inoculum sterilised at 120°C
Control 2: non sterilised soil + CM2 inoculum sterilised at 120°C

saline soils, with Rhizoglomus aggregatum predominating,
and slightly less frequently with Rhizophagus intraradices
(Séne et al, 2012). This study also showed a
predominance of these two AMF species in the
rhizosphere of some tree species, and that the infectious
potential is higher under cover. Also, Samba-Mbaye et al.
(2020) identified the AMF genera in association with V.
nilotica; and thus, efficient rhizobia strains have been
isolated from nodules to improve plant development under
salinity conditions. These bacteria and fungi, identified as
naturally associated with V. nilotica, could constitute
biological inputs to support the development of these
plants in saline conditions. However, the inoculation of V.
nilotica mainly with their true natural symbionts is not well
studied, particularly in Senegal. To fill this gap, the present
study aims to assess the effect of inoculation with rhizobia
and/or AMF on the symbiotic and growth parameters of V.
nilotica under salinity conditions. Ultimately, the results
should enable us to identify the performed strains for
inoculation, and those that are able to optimize plant
growth in the nursery.

MATERIALS AND METHODS

Plant and substrate of cultivation

The seeds of V. nilotica var. adansonii collected from Dahra locality
were supplied by the “Centre National de Ressources Forestiéres
(CNRF)” of ISRA. Its current name is V. nilotica ssp. adansonii (Guill.
and Perr.) Kuntze [syn. Acacia nilotica (L.) Willd. ex Del. subsp.
adstringens (Schumm. and Thonn.) Roberty] (Kyalangalilwa et al.,
2013). The cultivation substrate was sandy soil from Sangalkam with
the following physical and chemical properties: sand 88.8%, silt
5.8%, clay 5.4%, organic matter 0.6%, total carbon 0.3%, total
nitrogen 0.02%, C/N ratio 14%, total potassium 333.5 ppm, total
phosphorus 41.4 ppm, assimilable phosphorus 2.1 ppm, total
calcium 1.03 ppm, total magnesium 0.30 ppm, pH (soil/water ratio
1:2) 6.0; pH (soil/KCl ratio 1:2) 4.6.

AMF inoculum

The fungal strains were from the AM fungi collection of the
“Laboratoire Commun de Microbiologie (LCM)”. These inocula were
produced by trapping with maize plants grown on sandy soil sterilized
at 120 °C for 2 h. Two inocula (CM1 and CM2) were each composed
of a mixture of two AMF strains in equal proportions. The CM1
inoculum is a mixture of R. aggregatum (syn. Glomus aggregatum,
N.C. Schenck and G.S. Sm.) Sieverd, G.A. Silva and Oehl
(Sieverding et al., 2014) and R. intraradices (syn. Glomus
intraradices, N.C. Schenck ans G.S. Sm.) Sieverd, G.A. Silva and
Oehl (Sieverding et al., 2014), while the CM2 inoculum consisted of
a mixture of Gigaspora rosea and Gigaspora margarita. The choice
of AMF species was based on previously identified species in V.
nilotica, but also on availability in the LCM collection. The inoculum
was supplied to the soil as a sandy substrate containing spores and
fragments of mycorrhized roots.

Rhizobial inoculum

Bacterial inocula were prepared using strains isolated from V. nilotica
nodules grown in salt-affected soil. They were selected based on
their symbiotic performance and salinity tolerance according to a
previous study. Three strains of bacteria were used: Rhizobium sp.
(LCM4934) or R1, Ensifer spp. (LCM4917) or R2 and Mesorhizobium
spp. (LCM4942) or R3. These strains were chosen from the groups
previously identified as nodulating V. nilotica.

The inoculum was a liquid bacterial culture prepared with YM
medium. Pure strains were first grown aseptically in Petri dishes
containing YMA. Isolated colonies were used to inoculate a flask
contained YM medium which was then kept in a culture chamber at
30°C for 48 h. When the strains have reached their exponential
growth, the optical density (OD) is measured at 600 for adjustments
to ensure similar ODs for all the strains before inoculation.

Experimental design

The experiment was carried out in the greenhouse, and the design
was a randomized block with two factors: the inoculation factor with
10 treatments (Table 1): 6 rhizobia/AMF double-inoculation, two AMF
inoculation alone, and 2 controls without inoculum TCM1 and TCM2
(Table 1); and the salinity factor with three levels (0, 250, and
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500 mM). For each treatment 10 replicates were considered.

Soil preparation and plant cultivation

The soil was first sieved to remove coarse debris, then moistened
before being placed in plastic bags. The seeds of V. nilotica, which
had a hard coat, were scarified with 96% sulphuric acid (H2SO4) for
2 h to remove the seed coat inhibition. Then they are removed from
the acid and rinsed thoroughly with demineralized water to remove
all traces of acid. They were then soaked in sterile demineralized
water overnight. Finally, they were germinated in Petri dishes
containing agar (0.9%) and placed in an oven at 37°C. After, the pre-
germinated seeds were transplanted into plastic sheaths containing
1.5 kg of non-sterile soil with two germinated plants per tube. The
plants were watered daily with tap water at field capacity. Before
inoculation, the least vigorous plant was removed to obtain plants
with uniform growth.

Plant inoculation

The fungal inoculum was added before transplanting. Twenty grams
of fungal inoculum from each AMF cocktail were buried in the middle
of the sheath. Then, the absolute control was inoculated with a
sample of fungal inoculum sterilized at 120°C for 2h. Inoculation with
rhizobia was carried out five days after transplanting. The seedlings
were inoculated with 5 ml of bacterial inoculum of each rhizobium
strain at the root collar of each plant.

Salinity application

Salinity levels for treatments were identified based on previous
studies showing that greenhouse-cultivated V. nilotica plants could
grow at sodium chloride (NaCl) concentrations up to 600 mM
(Soumaré et al., 2008); and the salinity tolerance tests we carried out
on the strains showed that they could grow at over 500 mM NacCl.
Thus, 3 levels of salinity were chosen: 0 mM as the control, 250 mm
as the moderate, and 500 mm as the high salinity. Fifteen days after
inoculation, the saline solution was added. Salt stress was applied
progressively by first watering the plants with a 50 mm saline solution
until the soil salinity was closer to the level we wanted to apply, to
avoid osmotic shock to the plants. To achieve this, the salinity of the
soil solution was measured with a salinometer after each watering.
Control plants (0 mM of NaCl) were watered with tap water and
frequency of watering was every two days until the end of the
experiment.

Parameters assessed

To assess the effect of inoculation on plant development and
symbiosis under salinity conditions, growth, mycorrhization and
nodulation parameters were estimated. The shoot mineral content of
the plants was also analysed.

Plant growth and nodulation

The growth parameters measured were plant height, shoot biomass
and root biomass. Thus, after four months of cultivation, the height of
the plants was measured before harvest. To assess plant biomass,
the shoots and roots parts were separated and dried in a 70°C oven
for 48 h. The dry samples were then weighed. The number of nodules

per plant was counted at harvest.

Analysis of the shoot mineral content of plants

The analysis of mineral content (C, N, P, Na, K) in plant shoot was
carried out by the LAMA laboratory (Laboratoire des Moyens
Analytiques) certified 1ISO 9001 version 2000 (Institut de Recherche
pour le Développement, IRD-Bel Air, Dakar-Senegal).

Roots mycorrhization

Before staining, root samples taken from inoculated and control
plants and rinsed with tap water were preserved in 70°C alcohol.

Root staining

Root samples were stained using the method of Phillips and Hayman
(1970). The roots were first rinsed in tap water, placed in test tubes
containing a 10% KOH solution and boiled in a water bath at 90°C
for 1 h. This operation emptied the cytoplasmic content of the root
cells. The roots were rinsed (to remove the KOH) and soaked in
bleach diluted 1:10 for 3 min to lighten them further. After rinsing
under tap water and draining, they were soaked in a 0.05% trypan
blue solution, and the tubes were placed in a water bath at 90°C for
30 min. At the end of this operation, the dye was drained and the
roots soaked in tap water.

Evaluation of mycorrhization

The stained roots were cut into fragments of approximately 1 cm,
mounted between a slide and a coverslip and coated with 20%
glycerol for preservation. Each slide had 15 fragments and for each
treatment there were 5 replicates. Each slide was observed under a
microscope (%20) fragment by fragment. The presence of hyphae,
vesicles or arbuscules in the roots was used to estimate the level of
root colonization. The mycorrhization rate was assessed using the
method described by Trouvelot et al. (1986). Microscopic observation
was used to record the level of root colonization of each fragment
rated on a scale from 0 to 5. The mycorrhization parameters were
calculated according to the following formulae: Frequency of
mycorrhization of the root system (F%) and intensity of mycorrhizal
colonization of the root system (1%).

F% = (Number of mycorrhized fragments / Total nhumber of root
fragments per slide) x 100

1% = (95n5 + 70n4 + 30n3 + 5n2 + n1) / (Total number of fragments
per slide)

where, n5, n4, n3, n2 and n1 are, respectively, the number of
fragments scored as 5 (90 to 100%), 4 (50 to 90%), 3 (10 to 50%), 2
(1 to 10%) and 1(0 to 1%) (number of mycorrhizal sections).

Statistical data analysis

Data were analysed using two-factor analysis of variance (ANOVA)
model using XLSTAT version 2019 software with a 95% confidence
interval. Pearson correlations between dependent variables were
performed by the same software Means were compared using the
Newman and Keul's test with a probability of P <0.05.
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Figure 1. Effect of inoculation on mycorrhization frequency of V. nilotica plants under different salinity levels; Numbers with the same
letter are not significantly different according to Newman et Keul's test. P < 0.0001.

RESULTS

Effect of inoculation on plant mycorrhization under
salinity

Effect of inoculation on mycorrhization frequency

The effect of inoculation on the mycorrhization frequency
of V. nilotica (Figure 1) showed that in no salinity (OmM
NaCl), all inoculated treatments had higher mycorrhization
frequencies than non-inoculated (controls), thus demon-
strating the positive impact ofinoculation on mycorrhization.
However, the double-inoculated treatments R3CM1
(100%), R1CM1, R3CM2 and R2CM1 had the highest
frequencies. At moderate salinity (250 mM NacCl), all
inoculated treatments had significantly higher mycorrhiza-
tion frequencies than controls, indicating the positive effect
of inoculation at moderate salinity level and the exogenous
addition of AMF had a positive effect on mycorrhization
frequency. Treatments R3CM1 (80.9%), and R2CM2,
R2CM1 and R1CM1 had the highest absolute values, but
were not significantly different than the other inoculated
treatments. At high salinity (500 mm NacCl), all inoculated
treatments had significantly higher mycorrhization
frequencies than the non-inoculated controls. However,
the values of frequencies varied with treatments. The
highest frequencies were observed with the R3CM1
treatments first (89.33%), followed by R2CM2, R2CM1
and R1CM1.

These results showed that rhizobia associated with CM1
would be more effective at high salinity. Globally, it can be
noted that whatever the salinity level, the rhizobia
combined to AMF treatments (CM1, CM2) show better
mycorrhization, particularly when associated with CM1
(Rhizoglomus spp).

Effect on mycorrhization intensity

Results on mycorrhization intensity of V. nilotica plants
under salinity (Figure 2) showed that in no salinity, all the
inoculated treatments had  significantly  higher
mycorrhization intensities than the controls. However,
there was a significant difference between the inoculated
treatments, as R3CM1 (74.93%) was far higher than the
others. However, at moderate salinity, all inoculated
treatments had significantly higher mycorrhization
intensities than controls. At this level of salinity, the R3CM1
(40.67%), R3CM2 and CM2 treatments had the highest
intensity values, and the remaining inoculated treatments
were not significantly different. At high salinity, all
inoculated treatments had significantly higher mycorrhiza-
tion intensities than controls. However, there is a
difference in mycorrhization between the inoculated
treatments. The significantly highest intensity is R3CM1
treatments (16.73%) followed by R2CM2 and CM1
Overall, the main observation is whatever the salinity level,
inoculated treatments had the highest mycorrhization
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Figure 3. Effect of inoculation on nodulation of V. nilotica plants under different salinity levels, Numbers with
the same letter are not significantly different according to Newman et Keul's test. P < 0.0001.

intensity; and moreover, the R3CM1 treatment
(Mesorhizobium/Rhizoglomus spp.) still was the highest.

Effect of inoculation on plant nodulation
Figure 3 shows the effect of inoculation with AMF alone, or

in association with rhizobia, on nodulation of V. nilotica
plants under different salinity levels. It was noted that

globally, there is an overall decrease in the number of
nodules in the two salinity levels. However, in salinity zero,
the double-inoculation  AMF/rhizobium  treatments
significantly increased the number of nodules, except for
R1CM2 and R2CM2 treatments, which showed the same
results as the non-inoculated and CM1. The R3CM2
treatment was the highest because it induced more
nodules, indicating that in no salinity Mesorhizobium spp.
(R3) combined with Gigaspora spp. Is the most effective



treatment for nodulation. In moderate salinity, it was still
the double-inoculation treatments that induced
significantly more nodules, with R3CM2 and R3CM1 first,
showing that the R3 strain (Mesorhizobium spp.) is the
most infective at this salinity level.

At high salinity, the number of nodules was considerably
reduced for all treatments, indicating the negative effect of
salt on nodulation, except for the R3CM1 treatment
(Mesorhizobium/Rhizoglomus) first, and R3CM2 secondly.
This result agrees with result in moderate salinity, showing
that R3 strain (Mesorhizobium. spp.) is the most infective
regardless of the type of AMF associated.

Effect of inoculation with rhizobia and AMF on
biomass production, plant growth of V. nilotica under
salinity levels

Effect of inoculation on shoot biomass

The effect of inoculation on shoot biomass of V. nilotica
plants under salinity conditions (Figure 4A) showed that in
no salinity all treatments had significantly higher biomass,
with the double-inoculation treatments R1CM1, R2CM1
and R3CM1 first, suggesting that treatment with CM1
induced more biomass; whereas those associated with
CM2 had a weaker effect. Also, at moderate salinity, the
CM1 treatment produced more shoot biomass, followed by
the R2CM2, R1CM2 and R1CM1 double-inoculation
treatments and CM2 treatment was the less effective. The
TCM1 and TCM2 controls were not significantly different
from the R3CM2, R3CM1 and R2CM1 treatments.

This result, therefore, shows that the infectivity of R3
was not reflected in the biomass. However, the indigenous
strains (controls) had a weaker effect than the exogenous
strains. At high salinity, the R3CM1 treatment was the
better, followed by R3CM2. This result also corroborated
the observed number of nodules in this treatment,
suggesting that R3 associated with AMF is effective at high
salinity, whereas the indigenous strains have a weaker
effect at this salt concentration. Overall, it appears that in
the presence or absence of salinity, double-inoculation
treatments often induced more shoot biomass. Treatments
combining rhizobia and CM1 were more effective, while at
higher salinities, Mesorhizobium spp. R3 combined with
the two types of AMF best performed.

Effect on root biomass

Figure 4B shows the results of the effect of inoculation on
root biomass of V. nilotica under salinity.

The CM1 treatments and the R1CM2, R2CM2, R3CM1,
R3CM2  double-inoculated treatments significantly
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increased root biomass production in no salinity. However,
R1CM1 and CM2 treatments were not significantly
different from the controls. At moderate salinity, treatment
R1CM2 was not significantly different from treatments
R2CM2, R2CM1, CM1, R1CM1 and TCM2. It was noted
that at this salinity level, treatments with R2 or R1 increase
root production, regardless of the type of associated AMF.
TCM2 treatment also showed that there have indigenous
strains that were effective in producing roots. At a higher
salinity, the treatments that developed more roots were
R3CM1, followed by R2CM1 and CM1. This result
suggested that CM1 is effective in root development. The
weaker treatments R3CM2, R1CM2 and R2CM2 show that
CM2 does not stimulate root development at high salinity.
Regardless of the salinity level, inoculated treatments
induced more root biomass. However, at high salinity it
was the Rhizoglomus spp. treatments that produced more
root biomass, particularly when combined with
Mesorhizobium spp.

Effect on plant total biomass

The results show that, overall total biomass varies
according to salinity level (Figure 5). Biomass decreased
with increasing salinity. The type of inoculum also
influenced biomass production. In the absence of NaCl, all
the double-inoculation treatments produced a higher
biomass than the controls.

The R1CM1 treatment was the most effective, followed
by R2CM1, R3CM1 and R3CM2, which were not
significantly different, meaning that inoculation improved
biomass production both in AMF alone and in
rhizobia/AMF associations. However, at moderate salinity
CM1 was not significantly different from the double-
inoculation treatments. However, the TCM2 was also in
the same group, indicating that there are indigenous
strains with the same potential in terms of salinity tolerance
and efficacy as the inoculated strains. Thus, CM2 alone
was less effective than the inoculated strains. Similarly, at
high salinity, the R3CM1 and R2CM1 double-inoculation
treatments produced a higher biomass, which may
indicate that these treatments contribute to the plant's salt
tolerance. The low response noted for R1CM2 and
R2CM2, could be meaning a depressive effect of CM2 in
association with rhizobia. Globally, total biomass is
generally higher in inoculated plants, and treatments with
Rhizoglomus spp are often the most effective.

Effect on plant height
The effect of inoculation on plant height under salinity

(Figure 6) showed a decrease in plant height with
increasing salinity. In no salinity, all rhizobia associated
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with CM1 and R3CM2 have greater plant height. In
moderate salinity, plants of the CM1, R1CM2 and R2CM2
treatments grew taller, while at high salinity there was no
significant difference between treatments, indicating a
decrease of plant growth. Observation of plants at high
salinity showed that, often they lose their leaves (Figure 7)
and then regenerate smaller, fewer leaves.

Effect of inoculation on the shoot mineral content of
V. nilotica plants inoculated under different levels of
salinity

Table 2 shows the results for the effect of inoculation on
the total nitrogen (N), phosphorus (P), sodium (Na) and
potassium (K) content on the shoots of V. nilotica plants.

Effect on shoot nitrogen content

The total nitrogen content was significantly higher in all the
inoculated treatments in 0 mM of NaCl, except for
treatment R1CM2, which was not significantly different
from the controls. The highest levels were observed in
treatments R3CM2 and R1CM1, although R2CM1,
R3CM1, R2CM2 and CM1 alone were not significantly
different, indicating that these were the most effective
treatments for nitrogen supply. At moderate salinity,
nitrogen content was significantly higher in the inoculated

treatments R3CM1, R3CM2, CM1, CM2 and controls while
the lowest nitrogen content was observed in the
treatments R1CM1, R2CM1, R2CM2. At high salinity the
nitrogen content was significantly higher in the inoculated
treatments R1CM2, R3CM1, R3CM2, CM1, CM2.
However, the inoculated treatments R1CM1, R2CM1,
R2CM2 are not significantly different from controls. It can
be noted that R3 (Mesorhizobium) associated to any type
of AMF gives a high nitrogen content at moderate or high
salinity.

Effect on shoot phosphorus content

The phosphorus content (total P) of plants in no salinity
showed that the CM1, R1CM1, R2CM1 and R3CM1
treatments are significantly higher, indicating that inocula
with CM1 (R.spp.) are more effective at supplying
phosphorus to the plant, alone or in association with
rhizobia. At moderate salinity, the highest total P content
was observed with the R3CM1 treatment, with the CM1,
CM2, TCM1 and R1CM1 treatments having lower values,
which could be interpreted as Rhizoglomus efficiency. The
lowest P content was observed with the inoculated
treatments R3CM2, R2CM2, R1CM2 and TCM2.

At high salinity all the double-inoculated treatments have
more total P than controls. The inoculated treatments
R2CM2, R3CM1 and R3CM2 had the highest levels.
Treatments R1CM2, R2CM1, R1CM1, CM2 had slightly
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Figure 7. Status of V. nilotica plants inoculated and under different salinity
levels (OmM NaCl, 250mM, 500 mM) after 3 months in greenhouse.

lower levels. The CM1 treatment, which is not significantly
different from the controls, has the lowest content, and this
corroborates the level of mycorrhization.

Effect on shoot sodium (Na) content

Sodium (Na) content was higher in treatments R1CM1,
R2CM1 and R3CM1 in no salinity. Therefore, the
CM1/rhizobia associations would be more effective in
removing sodium from the soil and transferring it to the
aerial parts of the plants. On the other hand, CM1 alone,
CM2 alone, CM2/rhizobia associations and non-inoculated
controls contain less Na.

At moderate salinity, all treatments had significantly high
Na levels except R2ZCM2 and R3CM2. The inoculated
treatments R3CM1, CM1 and R1CM2 had the highest

levels. At high salinity, the Na content was higher in the
R2CM2 and R1CM2 treatments. The R2M1, R3CM1,
R3CM2, RICM1, CM1 and CM2 treatments had lower
levels, and the lowest levels were observed in the non-
inoculated controls.

Effect on shoot potassium (K) content

Potassium (K) content is higher for treatments CM1,
R1CM1, R2CM1, R3CM1 in no salinity, but is not
significantly different for almost all other treatments except
control (TCMZ2). This means that the treatments
associated with Rhizoglomus (CM1) have a higher K
content.

At moderate salinity the K content is higher in treatments
R1CM1, R2CM1, CM2 alone, and all the other treatments
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| lated NaCl 0 mM NaCl 250 mM NaCl 500 mM
noculate
treatments N total P total Na K N total P total Na K P total Na K
(%) (mglkg) _ (mglkg) (mg/kg) (%) (mg/kg)  (mglkg)  (mglkg) (mg/kg)  (mglkg)  (mglkg)
RICM1 1.542 1277.252 962.00% 7438.252 0.89¢ 1230.25P¢  6242.25abc  7848.502b 1284 .0bc 12349.8P 8571.0P
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are not significantly different from the non-
inoculated controls. At high salinity, apart the
R2CM1 treatment, which has the highest K
content, all others are not significantly different,
including non-inoculated.

Effect on Sodium-potassium (K/Na) ratio of V.
nilotica plants shoots

The K/Na ratio of plants (Figure 8) decreases with
salinity at both moderate and high salinity levels.
The K/Na ratio in no salinity varied between 5.42
and 26.19 and was significantly higher in
treatments CM2, TCM2 firstly, followed by
treatments CM1, R2CM2, R3CM2, TCM1. CM2. At
moderate salinity, this ratio is between 0.81 and
1.56 and is higher in R1CM1, R2CM1, R2CM2,
R3CM2 and CM2. At high salinity, the K/Na ratio
ranged from 0.38 to 1.51, and was highest in

R3CM1, CM2 and controls, thus CM1, R1CM1,

R3CM2. All the other treatments were not
significantly different.
Correlation between the different mineral

contents of shoots of V. nilotica (Table 3) shows
positive correlation between P and nitrogen
content. Thus, Na is positively correlated with P
and N. A negative correlation between Na and
K/Na ratio is also noted.

DISCUSSION

The effect of inoculation on plants tolerance to
salinity was analysed for V. nilotica inoculated with
AMF strains alone or combined with salt tolerant
rhizobia in three levels of salinity. The inoculation
in non-sterile soil was aimed to be closer to natural
conditions and to analyse the behaviour of the
inoculated strains in relation to soilborne strains.

Overall, the results showed a reduction in growth
parameters (shoot and root biomass and height)
and symbiotic parameters (nodulation, mycorrhiza-
tion) with increasing NaCl concentration compared
with no salinity treatments; this means that plant
growth decreases with increased salinity. It has
been reported that salinity is harmful to plants,
because it causes osmotic stress and ionic stress;
and osmotic stress reduces the water uptake and
solutes (Lu and Fricke, 2023; Munns and Tester,
2008). However, these parameters were improved
with inoculated treatments, particularly double-
inoculated rhizobia/AMF treatments. Rhizoglomus
spp. treatments are often the most effective,
especially when combined with Mesorhizobiun
spp. In addition, it has been noted that there is a
heterogeneity in the responses to inoculation,
which could be due to the indigenous strains whose
effects may converge with those of the inoculants.
Similar results were showed by Abbas et al. (2013)
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Table 3. Correlation between shoot minerals content parameters at high salinity (500 mM).

Correlation Azote total P total Na K K/Na
Azote total 1 0,1235 0.2329 -0.0734 -0.3224
P total 0.1235 1 0.5129 -0.0006 -0.4189
Na 0.2329 0.5129 1 -0.0937 -0.8186
K -0.0734 -0.0006 -0.0937 1 0.3867
K/Na -0.3224 -0.4189 -0.8186 0.3867 1
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Figure 8. Effect of inoculation on K/Na ratio of V. nilotica shoot plants biomass under different salinity
levels, Numbers with the same letter are not significantly different according to Newman et Keul's test.

P < 0.0001.

indicating that all growth parameters decrease with
increasing salinity in Acacia ampliceps and V. nilotica.
Similarly, Al-shaharani and Shetta (2011) reported that
salinity affects growth, nodulation and nitrogen fixation
parameters in Acacia ehrenbergiana and Vachellia tortilis.
The inhibitory effect of salinity on nodulation is attributed
to the decrease in colonization by a reduction in the
proliferation of the rhizobial populations under saline
conditions and to the lack of root hair formation (Abd-Alla
et al,, 2019; Thrall et al., 2008). According to these
authors, salt stress also induces premature senescence of
nodules, and nodule fixation activity is strongly inhibited
when plants are under saline conditions. Indeed, salinity
leads to the senescence of the first nodules formed and
blocks the formation of new ones. However, the intensity
of the adverse effects of salinity on nodule function
depends on the plant species, the rhizobia strain, the
duration of exposure to saline conditions and the nature
and concentration of the salt. It should be noted that our
strains improve plant development in non-saline conditions
(0 mM NaCl), which means there is a plasticity of bacterial

strains which can develop and perform as well as in saline
and non-saline soil.

Plant tolerance to salinity is often assessed in terms of
biomass produced (Ruiz-Lozano et al., 2012; Evelin et al.,
2019). The results showed a decrease in biomass with
increasing salinity showing by a reduction in plant growth.
However, total biomass is generally higher in inoculated
plants, especially treatments with Rhizoglomus which is
more effective. According to some authors (Nawaz et al.,
2022; Dastogeer et al., 2020; Azooz et al., 2004) salinity
can lead to a decrease in biomass production because
increased soil salinity leads to a decrease in plant water
potential, osmotic stress, ionic toxicities or nutrient
imbalance. However, inoculation improves biomass
production with salinity, leading to an improvement in plant
tolerance. According to Talaat and Shawky (2011), higher
biomass leads to a dilution of Na ions and manifests itself
in higher plant productivity.

Also, Soliman et al. (2012) showed that the main effect
of salinity on Acacia plants is growth reduction, but
inoculation improves the growth of inoculated plants.



Egamberdieva et al. (2019) noted that salt-tolerant
rhizobia can improve legume productivity under salinity
conditions. Ali et al. (2023) and llangumaran et al. (2021)
found that legumes survived and grew better under salinity
conditions when inoculated with salt-tolerant rhizobia.
Thus, halotolerant strains improve plant growth under salt
stress through the production of phytohormones, the
biosynthesis of exopolysaccharides, ACC deaminase and
volatile organic compounds (Mukhtar et al., 2019). These
organic molecules act as chemical signals for plant
metabolic pathways; help improve soil properties that
reduce the adverse effects of salinity.

Nodulation and nitrogen fixation provide plants with
nitrogen, while mycorrhization improves the hydromineral
nutrition of plants, particularly their phosphorus content,
due to hyphae that can draw water and minerals from very
far away for the benefit of the plant (Smith and Read,
2008). It has been noted that inoculation increases
mycorrhization parameters in non-sterile soils, whether
with AMF alone or in double-inoculation. This positive
effect is also noted in moderate salinity or high salinity
soils, showing the importance to inoculate plants,
particularly in tropical soils with low populations of
symbiotic microorganisms. Indeed, symbiotic association
with AMFs improves water uptake, nutrient acquisition and
plant growth, among others.

According to Begum et al. (2019), AM fungi facilitate
vigorous growth of host plants under stressful conditions
by mediating a series of complex communication events
between the plant and the fungus.

According to Zhang et al. (2016), inoculation with AMF
could be a method of improving rice grain yield and quality
because it significantly improves nitrogen accumulation
and distribution in vegetative tissues at tillering and affects
nitrogen distribution in the seeds. Thioye et al. (2017)
showed the beneficial effect of Rhizoglomus irregulare and
R. intraradices on Ziziphus species.

According to Manga et al. (2017) inoculation with R.
intraradices improved growth in V. seyal under salinity
conditions, however the choice of fungal partner to
inoculate is important in improving salinity tolerance.

Analysis of the minerals in the shoot biomass of plants
has shown large responses of plants to inoculation,
perhaps due to the unsterilized soil used. Thus, inoculated
plants often contain more N, P and K. Na content
increases in plant shoots with increasing salinity because,
as described by Paganova et al. (2024), Na ions are stored
in the plant organs (roots and shoots). The most tolerant
species maintain a better K/Na balance in leaves as
reported by Mateus et al. (2021). Indeed, Assaha et al.
(2017) showed that one of the most important effects of
salinity is the ionic stress caused by excessive
accumulation of Na ions, particularly in the aerial parts of
plants. Thus, ion regulation plays an important role in plant
growth and stress tolerance, and potassium is a key
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component.

The K/Na ratio is higher in the absence of salinity and
decreases as salinity increases. Thus, with salinity the
ratio increases in inoculated plants, particularly plants
inoculated with rhizobia and AMF. In fact, the K/Na ratio is
also important under stress conditions, as maintaining a
high K/Na ratio prevents various K-regulated enzymatic
processes from interfering (Rabiei et al., 2020). Several
authors reported the importance of the K/Na ratio as an
indicator of plant tolerance to salinity (Talwar et al., 2011;
Wakeel, 2013; Gao et al., 2016; Klinsukon et al. 2021). A
higher K/Na ratio gives plants better tolerance to salinity
(Abbas et al., 2013). According to Assaha et al. (2017), a
high K/Na ratio is generally maintained in onion through
appropriate expression of the regulation of K and Na
transporter activity and hydrogen pumps, thereby leading
to better adaptation to stress.

Furthermore, it has been noted at high salinity (500 mM
of NaCl), plants lose their leaves and then regenerate
smaller, fewer leaves. According to Li et al. (2025) the
continuous osmotic stress severely inhibits the growth of
new leaves. The reduction in leaf size at 600 mM was also
described by Munns (2005). According to this author, it is
due to a hormonal control of cell division and differentiation
that appears on the leaves, which become smaller but
often thicker, indicating that the size and shape of the cells
have changed (James et al., 2002). The leaves of salt-
treated plants have a higher weight/surface area ratio. In
addition, Yu et al. (2019) reported that salinity reduced leaf
growth and shortened the leaf elongation period, resulting
in shorter leaves. The same result was observed with V.
seyal plants by Fall et al. (2017), and according to these
authors when salinity increases the plant loses its leaves.

Finally, this study demonstrated that salinity decreases
the V. nilotica plant’s growth, marked by a decrease of
shoot and root biomass as well as plant height. Symbiotic
parameters were also affected, with a reduction in
nodulation and mycorrhization. However, inoculation with
combined rhizobia and AMF improves these parameters,
enabling V. nilotica to be better developed in a salt affected
lands.

Thus, inoculation of plants is important because
microbial populations in saline soils are reduced. Results
showed also that Rhizoglomus spp. are often more
effective, particularly when combined with the salt tolerant
Mesorhizobium, indicating that these strains could be
applicated as biofertilizer to improve plant nurseries for the
rehabilitation of salt affected soils. Variability in the
response of inoculum to salinity may be due to the
presence of indigenous strains that can express
themselves in unsterilized soil.

The number of nodules was not correlated with
efficiency in plant development, and this could be
explained by the fact that nodules are often very large with
a fewer number.
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