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Abstract

Soil salinity constitutes a major abiotic stress that contributes to soil degradation and crop yield reduction. Using arbuscular
mycorrhizal fungi (AMF) inoculation can help to alleviate these deleterious effects. Most researches on AMF application
are dealing with ecological restoration, whereas little consideration has been given to agriculture and legume production.
The comparison of the efficacy of two AMF inoculums, one native originating from Algerian semiarid saline soils and one
commercial inoculum, was carried out regarding their effects on the growth and the mineral nutrition of several legumes
species, Medicago sativa, Medicago falcata, Trifolium repens and Trifolium alexandrinum, cultivated in semiarid Algerian
saline soil under greenhouse conditions. Our results showed that native mycorrhizal inoculum enhanced shoot biomasses by
20%, mycorrhizal rate by 30%, shoot phosphorus content by 25% and K*/Na* ratio by 45% for studied plants when compared
with commercial inoculum. The best efficiency of the native AMF inoculum is probably due to the complementarity between
the AMF strains which composed the inoculum. Funneliformis geosporum was the most abundant species recorded at the
end of the experience in all plant roots especially with native inoculum. Our findings pointed out the effectiveness of native
AMF inoculum application to promote agricultural production in semiarid saline soils.

Introduction

Abiotic saline stresses seriously threaten agricultural pro-
ductivity and food security [1] due to the accumulation of
salts in soil horizons [2] especially under arid and semi-
arid climates [1]. In saline soils, NaCl dissolves in water
and rapidly reach toxic levels of sodium (Na™) and chloride
(CI7) ions [3]. About 20% of cultivated lands are directly
concerned by salinity [4] and this percentage is constantly
increasing. It was estimated that 50% of arable land may
be devastated by increased salinization through the year of
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2050 [1]. Under arid and semiarid climates, salinity prob-
lem leads to major constraints on agricultural production
[3]. These include nutritional disorder, increase of oxidative
enzymes (catalase, peroxidase, among others) and proline
content in plant tissues [5]. All these conditions can strongly
disrupt the natural plant functioning through altering the
reactive oxygen species (ROS) metabolism and consequently
decrease crop yields [1, 5]. Thus, the development of some
strategies to maintain the productivity and the quality of
crop plants growing in these soils is a crucial step for food
availability [2] and to ensure the sustainability of agricul-
tural production worldwide [5].

Arbuscular mycorrhizal fungi (AMF), present in all ter-
restrial ecosystems, regardless of soil type, vegetation, or
growing conditions, are known to colonize the majority of
plant roots, to enhance plant physiological status, mineral
acquisition and consequently plant growth [6]. AMF have
also the ability to increase plant tolerance against biotic abi-
otic stress [7]. Begum et al. [8] reported that AMF have the
potential to stimulate plant growth under extreme abiotic
stress via several physiological modifications [8, 9]. They
interfere in several mechanisms, such as morphological
adaptations, osmotic adjustment, optimization of water
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resources [10], decrease in antioxidant enzymes such as
peroxidase, glutathione reductase, superoxide dismutase,
or catalase, which promote the elimination of ROS formed
by abiotic stress conditions [8, 10]. The AMF salinity toler-
ant strains counteract osmotic stress by synthesizing organic
(proline, glycine betaine) and inorganic (potassium cations)
osmolytes, allowing them to maintain their cell turgor and
metabolism [5] and consequently preserve balance of host
plant metabolism [9]. Thus, AMF are primary biotic soil
components which, when missing or impoverished, can lead
to a disturbance of ecosystem functioning [6].

Investigation on AMF as new eco-friendly agent to restore
degraded soils is increasing [7]. The process is based on the
direct introduction of AMF propagules by plant inoculation
into target soil [11]. However, the exploitation of these fungi
in applied research programs requires the knowledge of how
AMF adapt and react to the target ecosystem and soil [7].
Ortas et al. [1], reported that indigenous AMF may be a
promising biological technology to improve plant perfor-
mance and to alleviate salt stress damages. For that, one of
the main challenges in AMF research is to understand how
indigenous AMEF soil diversity is related to their efficiency
in promoting plant growth and tolerance to abiotic stresses
[12].

In Mediterranean traditional agroecosystem, legume
cultures contribute to socioeconomic development of local
population [13]. White clover (Trifolum repens) and Ber-
seem (Trifolium alexandrinum) are amongst the sixteen
most cultivated Trifolium species in different agro-ecolog-
ical Mediterranean regions [14]. They are used as plant
fodder, green manure and valuable herbs in folk medicine
[13]. In the same way, Alfalfa (Medicago sativa) and wild
Lucerne (Medicago falcata) are perennial cosmopolitan spe-
cies native to the Mediterranean areas [14, 15]. In Algerian
arid and semiarid regions, these legumes are important in
farming system while vulnerable to different biotic and abi-
otic stresses, such as soil salinity [13]. Hadj-Amor et al. [5]
reported that legume species are sensitive to salinity stress
and cannot withstand soil salinity > 1.6 dS m™'. Therefore,
soil inoculation with AMF selected for their efficiency on
plant production is a promising approach especially for leg-
ume crops, an approach that has been little used to date in
semi-arid Algerian agricultural ecosystems.

A recent study underlined the importance of AMF sym-
biosis efficiency under saline stress environments when a
significant improvement in plant biomass and in salt tol-
erance was recorded with application of indigenous AMF
inoculum on native shrub (Tamarix articulata) [16]. Other
studies also highlighted the importance of using indigenous
AMEF inoculum to improve nutrition and adaptation to saline
constraints of different host plant species [7, 12]. However,
a question remains: are AMF isolated from saline soils able
to alleviate toxicity impact of soil saline elements and to
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improve mineral nutrition of a non-native agricultural leg-
ume plants while cultivated in saline soil? Therefore, the
current study aims at (i) comparing the efficiency of two
AMF inoculums, commercial and native, on the growth of
four legumes (alfalfa, lucerne, clover and berseem) culti-
vated in semiarid Algerian saline soil under greenhouse
conditions and (ii) evaluating their salt stress adaptability.

Materials and Methods
AMF Inoculums

Two AMF inoculums were used in this experiment: com-
mercial one (Symbivit, Inoculum plus, France) composed of
six AMF species (Rhizophagus irregularis BEG140, Fun-
neliformis mosseae BEG95, Claroideoglomus etunicatum
BEG92, Claroideoglomus claroideum BEG96, Rhizoglo-
mus microaggregatum BEGS56, Funneliformis geosporum
BEG199) and native one formed with eight AMF species,
four species belonging to Funneliformis genus (F. geo-
sporum, F. mosseae, F. coronatum, F. caledonium), one
Oehlia species (O. diaphana), one Rhizoglomus species (R.
fasiculatus) and two species belonging to the genera Sep-
toglomus (S. constrictum) and Gigaspora (Gi. gigantea).
The origin and taxonomic description and affiliation of
each isolate have been described in details in Bencherif
et al. [16]. Native AMF mixture was isolated from rhizo-
sphere arid Algerian steppic saline soil (Boughzoul, 22°
16" S, 166° 38'E). This native inoculum was produced in
Unit of environmental chemistry and interaction between
living organisms (UCEIV at ULCO, Calais, France) and
was grown using container technique [17]; (https://invam.
wvu.edu/methods/). Native inoculum production consisted
of natural saline soil of mixture-species cultures with Allium
ampeloprasum containing spores and root fragments.

Host Plants

The tested host plants were two Medicago species, alfalfa
and lucerne (M. sativa. var. sativa and M. falcata var. fal-
cata) and two species of Trifolium genus, clover and berseem
(T. alexandrinum var Tigri and T. repens var hollandicum).
The seeds of Medicago species were provided by Univer-
sity of Djelfa (Algeria) and the seeds of Trifolium species
were provided by UCEIV (ULCO, France). M. falcata
var. falacata are the only legume species cultivated in the
region. Seeds were surface-disinfected in a 1.25% solution
of sodium hypochlorite 12% for 5 min and then rinsed with
distilled water in sterilized Petri dishes. The seeds were
subsequently sown in sterilized vermiculite (autoclaved for
60 min; at 120 °C) before transfer to experimental pots.
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Pot Culture Substrate

The soil used in greenhouse experiment is a steppic saline
soils obtained from ploughed layer (0—40 cm) with 5 dS
m~! from Algerian semiarid region (34°40'00"N, 3°15'00"
E), with the following characteristics: sand 50%, silt 34%
and 16% of clay with silty sandy-clayey texture; pH,, .,
7.5; total C 7.8 mg g~!; total N 0.3 mg g~!; available P
0.11 mg g~'; total Ca 12.4% and active Ca 6.2%; extract-
able Ni 0.3 mg g~! and organic matter 1.4%.

Plant Inoculation and Growth Conditions

Seedlings were inoculated at their transfer to the pots (15
seedlings/ pot of 300 mL). Inoculum consisted of 50 g
of mixture of rhizosphere soil containing homogenized
spores, mycelium and colonized small root fragments.
Fungal species mixes formulations were chosen accord-
ing to the following considerations: (i) the technical dif-
ficulty that would have been involved in legume plantation
in saline soils; (ii) a previous experiment on shrubs in
saline soils that showed the better plant performance with
native AMF inoculum [16].

Ten replicates for each AMF inoculum and ten non-
mycorrhizal controls were set up, for a total of 120 pots
arranged in fully randomized block design. Experimental
design is schematized in supplementary material (Figs.
S1). The pots were filled using natural saline non-sterilized
soil. The mycorrhizal inoculums (50 g) were spread as a
layer on the surface of the soil in the pots and covered
with a thin layer of the soil. The cultures were kept in
a greenhouse (temperature, 21-24 °C; relative humidity,
70%, with 8 h dark/16 h light) for 8 months and irrigated
manually with tape water every 2 days. The experiment
was carried out from September to April 2019.

Harvesting Procedure

For each plant, the height of the main stem was weekly
measured, from the soil level to the tip of the stem. Plants
were harvested after 8 months to secure sufficient myc-
orrhizal colonization [12]. Roots were removed from
the soil by gentle washing, and shoots and roots sepa-
rated. Approximately 500 mg per plant of fresh roots was
retained for quantification of mycorrhizal colonization and
approximately 50 mg of fresh roots of each plant were
pooled per treatment, frozen in liquid nitrogen, and stored
at — 80 °C for molecular analyses. The rest of plant tissues
were weighed dried at 70 °C for 72 h and re-weighed.

Determination of AMF Root Colonization

A subsample of fresh roots was stained using trypan blue
according to the method of Phillips and Hayman [18] modi-
fied by Dalpé and Séguin [19]. Tissue acidification was
performed using 20% hydrochloric acid instead of 1%, and
trypan blue concentration was 0.1% instead of 0.05%. AMF
colonization of 45 root fragments (approximately 1-cm
length for each fragment) per pot were calculated using mag-
nified grid line intersect method according to McGonigle
et al. [20], under a compound microscope (X100). The total
mycorrhizal rate (including arbuscules, vesicles and hyphae)
was estimated.

AMF Spore Extractions and Quantification

A subsample of substrate from each pot was air-dried to
quantify spore abundance for AMF species. Spores were
extracted using wet sieving method [21] from each pot cul-
ture, 10 g of dried substrate was wet sieved, and then the
harvested material was suspended in 20 mL of water. The
aliquots were immediately transferred to Petri dishes for
spore counting and morphological identification under a
stereomicroscope according to Blaskowski [22] and INVAM
International Culture Collection of (Vesicular) Arbuscular
Mycorrhizal Fungi (http://invam.wvu.edu/). Spore numbers
were estimated per gram of soil for each pot.

Molecular Identification of AMF

Molecular approach was used to evaluate the presence or
absence of AMF species in roots. Specific primers of each
AMF species were designed and used to detect the presence
or absence of each AMF isolate in roots. Genomic DNA
extraction from root samples (100 mg), amplification by
polymerase chain reaction (PCR) approach and visualization
of the target region of rRNA were performed as described
by Crossay et al. [12].

Spore extracts were produced for PCR by crushing spores
with a pipette tip in 2 ml of 0.25 M NaOH, incubating them
in a boiling water bath for 1 min, adding 1 ml of 0.5 M Tris
HCI (pH 8.0) and 2 ml of 0.25 M HCI, boiling them again
for 2 min. The samples were stored at—20 °C until fur-
ther analysis. The first round of PCR was used to amplify a
fragment of the ITS using the universal primers ITS1 (TCC
GTAGCTGAACCTGCGG) and ITS4 (TCCTCCGCTTAT
TGATATGC) [23, 24]. Extracts were used for PCR using
each nucleotide at 50 uM, primers ITS1 and ITS4 at 0.2 uM.
9 ul of reaction mix was pipetted into each PCR tube. Spe-
cific primers (Table S1) were combined in two sets in the
second amplification step to minimize the number of PCR
reactions. First set comprised the reverse specific primers
(GLOMS.8R, GIGAS5.8R) in combination with ITS1F and
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in the second set the forward specific primers (ARCH1311,
LETC1670) were combined with ITS4. 1 ul of T-DNA was
added to each specific tube with 0.05 U of Tac polymerase
(Appligene, Illkirch, France) per ml was used. The concen-
tration of MgCl, was adjusted to 1.5 mM. Cycling conditions
after a host start at 60 °C, an initial denaturation of 3 min at
95 °C was followed by five cycles of 30 s at 95 °C, 30 s at
52 °C, and 1.5 min at 72 °C. Thereafter, 25 to 30 cycles with
annealing at 51 °C were performed [24]. DNA fragments
from successful reactions were concentrated and purified by
precipitation with ice-cold ethanol in the presence of 0.3 M
sodium acetate and 60 mg of glycogen per ml. Aliquots of
the reaction mixture were examined by electrophoresis on
1.5% agarose gels+ 0.5 X TBE buffer and 3 ul Ethidium
bromide (ETBr) at running condition 60 V for 60 min and
photographing under UV illumination. As molecular weight
marker, a 100 bp ladder was used. Sequence similarities
were compared with those in the GenBank databases using
protein BLAST query. Only sequences belonging to Glom-
eromycota were selected for the subsequent analyses and the
others were discarded.

Physiological Plant Analysis

Physiological and biochemical parameters were chosen to
estimate the AMF inoculation efficiency on studied legume
plants development. Mineral analyses of plants were per-
formed on dry tissues. Total protein was evaluated using
Bradford [25] method based on the observation that the
absorbance maximum for an acidic solution of Coomas-
sie Brilliant Blue G-250 shifts from 465 to 595 nm when
binding to protein occurs. Proline amount in shoot and root
was assessed using ninhydrine method of Sadasivam and
Manickam [26], the absorbance was read at 520 nm using
a spectrophotometer and the concentration of proline was
determined using the standard curve and expressed as mg
g~!. Shoot phosphorus content was analyzed by Tausky and
Shorr [27] spectro-colorimetric method. Potassium shoot
and root concentration was evaluated by flame photometry
method [28]. Nitrogen content was determined accord-
ing to Kjeldahl method. Mineral analyses (Na*, C1~, Ca?*
and K*) were performed by mass spectrometry as reported
by Pauwels et al. [29]. Chlorophyll was evaluated accord-
ing to Holden [30] spectrometric method and the differ-
ent chlorophyll values (Chla, Chlb and Chla+ Chlb) were
calculated according to Arnon [31] formula: (Chl.a=12.7
(DO660) —2.69 (DO750); Chl.b=22.9 (DO660)—4.86
(DO750); Chl.a+ Chl.b=8.02 (DO660) +20.20 (DO750).
Catalase activity was assayed by estimating the initial rate of
disappearance of hydrogen peroxide using method of Aebi
[32]. For that, 0.5 g of fresh plant samples were grinded
and homogenized with 5.0 ml extraction buffer contain-
ing 50 mM phosphate buffered potassium pH 7.0, 0.4%
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polyvinylpoly pyrrolidone in a mortar and pestle on the ice.
The homogenate was centrifuged at 12,000xg for 5 min. All
operations were carried out at 4 °C. Peroxidase activities was
measured for 3 min at 470 nm using the method described
by Eterson et al. [33]. In brief, the reaction mixture was
composed of K,HPO,/KH,PO, (100 mM) buffer K,HPO,/
KH,PO, (pH 6.5), guaiacol (40 mM), H,0, (10 mM) and
enzyme extract (0.1 mL).

Statistical Analysis

All statistical analyses were performed using XLStat soft-
ware version 2020.5. Plant height data (Table S2) were ana-
lyzed using the parametric tests with 10 levels and repeated
measures ANOVA followed by Tukey’s HSD post hoc test.
Effect of mycorrhizal variables (root colonization and sporu-
lation) with native and commercial mixes on plants growth
parameters was evaluated according to Pearson coefficient
correlation test (Table 2). According to the three-factorial
experimental design, a three-way analysis of variance was
performed after checking the normality and homoscedastic-
ity of the data sets. The mains sources of variation were the
four legume species (4 levels), treatment of AMF inocu-
lation (3 levels), soil salinity (one level) and the multiple
interactions above the mains factors (Table 3). Detended
Correspondance Analysis (DCA) using DECORANA pro-
gram of PC-Ord 5.0 [34] with means of AMF data samples
was carried out to evaluate AMF alfa biodiversity and to
describe the relationship between the different AMF inocula-
tion treatments and AMF species communities as well as the
relationship between AMF species and the measured vari-
ables based on two factorial axes. The ecological attributes
were calculated in the following manner: species richness
(S), Shannon’s diversity index (H') and equitability indices
of Piélou (E). AMF spore as a discrete variable was ana-
lyzed by a model following a Poisson distribution (Skew-
ness) (Table S4).

Results

Plant Growth, Mycorrhizal Colonization and Plant
Responsiveness

When comparing all treatments to non-inoculated control
plants, the biomass of alfalfa, lucerne, clover and berseem
were significantly enhanced at the end of the experiment
while inoculated with the mixture of native AMF (P <0.05)
(Fig. 1). These increases were about 33, 38, 25 and 43% on
shoot dry weights, respectively. No significant differences
were recorded between shoot dry weights with commercial
inoculum and control except for clover, where shoot biomass
was increased by 11%. Root dry weights were significantly
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Fig.1 Root and shoot biomasses (mg/pot) of inoculated with com-
mercial and native inoculum and non-inoculated plants: a alfalfa, b
lucerne, ¢ clover and d berseem cultivated on saline soil. Error bars

increased (16% for berseem to 26% for alfalfa) when inocu-
lated with native AMF compared to control. Whereas, with
commercial AMF inoculum plant biomass decreases (10%
for berseem to 20% for alfalfa) as compared to control. The
general AMF effect on plant height was significant 120 days
after inoculation (P <0.05). All native AMF-inoculated
plants were significantly higher than controls from 180 days
to the end of the experiment (Table S2, Fig. S2).
Mycorrhizal rate and percentage of arbuscules are pro-
vided in Fig. 2. Full data are accessible in Table S2. In non-
inoculated soils, mycorrhizal colonization was between
3% for berseem to 8% for alfalfa. Mycorrhizal colonization
was superior to 50% for all plants inoculated with native
inoculum. Lower colonization levels were found with the
commercial inoculum (30-35%) (Fig. 2). Arbuscules were
clearly visible and well-developed in all AMF treatments
with arbuscule colonization values higher than 40% for
native AMF inoculum (Table S3). Commercial AMF inocu-
lation provides lower arbuscular values for the four studied
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represent the standard error of 10 replicates. Means for shoot and root
followed by the same letter in each panel do not differ significantly
(P<0.05)

plants than control. It was between 9% for alfalfa and 11%
for berseem and about 10% for the two remaining plant spe-
cies. Positive correlation was revealed between mycorrhizal
rates and shoot and root biomasses (Table 2).

AMF Spore Production and Molecular Identification

Isolation and quantification of the AMF spores associated
to the rhizosphere soil of each plant species indicates more
abundance with native inoculum (Table S4). After quantifi-
cation 43, 46, 65 and 54 spores g_1 of dry soil, were recorded
for alfalfa, lucerne, clover and berseem, respectively.
Specific primers of each AMF species indicated presence
of all native AMF species in roots of the four studied legume
species inoculated by native inoculum with different fre-
quencies. F. geosporum was the dominant species (Fig. 3).
Only three AMF species were detected from the commercial
inoculum treatment: F. geosporum, F. mosseae and G. etu-
nicatum in roots of clover, lucerne and alfalfa, respectively.
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Fig.2 Total mycorrhizal rates of inoculated with commercial and
native inoculum and non-inoculated: a alfalfa, b lucerne, ¢ clover and
d berseem cultivated on saline soil. Error bars represent the stand-

Interestingly, the two AMF species F. geosporum and F.
mosseae were recorded in roots of non-inoculated alfalfa
and clover (Table S4).

Plant Mineral Nutrition Analyses

The major elements needed for plant nutrition (i.e., P, K*, N,
Na™, Ca2+) were analyzed in shoots and roots of inoculated
and control plants (Fig. 4).

Mineral Elements Analysis in Aerial Parts

Phosphorus concentration (Fig. 4a) was enhanced in shoot
tissues exclusively by native AMF inoculum (by 46% for
alfalfa to 64% for clover). The phosphorus concentration
of lucerne and berseem was enhanced by the both inocula-
tion treatments (Fig. 4a). Potassium concentration in shoots
(Fig. 4b) was significantly enhanced with native AMF
inoculum by about 20% for the four studied legume plants.
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d

ard error of 10 replicates. Means followed by the same letter in each
panel do not differ significantly (P <0.05)

With commercial AMF inoculum Potassium concentration
was not significantly different when compared with control
except for clover when it was enhanced by 15% than control.
Nitrogen concentration in shoot tissues (Fig. 4c) was gener-
ally increased by AMF inoculation (11% with commercial
inoculum to 17% with native inoculum). For berseem, no
significant difference was recorded between the two inocula-
tion treatment and control on shoot nitrogen content. Pearson
coefficient revealed positive correlation between phospho-
rus, potassium and nitrogen concentration in aerial parts of
the four studied plants and mycorrhizal parameters under
both inoculation treatments (Table 2).

The content of K*, Ca?* was higher in shoot of AMF
inoculated plants with a decrease of Na* and Cl~ content
(Table 1). It was observed that under salinity significant
increase of the K*/Na™ shoot ratio (50, 43, 41 and 30%) was
induced by native AMF inoculum respectively for alfalfa,
clover, berseem and lucerne. Ca™*/Na* ratio was enhanced
by native AMF inoculum for all studied shoot (by 22, 18,
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Fig.3 Taxonomic composition of PCR product of AMF relative abundance after 8 months of culture in natural saline soil inoculated with com-
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Table 2 Pearson’s correlation coefficient, between mycorrhizal parameters of inoculated (commercial and native inoculum) alfalfa, lucerne, clo-

ver, berseem and plant growth and plant nutrition parameters

Mycorrhizal rate

Percentage of arbuscules

Spore number

Native mix Commercial mix

Pearson coefficient Pearson coefficient Pearson coefficient Pearson coefficient Pearson coefficient

Native mix

Commercial mix Native mix Commercial mix

Pearson coefficient

Shoot biomass 0.8%** 0.5% 0.5%*

Root biomass 0.6%* 0.5% 0.5%

Phosphorus con- 0.6%* 0.5% 0.4*
centration

Potassium concen- 0.5%* 0.5% 0.5%
tration

Nitrogen concen- 0.7%%* 0.6%* 0.4*
tration

Na* content —0.3ns —0.5ns —0.2ns

Ca”* content 0.8* —0.4ns 0.4%*

K* content 0.8%* 0.4ns 0.5%*

Proline 0.5% 0.5% 0.5%

Protein 0.7%* 0.4ns 0.6%*

Chlorophyll 0.6%%* 0.5% 0.5%

Enzyme activities 0.5% 0.5% 0.4%

0.4* 0.7%%* 0.4*
0.4* 0.6%%* 0.4*
0.3* 0.8%%* 0.4*
0.3* 0.7%:%* 0.5*
0.4* 0.6%* —0.4ns
—0.1ns —0.2ns —0.3ns
—0.3ns 0.8#** —0.2ns
—0.4ns 0.7%* —0.2ns
0.4* 0.6%%* 0.4%*
—0.1ns 0.5%* —0.5ns
0.4* 0.5% 0.5%
0.3* 0.5%%* 0.4%

*0.05>P<0.01; **0.01 > P<0.001; ***P <0.001; ns non-significant

15 and 12%) of berseem, lucerne, clover and alfalfa tissues
(Table 1). For AMF commercial inoculum Ca**/Na* ratio
was not significantly different when compared with controls
except for clover and alfalfa (14 and 20%, respectively).

Mineral Elements in Roots Parts

A significant enhancement of phosphorus concentration
in root tissues with native inoculum was observed as com-
pared with control (21, 56 and 67%) for clover, alfalfa and
Lucerne, respectively (Fig. 4a). For berseem phosphorus
concentration in roots tissues was not significantly differ-
ent when compared with control. In addition, no significant
difference on phosphorus root concentration was recorded
with commercial inoculum except for Lucerne (40%) com-
paratively to control.

Potassium concentration was increased (21 to 56%) for all
studied legumes species with native AMF inoculum, while
no significant difference was recorded with commercial
inoculum as compared to control (Fig. 4b). Nitrogen root
content was significantly stimulated by native AMF inocu-
lum than commercial one except for clover (Fig. 4c).

In root tissues K*/Na™ ratio was enhanced in the presence
of native AMF inoculum (by 34, 26, 23 and 19%) respec-
tively for berseem, alfalfa, lucerne and clover (Table 1).
Similar to shoot content, K*/Na* root ratio was enhanced
for clover and alfalfa by 15% in the presence of commer-
cial inoculum. Ca**/Na™ ratio was enhanced by native AMF
inoculum for all studied root (between 13 and 19%) legumes

plants tissues (Table 1). AMF commercial inoculum showed
no significant effect on Ca**/Na™ ration in plants root tis-
sues. Native inoculation treatment showed positive cor-
relation between shoot mineral elements and mycorrhizal
parameters, while non-significant correlation was observed
under commercial inoculation treatment (Table 2).

Physiological and Biochemical Plant Responses
Physiological and Biochemical Shoot Responses

AMF treatments differently affected plant water content in
shoots tissues (Figs. S3). It was significantly higher in both
AMF inoculated plants shoot tissues compared to controls
by about 32% more with native AMF mix and by 26% with
commercial AMF inoculum.

Plant chlorophyll content was stimulated by native AMF
inoculum (20%) and by commercial AMF inoculum (14%)
comparatively to control (Table 1). This result is consolidat-
ing by positive correlation between plant chlorophyll and
total mycorrhizal parameters under native inoculation treat-
ment (Table 2).

Salt stress increased significantly proline content in
shoots tissues of the four studied control plants (Tablel),
while AMF inoculation decreased shoot proline content with
the two AMF inoculums. However, proline amount in shoot
tissues was reduced by native AMF inoculum (12, 26, 36
and 80%) than control and by 38, 46, 72 and 18% than com-
mercial inoculum for alfala, lucerne, berseem and clover.
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Proline decrease in shoot tissues was positively correlated
with mycorrhizal parameters under both inoculation treat-
ments (Table 2).

Shoot protein content was significantly increased by
native AMF inoculum than control and commercial inocu-
lum (Figs. S4). It was about 15% for alfalfa and 13% for the
remaining studied legume species as compared to control
and about 17% for alfalfa, 14% for berseem and 11% for
both lucerne and clover comparatively to commercial AMF
treatment (Figs S4). Commercial AMF mix enhanced shoot
protein content (13%) only for lucerne. Total mycorrhizal
rate under native treatment recorded positive correlation
with protein content, while under commercial treatment no
significant correlation was recorded (Table 2).

AMEF inoculation treatments influenced significantly plant
catalase and peroxidase enzyme activities (Table 1). Sig-
nificant reduction of catalase activity was observed in shoot
tissues with native AMF inoculation (42, 30, 27, and 17%)
respectively for alfalfa, clover, berseem and lucerne com-
pared to control. Interestingly reduction of catalase activity
was highest with native AMF inoculum than with commer-
cial AMF inoculum. It was between (22 and 7%) for alfalfa
and lucerne shoot tissues. Peroxidase activity was decreased
in plant shoot tissues with native AMF inoculum (8%) and
with commercial AMF inoculum (2%) as compared to con-
trols. Mycorhizal parameters recorded a positive correlation
with enzymatic activities of the four studied plants under
both inoculation treatments (Table 2).

Physiological and Biochemical Root Responses

In root tissues water content was increased by native AMF
inoculation (about 20%) and by commercial AMF inocula-
tion (14%) in the four studied plants (Figs. S3).

Proline content was increased by salt stress in roots tis-
sues of the four studied control plants (Table 1), and reduced
by AMF inoculation treatments. With native AMF inoculum
proline root content decreased (by 61, 37, 23 and 21%) as
compared to control, and (by 36, 20, 18 and 15%) as com-
pared to commercial AMF inoculum for alfalfa, Lucerne,
clover and berseem. That is consolidating by positive cor-
relation between mycorrhizal parameters and root proline
content under native inoculation treatment (Table 2).

Root protein content was significantly increased by native
AMF inoculum than control (22%) for lucerne and (15%) for
the remaining studied roots tissues (Figs. S4). Commercial
AMF inoculum enhanced root protein content (11 and 14%)
for lucerne and clover.

In root tissues, a catalase activity was reduced with native
AMF inoculum (88, 77, 71 and 50%) and with commer-
cial AMF inoculum (60, 44, 34 and 33%) as compared to
control for Alfalfa, clover, berseem and lucerne, respec-
tively (Table 1). For root tissues peroxidase activity was

@ Springer

significantly reduced by native AMF inoculum more than
by commercial AMF inoculum by 40% for the four studied
legumes species (Table 1). Pearson coefficient showed sig-
nificant positive correlations between enzymatic activities in
root tissues and mycorrhizal parameters (Table 2).

Global Statistical Analyses

Pearson correlation coefficient showed significant total cor-
relations between analyzed variables (Table 2). Mycorrhizal
parameters (spores production, total mycorrhizal rate and
percentage of arbuscules) recorded a significant positive cor-
relation with root biomass; shoot biomass, phosphorus and
potassium concentration in shoots and with K*/Na™ ratio in
shoots. Total mycorrhizal rate was negatively correlated with
the salt concentrations in shoots.

a-diversity was determined using the richness (S) and the
evenness (E) of the AMF species identified after host plant
growth. Analyze of variance (ANOVA) reveals that AMF
richness was affected by soil salinity (Table 3). Significant
impact of plant species on AMF richness was also recorded
(Table 3). When considering the evenness index, a very dif-
ferent trend was observed (Table 3). A decrease on AMF
evenness and loss diversity were induced by soil salinity.
The impact of native and commercial AMF inoculation on
evenness is apparent in increased AMF diversity. A signifi-
cant effect of the combined impact of plant species and AMF
inoculation was evidenced. Alfalfa and berseem appeared
to host the most diverse AMF community, whereas clover
and lucerne present the lowest value for this index (Fig. 3).

Two clusters were clearly differentiated by DCA ordina-
tion (Fig. 5). Cluster 1 was composed by commercial AMF
inoculum. This cluster was characterized by a lower bio-
mass, significant nitrogen and phosphorus contents in roots

Table 3 Summary of the three-way ANOVA (F values) assessing the
effects of AMF inoculation (I), soil salinization (S) and plant species
(P) on AMF richness, evenness and ITS copy

AMF richness ~AMF evenness AMF ITS
Copy/root
biomass
Inoculation (I)(1) 25.516%** 1.41 2.31%
Salinization (S)(3) 4.12%* 0.24 0.54
Plant species (P)(3)  12.758%%%* 6.18%*%* 23.5%%%*
IXS (1) 5.63%* 3.22% 4.31%*
IXP@3) 1.12 0.8 1.12%
SXP(@3) 1.82% 1.82% 3.25%
IXSXP@3) 6.32%* 5.8%* 12.3%*

AMF ITS copy was normalized by root biomass because the
ANCOVA results showed a significant covariance between the
two variables. Degree of freedom is indicated into brackets.
*0.05>P<0.01; **0.01 > P<0.001; ***P <0.001
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Fig.5 DCA ordination between AMF species distribution according
to the different AMF mixes (commercial and native) and control with
studied parameter for the four studied plants on saline soil. Data were
based on means of 10 replicates. Red triangles indicate the identified
AMEF species. Blue dots represent the studied parameters. The prox-
imity of red triangle to the parameters means that the corresponding

and shoots, higher Na* and Cl~ concentrations in shoots,
when compared with the second cluster. Cluster 2 was rep-
resented by native AMF inoculation. This cluster was char-
acterized by a higher biomass, a higher mycorrhizal rate, a
greater arbuscular abundance in the root system, a higher
Ca**/Na* and K*/Na™ ratios in roots and shoots, and higher
phosphorus, potassium and nitrogen concentrations in root
and shoot tissues. The results also indicated that the different
AMEF species are dispersed in the second cluster and showed
different abilities.

Discussion

Previous work of Bencherif et al. [16] highlighted the effi-
ciency of native inoculum on Tamarix articulata develop-
ment in the revegetation program under saline soil con-
ditions. In the present study the mixture of native AMF
inoculum showed more ability to colonize root systems of

B

AMF species influenced the parameter. Red triangles close to the
center indicate that the AMF species are common to all the studied
parameters. NI non-inoculated, CI commercial inoculum, NM native
mix, POD peroxydase, CAT catalase. N nitrogen, P phosphorus, K
potassium. Ovals represent two groups: first for native inoculum
effect and the second for commercial inoculum

the four studied legume species than commercial inoculum.
Indeed, highest root colonization rates were clearly recorded
with native AMF inoculum, with a highly significant posi-
tive correlation between plant biomasses and mycorrhizal
rates. This finding is in accordance with several previous
studies carried out with many plant species (M. sativa, Chry-
santhemum morifolium, Metrosideros laurifolia, Sorghum)
grown under different abiotic stresses [11, 12, 35, 36]. All
these studies explained that when plants faced abiotic stress,
AMF inoculant, belonging to native species, were more effi-
cient than exotic AMF ones. The taxonomic differentiation
of the AMF spores contained in the native inoculation treat-
ment indicated that these AMF species completed their life
cycle under saline soil condition. These results indicated the
adaptation of AMF strains that make up the native inocu-
lum to saline soil [12]. The results also show that after the
two inoculation treatments, only a few AMF species colo-
nized plants. This may be due to some competition between
inoculated species during root colonization process or to an
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incompatibility between these species and the legume plants
tested, as reported by previous studies [12, 37, 38]. Over-
all, the commercial inoculant tested shows relatively low
efficacy both in terms of plant growth and root colonization
rates. Only two AMF species (F. mosseae and F. geosporum)
were detected in the four root legume species at the end of
the experiment when the commercial inoculum was used.
This result is in agreement with the study of Neji Mahmoudi
et al. [35] on alfalfa species. The predominance of F. geo-
sporum and its presence in non-inoculated alfalfa cultivated
in Algerian semiarid saline soils suggest its tolerance to
harsh conditions. It should be noted that F. geosporum seems
to develop stress resistance strategies (r-strategies) [39]. It
was reported that F. geosporum is able to develop extra-
radical mycelium ‘common mycelial networks’, which play
key roles in ecosystems [40, 41]. These networks may also
result from the interconnection of hyphae via anastomosis
mechanism known as ‘hyphae healing mechanism’, a major
process that allows the fungus to maintain its integrity fol-
lowing physical injury and their survival to environmental
stresses [40, 42]. In addition, He et al. [43] reported that F.
geosporum differentiates spores with thick walls and dark
pigmentation, which could give them a better resistance to
abiotic stresses. Moreover, their sporulation rate seems to
be higher than in other AMF species. Moreover, study of
Okon et al. [44] works on Telfairia occidentalis grown under
high salinity conditions shows that F. geosporum develops
a strong mycelial network in the rhizosphere of the plants
and thus increases their water and nutrient supply. These
behavioral characteristics give F. geosporum added value
as a bioinoculant for cultivation in saline and semi-arid
environments.

The high rate of arbuscules in the root tissue was posi-
tively correlated with legume species growth, which reflects
the functional status of the symbiosis [1, 9]. This can be
attributed to hyphae healing mechanism which requires three
steps to complete fusion with cytoplasmic/protoplasmic
under physical stress conditions: (a) Septum formation to
stop cytoplasmic flow, (b) initiation, elongation and contact
to other hyphae (c) (d) hyphal tips fusion and cytoplasmic/
protoplasmic flow re-establishment [40]. This is part of
r-strategies developed by native AMF species, which high-
lights that combination of an appropriate AMF species is
crucial to stimulate plant growth, as reported by Yang et al.
[45], in their meta-analysis review.

Given the higher mycorrhizal rate recorded with native
inoculum, shoot and root phosphorus concentration are
significantly higher in legume plants with native AMF
treatment, except for berseem whose shoot phosphorus
concentration has not been significantly improved by any
of the inoculation treatments. Thonar et al. [46] found that
AMF inoculation improved phosphorus concentration in
tissues of M. truncatula and Tuo et al. [47] recorded the

@ Springer

same enhancement for clover. However, our results are
not in accordance with those of Shokri and Maadi [48]
for berseem species, where they recorded a significant
increase on shoot phosphorus content with AMF inocu-
lation. The observed response of berseem to inoculation
suggests that despite the positive correlation recorded
between percentage of arbuscules and shoot and root phos-
phorus concentration, AMF did not have enough time to
be efficient in transferring nutrients to the host plant. The
results obtained showed clearly the effectiveness of both
inoculation treatment in the transfer of potassium to the
aerial part of alfalfa, indicating the fragility of this species
in the saline soil as described by Neji Mahmoudi et al.
[35]. In fact, the photosynthetic capacity is enhanced by
adequate potassium concentration in plant tissues, which
also reduce the oxidative salt stress [46]. In addition, our
results suggested positive efficiency of the native AMF
inoculum on nitrogen shoot concentration, which was in
agreement with the study of Namdari et al. [14] on alfalfa.
The enhancements of mineral elements (N, P, K) by native
AMF species recorded in present study suggested that a
good mixture of AMF improved photosynthesis, which
automatically enriched nutritional balance [10, 11, 47].
The positive correlation between percentage of arbus-
cules and plant mineral nutrients, indicates efficiency of
native AMF inoculum by the relative allocation of nitro-
gen to photosynthesis and it’s dilution in a larger volume
of tissues due to the high increase of plant biomasses.
Indeed, Tuo et al. [47] noted that the mineral improvement
increased stomata conductance, leaf water potential, and
photosynthetic efficiency, thus, enhancing abiotic stress
tolerance of host plants [8, 49], which are in total agree-
ment with present results.

In the same context, the native AMF inoculum synergisti-
cally enhance K*/Na™ ratio and decrease proline concentra-
tion in shoots tissues as abiotic stress measure of adaptation.
That gives a better osmoregulation capacity [48], which is
beneficial for plant health and growth performance under
salinity stress [1, 2, 9, 49]. Legume species have a poor abil-
ity to exclude salt, if Na* accumulates in amounts exceeding
the ability of the cells to compartmentalize this ion in the
vacuole, enzyme activity may be inhibited or cells may be
dehydrated [9, 49]. In turn, Shokri and Maddi [48] explained
that AMF inoculation maintain high concentration of K*
and low concentration of Na* in the cytosol by regulating
the expression and activity of Na™ and K* transporters and
of H" pumps that generate the driving force for transport.
In addition, Santander et al. [49] have shown with lettuce
that the a good combination AMF/plant species gives a
higher biomass production, increased synthesis of proline,
increased N uptake, and noticeable changes in ionic rela-
tions, particularly reduced accumulation of Na™, under stress
conditions. Therefore, prevention of Na* accumulation in the
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plant and enhancement of K* concentrations in shoots and
roots observed in this work highlighted the powerful effect
of AMF native inoculation as antioxidant defenses [50].

The multivariate analyses clearly highlighted the effi-
ciency of the native AMF saline strains to improve nutri-
tional balance and enhanced alleviation of salt stress effect
more than introduced ones under Algerian semiarid saline
conditions [51]. The DCA analysis for AMF species distri-
bution through inoculation treatments and growth studied
parameters indicated a significant effect of some native AMF
species, such as F. geosporum, F. mosseae and F. coronatum
on different plant development parameters confirming the
significant effectiveness of native AMF mixture on legume
species development in saline abiotic stress conditions [36,
50]

Conclusion

A synergy between native AMF strains and legumes species
(alfalfa, clover, wild alfalfa and berseem) poorly adapted to
the semi-arid environmental conditions of Algerian saline
soils has been demonstrated. In fact, native inoculums were
able to significantly reduce salt accumulation in all four
legumes tested. In addition, native AMF strains also show
similar beneficial effects for both non-native (Trifolium spe-
cies) and native legumes (Medicago species). These results
highlight the effectiveness of native arbuscular symbioses
for the development and adaptation of legumes in saline soil
under semi-arid conditions. F. geosporum strains were found
to be the most efficient biofertilizing agent for legume pro-
duction in saline soil in semi-arid regions of Algeria. Thus,
our results open new perspectives for the use of indigenous
AMF in phytorestoration.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00284-022-03145-4.
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