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Effect of seed treatment by a bioformulation based on arbuscular mycorrhizal fungi (AMF) on

the growth of argan plants (Argania spinosa (L.) Skeels)
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The treatment of argan tree seeds with a composite inoculum of arbuscular mycorrhizal fungi
(AMF), native to the rhizosphere of argan trees grown in different regions of Morocco, resulted in
the mycorrhization of the roots of plants after germination of treated seeds coupled with a positive
effect on the growth of argan plants. Thus, after 12 months of cultivation in a greenhouse, the root
and aerial masses of the plants resulting from the treated seeds showed a significant increase in
growth parameters. The fresh root and vegetative weights reached 2 and 6.86 g compared to the
control plants: 0.21 g and 1.7 g and the length of roots was in the order of 47.8 cm compared to
that of control plants (15.1 cm). In addition, the height of the aerial parts of argan plants attained
65.2 cm threefold than that obtained in control plants (20.2 cm). The average diameter of the collar
part in treated plants relative to untreated ones was 0.98/0.1 cm, and that, of formed twigs number
was 2/1. Similarly, the obtained result indicated that the harvested plants were mycorrhized and
exhibited a frequency mycorrhization of 100 % and intensity of 25% while vesicular and arbuscular
content were in the order of 2.5 and 10.5% respectively. No mycorrhization signs occurred at the
root level of the plants from the untreated seeds. Applying this AMF-based bioformulation through
seed inoculation has provided a promising result by improving argan plant growth while
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INTRODUCTION

The argan tree (Argania spinosa L.) Skeel. has been
grown for thousands of years in southwest Morocco,
with an estimated surface area of 870,000 ha (Alaoui,
2009). Some argan tree populations scattered
throughout the North-West of Morocco, represent a
degraded matorral in places and cover an area of
about 600 ha (Tazi et al., 2003). A. spinosa is known to
be a thermophilic and xerophilic tree of hot and
temperate arid climate (along the coast and in the
plains), warm semi-arid and temperate (flanks of the
High Atlas and Anti-Atlas), or even Saharan further
south (Msanda et al., 2005). By its high adaptation to
arid and semi-arid zones in the southwest of Morocco,
this horticultural forestry species provides an
environment conducive to maintaining floristic and
faunistic biodiversity (Msanda et al., 2005). The
reduction in tree density has potentially negative
effects on soil fertility, as inter-tree areas are less
protected from soil erosion (Kirchhoff et al., 2019).
Argan trees have an important socio-economic
impact, especially for the local population by ensuring
the subsistence of some 3 million people in rural areas
(Tarrier & Benzyane, 2003). Apart from interests
focused on its fruit, which produces very valuable oil
that is not only used for food but also cosmetic and
medicinal purposes (Lybbert et al., 2010). The rural
communities used wood for charcoal production
while leaves, fruit pulp, or oilcake (residue of oil

extraction) are very appealing and provide excellent
forage for livestock. Also, innovative use and recycling
of the waste deriving from argan nuts processing
offers promising opportunities to support local
bioeconomy (Santoro et al., 2023).

The roots of the argan tree grow deep in search of
water (Ain-Lhout et al., 2016), and an adventitious
root system traps water in the surface soil (Chakhchar
et al., 2018). So, they facilitate water infiltration and
replenish groundwater hence stabilization of
environmental conditions. However, Arganerai faces
either a regression in terms of land area or density as
well as degradation under water scarcity. The main
factors contributing to the regression are
desertification, demographic pressure, pastoral
activity, and overexploitation of the forest resources
by the local population (Genin et al., 2017). Due to the
pressure exerted during the last century, about 50%
of the territory of distribution of the argan tree has
been lost (600 Ha/year) and its average density has
fallen from 100 to 30 trees/ha (Abourouh, 2007). This
is threatening the argan ecosystem, which constitutes
both an exceptional natural environment, original
agricultural land, and a national heritage.

It has therefore become urgent, not only to preserve
the remaining argan trees but also to rehabilitate the
degraded areas (Nouaim et al., 2002). Restoring the
degraded argan forest is a national priority now and
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the integration of an innovative approach to support
the sustainability of this agro-forestry ecosystem
uniquely is necessary. Natural argan tree regeneration
is low due to systematic nut collection for oil
extraction and/or to goats eating argan fruits
(Chakhchar et al., 2022). The breeding techniques of
seedlings and transplantation are questioned. The
difficulties encountered in natural regeneration by
seeding and artificial planting make the rejection of
stumps, in the current state, the mode of
regeneration mostly used for the argan tree. The
argan tree has a longevity of 300 to 350 vyears
(Alifriqui, 2004), as evidenced by specimens
preserved in various cemeteries in the argan area. The
oldest subject tree would be found in a cemetery in
the region of Talmest in the province of Essaouira.
Nouaim et al. (1991) have stated that the argan tree
multiplies mainly by rejections of stumps until an
advanced age. We can easily have a young, well-
reconstituted forest after around ten years (Rieuf,
1962). If the fencing and silvicultural management
were respected, the shoots would be fast-growing
vigorous, and abundant, developing into well stands
(Souléres et al., 1998).

The objective of this work was to assess the effects of
mycorrhizal inoculation applied on a nursery scale on
argan seedlings' growth to promote their adaptative
potential to harsh environmental conditions of
different regions likely to be reforested by this
endemic species of Morocco. The mycorrhizae will be
conveyed to the seedlings via seeds treated with a
bioformulation based on arbuscular mycorrhizal fungi
(AMF). The mycorrhizal colonization of argan seedling
roots and the growth parameters of the mycorrhized
and non-mycorrhized seedlings were evaluated.

MATERIALS AND METHODS
Inoculum production

A composite inoculum containing numerous
endomycorrhizal species collected from the argan
tree rhizosphere sourced from different areas in
Morocco was used. Barley (Hordeum vulgare L.)
seeds were used as a trap plant to multiply the
composite mycorrhizal inoculum. Barley seeds were
disinfected with 5 percent sodium hypochlorite for 2
minutes, then sown in plastic pots filled with a
mixture of sterile sand and endomycorrhizal
inoculum. After 4 weeks of culture, the barley plants
were excised at the roots level, rinsed 3 times with
distilled water, and cut into 1- to 2-mm long
fragments. These root pieces were used as the
endomycorrhizal inoculum.

Treatment of argan seeds

Healthy argan seeds were surface sterilized by soaking
in 5% sodium hypochlorite for 2 minutes, then rinsed
and dipped in warm water. Thereafter, they were
treated by a bioformulation containing mycorrhized
roots and additives. Pre-treated seeds were soaked
into pots filled with sterilized by autoclaving
Mamora’s soil at 250°C for 4 hours (Chliyeh et al.,
2014a). Control seeds were treated with additives
only. All pots were placed in the greenhouse and
regularly watered two to three times a week without
adding fertilizers.

Measurements

The mycorrhizal colonization and plant growth (root
and vegetative biomass, formed shoot number, length
of the main shoot, and the diameter of the plant
crown) were monitored for three growing seasons
and were monitored for 12 months after
transplanting.

Mycorrhizal parameters evaluation
Root staining

After twelve (12) months of inoculation, colonization
of the roots of the argan tree plants with the AMF was
carried out using the root staining technique of Philips
and Hayman (1970), modified by Koske & Gemma
(1989). The fine roots of the argan plants, recovered
from the culture substrate, were washed with tap
water and cut into fragments of 1 c¢cm in length,
immersed in a 10% KOH solution, and placed in an
oven at 90 ° C for one hour. At the end of this period,
the roots were rinsed with sterile distilled water and
transferred to a solution of H202 (Hydrogen peroxide)
for 20 minutes at 90°C until the roots were bleached.
The roots were bleached and then stained with 0.05%
cresyl blue by submersion at 90°C for 15 min.

Mycorrhization rate

Thirty root fragments, chosen at random for
microscopic observation, were used to assess the
degree to which the roots were colonized, that is,
mycorrhizal frequency (F%), as well as mycorrhizal
intensity (M%), and arbuscular (A%) and vesicular
(V%) contents, according to the mycorrhization index
of (Trouvelot et al., 1986; Amir & Renard, 2003). For
that purpose, root segments are mounted in parallel
in groups of 10 to 15 in a drop of glycerin water
between the slide and coverslip (Kormanik & Mc
Graw, 1982). The preparations were examined under
the microscope, and the results of the assessment
were tabulated.
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Degrees of colonization

Root colonization was assessed based on five classes.
The presence of AMF arbuscules and vesicles was
assigned a mycorrhization index (Derkowska et al.,
2008; Hibilik et al., 2016; Maazouzi et al., 2021,
2023): O=absent; 1=trace; 2=less than 10 percent;
3=11 to 50 percent; 4=51 to 90 percent; 5=more than
91 percent.

Mycorrhizal frequency (MF) reflects the colonization
percentage of the root system:

MF =100 x (N —n0) / N

Where:

N = total number of root fragments

n0 = number of non-mycorrhizal root fragments

MI estimates the proportion of colonization in the
entire root system:

MI = (95n5 + 70n4 + 30n3 + 5n2 + n1)/N

Where:

n = number of fragments with the index 0, 1, 2, 3, 4,
or 5 of colonization (according to the scale developed
by Derkowska et al. (2008)

N = total number of root fragments

A estimate the proportion of the root cortex
containing arbuscules:

A =(100 mA3 + 50 mA2 + 10 mA1)/100
mA = (95 n5A + 70 n4A + 30 n3A + 5 n2A + n1A)/N

Where:

n and N are determined as above for Ml

Al: 1 to 10 percent, A2: 11 to 50 percent, A3: 51 to
100 percent

nA denotes the number of root fragments for a given
n and A (e.g., n4A3 is the number of fragments
denoted 4 with A3)

V estimates the proportion of the root cortex
containing vesicles and is calculated in the same way
as for A:

V = (100 mV3 + 50 mV2 + 10 mV1)/100.

mV = (95 n5V + 70 n4V + 30 n3V + 5 n2V + n1V)/N

Identification of AMF spores

The mycorrhization of the roots was also determined.
Fine roots were recovered, washed, and stained with
Cresyl blue according to the method of (Philips &
Hayman, 1970). The mycorrhizal infestation of roots
was estimated according to the method of Trouvelot
et al. (1986). Spore identification was performed
according to the species descriptions provided by the
International Cultural Collection of Mycorrhizal
Arbuscular Vesicular Fungi (INVAM, 2017) and by

following both the classification of Redecker et al.
(2013) and the criteria proposed by Schenck & Smith
(1982), Schenck & Perez (1987), Morton & Benny
(1990), Msairi et al. (2020).

Statistical Analysis

Data was analyzed by analysis of variance (ANOVA)
using the STATISTICA software. Fisher’s least
significant difference (LSD) test was used to do post
hoc comparisons of the mean values of measured
parameters between treatments at the p<0.05
level.

RESULTS

All treated and untreated argan seeds germinated
after one month of cultivation in the greenhouse. No
growth difference was noted in plants resulting from
germinated seeds after 1 month of culture. In the
twelfth month, significant differences were observed
between plants from treated and untreated seeds
particularly those related to the length of vegetative
and root parts (Figure 1). After 12 months of culture,
the mean vegetative and root biomass were 2/0.21 g
upon 6.86/1.7 g in control pots (Table 1). The lengths
of the vegetative and root parts of the plants from the
treated seeds were 65.2 and 47.8 cm, respectively,
and those of the control plants were 20.2 and 15.1
cm, respectively. The average number of shoots and
the average diameter of the collar in plants from
treated seeds, compared to those from control plants,
are respectively of the order of 2/1 and 0.98/0.1.

The seed treatment had a positive effect, and results
indicated that a percentage gain of 322.77% was
obtained for the length of the aerial part and 316.55%
for the root part. A high percentage gain was noted
for the mean root weight and vegetative part weight.
The gain for the number of branch numbers formed in
the order of 200% of treated pots over that for
untreated seeds. The effective plant interaction with
mycorrhizal inoculum preparation was established
over time in plants from treated seeds showing
different mycorrhizae structures along roots like
arbuscular, vesicles, and endophytes. The mycorrhizal
frequency was in the order of 20% in the first month
and attained 100% after 12 months of treated seeds
shown (Figure 3). All mycorrhizal parameter values
increased from the first month to the last one. The
means of mycorrhizal intensity, arbuscular, and
vesicle content rose from 4% and 74%, 1% and 42%
(Figure 3) whereas vesicles were observed after 3
months of treated seed sowing (2%) and 30% at 12
months later (Figure 4).
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Figure 1. Effect of seed treatment on growth of aerial part (LAP) and
root part (LRP) of argan plants, C = Control; Myc = Mycorrhizal
plants; LAP = Length of the aerial part; LRP = Length of the root
part. Columns sharing one or more identical letters are not
significantly different at the 5% level, based on Fisher’s least significant
difference (LSD).
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Figure 2. Effect of seed treatment with AMF-based-bioformulation
on argan plants growth cultivated for 12 months of culture under
greenhouse conditions. A, B: growth performance of aerial part, C
= Growth performance of root part, T =control plants (non-
mycorrhizal plants), Myc = Mycorrhizal plants.
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Figure 3. Frequency (F%) and intensity of mycorrhization (M%) of
argan seedlings roots after 12 months in potted culture, M%:
Intensity of mycorrhization; F%: Frequency of mycorrhization.
Columns sharing one or more identical letters are not significantly
different at the 5% level, based on Fisher’s least significant difference
(LSD).
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Figure 4. Arbuscular (A%) and vesicle content (V%) in roots of
Argania spinosa plants 12 months after seed inoculation, A%:
Arbuscular content; V%: vesicle content. Columns sharing one or
more identical letters are not significantly different at the 5% level,
based on Fisher’s least significant difference (LSD).
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Figure 5. Endomycorrhizae spore number dynamic upon time
(months) from sowing of the treated seeds till seedling stage.
Columns of the same chart followed by the same letter are not
significantly different at the 5% level, according to Fisher’s least
significant difference (LSD).

Enhanced sporulation in the rhizosphere of argan
seedlings from treated seeds was observed 1 month
after their cultivation (Figure 5) and increased with
time reaching 130 / 100 g of soil 12 months after
inoculation. Consistently, the mycorrhization of the
roots of the plants was gradually installed and their
efficiency increased with the time of confrontation
with the argan plants from the treated seeds. The
interaction functioning was only observed after one
month of culture, alongside the appearance of
arbuscular in the roots and of the sporulation at the
level of the rhizosphere. The average density of
spores recovered from the culture substrate after
inoculation varied as a function of time. A total of 130
spores were found 12 months after cultivation, which
differed significantly from those detected earlier in
the tenth month 91 or the sixth one 50 (Figure 5). The
finding of AMF arbuscular, vesicles and hyphae in
contact with argan plants issued from inoculated
seeds (Figure 6) means the great hyphal network
established between seeds and AMF-based
bioformulation since the first growth stages.
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Table 1. Growth parameters of argan plants 12 months after culture of inoculated seeds by AMF-based bioformulation

Height of Length of Crown Root Vegetative = Branch

aerial part (cm) | root part (cm) Weight (g) = weight (g) | number
Control 20.2° 15.1° 0.1° 0.21° 1.7° 1.00°
Mycorrhized seeds 65.22 47.8° 0.98? 2.00? 6.867 2.00?

Values in the same column followed by the same letter are not significantly different at the 5% level based

on Fisher’s least significant difference (LSD) test.

DISCUSSION

This important ramification of the roots in
mycorrhized plants was also reported in other plant
species: Citrus aurantium (Artib et al., 2017), Olea
europaea (Chliyeh et al., 2014b; Semane et al., 2017;
Msairi et al.,, 2020), Quercus suber (Hamidi et al.,
2017), Eucalyptus (Nounsi et al.,, 2015), Lycium
europaeum (Touati et al., 2015), Casuarina sp. (Touati
et al., 2016), Tetraclinis articulta (El Khaddari et al.,
2022), Crocus sativus (El Aymani et al., 2019; Ourras
et al., 2022).

Indeed, this promotion of the root growth could be
lied to water uptake and mineral nutrition
improvement (Stavros et al., 2011; Soufiani et al.,
2022, 2023), which resulted in a good development of
the vegetative mass. (Sellal et al., 2017) showed that
the incorporation of endomycorrhizal inoculum in the
culture substrate of argan seedlings had a positive
effect on the biomass of argan seedlings. Sixteen
months after inoculation, the mycorrhization led to a
gain that exceeded 150% of the aerial biomass

compared to that observed in control seedlings. The
same findings were obtained by Agbodjato et al.
(2022) when seed coating with mycorrhizal fungi
demonstrated the effectiveness of biostimulants
(Glomeraceae and Acaulosporaceae) in improving the
growth parameters measured through the good
absorption of water and essential nutrients needed
by maize plants for their development. Manga et al.
(2017) highlighted the improvement of mineral
element uptake (phosphorus and nitrogen), nutrition,
and growth of plants associated with mycorrhizae.
According to Aguégué et al. (2021), the increase
recorded at the level of growth and yield variables can
be explained by a good absorption of mineral
elements and a good accommodation of the strains.
Likewise, Abadi (2020) observed that AMF application
increased the concentrations of iron, zinc, and
manganese nutrients in aerial parts of both cultivars
of pistachio trees. The high frequencies and
intensities of mycorrhization observed could explain
the highest biomass produced and grain vyield
recorded on the mycorrhized plants (Agbodjato et al.,
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2022). In accordance, Oliveira et al. (2006) pointed
out that beyond 12% mycorrhization intensity, the
benefits derived by the plant symbiont are
interesting.

Through seed inoculation, the endomycorrhizal fungi
population has been carried in contact with roots and
ensures that the AMF community is readily accessible
at germination and early development plant stages.
The additives used to formulate the endomycorrhizal
inoculum could probably stimulate germination and
bring nutritive elements to the young plants. The
presence of arbuscular in the roots of argan plants,
one month after seed treatments as well as the
sporulation of endomycorrhiza, components of the
inoculum, proved the symbiotic association
functioning. Another endomycorrhizal formulation
used by Sellal et al. (2017) resulted in mycorrhizal
installation that occurred 3 months after the culture
of inoculated seed. This implies a gain in mycorrhizal
installation time of 2 months with this new
formulation. By contrast, the direct introduction of
the inoculum in the culture substrate delays the
installation of mycorrhization at the level of the roots
of the seedlings, the mycorrhization was observed
only after 10 months of cultures under a greenhouse
(Sellal et al., 2017). It is worth noting that in all cases,
the sporulation of AMF species and the appearance of
different structures in the rhizosphere of argan plants
have occurred since the mycorrhization was
established,

Besides the beneficial effect cited above, Halmer
(2008) reports that the seed inoculation method had
the advantage of being a precise delivery system and
making seed too easy to handle and sow. It has been
reported that the vyield and macro and
microelements, antioxidant activity, total phenolic,
caffeoylquinic acids, and flavonoids improved in
propagated Cynara cardunculus seeds coated by
Rhizophagus intraradices, Funneliformis mosseae,
and Trichoderma atroviride (Rouphael and Colla,
2020). Anand et al. (2022) find endomycorrhizal fungi
as biostimulants because they increase nutrient
uptake, mainly of phosphorus and other inorganic
nutrients such as nitrogen. Also, according to these
authors,  mycorrhizal  fungi  improve plant
performance under abiotic stress conditions.

CONCLUSION

In conclusion, the evaluation of our AMF-based
bioformulation revealed its notable capability to
promote a gradual installation of the mycorrhizal
symbiosis at the level of the roots of the plants using

the seed inoculation method and well root system
development and density. Moreover, the timing of
application or introduction with bioformulation
based- mycorrhizal inoculum as the argan seed
treatment conferred relevant results that may be
behind fast seed germination and subsequent
increasing plant growth parameters. This proves the
successful bioinoculant and its formulation. However,
more research into the practical issues of large-scale
production, on the other hand, is required to
encourage the introduction of AMF-based products
for effective, secure, and increasing production
systems. However, more research into the practical
issues of large-scale production, on the other hand, is
required to encourage the introduction of AMF-based
products for effective, secure, and increasing
production systems.
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