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Abstract: The harm that invasive species cause to the environment has received a lot of attention. It is
therefore appropriate that the current research was undertaken to evaluate the effects of invasion by
Nicotiana glauca Graham on soil fertility by looking at (i) its contribution to the mycorrhizal potential
of the soil, (ii) its impact on soil richness and diversity in terms of the arbuscular mycorrhizal fungi
(AMF) community (iii), and its ability to modify the physicochemical characteristics in the invaded
soil, specifically cleaning up heavy metal. The current study was conducted at Al Houz plain
(Marrakesh region, Morocco), in heavily infested sites by N. glauca. The spores of AMF were isolated
using the wet sieving process; the isolated spores were sorted for morphological features using a
binocular microscope. The plant roots were thinned and colored before microscopic observation.
The most probable number method was used to assess mycorrhizal soil infectivity. Heavy metal
contamination in soils was characterized using an X-ray fluorescence spectrometer, and the pollution
load index (PLI) was utilized to assess and compare the level of heavy metal contamination at each
station. The ability of N. glauca to reproduce was evaluated in order to support one of its invasive
characteristics. The estimate indicated that each plant might produce more than three million seeds.
This significant number guarantees the plant a great capacity for reproduction and invasion. The
extra-significant mycorrhizal potential, which can take the form of spores, mycelium, or vesicles that
can regenerate mycorrhizae, was discovered by conducting soil analysis in the rhizospheric soils of
N. glauca. This research demonstrated the strong mycotrophic capability of N. glauca and the large
mycorrhizal potential of soils. Between 4.85 and 305.5 mycorrhizal propagules were considered to
be the most probable number (MPN) per 100 g of dry soil. Based on color, shape and size, AMF
were classified into five morphotypes corresponding to five genera. The isolated taxa of AMF with
the most diverse spores were Glomus, Rhizophagus, Paraglomus, Scutellospora, and Sclerocystis. The
Glomus genus was found to have spores in significant quantity. Furthermore, N. glauca demonstrated
a potential involvement in the phytoremediation of damaged soils, with a high pollution load index
demonstrating a particularly high accumulation of heavy metals. N. glauca is a highly mycotrophic
plant that can boost soil mycorrhizal propagule stock. N. glauca has also been demonstrated to be
a phytoremediation plant capable of cleansing contaminated soils. As a result, N. glauca could be
considered as a prospective candidate for application in phytoremediation of polluted soils.
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1. Introduction

Invasive plants are defined as species that can survive, reproduce, and spread across
the landscape at alarming rates [1]. Invasive plants have evolved into one of the key
elements of the Anthropocene as a result of the enormous, continuously expanding human
population [2]. The composition, structure, and/or functioning of ecosystems are signifi-
cantly altered due to their proliferation in natural or semi-natural settings [3] where they
cause significant habitat transformation, resulting in the loss or reduction in biodiversity in
ecosystems. Thus, they were often referred to as “transformative species” [4].

The tree tobacco Nicotiana glauca Graham (Solanaceae) is a fast-growing perennial
evergreen shrub, native to South America in Argentina, Bolivia, Paraguay, and Uruguay [5].
Robert Graham recorded this plant in the Royal Botanic Garden in Edinburgh, where it
was introduced from seeds transmitted from Buenos Aires [6]. It is currently considered
as a naturalized species in most of the subtropics, including the Mediterranean basin,
where it is widely naturalized in Macaronesia, parts of Europe, and Northern Africa [3,7].
This species is also distributed in the subtropical zone of the southern hemisphere in
Australia [8] and in South Africa [9]. The circum-Mediterranean countries seem to be the
oldest areas regarding the introduction of N. glauca. This species was introduced to the
Canary Islands at the beginning of the nineteenth century, and due to its numerous tiny
seeds, it is now widely distributed, even in the drier areas of Fuerteventura, Lanzarote,
and Graciosa [10]. Tree tobacco has been widely naturalized throughout North Africa,
particularly in Morocco, Algeria, Libya, and Egypt. For instance, [11] identified it as a
naturalized plant in Algeria. As it was recorded in the Moroccan Plant Catalog, N. glauca
was most likely introduced to Morocco before 1931 [12,13]. The tree tobacco is listed in the
Global Invasive Species Database and has spread to Central America (Mexico, California,
and the Channel Islands), Africa (Morocco, South Africa, and Namibia), Australia, and
the Oceanic Islands (St. Helena) [14]. During the German occupation (1884-1914), it
was introduced into Namibia in contaminated horse feed, from where it spread to South
Africa [8]. N. glauca can grow up to 6 m tall, with loose-branched stems and bluish or
greyish-green, pointy, elliptic to lanceolate, alternating leaves, as well as flowers that are
30—40 mm long, greenish to yellow, and some of which are borne in a lax panicle [6]. It
features an egg-shaped fruit with a 7-10 mm long, two-valved capsule that produces a large
number of tiny seeds that may be dispersed by the wind or water [6]. All plant parts are
highly toxic, and numerous studies have shown that N. glauca is extremely toxic to humans,
animals, and plants [15]. Despite numerous reports about the devastation wrought by
invasive plant species, there are few quantitative data that assess the environmental and
ecological impacts of most invasive plants, particularly N. glauca.

The significant growth and development of these plants in the face of extreme envi-
ronmental conditions (soil pollution, water stress, salt stress, etc.) raise the question of
whether the diversity and function of soil microorganisms are one of the factors implied in
this progress, and, more importantly, on the symbiotic relationships formed in this biotope.

According to Pickett et al. [16] invasive plants influence the soil fungal community
and, as a result, the structure of indigenous plant populations for years after the invasive
plant has been eradicated from an area. Arbuscular mycorrhizal fungi (AMF) are mutually
beneficial symbionts that interact with roughly 80% of terrestrial vascular plants, provid-
ing essentials such as an increased surface area for root water absorption and pathogen
resistance [17]. This symbiotic relationship is governed by molecular and genetic signals
between the fungus and the host plant, which benefits from growth-limiting nutrients such
as phosphate and nitrate while providing carbohydrates formed by photosynthesis to the
fungus [18]. Many researchers reported that AMF provide numerous benefits to their host
plants, including increased plant growth and mineral nutrients, alleviation of plant abiotic
stress, and increased plant resistance to pathogens [19,20]. As a result of the intermediation
of plant-plant relations, AMF directly influences the performance of host plants and indi-
rectly influences the diversity and composition of plant communities [21]. Furthermore, the
identity and abundance of host plants affect the composition and diversity of AMF commu-
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nities, demonstrating that interactions between plant species and AMF shape fundamental
ecosystem properties. Mycorrhizal status and the role of mycorrhizal symbiosis in plant
nutrition provide information on the degree to which plants rely on mycorrhizal symbio-
sis [21]. Invasive plants, on the other hand, can disrupt fungal mutualistic relationships
with native plants once they are introduced into a healthy environment. Furthermore, these
exotic plants can disturb mutualistic relationships by altering soil nutrient distribution
and soil food connections or by introducing plant pathogens [22]. These changes affecting
the mutualistic relationship between native plants and AMF are not always negative; the
benefits brought on by exotic plants can last for years after their final removal and have
been dubbed “legacy effects” [23]. The concept of legacy effects describes the abiotic and
biotic changes caused by invasive species that persist long after they have been removed
from an area [24]. Previous research in Morocco had classified N. glauca Graham as a
ruderal plant that grows in disturbed or unstable open spaces [25]. Furthermore, it was
regarded as a pioneer plant in disturbed areas highly susceptible to anthropogenic action,
even capable of colonizing space following an upheaval or modification of ecosystems [26].
N. glauca grows in a wide range of environments, including wet rock gardens, river edges,
asphalt roads, inaccessible cliffs, and even old walls and roofs [10,27]. Negre described
it in 1962 as a ruderal nitrophilic plant found only in a pile of rubble near the Koutoubia
in Marrakesh. N. glauca is found up to 3700 m above sea level in warm temperate, arid
and subtropical, and dry and humid regions [3,28]. In these areas, N. glauca is extremely
adaptable to water scarcity and high temperatures [29]. The tree tobacco has successfully
adapted to various Moroccan bioclimates and has become a widespread invasive plant
in Morocco, particularly in Saharan Morocco, Middle Atlantic Morocco, North Atlantic
Morocco, the Eastern Moroccan mountains, the Mediterranean coast, and the Rif [27]. N.
glauca, on the other hand, cannot tolerate high salinity or prolonged flooding [30]. N.
glauca’s partial tolerance to drought and salinity results from physiological adaptations
such as stomatal closure and osmotic adjustment, as well as reduced absorption of excess
radiation due to the presence of a waxy layer on leaves [27]. The legacy effects of the
invasive plant N. glauca on native plants and the rhizosphere microbial community have
not been well studied, and studies on AMF communities are particularly scarce.

In this context, and to better understand this plant’s symbiotic relationship, the cur-
rent study was conducted to evaluate (i) the mycorrhizal status of N. glauca in degraded
Mediterranean soils and its contribution to the mycorrhizal potential of the soil, (ii) the
extent and type of AMF community associated with N. glauca rhizosphere soil, and (iii) the
ability to modify the physicochemical and biological characteristics of the invaded soil,
particularly cleaning up heavy metals.

2. Materials and Methods
2.1. Sampling Sites

This research was conducted at five stations located throughout the Al Houz plain
(Marrakesh region, Morocco), which are heavily infested by N. glauca. Three stations are
found along the banks of rivers. Two stations are found on the Oued Tensift river’s outskirts;
downstream is Oued Tentsift-Safi, which represents the main infiltrated site (station 2) and
upstream is Oued Tentsift-Casa (station 3). One station is located on the Oued Lahjar river’s
bank (station 4) and two more stations are located in downtown Marrakesh, on Mount
El Koudiate (Station1) and the Ourika road boards in the level of Lahebichate locality
(station 5) (Figure 1).
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Figure 1. Localzation of the sampling sites (S1: El Koudiate; S2: Oued Tensift-Safi; S3: Oued
Tensift-Casa; S4: Oued Lahjar; S5: Lahebichate).

2.2. Soil Physicochemical Analysis

Soil pH and electric conductivity were measured in soil solution using a pH meter
(Basic 20) and a conductometer (Basic 30). Total carbone and organic matter were measured
using the Anne method. The mineral composition of soils was determined after miner-
alization at 600 °C for 6 h. The total nitrogen was determined according to the Kjeldahl
digestion, distillation, and titration method [31]. Available phosphorus was determined
by colorimetry [32] using a spectrophotometer at 820 nm. The content of potassium was
determined by atomic absorption spectrophotometry [33].

2.3. Estimated Seed Production of N. glauca

An adult reproductive plant from each station was evaluated in order to estimate
seed production by N. glauca. The plants’ capsules and flowers were all counted. Before
dehiscence, five capsules were chosen at random, placed individually in Petri dishes, and
dried for two hours at 65 °C. The seeds were counted under a binocular microscope after
the dried capsules were manually exploded.

2.4. Soil Sampling and Enumeration of AMF Spores in Soils

To study the mycorrhizal status of N. glauca and the mycorrhizal soil infectivity, soil
sampling was limited to areas directly influenced by the plant’s roots (rhizospheric soil)
at a depth of 10 cm to 40 cm. In the meantime, control soils (bare soils) were randomly
collected far from any influence of N. glauca roots. The spores of AMF were isolated using
the method described by Brundrett et al. [34], which involves wet sieving of soil followed
by centrifugation in sucrose solution (65%). To accomplish the enumeration of AMF spores,
100 g of rhizospheric soil were suspended in 1 L of tap water. After that, the mixture was
stirred and allowed to settle. Following decantation, the supernatant was poured through
a series of sieves ranging in size from 800 pm to 50 um. The first sieve was fine enough
to remove the largest organic matter particles while still allowing the desired spores to
pass. The second was coarse enough to allow fine soil particles to pass through while
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retaining the desired spores. The procedure was repeated several times in order to recover
as many spores as possible. The sieves were suspended in distilled water and centrifuged
at 2000 rpm for 5 min. The centrifugation of water removed a significant amount of floating
organic debris. The pellet was then suspended in 65% sucrose for the next step. The
samples were then centrifuged at 2000 rpm for 1 min to separate the spores from the denser
soil components. The supernatant was removed immediately after centrifugation and
filtered under vacuum; the spores were collected on filter paper. Three repetitions were
performed for each station. The total number of spores was counted directly under a
binocular microscope to estimate the AMF community in soils.

2.5. Morphological Description of AMF Spores Associated with N. glauca

The isolated spores were manually sorted under a binocular microscope based on
morphological characters, which are color, shape, and size. Spores with the same color
form a homogeneous group or morphotype. The relative abundance of each morphotype
was estimated as the proportion of this genus’ spores to all spores in the rhizospheric soil
at each station.

2.6. Determination of Mycorrhizal Traits in the Roots of N. glauca

The roots were thinned and colored using a modified Phillips and Hayman [35]
method. To remove the attached soil, organic matter, and foreign roots, the roots were
washed in a gentle stream of water. For 60 min at 90 °C, the roots were bleached with a
10% KOH solution. After that, the samples were rinsed and acidified with a few drops
of 5% lactic acid, which neutralized the remaining KOH. The thinned roots were stained
for 15 min at 90 °C with a solution of 0.05% acidic trypan blue diluted in lactoglycerol
(1/3 water, 1/3 glycerol, and 1/3 lactic acid). The colored roots were sandwiched between
the slide and the coverslip and examined under a microscope. The number of mycorrhizal
roots in the total examined roots is represented by the frequency of mycorrhization. The rate
of mycorrhization provides information on the total volume of the root colonized by fungi
when all fungal forms are considered. It was estimated based on five colonization classes: 0
(no mycorrhization), 1 (trace of mycorrhization), 2 (less than 10% colonization), 3 (between
11% and 50% colonization), 4 (between 51% and 90% colonization), and 5 (more than 91%
colonization) [31,36]. The volume occupied by each different mycorrhizal structure was
also estimated using microscopic observations (mycelium, vesicles, and arbuscules).

2.7. Mycorrhizal Soil Infectivity in the Rhizhospheric Soil of N. glauca

The most probable number test was used to estimate mycorrhizal soil infectivity
(MPN). This method determines the number of propagules (spores, colonized root frag-
ments, and fungal hyphae) capable of initiating mycorrhizal association per 100 g of
soil [37]. Despite the fact that propagules counting is indirect, this method is presented as a
solution to the problems encountered when using traditional methods of counting AMF
propagules [38].

To carry out this test, various rhizospheric soil samples were collected from the five
targeted stations as well as from bare soil (control) (S1: El Koudiate; S2: Oued Tensift-Safi;
53: Oued Tensift- Casa; S4: Oued Lahjar; S5: Lahebichate; CS: bare soil or control). Six
dilutions were performed for each composite soil by carefully mixing this soil with a
disinfected sandy soil (121 °C, 2 h) in proportions (1, 1/4, 1/16,1/64,1/256, 1/1024), with
five repetitions for each dilution. The native mycorrhizal complex naturally associated
with N. glauca was trapped using maize as an endophytic plant. Pre-germinated corn seeds
were planted in plastic cups containing 100 g of soil dilution. The plants were seeded after
four weeks of cultivation, and their root system was thinned, stained, and examined under
a microscope. When the root system showed signs of infection, it was classified as positive,
and when there was no colonization, it was classified as negative. The table of Fisher and
Yates [39] was used to estimate the most probable number. The following formula was
used to calculate the most probable number of propagules (MPN). Log10 MPN = x Loga
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— k. Where x is the mean number of infected plants, a is the dilution factor,and y =s —
x with s being the number of dilutions; x and y are required to determine k in the Fisher
and Yates table. The estimated standard deviation of Log 10 MPN is given by the following

formula [40].
[loga
UlogMPN = 0.55 75

2.8. Heavy Metal Analysis in N. glauca Rhizhospheric Soils

Because of its dependability and speed of measurement, a portable X-ray fluorescence
spectrometer (FPXRF—Field Portable X-ray Fluorescence) was used to characterize heavy
metal pollution in soils. It is a non-destructive analytical technique for determining the
qualitative and quantitative composition of a soil sample. The basic idea behind XRF
fluorescence is to excite the atoms in the sample to be analyzed with “primary” X-rays,
which then emit “secondary” X-rays. The X-rays emitted are indicative of the sample’s
elementary atomic composition as well as the mass concentration of each element. Metallic
trace element (MTE) concentrations measured at various stations were compared to normal
world averages of uncontaminated soils provided by Bowen [41].

2.9. The Pollution Load Index

The pollution load index (PLI) was used to assess and compare the level of heavy-metal
pollution at each station. The PLI was calculated for each site individually, as reported
by Tomlinson et al. [42]. PLI = (CF; * CFy % .. ... % CP,,)l/ ". n represents the total number
of trace metallic elements in the soil. CF; is the concentration factor of each metallic trace
element in soil, defined as the ratio of each MTE concentration in a given soil to the MTE’s
natural concentration in soil (geochemical background).

- Concentration of MTEi
~ Geochemical background of the MTEi

CF;

The natural MTE concentrations used are provided by Bowen [41]. A pollution load
index (PLI) greater than one indicates polluted soil, whereas a PLI less than one indicates
that the targeted soil is not polluted by the considered MTE.

2.10. Statistical Analysis

In all assays, three sample replicates were performed, and the mean values were
estimated together with the standard deviation (SD). Data were processed with analysis
of variance (ANOVA) at a threshold of statistical significance set at 5% using the XL Stat
software. Simultaneously, Tukey’s HSD test was used to compare the means to demon-
strate significant statistical differences in all variables. Then, Spearman rank correlation
coefficients were calculated to examine relationships between root colonization, the number
of spores from individual species, and soil characteristics. Principal components analy-
sis (PCA) was performed between AMF spore populations and some soil properties to
determine which factors were responsible for the variability in spore number.

3. Results
3.1. Physicochemical Characteristics of the Rhizospheric Soil of N. glauca and Bare Soil

A physicochemical comparison of N. glauca-affected rhizospheric soils with unaffected
soils revealed noticeable impacts of the plant’s establishment in these soils. Together with
soil enrichment in organic matter, total nitrogen, available phosphorus, and potassium, ex-
tensive soil acidity was also exhibited. Similarly, the C/N ratio measurement demonstrated
that there was high biological activity in the rhizospheric soils under N. glauca (Table 1).
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Table 1. Physico chemical traits in rhizospheric soils of N. glauca plants and bare soils (Control CS) in

the targeted sites.
. EC Total Carbon Organic N Olsen P K*
Station pH pmol s—1 (%) Matter (%) (%) C/N (mgKg-1) (mgKg1)
6.2 + 0.08 0.52 £ 0.02 1.2+0.13 2.06 £+ 0.05 0.4 +0.04 3.0 +0.03 62+94 100 + 10
Cs1 e c b C od b b bc
6.5+ 0.13 0.72 £ 0.04 1.7 £0.1 2.92 £+ 0.09 0.7 +0.05 2.43 +0.05 86 + 5.5 210 +23
S1 de a a ab a d a a
7.84+0.2 0.42 £+ 0.01 0.55 £ 0.01 0.95 £ 0.05 0.3 +0.02 1.66 4+ 0.08 22 +37 55+ 3.0
Cs2 a d C e d e d d
75+ 0.14 0.48 +£0.03 0.7 £ 0.03 1.20 + 0.05 0.5+ 0.04 1.4 £ 0.06 40+4.2 80 + 3.8
S2 a cd c d bc f c bed
7.8 £0.25 0.42 +0.02 0.54+0.01 0.86 + 0.04 0.3 +0.02 1.67 + 0.01 22 +2.6 60 + 2.7
CS3 a d C e d e d od
74 +0.12 0.48 +0.04 0.7 £ 0.04 1.21 4+ 0.04 0.5+ 0.04 1.4 4+ 0.03 40+ 4.1 85+45
S3 ab cd c d be f c bed
74 +0.14 0.7 +0.03 1.6 £ 0.06 2.75 £ 0.08 0.6 + 0.04 2.66 + 0.03 60 + 2.2 120 + 13
CS4 ab a a b ab c b b
707 0.74 £ 0.02 1.8 £ 0.07 3.1+0.1 0.6 + 0.02 3.0 £ 0.04 70 = 5.7 190 + 15
S4 bc a a a ab b b a
6.8 + 0.05 0.62 £+ 0.01 1.7 £0.14 2.92 +0.07 0.5+ 0.03 3.4+ 0.07 60 + 3.9 110 £ 85
CS5 od b a ab be a b b
6.6 +0.13 0.74 £0.03 1.8 £0.13 3.12 £0.12 0.7 & 0.06 2.57 £0.02 90+ 7.1 230 4+ 29
S5 od a a a a od a a

S1: El Koudiate; S2: Oued Tensift-Safi; S3: Oued Tensift-Casa; S4: Oued Lahjar; S5: Lahebichate. Values represent
mean = standard deviation of three distinct replicates. In the same column, means indexed by the same lowercase
letter are not significantly different according to Tukey’s test (p < 0.05).

3.2. Estimate of N. glauca Seeds Production

At each of the five locations studied the estimated average seed production from an
adult reproductive plant of N. glauca revealed 3000 £ 127 fruits with 1054 £ 216 seeds
per fruit. As a result, it is generally assumed that a single plant is capable of producing
between three and four million seeds throughout its lifetime.

3.3. Counting the Spores of AMF Associated with N. glauca

The presence of AMF spores in the rhizospheric soil of N. glauca was detected in
all analyzed samples. The total number of spores per 100 g varied significantly between
stations, with a very large total number of spores in the case of Lahebichate (S5) (700 spores)
and El Koudiate station (51) (600 spores), which represent the city suburb, whereas the
abundance of spores appeared to be lower in the stations located along the rivers” edges,
with a density of 350 spores at the level of the Oued Lahjar river’s bank (54) and 180 spores
in the case of Tensift-Casa station (S3). The lowest spore density was observed in the
rhizospheric soil in Oued Tensift-Safi station (S2) (130 spores/100 g), which is five times
lower than at El Koudiate station (Figure 2).

Following the establishment of N. glauca, considerable soil enrichment in fungal spores
was observed in the stations under study. For instance, there were notable changes between
the bare soil (CS) far from N. glauca ’s plant involvement and the rhizospheric soil. In
comparison to bare soils, the number of isolated spores is four times higher in rhizospheric
soils (Figure 2).
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Figure 2. The total number of arbuscular mycorrhizal fungi spores in the rhizospheric soils of N.
glauca in the targeted sites. The bar charts (means + SD) indexed by the same small letters are not
significantly different according to Tukey’s test (p < 0.05). (S1: El Koudiate; S2: Oued Tensift-Safi; S3:
Oued Tensift-Casa; S4: Oued Lahjar; S5: Lahebichate; CS: bare soil in different stations).

3.4. Morphological Differentiaition of AMF Spores Morphotypes Associated with N. glauca

The relative abundance of various spore morphotypes was used to describe the organi-
zation of the N. glauca-associated AMF population. At least five distinct morphotypes were
visible when the spores were examined under a binocular magnifier at high magnification.
These morphotypes varied in color, shape, and size. Figure 2 displays the number of spores
at each studied site, and Figure 3 compares the relative abundance of each morphotype at
the various sites (Figure 3).

100% Sclerosistis
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=
o

o

o

o
e
-
=
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Relative abundance of AM fungal genera
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0% s s2 s3 S4 S5
Figure 3. The relative abundance (RA) of the main AM fungal genera in the rhizosphere soils of N.
glauca at five sampling sites in Morocco. RA (%) was estimated as the proportion of a recognized
genus’ spores to all spores in the rhizospheric soil at each station (S1: El Koudiate; S2: OuedTensift-
Safi; S3: OuedTensift-Casa; S4: Oued Lahjar; S5: Lahebichate).
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The findings indicated that Glomus was the morphotype genus that was most prevalent
across all stations (76%), followed by Rhizophagus (10%), Scutellospora (6%), Paraglomus (4%)
and Sclerocystis (4%).

3.5. Determination of Mycorrhizal Traits in N. glauca Plant Roots

Microscopic observation of the roots of N. glauca plants in the various selected sites
showed that all the plants exhibited AMF colonization. However, the mycorrhizal colo-
nization assessment showed significant differences between the roots of the plants at the
different sites. The mycorrhial colonization rate is considerable in site 1 (El Koudiate, 62%)
and in site 5 (Lahebichate, 50%), while the sites on the river banks had shown relatively
lower rates (site 4, Oued Lehjer, 38%; Site 2 and 3, Oued Tensift-safi and Oued Tensift-casa
25%). The different structures of the symbiotic association (arbuscules, vesicles, hyphae)
were constantly present with varying rates in all the examined roots (Table 2).

Table 2. Substantial mycorrhizal traits in roots of N. glauca plants in the targeted sites.

Station Mycorrhizal Frequency Mycorrhizal Colonization Vesicles Arbuscules Hyphae
(%) (%) (%) (%)

S1 100 £ 0.02 62+ 342 60+ 1.72 10+ 1.7b 30+ 25¢

S2 100 +£0.02 25+26°¢ 20+2.049 10+15P 70 £ 432

S3 100 £ 0.0 25+22¢ 20+1.84 10+ 15Pb 70 +3.72

S4 100 £ 0.02 38 +£3.0P 30+1.5¢ 20+2.12 50 £2.0P

S5 100 £ 0.02 50 +2.52 50+20P 20+1.02 30 +£3.2¢

S1: El Koudiate; S2: Oued Tensift-Safi; S3: Oued Tensift-Casa; S4: Oued Lahjar; S5: Lahebichate. Values represent
mean =+ standard deviation of three distinct replicates. In the same column, means indexed by the same lowercase
letter are not significantly different according to Tukey’s test (p < 0.05).

3.6. Mycorrhizal Potential in Rhizospheric Soils of N. glauca (MPN)

The results on the mycorrhization of the roots of corn seedlings cultivated on the
different dilutions of the considered rhizospheric soils of N. glauca and non-rhizospheric
soil (bare soil/control) were transformed, using the model and the table of Fisher and
Yates [35], in several fungal propagules in 100 g of soil capable of regenerating a symbiosis.
Plants that presented at least one point of infection were considered mycorrhizal plants.
The results showed that the corn seedlings planted in the control soils were slightly infected
by mycorrhizal fungi, which provides information on the poverty of these soils in fungal
propagules. On the other hand, the roots of corn plants grown in rhizospheric soils had
shown infections with high intensities. For the rhizospheric soils of the El Koudiate
(S1) and Lahebichate (S5) stations, all the plants cultivated in the diluted or undiluted
rhizospheric soil were infected by AMF (100% infection). Seedlings grown in rhizospheric
soils associated with the Oued Tensift-Safi (S2), Oued Tensift-Casa (S3), and Oued Lahjar
(54) rivers had shown relatively moderate mycorrhizal infections. The most probable
number of mycorrhizal propagules per 100 g of rhizospheric soil was estimated to be 305.5
at stations S1 and S5, 175.79 at station S4, 44.15 at S3, 19.27 at S2, and finally only 4.85
propagules at the control soil CS2 (Figure 4).

3.7. Heavy Metal Analysis and Pollution Load Index (PLI)

The effects of an N. glauca invasion on soil pollution were assessed in order to test
the hypothesis that this plant is capable of rehabilitating degraded soils, especially those
polluted by metallic trace elements. The pollution load index showed that the downtown
station (El Koudiate S1) is the only one with a PLI that exceeds 1, and consequently it is
the only station where pollution has been confirmed (Figure 5). The proximity to human
activities explains the pollution in this station. In addition, the PLI in the rhizospheric soil
of N. glauca is significantly lower compared to the non-rhizospheric soil in two stations (El
Koudiate and Lahebichate), which ensures the capacity of N. glauca to accumulate MTEs by
absorption from the soil. Figure 5 showed in a more explanatory way the results obtained
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by the PLI. Station S1 is assessed as the most polluted station by PLIL; this is explained by the
existence of MTE (Zn, Cu, As, Mo) at concentrations above ordinary soil levels [38]. Certain
METs, such as zing, lead, copper, and arsenic, are found at all stations, although only arsenic
is present at a higher concentration than in ordinary soils at all stations (Figure 6).
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Figure 4. The most probable number of fungal propagules in rhizospheric soils of N. glauca in the
targeted stations. (S1: El Koudiate; S2: Oued Tensift-Safi; S3: Oued Tensift-Casa; S4: Oued Lahjar;
S5: Lahebichate; CS: bare soil non-rhizospheric in different stations). The bar charts (means + SD)

indexed by the same small letter are not significantly different according to Tukey’s test (p < 0.05).
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Figure 5. The pollution load index (PLI) of non-rhizospheric (CS) and rhizospheric (S) soils of N.
glauca in the targeted stations. (S1: El Koudiate; S2: Oued Tensift-Safi; S3: Oued Tensift-Casa; S4:
Oued Lahjar; S5: Lahebichate). The bar charts (means £ SD) indexed by the same small letter are not
significantly different according to Tukey’s test (p < 0.05).
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Deviation from global heavy metals standards

Figure 6. Effect of N. glauca on deviations from global averages of normal heavy metals in un-
contaminated soils given by Bowen (1979). For each heavy metal assessed, violin plots (means +
SD) with asterisks indicate significant differences between rhizospheric and non-rhizospheric soil
(0t =0.05), as determined using Student’s t-test (** p < 0.01; *** p < 0.001; **** p < 0.0001 and ns,
no-significance p > 0.05). (S1: El Koudiate; S2: Oued Tensift-Safi; S3: Oued Tensift-Casa; S4: Oued
Lahjar; S5: Lahebichate). [Zn = zinc, Pb = lead, Cu = copper, As = arsenic, Mo = molybdenum,
Ni = nickel and Cu = chromium)].

3.8. Inter-Dependencies between all Studied Variables

The results of the principal component analysis (PCA) revealed that the first three
PCs described the majority of the data variance (79.86%), with the first two contributing
the most (Figure 7A). The PC1, which accounts for 45.75% of the overall variability, was
highly linked with the EC, OM%, TC%, N%, P, K, MPN, amount of AMF spores, MF%,
MC%, V%, and A% and represented a clear group. The following variables had high
loadings for the second PC: H%, MF%, Cr, As, Zn, and C/N, with the latter three being
negatively linked with this dimension. The physicochemical parameters and AMF features
of rhizospheric soil and bare soil samples collected from five different geographic sites
in Morocco varied considerably, as shown by the PCA biplot in Figure 7A. Likewise, the
investigated physicochemical measurements, except pH values, had positive correlations
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with each other and with AMF variables, except for the H% (Figure 7A). For the examination
of metallic trace elements (MTEs) in the soil of N. glauca, Pearson’s correlation coefficient
(r) analysis revealed significant strong/moderate relationships between the following
elements: Zn-C/N (r = 0.56, p = 0.001); Zn-pH (r = —0.81, p = 0.001); Zn-P (r = 0.55,
p =0.001); Zn-MPN (r = 0.51, p = 0.009); Zn-Cu (r = 0.64, p = 0. 001); Zn-As (r = 0.65,
p =0.001); As-Cr (r = 0.714, p = 0.05); Pb-MC% (r = 0.43, p = 0.018); Pb-V% (r = 0.43,
p=0.017); As-C/N (r = 0.54, p = 0.002); As-MF% (r = —0.50, p = 0.011); As-H% (r = —0.55,
p = 0.001); Mo-MPN (r = —0.42, p = 0.028); Mo-Pb (r = 0.49, p = 0.007); Mo-Cu (r = 0.51,
p = 0.005); Ni-H% (r = —0.40, p = 0.031); and Cr-pH (r = —0.53, p = 0.003). In general,
negative medium-to-low correlations were discovered between MTEs (deviations from the
global MTEs standard) and the majority of physicochemical characteristics and mycorrhizal
fungal traits (Figure 7B).
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Figure 7. Multivariate statistical analysis of mycorrhizal characteristics and physicochemical features
in rhizospheric and bare soils of N. glauca plants: biplot of principal component analysis (PCA)
(A) and heatmap of the Pearson correlation matrix (B).
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4. Discussion

In the current study, the tree tobacco, N. glauca, showed production of an enormous
number of seeds per plant at the study site. This figure is likely to rise as flowering and
fruiting occur in Morocco three times a year, in the spring, summer, and fall [27]. Estimates
of N. glauca seed production are hazy based on observations from various sources [43]. For
instance, adults in the Canary Islands can produce between 10,000 and 1,000,000 seeds per
year [33], while in Brazil, Fabricante et al. [44] noticed an average of 2121 + 940 fruits per
plant and 644 + 50 seeds per fruit, i.e., 700,000 to 2,100,000 seeds per plant. In Namibia,
the average yield is 700 to 1300 seeds per fruit and 2500 fruits per plant, for a total yield
of approximately 1,750,000 to 3,250,000 seeds per plant [45]. This large production of
tiny seeds with near-perfect germination rates, even in the face of limiting environmental
factors [46], explains N. glauca’s invasion potential. Seeds can germinate in temperatures
ranging from 7 °C to 30 °C during all four seasons, even in areas with high soil salinity, and
soil pH does not appear to be a limiting factor [46]. These distinguishing characteristics
give N. glauca an advantage over native plants in saline conditions in arid and semi-arid
environments. Water transport is most likely the most effective long-distance natural
dispersal mode [7,33]. Furthermore, animals have been reported to act as local, secondary
dispersants [47]. In addition, N. glauca was purposefully introduced as an ornamental plant,
resulting in its spread both nationally and internationally [5].

The AMF spore densities estimated in rhizospheric soils from river banks (the station
on the bank of the Oued Lahjar valley and the two others on the border of the Tensift river)
were lower than the densities recorded in the other invaded stations in the Marrakesh
city suburbs (El Koudiate and Lahebichate). Low spore densities at river mouths may
be due to these soils’ sandy and silty texture. In general, sandy soils have lower levels
of fungal spores than other soil textures [48]. Furthermore, these areas are waterlogged
several times a year, regardless of season, due to torrential rains and floods. According
to morphological analysis, the number of unique morphotypes among the many AMF
spore types connected to N. glauca has revealed significant variety. At least five different
morphotypes could be distinguished based on the color, the shape and the size of the spores.
In fact, the morphological technique has demonstrated its limitations in describing the
variety of mycorrhizal fungus in earlier investigations in Mediterranean ecosystems [37].
El Mrabet et al. [49] identified five distinct morphotypes under Euporbia beaumierana, while
Ouahmane et al. [50] differentiated nine morphotypes of AMF linked with Cupressus
atlantica. Research that made use of morphological features frequently only looked at
Genus rank. Glomus, Rhizophagus, Acaulospora, Entrophospora, Scutellospora, and Gigaspora
were the principal genera with recorded morphotypes [51].

The study of N. glauca Graham’s mycorrhizal traits revealed that this exotic species is
highly mycotrophic. Its dense root system is heavily colonized by AMF, and at the end of
the symbiotic fungi development cycle, the high sporulation enriches the environment with
spores and other forms of propagules. The Most Probable Number (MPN) method of esti-
mating the infectious potential of the soil revealed that non-rhizospheric soils are deficient
in fungal propagules capable of generating a mycorrhizal symbiosis, which provides infor-
mation on the weak biological fertility of these soils. Numerous studies have revealed that
soil mycorrhizal potential is extremely low under degradation conditions [48,52]. However,
the rhizospheric soils of land stations (S1 El Koudiate, S4 Lahebichate) exhibited a very
high mycorrhizal infectious potential, with up to 305.5 propagules per 100 g recorded.
Previous spore count results revealed the presence of 700 spores in the rhizospheric soil,
indicating that spores are not the only propagules capable of colonizing the root system.
This difference is primarily due to the presence of propagules other than spores, specifically
myecelia fragments, vesicles, and mycorrhizal roots, which increase the soil’s mycorrhizal
potential [52]. Even though they contain more spores, the soils near the rivers have a
low mycorrhizal infectious potential (between 19.27 and 44.15 propagules per 100 g). On
the one hand, the effect of soil disturbance on spore viability can explain the negative
correlation found between MPN and spore density. The same result was confirmed by
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Diop et al. [53], who demonstrated that disturbed ecosystem soils contain many non-viable
spores that are not detected by the MPN method [54]. This discovery was also made in the
soil of Retama monosperma following the degradation of Algeria’s coastal ecosystem due to
the overexploitation of coastal sands [55]. Despite having the most spore-rich soil, Retama
monosperma had the lowest mycorrhizal infectious potential of the studied vegetation. This
negative correlation, on the other hand, can be linked to many problems associated with the
MPN method, such as the effects of the length and temperature of the host plant’s growth
period, the specificity of the fungi towards the host, edaphic variables, and dormancy in
some species [54].

This research has demonstrated that N. glauca is a highly mycotrophic plant capable of
increasing the stock of mycorrhizal propagules, which is an effective source of mycorrhizal
inoculum in highly disturbed and degraded soils with low mycorrhizal potential. As a
result, wild tobacco is regarded as an ideal plant for rehabilitating degraded soils by manag-
ing mycorrhizal infectious potential. This mycotrophic property may be due to the positive
interaction between N. glauca and the AMF community in soils. The positive feedback
mechanisms regulate the production of beneficial secondary metabolites for AMF [56], and
N. glauca can modify the environment created by the mycorrhizal symbiosis around the
plant roots, dubbed the mycorrhizosphere, by fostering its growth and development on
degraded soils. Such a positive reaction between plants and soil-based microorganisms
such as AMF is crucial in the distribution of plant communities at an early stage of eco-
logical succession [57], especially in degraded soils. As a result, tree tobacco is a pioneer
plant that colonizes disturbed and ruderal areas [25,26]. Due to the mycotrophic property
highlighted in the current study, N. glauca demonstrates that it could play critical roles in
plant successions in degraded soils. Indeed, it has been reported that very mycotrophic
pioneer species settle at the beginning of plant succession on degraded soils and then
promote the development of other plant species via a “nurse plant” effect [48,58]. Previ-
ous research has highlighted the significance of nurse plants as vectors of mycorrhizal
fungi propagation, which is regarded as a critical factor in all strategies focusing on the
rehabilitation of degraded soils, particularly in Morocco, to optimize the performance of
reforestation programs using high mycotrophic plants.

By assessing heavy metal levels in soils and determining the accumulation rate using
the pollution load index (PLI), the current study discovered that N. glauca might accumulate
Metallic Trace Elements in its tissues. Previous research has confirmed N. glauca Graham'’s
phytoremediation ability. Barazani et al. [59] discovered that N. glauca is the only perennial
shrub that grows in a solid waste-contaminated site in Israel’s Negev desert. The concentra-
tions of the seven heavy metals found at this contaminated site (Cu, Fe, Mn, Zn, Ni, Cd, and
Pb) were three to 43 times higher than at the uncontaminated site, with zinc (2027 ppm),
manganese (628 ppm), and lead (329 ppm) being particularly high. N. glauca accumulated
more Cu, Zn, and Fe in the roots and stem than in plants from an uncontaminated site.
Controlled experiments have also confirmed this plant’s hyperaccumulation potential. Zinc
concentrations in aerial and root parts of N. glauca grown in contaminated soils were 9.5
and 4.1 times higher, respectively, than in plants grown in control soil, whereas the copper
concentration in the roots of plants grown in contaminated soil was significantly higher
than that of plants grown in control soil. Plant growth was significantly slowed in con-
taminated soils. However, no stress symptoms such as necrosis, wilting, or chlorosis were
observed, indicating that N. glauca is resistant to metallic contaminants. The presence of a
metal tolerance gene (MTP) is one of the heavy metal tolerance mechanisms demonstrated
in N. glauca [60]. When this gene is transferred into yeast, it completes Zn and Co tolerance.
This gene’s encoded proteins have been found to be located on vacuolar membranes. These
findings suggest that this MTP works by sequestering Zn and Co in vacuoles, reducing
their toxicity. In addition, N. glauca Graham was chosen for biotechnological modifica-
tion because it demonstrated the best physiological characteristics for phytoremediation
among a number of wild plant species growing on soils contaminated with hazardous
industrial wastes in eastern Spain [61]. Tolerance to metals such as Pb and Cd increased
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dramatically after Agrobacterium-mediated transformation, with roots 160% longer than
in wild-type plants. Furthermore, transformed plants grown in mining soils with high
concentrations of Pb (1572 ppm) accumulated twice as much of this heavy metal as the wild
type. These findings suggest that transformed N. glauca is a very promising new tool for
phytoremediation. Due to its powerful root system capable of trapping metals from deep
and weak soils, nutrient requirements adaptation to a wide geographic distribution around
the world, rapid growth and high biomass production, resistance to drought and heavy
metals, repellent property for herbivores which prevents its entry into the food chain, easy
harvesting, and important biotechnological properties, N. glauca is universally regarded as
the ideal plant for phytoremediation of contaminated soils. However, because it produces
a large number of seeds, Gisbert et al. [61] recommend controlling the reproductive system
to limit spread beyond the repair area. Furthermore, N. glauca is widely cultivated as an
ornamental plant; its use in public gardens contributes to the reduction in lead and other
byproducts of gasoline combustion in many cities’ streets and roads.

According to the current study and others, N. glauca is a phytoremediation plant
capable of accumulating metals and thus cleaning the environment through intrinsic mech-
anisms. The association of N. glauca with soil fungal symbionts improves the restorative
ability of this invasive species by increasing the plant’s effective absorption surface. In
degraded and poor soils under extreme conditions, AMF hyphae of Mycorrhized roots
extend beyond the exhaustion zone surrounding the roots, resulting in improved heavy
metal uptake and better plant development.

5. Conclusions

The survey carried out in the areas invaded by N. glauca Graham in the Marrakesh-
Safi region allowed us to draw interesting conclusions about how these plants affect
their invaded habitats. These findings made it possible to accept the study’s hypothesis,
which states that this plant has a positive impact on invaded areas. This research has
demonstrated that N. glauca is a highly mycotrophic plant that can increase the stock of
mycorrhizal propagules in rhizospheric soils, making it a potential and effective source
of mycorrhizal inoculum in these disturbed and degraded zones with low mycorrhizal
potential. Furthermore, N. glauca has been shown to be a phytoremediation plant capable
of cleaning polluted soils. These accumulative properties, combined with other fascinating
morphological, physiological, and genetic traits, make this species a promising candidate to
be used in the phytoremediation of polluted soils. However, in order to consider N. glauca
as a key plant in the rehabilitation of degraded soils without the risk of this invasion on
natural environments, a more comprehensive multidirectional approach on the pathway of
a better valuation of this invasive species must be identified.
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