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Abstract

Because of the global warming threat, multidisciplinary studies of arid environment ecology are highly expected. In four populations of
Atlas pistachio (Pistacia atlantica Dest.) located in Algeria along an aridity gradient, both the taxonomic diversity and the morphological
types of communities of arbuscular mycorrhizal fungi (AMF) in rhizospheric soil were assessed. AMF taxonomic richness was low in
all sampled populations, with a dominance of the Glomeraceae family. The AMF morphological Arum type was identified in fine roots
of all sampled individuals, and the Paris type only in those sampled in the two less arid sites. Along the increasing aridity gradient,
climatic conditions would be a determining factor in the decrease of the AMF taxonomic richness within Atlas pistachio rhizospheric
soils; it could also indirectly influence the expression of both morphological types (Arum and/or Paris) within Atlas pistachio fine roots.
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Introduction

Studies dealing with adaptations of living communities
to arid environments are important due to the global
warming trend, as they help scientists to anticipate suitable
responses to the increasing aridity crisis that threatens life
on Earth. Algeria is naturally appropriate for such studies,
as it is the tenth-largest country in the world and the largest
in Africa (Entelis 2016), with 95% of its surface located in
arid areas (Halitim 1988). Only a limited number of tree
plant species are adapted to such xeric biotopes. Of these
tree species, Atlas pistachio (Pistacia atlantica Desf.) can
serve as an interesting model. Indeed, several publications
have reported the high adaptability of Atlas pistachio to
increasing aridity (from semi-arid to hyperarid ecoclimatic
conditions) by leaf morphological and histological (Belhadj
et al. 2007; Belhadj et al. 2008), root architecture (Limane
et al. 2014; Limane 2018), and leaf biochemical traits (Hadj
Aissa 2004; Ait Said et al. 2011). However, publications
concerning its mycorrhizal status are scarce (Limane et al.
2016).

Arbuscular mycorrhizal fungi (AMF) are of high
interest regarding their proven efficiency in increasing
the fitness of vascular plants and thus their productivity
(Klironomos et al. 2000; Allen et al. 2003). They optimize
plant development via two main pathways: (i) facilitation

of mineral nutrition (more particularly for phosphorus,
considered as one of the main mineral deficiencies in
Mediterranean and tropical soils) and, (ii) better tolerance
or resistance of the plant to biotic stresses (impact of fungal
pathogenic microorganisms, bacteria or plant-parasitic
nematodes), and/or abiotic stresses (water stress, saline
stress, heavy metals). Therefore, in arid areas it might be
likely to expect strong and diverse symbiotic relationships
between plants and AMF that benefit both communities.
Studies from semi-arid and arid areas show that globally
the AMF species richness of plants varies from three to 32
species (Yang et al. 2010; Alguacil et al. 2012; Pagano et al.
2013). Furthermore, the diversity of AMF species decreases
in water-deprived soils with a dominance for taxa that form
glomoid spores (Bahadur et al. 2019).

The aim of the present study was to characterize
the taxonomical and morphological diversity of AMF
communities associated with Atlas pistachio, along an
aridity gradient, ranging from semiarid to hyperarid
ecoclimate.

Materials and methods

Selection of Atlas pistachio populations
In Algeria, aridity increases from the north (Mediterranean
littoral) to the south (Sahara). The spontaneous populations

119



Limane A., Saadoun N.

of Atlas pistachio (Pistacia atlantica Dest.), located along
the north-south transect were the same as those used in
previous studies (Fig. 1, Limane et al. 2014; Limane 2018).

Climatic conditions

There are no weather stations within the sampled
populations, so climatic data from the nearest stations
were extrapolated. Table 1 summarizes the main climatic
variables measured and those calculated for the four
weather stations near the studied populations of Atlas
pistachio.

The locations of the studied populations range gradually
from the semi-arid zone (Sidi Naamane —-Médéa), arid zones
(Daya el Mergueb - Msila, Daya Lekhneg - Laghouat) and
to the hyperarid zone (Béni Ounif - Béchar). The length of
dry seasons ranges from 4.5 months per year in the semi-
arid zone to 12 months per year in the hyper-arid zone.

Sampling and processing of rhizospheric soils and fine
roots

The sampled populations and individuals were those of
previous studies (Limane et al. 2014; Limane 2018).

Atlas pistachio is a dioecious species (the male and the
female flowers are located on different trees), and thus,
it is necessary to carry out sampling “in clusters”. This
method involved subdividing the population into two
groups (clusters), one comprised of male individuals and
the second of females. In each subgroup, simple random
sampling was performed to obtain equal numbers of each
sex.. The number of samples in each population was even
except that of Daya el Mergueb because it contained a
young immature individual.

In spring (March, April), for each selected individual in
each population, samples of rhizospheric soil were collected
at 20-cm depth intervals, starting from the surface (0 cm) to
80 cm under each pistachio tree. The collected soil samples
(four from each individual) were homogenized to obtain
one composite sample representative of the rhizospheric
soil.

Fine roots with a diameter of less than 1 cm were

extracted from each sample. Fine roots less than this
diameter have not yet developed secondary structures
(Drénou 2006). The fine roots were those located in the
terminal ramifications of the root system. Given their
fragility, as a precaution care was taken to extract a few
thick pre-terminal roots with an appreciable density of
terminal fine roots coated with their rhizospheric soils, to
maintain their tissue integrity during transport, especially
in these arid environments.

In the laboratory, the rhizospheric soil particleswere
gently eliminated by rinsing with tap water. Then, fine roots
were selected and were coarsely cut into a suitable number
of fragments of 2-cm length (Table 2) before processing.

AMF spore extraction and identification

Spores were separated from rhizospheric soil by wet sieving
and decanting (Gerdemann, Nicolson 1963). Under a
stereomicroscope, the spores were manually extracted
and sorted by morphotypes. They were then mounted on
microscope slides in polyvinyl alcohol-lactic acid-glycerol
mounting medium (Omar 1979) mixed with Melzer’s
reagent (1:1) to identify dextrose. Description of size,
shape, colour, parietal architecture, ornamentation, and
characteristics of the suspending hyphae by microscopic
examination of spores (Nikon Eclipse) at 400 - 600 x
magnification was used for morphological characterization,
and in several cases to species identification using species
descriptions and identification keys of Blaszkowski (2012),
as well as internet resources (http://www.amf-phylogeny.
com). The estimation of the number of spores for the
different morphotypes and species encountered allowed
the estimation of AMF species richness in Atlas pistachio
rhizospheric soils.

Bleaching and coloration of fine roots

The protocol of Brundrett et al. (1996) adapted to Atlas
pistachio roots was used: bleaching with 10% KOH (w/v)
at 90 °C for 1 h; the roots of Atlas pistachio are very rich
in tannins, and therefore several bleaching cycles were
necessary. After passage in acidified water (2% HCI for

Fig. 1. Geographic location of the four Atlas pistachio populations.
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Table 1. Climatic data of the four weather stations according to the north-south transect (Limane et al. 2014; Limane 2018)

Population  Geographical =~ Weather Precipi- Average Potential Aridity  Ecoclimatic Length of
coordinates, station tation (mm  annual of evapo- index zonation  dry season
altitude (m) year™) tempera- transpi- (UNEP (Bagnouls,

ture (°C)  ration (mm 1992) Gaussen
year™) 1953)

(months
year™)

Sidi Naamane 35°11°354’N Médéa 627.6 15.43 1597.38 0.39 Semiarid 4.5
3°1’248”E (765)

Daya El 35°33’177°N Msila 216.42 19.47 1573.86 0.14 Arid 10

Mergueb 3°56'214’E (584)

Daya 33°41’400°N Hassi Rmel 110.29 19.8 2168.03 0.05 Arid 11

Lekhneg 2°39’761”E (837)

Béni Ounif 31°48°728"N Béchar 75.92 21.62 2365.57 0.03 Hyperarid 12

1°44’871E (760)

30 min), the roots were stained with trypan blue [0.05%
(w/v) in lactoglycerol] at 90 °C for 4 h and the excess dye
was diluted in a glycerol-water solution (50%), in which
solution the roots were kept until microscopic observation.

Identification of mycorrhizal structures and morphological
types expressed in fine roots

The bleached and colored fine roots were mounted on a
microscope slide in fresh lactoglycerol. They were carefully
crushed to separate the tissues. Microscopic examination
(FinePix J38) at 100 - 400 x magnification was performed
to verify the occurrence of endomycorrhizal symbiosis in
roots by presence of arbuscules, vesicles, intra and inter-
cellular hyphae and others, and to identify the “Arum” and
“Paris” morphological types of AMEF, based on the host
plant colonization pattern (Dickson 2004).

Results

Taxonomic richness of AMF communities in rhizospheric
soil

Only six species belonging to four genera of AMF were
identified in the rhizospheric soils (Table 3). The AMF
species richness per population was low (varied from three
to five species per population) and tended to decrease along
the aridity gradient. The majority of identified species
had formed glomoid spores. Only one species in the
population of Sidi Naamane and that of the Daya Lekhneg

had gigasporoid spores. Three species were dominant and
common to the four populations: Rhizophagus irregularis,
Septoglomus constrictum and Funneliformis mosseae. These
species seem to constitute an invariable “trio” along the
gradient of increasing aridity.

Occurrence of endomycorrhizal structures in fine roots

A sufficient number of fine roots per population were
examined (Table 2). Their microscopic observation allowed
the identification of different structures indicative of
mycorrhizal activity, as shown in Fig. 3. These observations
showed that the species was naturally infected by AMF.
However, no root fragments among the 518 observed
showed ectomycorrhizal structures, which confirms the
endomycotrophic nature of this species.

AMF morphological types in fine roots along the increasing
gradient of aridity

The AMF morphological structures observed in Atlas
pistachio fine roots confirmed the presence of inter-cellular
hyphae and vesicles (Fig. 3A, 3C, 3F) characteristic of
Arum type. Fig. 3D illustrates intracellular coils and Fig. 3B
and 3E show arbusculated coils characteristic of the Paris
type. The proportions of these structures within fine roots
of the four populations are shown in Table 3. The Arum
type dominated in all the sites, whereas the Paris type was
not detected in the most arid sites.

Table 2. Percentage of morphological types of AMF per population of Atlas pistachio

Population Number of sampled Total number of root Morphological type of AMF
individuals fragments observed Paris type Arum type
(% of individuals) (% of individuals)
Sidi Naamane 8 147 =~ 30 100
Daya el Mergueb 7 140 100 100
Daya Lekhneg 6 114 0 100
Béni Ounif 6 117 0 100
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Table 2. AMF genera and species identified in rhizospheric soils of the four sampled populations of Atlas pistachio

Sidi Naamane 8

Rhizophagus
Septoglomus
Funneliformis
Scutellospora
Daya el Mergueb 7 Rhizophagus
Septoglomus
Funneliformis
Daya Lekhneg 6 Rhizophagus
Septoglomus
Funneliformis
Scutellospora
Rhizophagus
Septoglomus
Funneliformis

Béni Ounif 6

Total 27

Discussion

Taxonomic richness of AMF communities

It was demonstrated that taxonomical identification of
AMEF based only on morphological characters of spores for
many reasons might not allow correct estimatation of the
number of AMF species due to damaged spores as well as

Fig. 2. Some of spores identified in the rhizospheric soils of Atlas
pistachio. A, Septoglomus constrictum; B, Funneliformis mosseae;
C, Funneliformis geosporus; D, Scutellospora sp.; E, Rhizophagus
irregularis; F, Rhizophagus fasciculatum.
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4 Rhizophagus irregularis 5
Rhizophagus fasciculatum
Septoglomus constrictum
Funneliformis mosseae
Scutellospora sp1.

3 Rhizophagus irregularis 4
Septoglomus constrictum
Funneliformis mosseae
Funneliformis geosporus

4 Rhizophagus irregularis 4
Septoglomus constrictum
Funneliformis mosseae
Scutellospora sp2.

3 Rhizophagus irregularis 3
Septoglomus constrictum
Funneliformis mosseae

low sporulation intensity of some species (Sanders 2004).
In addition, seasonal variation related to the sporulation of
species present in the soil, the number of sample replicates,
and losses during the procedure are among factors affecting
detection of AMF species by spores (Dalpé, personal
communication). However, data from semi-arid and arid
areas show that globally the AMF species richness varies
from three to 32 species (Yang et al. 2010; Alguacil et al.
2012; Pagano et al. 2013). In seven sites located in semi-arid
areas in Morocco, seven distinct phylotypes belonging to
the genus Glomus (dominant), Scutellospora and Gigaspora
were identified (Abbas 2014). Seven species of AME, all
forming glomoid spores, were identified in Tunisia (Jmal
etal. 2015). Within rhizospheric soils of the Atlas pistachio
population in Daya el Gouffa (located in the same region
as Daya Lekhneg), five genera of AMF were identified, in
order of abundance: Acaulospora (45%), Glomus (18.18%),
Gigaspora (7.43%), Scutellospora (3.85%), Ambispora (3%)
and unidentified genera (22.54%) (Mechiah 2015). More
recently, in populations of Atlas pistachio in different
regions (except the one in Sidi Naamane), also few
morphotypes were identified from rhizospheric soil, with
the majority of spores belong to the Glomeraceae and
Gigasporaceae families (Bouabdelli et al. 2018).

Despite the importance of AMF in plant physiology and
nutrition, as well as in formation of plant communities,
the factors affecting the presence, diversity, and density
of spores in the soil and root colonization are not well
understood (Van der Heijden et al. 2006). The main reason
for this is the difficulty in establishing a causal relationship
between soil factors, plants, and AMF populations (Vyas,
Gupta 2014). Noverheless, there is evidence that AMF
populations within soils can be affected by a variety of
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Fig. 3. Occurrence of different AMF structures within fine roots of Atlas pistachio. A, C and F, inter-cellular hyphae and vesicles; B and
E, arbusculed coils; D, intracellular coils.

biotic and abiotic factors and various soil disturbances
(Boddington, Dodd 2000; Egerton-Warburton, Allen 2000;
Carvalho et al. 2003; Jmal et al. 2015).

Taxonomically, AMF species diversity decreases in
water-deprived soils with a dominance of taxa that form
glomoid spores (Glomus, Claroideoglomus, Funneliformis,
Septoglomus etc.) (Bahadur et al. 2019). These genera
account for more than 38% of those described so far
(http://www.amf-phylogeny.com). Many studies have
reported their good adaptation to variable physical and
chemical conditions (Schenck, Kinloch 1980; Blaszkowski
et al. 2002), and their ubiquity (Strullu 1990; Schwarzott et
al. 2001).

The Glomeraceae family has been described as the
most common group all similar studies. Their efficiency of
infection is due to their speed of colonization, before that of
Acaulosporaceae and Gigasporaceae; the fastest colonizers
are also the most abundant (Hart, Reader 2002). However,
AMF community assembly is not a matter of chance, but is
favoured by the host (Gao et al. 2019). The coexistence of
several AMF species is common and taxonomic diversity
is a prerequisite for “functional complementarity”. This
concept suggests that a set of differently specialized species

contribute better to a (given) function than each alone
(e.g., one fungus provides aridity resistance, while another
fungus is responsible for nutrient acquisition) — a direct
positive effect of biodiversity on ecosystem functioning
(Loreau et al. 2001). Nevertheless, physiological studies
showing that different fungi provide different services are
rare, although there are observations that fungal diversity
increases plant productivity (Van der Heijden et al. 1998;
Hart, Reader 2002; Gustafson, Casper 2006; Lekberg et al.
2007).

When the cooperation between plants and fungal
partners is experimentally manipulated, it is possible to
show that the plant can detect, discriminate, and reward
the fungal partner with more carbohydrates; in turn, their
fungal partners enhance their cooperation by increasing
nutrient transfer only to the roots that provide more
carbohydrates (Kiers and al. 2011). It can be hypothesized
that the “trio” of AMF species (Rhizophagus irregularis,
Septoglomus constrictum and Funneliformis mosseae),
ubiquitous in all pistachio populations sampled in this
study, is selected by the host, considering its potential
competence and efficiency to cope with the requirements
of arid environmental conditions.
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AMF morphological types

Gallaud (1905) was the first to describe the two main
morphological characteristics expressed during AMF root
colonization, based on the identity of the plant. The Arum
type was observed for the first time in the genus Arum
(Araceae family), and the Paris type in the genus Paris
(Liliaceae family). Most crop plants have characteristic
Arum type mycorrhizal colonization with inter-cellular
hyphae, arbuscules, and vesicles, while trees and herbaceous
plants in forest habitats are associated with the Paris type
with intra-cellular hyphae, coils, and arbusculated coils
(Smith, Smith 1997; Dickson 2004).

The species of the Anacardiaceae family (to which
Pistacia atlantica belongs) are classified as plants that exhibit
only the Arum morphological type (Smith, Smith 1997).
Previous studies (Hawley, Dames 2004; Bouabdelli et al.
2018) and the present observations confirm the expression
of the Paris type within fine roots of Atlas pistachio.

The mechanisms controlling the expression of the Arum
and Paris types are not fully understood. Both types of
root colonization depend on the presence of inter-cellular
spaces within the root cortex of the host plant (Brundrett,
Kendrick 1988; Brundrett, Kendrick 1990; Menoyo et al.
2007). The Arum type grows in the cortex of roots with large
inter-cellular spaces. These spaces constitute a pathway of
less physical resistance for hyphal growth compared to the
intracellular pathway (case of the Paris type) (Menoyo et al.
2007), which provides an opportunity for a rapid sequential
penetration through cortical cells for the formation of
arbuscules and inter-cellular vesicles (Smith, Smith 1997).
It was demonstrated that intra-cellular hyphal growth
during the expression of the Paris type was relatively slow
compared to that of the Arum type (Brundrett, Kendrick
1990).

However, a strain of AMF isolated from a colonized
Arum-type root can produce Paris-type structures in a
different host (Smith, Smith 1997). A detailed study with
Lycopersicon esculentum (tomato) confirmed that the
type of colonization is not only under plant control, but
that fungal identity plays an important role (Cavagnaro
et al. 2001). In tomato grown in controlled culture, three
fungal species (Rhizophagus intraradices, Funneliformis
mosseae, and Diversispora versiformis) formed Arum
structures, while three others (Funneliformis coronatus,
Gigaspora margarita, and Scutellospora calospora) formed
Paris structures without a visible inter-cellular phase. It
seems that the morphology of AMF depends on both the
individual plant species and the fungus colonizing them
(Dickson 2004).

By comparing the morphological and functional
differences of the two types, it could be deduced that
each could provide advantages for the host. The Arum
type would have the advantage of its rapid colonization
and operationality, while the Paris type would have the
advantage of having a larger surface and volume of coils
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(Dickson, Kolesik 1999). Arbuscular branches can be
also formed on hyphal coils (i.e. producing arbusculate
coils), like those observed in the present study (Fig. 3B,
3E) - these structures have a large surface area, which
may also be highly important in nutrient transfer via this
morphological type (Dickson et al. 2007).

In light of these results showing the apparent exclusivity
of the Arum type in sites with the most arid conditions, it
seems that environmental factors would be the determining
factor. Under the hyperarid conditions of Béni-Ounif and
the aridity of the Daya Lekhneg (aridity index 0.03 and 0.05,
respectively), the optimal relative conditions for growth
are met only during a short season when the roots of Atlas
pistachio can develop rapidly. Indeed, it was reported that
elongation of its root system can reach up to 1.5 m in one
season (Ozenda 1977). Thus, in this race for survival, the
young roots of Atlas pistachio would exclusively favour the
morphological type Arum, which is quicker to establish
and then quickly becomes functional.

However, and despite the fact that the Daya el
Mergueb and the Daya Lekhneg are both located in arid
ecoclimate sites, nevertheless their respective populations
have different root colonization profiles. The Arum and
Paris types are both expressed within the roots of some
individuals of Daya el Mergueb whereas only the Arum
type is found in those of Daya Lekhneg. The rainfall and
aridity index at Daya Lekhneg were by 49 and 65% lower
than those of Daya el Mergueb, respectively. In addition,
the soil of the population of Daya lekhneg was swamped
by seasonal flood water for a while before feasible sampling
(Limane, unpublished results). Soil flooding can affect
the diameter of aerial spaces in the roots (Cavagnaro et
al. 2001). It was reported that seasonally flood-tolerant
plants can survive under these conditions because of the
interaction between structural and functional adaptations;
important structural adaptations that facilitate O, diffusion
include aerenchyma formation (Justin, Armstrong 1987). It
can be hypothesized that in response to the risk of hypoxia,
the roots of Atlas pistachio under the conditions at Daya
Lekhneg would increase their aerenchyma surface, which
would “indirectly” favour the Arum morphological type
over the Paris type. This might explain the differences in the
AMF morphological type, compared with the population
of Daya el Mergueb that was also classified as an arid site.

Regarding the populations in the northern habitats of
the transect (Sidi Naamane and Daya el Mergueb), their
relatively less extreme conditions would allow the roots
to be colonized by both AMF morphological types (Arum
and Paris), which would complement each other with their
respective advantages, as discussed earlier. The differences
between the populations in the numbers of individuals that
hosted the Paris type could be the subject of future research
on the potential intra-population factors controlling these
communities.
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