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Abstract

Qatar is largely characterized by a hyper-arid climate and low soil fertility which create a stressful soil environment for
arbuscular mycorrhizal (AM) fungi. In a study of AM fungal communities and their relationship with soil chemical char-
acteristics, we used a high-throughput sequencing technique to explore AM fungal diversity and community composition
in different habitats across Qatar. We identified a total of 79 AM fungal taxa, over 77% of which were species from the
Glomeraceae family. The lowest AM fungal diversity was observed in saltmarsh and in one rawdha site, while the highest
richness, effective number of species, and diversity were observed in rawdha and sabkha communities. NMDS and multiple
regression analyses showed that AM fungi were negatively correlated with soil pH and TC, but positively correlated with K
and NO;~. AM fungi also were positively correlated with Cd, with the latter suggesting that very low levels of heavy metals
may not always be harmful to AM fungi. These findings provide baseline information on AM fungal assemblages and the
chemical drivers of diversity across communities in Qatar. This work partly compensates for the current lack of broad-scale
studies in the Arabian Peninsula by providing understanding of overall patterns of AM fungi and their drivers in the region.

Keywords Arbuscular mycorrhizal fungi - Environmental DNA - High-throughput sequencing - Soil salinity - Heavy
metals - Dryland

Introduction

Global drylands, including those in Qatar, cover approxi-
mately one-third of the Earth’s surface and therefore play
a significant role in the global carbon cycle (Fitter 2005;
Delgado-Baquerizo et al. 2015; Soudzilovskaia et al. 2015b;
Neilson et al. 2017; Liineberg et al. 2018). Because of high
variability in rainfall and extended periods of drought in
dryland regions, dryland ecosystems are highly susceptible
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to soil erosion and land degradation caused by climate vari-
ability, and often are described as unstable habitats for many
microorganisms (Delgado-Baquerizo et al. 2015; Neilson
et al. 2017; Laban et al. 2018). However, despite the severe
environmental conditions they experience, research has
shown that dryland ecosystems are extremely adaptable to
environmental changes. For instance, re-establishment of
natural grasslands in Africa since 1980 has led to resilience
of many dryland microbes by natural selection through their
evolutionary history (Reynolds et al. 2007; United Nations
2011). The diversity and colonization success of most under-
ground dryland microorganisms depends on the fertility and
overall condition of the soil environment, including adequate
soil nutrients and interaction between biotic communities
to sustain the integrity of dryland ecosystems (Jeffries et al.
2003; Neilson et al. 2017; Laban et al. 2018). Due to the
adverse conditions in dryland habitats, the occurrence of
mycorrhizal associations and the diversity of arbuscular
mycorrhizal (AM) fungi driven by such habitats may be
important. Drylands are known to host a large variety of
endemic species, including AM fungi, which exhibit unique
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adaptations to the harsh conditions prevailing in drylands
(Kamalvanshi et al. 2012; Neilson et al. 2017; Laban et al.
2018; Xu et al. 2018).

Among their many functions, AM fungi play an integral
part in nutrient cycling and ecosystem functioning. Therefore,
research pertaining to AM fungal communities is essential as a
basis for understanding complex ecological relations. AM fungi
primarily belong to the phylum Glomeromycota and form an
obligatory symbiosis with plant roots (Smith and Read 2008;
van der Heijden et al. 2015; Tedersoo et al. 2018). This sym-
biosis is usually mutualistic, so AM fungi play an important
role in plant productivity and stress tolerance (Smith and Read
2008). The composition of AM fungal communities is highly
influenced by edaphic factors (Dumbrell et al. 2010; Davison
et al. 2015). Mycorrhizal associations are especially crucial in
fragile ecosystems where access to soil resources is limited,
and thus are of particular importance in semi-arid and hyper-
arid ecosystems (Majid et al. 2016; Villalobos et al. 2016;
Zhao et al. 2017). In this regard, the diversity of AM fungi in
drylands may be vital for establishing symbiotic associations
to maintain ecosystem function (Zhao et al. 2017; Mahmoudi
et al. 2019). For instance, AM fungi support biologic carbon
sequestration by improving soil aggregation (Xu et al. 2018),
which in turn may increase net primary production (NPP) in
AM-dominated habitats (Jeffries et al. 2003; Soudzilovskaia
et al. 2015a). However, the extent of mycorrhization depends
on the host plant and the AM fungal species. Diversity in AM
fungi also may enhance ecosystem function (Delgado and
Gomez 2016; Gerz et al. 2018). The positive effect on eco-
systems is particularly important in climate-driven habitats, as
potential changes in aridity due to climate change may influ-
ence the ability of dryland microbiomes to sustain geochemical
cycles and ecosystem functions (Gustafson and Casper 2006;
Delgado-Baquerizo et al. 2015; Majid et al. 2016; Neilson
et al. 2017; Zhao et al. 2017). Soil disturbances influenced by
agricultural management could have a positive impact on AM
fungal diversity if agrosystem management is associated with
increasing soil organic matter (Oehl et al. 2010). On the other
hand, a disturbance associated with decreasing organic matter
will likely reduce fungal diversity (Toljander et al. 2008). The
diversity of AM fungal communities can be dependent on the
chemical nature of the soil environment.

Differences in habitat also affect AM fungal associations.
In China, the occurrence of mycorrhizal host plants is more
frequent and diverse in grasslands which have high AM fun-
gal diversity, whereas mycorrhizal plants in desert areas have
no significant effect on AM fungal community composition,
although both habitat types exist in drylands (Wang et al. 2018).
Overall, that may reflect that AM fungi are biotrophs,
receiving energy from host plants (Hammer et al. 2011).
Addition of organic matter is a common agricultural practice
to improve soil fertility in drylands, particularly saline dry-
lands, in order to stimulate plant growth. Soil organic matter
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supports AM fungal growth by improving the water-holding
capacity of the soil and increasing the supply of nutrients
(Hammer et al. 2011). This in turn stabilizes the soil structure,
facilitating formation of AM fungal aggregates. However, lit-
tle is known about whether AM fungal growth is stimulated
solely by the availability of nutrients or by a combination of
these factors. Low phosphorus (P) concentrations have been
shown to support a specific set of AM fungal taxa, leading to
an increase in the distribution of these taxa relative to those
at high P concentrations which suppress AM fungal diversity
(Van Geel et al. 2017; Grant et al. 2005). In contrast, soil
enrichment with nitrogen (N) through addition of fertilizer
has positive correlations with AM fungal diversity. The direct
benefits of soil N on AM fungi are not well known, but it has
been suggested that N enrichment acidifies the soil environ-
ment (Jansa et al. 2014). However, other studies have found
no observable effect of soil N on AM fungi, but the influence
of soil pH on AM fungal community composition (Van Geel
et al. 2017). In general, many studies have identified soil acid-
ity as an important driver of AM fungal communities (Jansa
et al. 2014; Van Geel et al. 2017).

Despite many studies of AM fungal populations in dry-
lands, little is known about how these fungi survive in
polluted environments, particularly in areas with heavy
metal-contaminated soils. It has been suggested that soil
pollution with cadmium (Cd) induces toxicity in mycor-
rhiza-associated plants, but that these plants later evolve to
develop tolerance mechanisms (Shahabivand et al. 2012).
The most common change in soil chemistry with heavy
metal pollution is acidification, which in turn increases
metal availability in the soil to toxic levels that could poten-
tially disrupt mycorrhizal associations (Del Val et al. 1999).
Heavy metal pollution in soils in Qatar is introduced through
anthropogenic activities, with Cd and lead (Pb) pollution
caused by years of exploitation of oil and gas resources/
industrialisation in the region. Therefore, we examined the
effects of these common heavy metal pollutants on AM fun-
gal diversity and occurrence in soils in Qatar.

The overall aim of this study is to identify AM fungal com-
munities along a stress-induced environmental gradient in
Qatar. To achieve this aim, chemical drivers in the soil were
compared with AM fungal richness and distribution across
Qatar. Taxa of AM fungi over a range of habitat types were
sequenced to determine the distribution and occurrence of AM
fungi with respect to soil chemical parameters, specifically soil
pH, salinity, total nitrogen (TN), nitrite (NO, "), nitrate (NO5"),
and additional plant nutrients, and two heavy metals, Cd and
Pb. The general expectation was that differences in the chemi-
cal properties of soils and in vegetation cover among locations
would influence the diversity and composition of AM fungi.
Specific hypotheses were that (1) the presence and diversity
of AM fungi are positively associated with concentrations of
plant nutrients in the soil; (2) increasing soil salinity and pH
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reduces the diversity of AM fungal species, as soil conditions
become unfavorable for their growth; and (3) the presence of
Cd and Pb in the soil environment has significant negative
effects on the presence and abundance of AM fungal species,
due to the toxicity effects of these heavy metals.

Materials and methods
Study area and sample collection

Soil samples were collected from 19 different locations
across Qatar (Table S1, Fig. S1). Qatar is located between
24°-27°N and 50°-52°E on the north-eastern coast of the
Arabian Peninsula and occupies a total land area of 11,571
km? (Zahlan 2016). Most of the territory of Qatar is cov-
ered by drylands (with sparse/patchy and seasonal vegeta-
tion), with a highly arid climate and minimal annual rainfall
(<100 mm per year) that typically falls during the winter
months (i.e., December—February). Mean monthly tempera-
ture ranges from 18.5 °C in January to 37 °C in July. How-
ever, maximum daytime temperatures during summer can
rise above 40 °C, while other periods have humid days with
highs of around 38 °C (Mamoon and Rahman 2016). The
topography consists of mainly flat land surfaces, but with
hills and undulating sand formations mostly found in the
south-east of the country (Abulfatih et al. 2002; Norton et al.
2009). The soils are abundant in calcareous rocks, sand, and
gravel. Most of Qatar’s soil surface is categorized as one of
two habitat types, rawdha and sabkha. Rawdha refers to areas
with relatively good soil quality and good water availability
formed by a collapse below the surface or evaporation from
the surface. Sand and minerals from higher ground often are
washed into these pits during the rainy season (Al-Thani and
Yasseen 2018). The terrain in rawdha is low-lying, with natu-
ral depressions and surrounding small hills with altitude of
around 100 m (Mahasneh et al. 2008; Norton et al. 2009).
The natural depressions can be up to 20 m deep and are gen-
erally richer in minerals than the surrounding higher soil
(Norton et al. 2009). (2) Sabkha refers to salt pans that can
be either barren or sparsely vegetated, have high salinity, and
are inhabited by halophytic plants and extremophiles that are
well-adapted to these highly saline and arid areas. However,
most plant taxa lack the ability to grow in sabkha, while the
few AM fungi found there are highly stressed by both aridity
and salinity (Al-Thani and Yasseen 2018).

The 19 sampling locations in the present study differed in
terms of topography, vegetation, and soil conditions and were
classified into one of four habitat types: nine locations had cal-
careous soil depressions (i.e., rawdha), there was one salt marsh
and one mangrove stand, and eight saline dryland areas had
no or sparse vegetation (i.e., sabkha) (Table S1). Some of the
locations were close to commercial districts and urban areas.

Twenty subsamples were collected at each site (approximately
50 mx 50 m), with a roughly even distribution at opposite sides
of plants when present, to about 5 cm beneath the soil surface.
For each site, a composite sample was prepared by combining
approximately 1-1.5 g of soil from each of the 20 subsamples.
The composite soil samples were air-dried at room temperature
in the laboratory for 4 days, and thereafter stored in zip-lock
plastic bags with silica gel to absorb moisture.

Molecular analyses and bioinformatics

Environmental DNA was extracted from 0.25 g of homog-
enized soil sample using the DNeasy PowerSoil Kit (Qiagen
GmbH, Hilden, Germany), following the manufacturer’s pro-
tocol. Soil samples were homogenized by first removing all
roots, root fragments, and rock debris from the soil, and then
finely grinding each sample manually by rubbing the bag of
soil between the hands. Total genomic DNA was quantified
and tested for extraction quality using 1% agarose gel electro-
phoresis. Environmental DNA of the composite soil samples
was used as template in subsequent polymerase chain reac-
tion (PCR) amplification. The small sub-unit (SSU) ribosomal
RNA gene of AM fungal sequences was amplified using AM
fungal-specific primers WANDA (Dumbrell et al. 2011) and
AML2 (Lee et al. 2008). Each primer was tagged with 12
base multiplex identifier (MID) tags, as described in Tedersoo
et al. (2014). PCR was carried out in a total reaction volume
of 25 pL, comprising 1 uL of template DNA, 0.5 puL each of
forward and reverse primer (20 uM), 18 pL of nuclease-free
water, and 5 uL of 5 X Hot FIREPol Blend Master Mix (Solis
Biodyne, Tartu, Estonia). Optimal PCR conditions used for
amplifying fungal communities were as follows: 15 min at
95 °C, followed by 35 cycles of 30s at 95 °C, 30s at 55 °C,
1 min at 72 °C, and a final extension temperature of 72 °C
for 10 min. PCR was performed on a GeneAmp PCR System
9700 (Applied Biosystems, Foster City, CA, USA).

The PCR products were pooled into two libraries, at
approximately equimolar ratios as determined by the
strength of the gel band (1.5% gel electrophoresis). They
then were purified using the FavorPrep gel/PCR purification
kit (Favorgen Biotech Corp, Ping Tung, Taiwan), following
the manufacturer’s protocol. Each library was linked with
Ilumina MiSeq adapters using the TruSeq DNA PCR-free
HT Library Prep kit (Illumina Inc., San Diego, CA, USA)
and processed by the Illumina MiSeq 2X300 sequencing
platform at the Estonian Genome Centre (Tartu, Estonia).
A negative control (nuclease-free water instead of tem-
plate DNA in the PCR mixture) and positive control (DNA
extracted from mycorrhizal Plantago ovata roots) were used
throughout the experiment, including sequencing runs.

[lumina paired-end raw sequences were demultiplexed and
cleaned using a series of bioinformatics steps, following Vasar
et al. (2017). Sequences were cleaned by selecting reverse and
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forward reads with average quality of at least 25, and both
reads could have one match in forward and reverse primer
sequences. Quality-filtered paired-end reads were combined
with FLASH (v1.2.10) (Magoc¢ and Salzberg 2011), using the
default thresholds (overlap between 10 and 300 bp; overlap
identity at least 75%). Sequences were pre-clustered with 98%
identity using VSEARCH (v2.14.1) (Rognes et al. 2016) to
reduce the computational complexity and time requirement.
Cluster information was stored to allow clusters to be mapped
back to individual reads. Putative chimeric sequences were
removed using VSEARCH with the MaarjAM reference
database, February 2020 (Opik et al. 2010), and de novo
chimera filtering algorithms. Sequences were clustered into
operational taxonomic units (OTUs) using 97% similarity
and were used as proxies for species. The cluster centroids
obtained were used to gain a rough estimate of the taxonomy,
by conducting a BLAST 4+ search against the MaarjAM database
(Opik et al. 2010). All OTUs represented by a single sequence
(singletons) were removed.

Chemical analyses

Prior to chemical analysis, 19 composite soil samples (one
from each site) were oven-dried at 60-62 °C for 48h to pre-
vent decomposition of organic material and to enhance the
extractability of minerals (Erich and Hoskins 2011). The
dried soil was then milled to a fine powder in a rotary ball
mill (Retsch Mill, Haan, Germany) at a speed of 250 rpm for
40 min and passed through a standard sieve of 2 mm mesh,
in preparation for downstream chemical analysis. Portions of
processed soil used for chemical characterization were ana-
lyzed for the parameters: pH, salinity, total carbon (TC), TN,
NO;~, NO,™, and concentrations of key chemical elements,
including calcium (Ca), potassium (K), magnesium (Mg), P,
Cd, and Pb, following methods validated by the International
Organization for Standardization (ISO/IEC 17,025).

Soil pH and salinity were measured using a standard probe
meter calibrated with 7.0 and 4.0 buffer solutions and 0.01 M
potassium chloride (KCl) solution, respectively. Electrical
conductivity (EC) was measured by an EC electrode (EC300
YSI EcoSense conductivity meter), and TC and TN contents
in all soil samples and in glycine standard compound were
determined by dry combustion in a CHN elemental analyzer
(Skalar Analytical, Breda, Netherlands) (Jing et al. 2015). To
ensure reliability of the values, the recoveries for theoretical
TC and TN in glycine were compared with calculated values
for unknown samples. Soil NO;™ and NO,~ were determined
by extraction with KClI, followed by UV-Vis spectrophotom-
etry (Fisher Scientific, Waltham, USA), after pretreatment with
ethylenediaminetetraacetate solution and passing through a col-
umn containing copperized cadmium filing (Wood et al. 1967).

For quantification of element concentrations in soil,
the samples were digested in a 54-well digestion hot block
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(Thomas Scientific, Swedesboro, USA) using a mixture of
nitric acid (HNO;) and hydrofluoric acid (HF) (ratio 3:2)
(Tighe et al. 2004). About 0.25 g of soil was weighed accu-
rately and placed inside a PTFE Teflon digestion tube, fol-
lowed by addition of 9.0 mL concentrated HNO; (69% w/w)
and 3.0 mL concentrated HF. The tubes were heated gradually
to 135 °C for approximately 1h. Following acid digestion,
evaporation was initiated by removing the reflux caps and
increasing the temperature to 155 °C for an additional hour.
Following near complete evaporation, 3.0 mL of HNO; was
added to the remaining residue and diluted to a total volume
of 50 mL. The samples were then heated to boiling point,
transferred to a 100-mL volumetric flask, and diluted with
Milli-Q water. Sample solutions and quality controls (i.e.,
blanks, replicate analyses, and certified reference materials
(CRM)) were analyzed by ICP-OES (Perkin Elmer Optima
7300DV System fitted with an S10 autosampler) for Mg, K,
P, Ca, Cd, and Pb. The data obtained were processed using
WinLab32 software. To ensure reliability of the data, internal
standards were included during ICP-OES analysis to avoid
potential interferences (Masson et al. 2010). The precision
and accuracy of the chemical analyses were assessed using
certified reference material (PACS-3, marine sediment).

Data analyses

Species richness was obtained from the bioinformatic analy-
ses (OTUs). Hill diversity indices were calculated for species
richness (¢=0), frequent (g =1), and dominant (g =2) spe-
cies, using the iNEXT-PD package (Chao et al. 2010; Hsieh
et al. 2016). Multiple regression analysis was conducted to
evaluate the relationship between soil characteristics and
AM fungal diversity indices using MiniTab (version 17).

The relative abundance of AM fungi at each location was
determined and illustrated, based on the OTUs of each genus
identified (Fig. S2). The indicator index was determined fol-
lowing the method in Dufréne and Legendre (1997), which
gives evidence of an environmental change. An indicator
species that reflected the biotic and abiotic state of the habi-
tat was selected for all environments.

Shapiro—Wilk (S-W) normality tests showed that the data-
sets for salinity, NO3 —, and TC were normally distributed.
Soil chemical data that did not follow a normal distribu-
tion were normalized by logarithmic transformation prior
to ANOVA. To test for differences in chemical properties
among the 19 locations (with three replications selected
among the site subsamples), we used one-way ANOVA,
while we tested for differences between pairs of locations
using post hoc tests (Tukey test). All these analyses were
performed in MiniTab (version 17). We used principal
component analysis (PCA) to evaluate combinations of
chemical properties that could explain a common pattern of
variation among the locations sampled. We used non-metric
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multidimensional scaling (NMDS) to visualize the separa-
tion of AM fungal communities and chemical properties
among habitat types (i.e., mangrove, saltmarsh, rawdha, and
sabkha), using PRIMER statistical package (PRIMER —
E, Plymouth Marine Laboratory, Version 6.1.13) with the
PERMANOVA add-on (Version 1.0.3).

Results

Community composition and occurrence of AM
fungi

The Illumina 2 X 300 bp MiSeq platform generated 9,861,189
paired-end reads targeting the SSU region of the rRNA gene.
These reads were quality-filtered, chimeras removed, and

Fig.1 (a) Relative abundance
of arbuscular mycorrhizal

(AM) fungal genera, presented
for the entire dataset and (b)
AM fungal richness at each
location in Qatar. The 19 loca-
tions are categorized as one of
four habitat types: (1) rawdha:
calcareous soil depressions
with relatively good soil quality
and water accessibility due to
influxes of water and miner-

als from surrounding higher
ground; (2) mangrove: mass of
shrubs growing in coastal saline
water; (3) saltmarsh: wet muddy
soil with open access to coastal
saltwater; and (4) sabkha: salt
pans (either with or without
vegetation) that tend to accumu-
late minerals due to calcareous

(a)

5.06%

(b)

combined, which resulted in 2,474,899 sequences. Following
removal of the chimeric reads, the positive control sample,
and singletons (n=06), the final dataset comprised 79 OTUs
and 1,369,477 sequences from the 19 composite soil samples.
Each sample contained 2—62,040 sequences (median 6588
sequences) and 1-28 OTUs (median 7 OTUs). The total of 79
AM fungal OTUs belonged to the families: Glomeraceae (61
OTUs), Diversisporaceae (4 OTUs), Claroideoglomeraceae
(3 OTUs), Paraglomeraceae (2 OTUs), Archaeosporaceae
(4 OTUs), Acaulosporaceae (2 OTUs), Ambisporaceae (2
OTUs), and Gigasporaceae (1 OTU) (Table S2). The dataset
showed that 77% of the identified AM fungal OTUs were
from the Glomeraceae, which was the most abundant AM
fungal family, while 5.06% of the AM fungi in our study were
from the Archaeosporaceae and Diversisporaceae, the second
most abundant families (Fig. 1).
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Table 1 Diversity indices and Hill numbers (q) for arbuscular mycor-
rhizal (AM) fungi across 19 locations in Qatar. Mangrove, rawdha,
sabkha, and saltmarsh refer to habitat type. The number after habitat
type is the site number

Location Shannon  Simpson  Species g=1 q=2
diversity diversity richness
Sabkha-1 1.92 4.56 31 6.81 0.22
Mangrove-2 1.21 3.07 5 3.34 0.33
Saltmarsh-3 0 0 1 1.00 1.00
Rawdha-4 2.23 7.14 21 9.35 0.14
Rawdha-5 1.76 3.96 19 5.82 0.25
Sabkha-6 2.30 6.34 39 9.94 0.16
Rawdha-7 1.73 2.99 30 5.62 0.34
Rawdha-8 1.52 3.55 15 4.59 0.28
Rawdha-9 0 0 1 1.00 1.00
Sabkha-10 1.24 2.76 36 3.47 0.36
Rawdha-11 2.28 7.60 48 9.82 0.13
Rawdha-12 1.21 2.17 16 3.34 0.46
Rawdha-13 1.55 3.38 15 4.71 0.30
Rawdha-14 2.11 5.65 31 8.27 0.18
Sabkha-15 2.24 7.26 49 9.41 0.14
Sabkha-16 1.12 2.86 5 3.06 0.35
Sabkha-17 1.74 4.17 17 5.69 0.24
Sabkha-18 1.58 4.06 17 4.86 0.25
Sabkha-19 0.12 1.05 2 1.13 0.95

The AM fungal indicators (indicator index > 0.25) origi-
nated from two main taxa, Glomeraceae and Paraglomer-
aceae, with the indicator index value being higher for Glom-
eraceae (3.647) than Paraglomeraceae (0.306) (Table S2).
Variation in the composition of AM fungal genera was
observed among all soil samples. Glomus and Paraglomus
were recorded at 89% of all sites and were therefore the
dominant AM fungal genera in our study, with Glomus as
the most diverse and species-rich AM taxon. These were
followed by Claroideoglomus (68% of sites), Diversispo-
raceae (47% of sites), and Archaeospora (37% of sites)
(Table S2), while the percentage frequency of occurrence
of the remaining AM fungal taxa ranged from 5 to 11%
(Table S2). Glomus species (61 OTUs) showed the highest
species richness across all locations and Scutellospora spe-
cies (Gigasporaceae) the lowest (1 OTU). Glomus was the
most frequently detected AM fungus genus in the locations
sampled, recorded at 17 sites (all except saltmarsh-3 and
rawdha-9) (Fig. S2).

The AM fungal diversity indices and richness (Shannon
diversity, Simpson diversity, richness, and effective number
of species) were highest at the rawdha and sabkha sites,
and lowest in the saltmarsh and exceptionally in one of the
rawdha sites (Table 1). Species richness (Hill number g=0)
ranged from 49 OTUs at Site 15 (sabkha) to one at Site 3
(saltmarsh) and Site 9 (rawdha) (Table 1; Fig. 1). Effective
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number of species (¢ = 1) was highest at Site 6 (sabkha) and
g =2 was highest at Site 11 (rawdha), but both diversity
indexes were the lowest at sites 3 and 9 (Table 1).

Soil Chemical Traits

The concentrations of Ca and Mg in the soil differed among
sites, but were higher in soils in undisturbed areas than in
areas close to a city, urban structure, or road (Table S3).
Almost all measured TN levels were negligible, with val-
ues well below the limit of detection. The only measurable
TN concentration was determined in samples taken from
the mangrove stand (Site 2), but it was still close to zero
(0.014%). Therefore, the TN measurements were excluded
from further analysis. Spectrophotometric measurements of
NO,™ and NO;™ showed various concentrations for differ-
ent habitat types, although there were no statistically sig-
nificant differences among sites (Table S4). Soil NO;™ con-
centration displayed a wider range of concentrations than
soil NO,™ concentrations (Table 2), for which the values
remained relatively constant among sites.

Slight alkalinity was detected in soil from sites 2 and 3,
which was likely attributable to the large extent of inland
saltmarsh, mangrove, and surrounding coastal areas in these
locations. The pH levels were rather consistent across the
whole dataset, with soil samples from sites 8 and 16 having
the highest pH levels (Table S4). In contrast, the salinity
levels fluctuated across the dataset and differed significantly
at 12 of the 19 locations studied (Table S4). High salinity
levels were found in soil samples from mangrove and salt-
marsh (sites 2 and 3, respectively), as a result of the highly

Table 2 Mean, standard deviation, minimum, and maximum values
of soil chemical parameters across 19 sites in Qatar. Values for salin-
ity (ppt), nitrate (mg NO;/kg soil), nitrite (mg of NO, /kg of soil),
total carbon (TC, %), and calcium (Ca), cadmium (Cd), potassium
(K), magnesium (Mg), phosphorus (P), and lead (Pb) (mg/kg soil).
Table S4 provides these values for each site

Chemical Avg Std. Deviation Min Max
parameter

pH 8.69 0.38 7.59 9.20
Salinity 1.19 1.83 0.10 5.50
NO;~ 89.97 34.10 14.00 167.05
NO,~ 36.15 2.08 30.32 40.20
TC 5.73 2.63 2.43 11.04
Ca 157,090.20  75,336.29 74,948.79  295,909.03
K 6925.37 2905.34 202252 11,712.75
Mg 22,282.87 8726.24 7333.60  40,469.00
P 322.36 172.62 122.58 735.77
Cd 0.20 0.11 0.02 0.40
Pb 4.92 3.58 0.12 15.29
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calcareous soil depressions at these locations, which were
predominantly colonized by halophytic plant species, includ-
ing Avicennia marina. A spike in salinity also was observed
at sites 5, 11, and 13 (rawdha), most likely due to influx of
minerals from surrounding higher ground into these lowland
areas, creating inland salt pans that consist of fine silt and
high salinity (Abulfatih et al. 2002; Majid et al. 2016).

In terms of heavy metals, sites 1, 4, and 5 were most
strongly affected by soil Pb, while site 8 showed the least
influence of the heavy metals measured in this study
(Table S3). Our analyses also indicated that the environ-
mental conditions at Site 8 were not directly defined by its
basic soil chemistry but rather were most likely affected by
the interaction of different environmental factors.

Among the chemical elements measured, Ca showed the
highest concentrations in the soil samples, with values well
over 90,000 mg/kg at all 19 locations studied (Table S3).
The lowest measured concentrations were for the heavy met-
als Cd and Pb, with Cd concentrations ranging from 0.02
to 0.40 mg/kg and Pb concentrations ranging from 0.12
to 15.29 mg/kg (Table S3). In quality control of ICP-OES
measurements using a certified reference material (PACS3),

percentage recovery of all metals fell within 15% of the EPA
criteria (accuracy 90-106%, n=6). The PCA results showed
that Mg and P concentrations were significantly positively
correlated (r value close to 1), whereas Ca showed almost
no correlation with the other elements (r value close to 0)
(Fig. 2).

Effect of chemical properties and habitat on AM
fungi

The NMDS and multiple regression analyses revealed that
the AM fungal community was influenced by soil chemi-
cal parameters and habitat (Fig. 3; Table S5). TC had
a significant negative effect on Simpon’s diversity and
Shannon’s diversity (p =0.036 and p =0.013, Fig. S3).
NO;™ (p=0.025) had a significant positive effect on
Shannon’s diversity (Fig. S4), K had a significant positive
effect on species richness (p =0.047) (Table S5, Fig. S5).
There also was a nearly significant negative effect of pH
(p=0.054) (Table S5; Fig. S6) and a positive effect of
Cd (p=0.052) on species richness (Table S5; Fig. S7).
NO;™ had a nearly significant positive effect (p =0.054

PCA (axes F1 and F2: 72.52%)
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Fig.2 Principal component analysis (PCA) plot showing the asso-
ciations between chemical element concentrations, pH, and salinity
among locations (shown in blue) in Qatar. The significance of influ-

ence of the chemical parameters (shown in red) is indicated by the
distance of each point from the origin
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and p=0.076) on Simpson’s diversity and species rich-
ness (Table S5; Fig. S8). Overall, these factors had the
greatest influence on Glomus followed by Claroideoglo-
mus and Paraglomus. While saltmarsh and mangrove were
only represented by one site each, they were most strongly
associated with soil Ca, TC, and salinity (Fig. 2). The
NMDS indicated that the effect of these chemical param-
eters was much lower on Scutellospora, Acaulospora and

Fig.3 Non-metric multidimen-
sional scaling (NMDS) plots of (a)
arbuscular mycorrhizal (AM)
fungal communities versus (a)
chemical parameters and (b)
AM fungal genera at 19 sites

in Qatar, representing four type
of habitat: mangrove, rawdha,
sabkha, and saltmarsh. The
circles represent correlation of 1
of vectors to variables

(b)

Scutellospora

@ Springer

Ambiospora than on other AM fungal genera, which sup-
ports our finding that Glomus was the most frequently
occurring AM fungal genus across our dataset. The AM
fungal communities in rawdha and sabkha were inter-
mixed in the NMDS plot, while the mangrove and salt-
marsh communities, which represented single locations,
were apart (Fig. 3).

2D Stress: 0.03

Habitat
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Discussion

Previous studies have highlighted the importance of soil
type and chemical components for mycorrhizal communi-
ties (Tian et al. 2017; Xue et al. 2018). In line with this,
we found that soil chemical parameters were the main driv-
ers of variation in AM fungal communities in Qatar. The
highest richness and greatest effective number of species
(g=1) of AM fungi were identified at sites 15 (49 OTUs),
11 (48 OTUs), and 6 (39 OTUs), representing sabkha and
rawdha, communities. Simpson diversity was higher at site
11 (rawdha), while Shannon diversity was highest at site 6
(sabkha). This was supported by the results from the NMDS
in which rawdha and sabkha communities were intermixed
without clear separation. Glomeraceae was the dominant
family in Qatar’s extreme environment. Fungi of the genus
Glomus were most abundant and widely distributed among
locations, most likely due to their capacity to inhabit a broad
range of niches. However, AM fungi were not evenly dis-
tributed among the study sites and at some locations, such
as sites 3 and 9, only a single species (Paraglomeraceae)
was found, suggesting that specific AM fungi respond dif-
ferently to prevailing environmental conditions which allow
them to successfully occupy an area. However, it should be
noted that Paraglomeraceae was found in all sites except
sites 13 and 19. The infrequent occurrence of Acaulospora,
Ambisporaceae, Gigasporaceae, and Paraglomeraceae could
indicate scarcity of these taxa in highly arid regions which
often are restricted in resources (Kamalvanshi et al. 2012;
Zerihun et al. 2013).

Our first hypothesis, that AM fungal richness is influ-
enced by availability of macronutrients in soil, was partly
supported by the results, with K and NO;™ being positively
associated with AM fungal richness. Studies on soil fungi
in semi-arid China have found that the richness and abun-
dance of fungal communities are mainly driven by soil P
content (Tian et al. 2017; Zhao et al. 2017; Xu et al. 2018).
This suggests that the diversity and occurrence of AM fungi
are generally positively correlated with the concentration
of extractable soil P, which agrees with findings in some
studies (Timmer and Leyden 1980; Bhat et al. 2014; Wu
et al. 2018), but contradicts findings of a negative correla-
tion between AM fungus abundance and P concentration
in other studies (Khanam et al. 2006). However, the effect
of soil P on AM fungi may depend on the level of avail-
able soil P, with both low and high levels of soil P having
a negative effect. Furthermore, P fertilization is known to
suppress mycorrhizas and reduce AM fungus occurrence
in fertile soils (Treseder and Allen 2002; Grant et al. 2005;
Van Geel et al. 2017). Addition of P to low-nutrient soils
has been found to support AM fungus growth by supplying
mycorrhizal plants with this essential nutrient (Treseder and

Allen 2002). While we found no significant effect of P on
AM fungal communities, the NMDS suggested a positive
association between P and AM fungi. The importance of
soil chemistry and macronutrients for microbial communi-
ties has been demonstrated in AM fungal niche studies with
similar climate and environmental conditions to Qatar (e.g.,
Mendoza et al. 2011; Wang et al. 2018; Zhang et al. 2017;
Xu et al. 2018). In our study, we found elevated concentra-
tions of soil NO,™ and NO;™ in sabkhas and the saltmarsh.
In terms of the elements present in soil, we also found that
locations with abundant shrubs, such as sites 5 and 10, had
higher concentrations of Mg, K, and P than locations with
relatively barren soils. Study sites with areas of barren land
showed lower concentrations of NO;~, NO,™, and soil ele-
ments. These results suggest that areas with high soil nutri-
ent concentrations are likely associated with plant productiv-
ity, which in turn supports mycorrhiza formation and AM
fungus occurrence.

As stated in our second hypothesis, pH was negatively asso-
ciated with AM fungi. While we found no significant effect
of salinity, the NMDS suggests that salinity is negatively
associated with AM fungi. Highly saline soil conditions are
known to have adverse effects on root colonization, preventing
mycorrhizal associations from developing (Juniper and Abbott
2006; Becerra et al. 2014). Much of Qatar’s central peninsula
comprises a plateau of limestone and sandstone outcrops, con-
tributing to the saline nature of the soil environment (Babikir
1990; Abulfatih et al. 2002). Overall, our results strongly sug-
gest that soil habitats in Qatar are highly saline. Based on the
data obtained, soils in lowland saltmarsh and mangrove areas
near Qatar’s coasts (e.g., sites 2 and 3) were the most saline of
those studied here. While mangrove and saltmarsh were only
represented by one site each, the diversity of AM fungi present
in these locations was low, and they were mostly inhabited by
species from Glomeraceae and Paraglomeraceae. Due to their
proximity to the coast and low topography, the soils at these
sites exhibited high pH and salinity. The pH values measured
across Qatar were within the range 7.59-9.20, which is similar
to that reported in other dryland studies (Delgado-Baquerizo
et al. 2015; Wang et al. 2016; Tian et al. 2017). The highest
pH was recorded at the coast (Site 16), but most locations had
relatively high pH levels, most likely as a result of the calcare-
ous soils. The majority of the Arabian Peninsula, including
Qatar, is characterized by low rainfall and high atmospheric
temperature, contributing to high evapotranspiration rates and
minimal leaching capacity. This causes ions such as carbon-
ates and bicarbonates of Ca and Mg to accumulate in the soil,
especially in areas at low altitude due to their proximity to
seawater (Khanam et al. 2006). This may be why TC could
be high without TN being measurable. Moreover, highly
alkaline soils are strongly associated with high, toxic quanti-
ties of iron (Fe), carbonate and bicarbonate (CO32_, HCO;")
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nutrient deficiency, and elevated sodium (Na) levels (Wu et al.
2018). Accumulation of exchangeable Na ions in arid soils can
potentially reduce the physical stability and overall fertility of
the soil, resulting in an inadequate habitat for AM fungal root
colonization.

We found that Cd had a positive association with AM fungi,
contradicting our third hypothesis. This suggests that very low
concentrations of Cd in the soil may not have adverse effects
on the AM fungal communities, although the diversity of AM
fungal families is usually strongly influenced by heavy metals,
in addition to other well-known chemical drivers (pH, salinity,
K, P, and NO,") (Lauber et al. 2008; Kasel et al. 2008; Pan
et al. 2020). Heavy metals, particularly Cd, not only alter the
soil chemistry, but also have been found to have detrimental
effects on soil microbial communities when present even at
low concentrations, which could lead to losses of diversity
and soil fertility (Baath and Anderson 2003; Lv et al. 2019;
Kasemodel et al. 2019; Lin et al. 2019). For example, Cd tox-
icity to hyphae in species within the genus Glomus has been
reported at Cd concentrations above 0.38 mg/kg (Jiang et al.
2016). AM fungi are generally sensitive to changes in soil con-
ditions, including pH, heavy metals, and micronutrients and
are considered to be useful bioindicators of soil contamination
(Oehl et al. 2010; Vyas and Gupta 2014; Dietterich et al. 2017;
Kasemodel et al. 2019; Lin et al. 2019; Pan et al. 2020). Our
results in this regard were inconsistent with those presented
in other fungal diversity studies (Gaudino et al. 2007; Zarei
et al. 2010; Rouphael et al. 2015; Song et al. 2018). At all our
study locations in Qatar, Pb in soil did not affect AM fungi.
However, Pb was present at very low concentrations (average
4.92 mg/kg soil), and the effect of this heavy metal on below-
ground fungal communities is generally reported to be largely
dependent upon the concentration. It is likely that Pb had no
negative effect on fungi because the concentrations were well
below a threshold for effect.

Conclusions

Using the [llumina MiSeq sequencing platform, we iden-
tified a total of 79 AM fungal OTUs, eight families, and
four orders from the phylum Glomeromycota in soils from
across Qatar. The main conclusions of this work are:

1. Among the eight AM fungal families identified, Glomer-
aceae was the dominant fungus family at sampling loca-
tions in Qatar. The genus Glomus had the highest species
richness (61 OTUs), while the genus Scutellospora had
the lowest species richness (1 OTU).

2. Variations in the diversity, richness, and abundance of
AM fungal OTUs between locations were mainly attrib-
utable to K and NO;™ availability, while pH and TC had
negative associations with AM fungi. The direct effect

@ Springer

of soil parameters on AM fungi requires further assess-
ment in studies that examine the effect of interrelations
among factors and bioavailability of minerals on mycor-
rhiza formation. Overall, AM fungi inhabiting Qatar’s
desert habitat appear to have relatively broad environ-
mental niches, with their diversity remaining unaffected
by changes in chemical conditions in their soil environ-
ment.
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