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ABSTRACT

The Namib Desert of south-western Africa is one of the oldest deserts in the world and possesses unique
geographical, biological and climatic features. While research through the last decade has generated a
comprehensive survey of the prokaryotic communities in Namib Desert soils, little is yet known about
the diversity and function of edaphic fungal communities, and even less of their responses to aridity. In
this study, we have characterized soil fungal community diversity across the longitudinal xeric gradient
across the Namib desert (for convenience, divided into the western fog zone, the central low-rainfall
zone and the eastern high-rainfall zone), using internal transcribed sequence (ITS) metabarcoding.
Ascomycota, Basidiomycota and Chytridiomycota consistently dominated the Namib Desert edaphic
fungal communities and a core mycobiome composed of only 15 taxa, dominated by members of the
class Dothideomycetes (Ascomycota), was identified. However, fungal community structures were
significantly different in the fog, low-rainfall and high-rainfall zones. Furthermore, Namib Desert gravel
plain fungal community assembly was driven by both deterministic and stochastic processes; the latter
dominating in the all three xeric zones. We also present data that suggest that the inland limit of fog

Xeric gradient

penetration represents an ecological barrier to fungal dispersal across the Namib Desert.

© 2023 The Authors. Published by Elsevier Ltd on behalf of British Mycological Society. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The microbial ecology of the coastal Namib Desert of western
Namibia (south-western Africa) has, until the last decade, received
relatively little research attention (Cowan et al., 2020). Neverthe-
less, the age of this desert (~43 million y old; Seely and Pallett,
2012), the unusual west-to-east coastal fog to inland rain precipi-
tation dynamics (Eckardt et al., 2013), the clear demarcation into
two geomorphological zones (the northern calcrete desert plains
and the southern sand dunes) and the presence of local biological
phenomena such the enigmatic fairy circles and the living plant-
fossil Welwitschia mirabilis (Valverde et al., 2016, 2016van der Walt
et al,, 2016), make the entire region of considerable (micro)bio-
logical interest (Seely and Pallett, 2012). Past studies on the mi-
crobial ecology of the Namib Desert soils have focussed largely on
the prokaryote microbiome (Cowan et al.,, 2020; Ramond et al.,
2019), with the observation that the edaphic bacterial

* Corresponding author.
E-mail address: Don.cowan@up.ac.za (D.A. Cowan).

https://doi.org/10.1016/j.funbio.2023.03.001

communities across the desert xeric gradient are structured by the
effects of soil physicochemical parameters and xeric stress
(Gombeer et al., 2015; Johnson et al., 2017; Scola et al., 2018).
However, no comprehensive analyses of edaphic fungal diversity
across the Namib Desert xeric gradient have yet been reported.
Fungi are ubiquitously present in the environment and can
tolerate extremely diverse environmental conditions, including the
desiccation and temperature extremes of deserts (Santiago et al.,
2018; Selbmann et al., 2005). Arid soils are primarily dominated
by the fungal phyla Ascomycota, Basidiomycota and Chy-
tridiomycota (Fuentes et al., 2020; Maestre et al., 2015; Valverde
et al., 2016, 2016van der Walt et al., 2016; Vargas-Gastélum et al.,
2015; Zhang et al., 2013). Soil fungal communities generally show
higher resistance to environmental disturbances than prokaryotic
communities (Barnard et al., 2013; De Vries et al., 2012). Never-
theless, a number of climatic and edaphic variables have been re-
ported to affect edaphic fungal diversity (Barnard et al., 2013; De
Vries et al., 2012; ; Johnson et al., 2017; Maestre et al., 2015;
Vargas-Gastélum et al., 2015). Increasing aridity has particularly
shown to decrease soil fungal abundance and diversity (Jiao et al.,
2021; Maestre et al., 2015). In the Namib Desert, edaphic fungal
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communities are dominated by Ascomycota independently of the
soil studied; i.e., dune vs gravel plain or rhizosphere/rhizosheath vs
open soils (Marasco et al., 2018; Valverde et al., 2016, 2016van der
Walt et al.,, 2016). A recent diel shotgun meta-transcriptomics
analysis of low-rainfall Namib Desert gravel plain soils (Ledn-
Sobrino et al.,, 2019) also indicated that Ascomycota were the
most active fungal taxa, particularly during the cooler night hours.
Furthermore, edaphic fungal communities were found to assemble
primarily through deterministic processes and particularly envi-
ronmental filtering (Johnson et al., 2017), and to be strongly influ-
enced by soil composition (particularly clay and sand content) and
by soil NHZ and total organic carbon contents (Johnson et al., 2017).
However, these studies compared very different Namib Desert
edaphic systems (i.e., dune vs gravel plain vs salt pans vs riverbeds
and/or open soils vs plant-associated rhizosphere/rhizosheaths;
Johnson et al., 2017; Marasco et al., 2018; Valverde et al., 2016; van
der Walt et al., 2016) which can bias the results of such analyses
(Ramsfield et al., 2020; Rao et al., 2016; Schreckinger et al., 2021;
Weingarten et al., 2020).

Therefore, in order to understand the quantitative and qualita-
tive nature of the spatial, geochemical and climatic factors that
affect desert soil fungal communities, we evaluated fungal com-
munity diversity and assembly along a 220 km longitudinal xeric
gradient through the central Namib Desert gravel plains (Scola
et al.,, 2018). We hypothesized that, as for the prokaryote commu-
nity (Frossard et al., 2015; Scola et al., 2018; Stomeo et al., 2013),
deterministic niche partitioning, through historical climatic con-
ditions and water-regime history (e.g., fog vs low precipitation vs
high precipitation: Bosch et al, 2022) and local soil phys-
icochemistry should be the dominant drivers of the fungal com-
munity assembly. However, given the high dispersal potential of
fungal spores (Kellogg and Griffin, 2006), we also expected sto-
chasticity to significantly influence Namib Desert gravel plain
edaphic fungal communities.

2. Materials and methods
2.1. Sampling sites and sample collection

Soil samples were collected along a 200 km longitudinal tran-
sect across the Namib Desert in April 2017. Ten sampling sites,
spaced at 20 km intervals (Fig. 1), traversed the three ‘xeric’ zones of
the central Namib Desert, defined by their historical precipitation
regimes (Eckardt et al., 2013; Hamilton and Seely, 1976; Lancaster
et al., 1984). Within the transect, regular coastal fog events can
reach 75 km inland and provide up to 183 mm mean annual pre-
cipitation (Eckardt et al., 2013; Lancaster et al., 1984). Furthermore,
rain events are generally infrequent but increase from the coast
towards inland areas, i.e., eastwards across the transect and from
0 to 250 mm mean annual precipitation (Eckardt et al., 2013). For
consistency, the three west-to-east xeric zones are henceforth
referred to as the ‘fog’ zone (sites 2 to 6), the ‘low-rainfall’ zone
(sites 8 to 14) and the ‘high-rainfall’ zone (sites 16 to 20; Fig. 1; Scola
et al, 2018). Data retrieved from SASSCAL weather stations
(SASSCAL WeatherNet, 2020) indicate that, from April 2016 to April
2017, precipitation amounted to 3.4 mm, 58 mm and 119.2 mm in
the ‘fog’ (Kleinberg [Station ID: 101], ‘low-rainfall’ (Garnet Koppie
[Station ID: E7628]) and ‘high-rainfall’ (Rooisand [Station ID: 103])
zones, respectively. Mean annual temperatures were recorded as
18 °C, 22.2 °C and 24.6 °C in the three zones. At each site, four
replicate (~500 g) surface soil (0—5 cm depth) samples were
collected aseptically at 50m intervals along a 200m transect.
Samples were transported at room temperature (~25—30 °C) to the
University of Pretoria, then stored at —20 °C and 4 °C for down-
stream molecular and physicochemical analyses, respectively.
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2.2. Soil physicochemical characterization

Soil physicochemical properties (pH, conductivity, phosphorous
(P), sodium (Na), potassium (K), calcium (Ca), magnesium (Mg),
chloride (Cl), sulphate (SO4), ammonium (NH4) and nitrate (NOs3))
were analysed according to standard protocols by Bemlab (Pty) Ltd
(Strand, Western Cape, South Africa). The Walkey-Black method
(Walkley, 1935) was used to determine total organic carbon con-
tent. Soil structure was determined using the hydrometer method
(Bouyoucos, 1962) at the Department of Plant and Soil Science,
University of Pretoria, South Africa.

2.3. Soil DNA extraction and sequencing of the amplicon library

Metagenomic DNA was extracted from all soil samples using the
PowerSoil® DNA Isolation Kit (MoBio Laboratories, CA, USA) ac-
cording to the manufacturer's instructions. The fungal ITS inter-
genic region was amplified using the ITS1 (5'-
TCCGTAGGTGAACCTGCGG-3') and ITS2 (5-GCTGCGTTCTTCATC-
GATGC-3’) primer set (White et al., 1990) in 25 pL reaction volume.
An initial denaturation at 96 °C for 10 min was followed by 30
cycles of 95 °C for 1 min, annealing at 60 °C for 1 min, and extension
at 72 °C for 1 min, with a final extension step of one cycle at 72 °C
for 10 min. Amplicon sequencing was performed according to the
manufacturer's guidelines for the ITS1-2 region, using an Illumina
MiSeq platform (MRDNA, Shallowater, TX, USA).

2.4. Sequence data analysis

[llumina MiSeq sequencing yielded a total of 3,969,628 se-
quences. Of the 40 amplicon libraries, two (i.e., C14.8. B and C14.8.
D) failed to produce any sequencing output and were excluded
from subsequent analyses. Barcoded sequence data were analysed
using the QIIME2 v2020.8.0 platform (Bolyen et al., 2019). Default
parameters were used to remove low-quality sequences during the
Amplicon sequence variants (ASVs) clustering step. The DADA2
(Callahan et al., 2016) plugin for QIIME2 was used for chimera
detection and clustering of ASVs. Quality filtering parameters were
selected from demultiplexed data; 31 for trim-left and 204 for
trunc-len (truncation length); using the DADA2 denoise-single
method for trimming low-quality regions of the sequences.
Fungal taxonomy was assigned to representative ITS gene se-
quences using the QIIME2 feature-classifier classify-sklearn and the
UNITE database (Abarenkov et al., 2010). Alpha diversity indices
were analysed in QIIME2.

The ITS sequencing reads were submitted to the NCBI SRA
database under the Bioproject accession number PRJNA890764 and
SRA accession IDs from SRR21912621 to SRR21912658.

2.5. Statistical analyses

Statistical analyses were primarily performed in R version 3.6.0
(R Core Team, 2019). The recorded values for the environmental
factors were normalised using the “log” method in “decostand”
function to create a correlation-based principal component analysis
(PCA) in Vegan package (Oksanen et al., 2013). The significant dif-
ferences between the xeric transect zone environmental variables
were analysed using ANOVA followed by Kruskal-Wallis and
Benjamini-Hochberg (BH) p-value corrections.

Fungal taxonomy bar plots were created in the Phyloseq package
(McMurdie and Holmes, 2013) in R (R Core Team, 2019). Principal
coordinate analysis (PCoA) plots were produced using the rarefied,
Hellinger-transformed data with Bray—Curtis distances and
visualised using the Phyloseq package. Co-occurrence null model
analysis was performed using the iCAMP package (Ning et al., 2020)
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Fig. 1. (A) Average annual rainfall of the transect. Rainfall gradually increases across the transect to the interior of the country (B) Fog zone, bare ground, sample sites 2—6 (C) Low
rainfall zone with little vegetation, sample sites 8—14 (D) High rainfall zone with higher vegetative biomass, sample sites 16—20.

in R. Phylogenetic trees were constructed using the tax-
onomy_to_tree.pl script available from a previously published
method (Tedersoo et al., 2018). The analysis was performed using
the beta net relatedness index (BNRI) and modified Raup-Crick
metric (RC). The iCAMP analysis was performed using the phylo-
genetic binning and threshold cut-off for BNRI < —1.96 for homo-
geneous selection, and BNRI > +1.96 for heterogeneous selection.
Taxonomic diversity metrics were used for partitioning the
remaining pairwise comparisons with |BNRI| < 1.96. RC < —0.95
was used for homogenising dispersal and RC > +0.95 for dispersal
limitation. Residuals with |BNRI| < 1.96 and |RC| < 0.95 represent
the percentage of drift. The relative importance of each ecological
process (Determinism: Heterogenous selection and Homogenous
selection; Stochasticity: Homogenising dispersal, Dispersal limita-
tion and Drift) was calculated in the iCAMP package using the
“icamp.bins” function (Ning et al., 2020).

Tests of intra-group dispersal (Betadisper) and PERMANOVA,
distance-based redundancy analysis (db-RDA) and variation parti-
tioning were performed using the vegan package (Oksanen et al.,
2013) in R (R Core Team, 2019). Environmental and spatial vari-
ables were transformed by applying the decostand function
“method = log”. The categorical values for the spatial variables (fog,
low-rainfall and high-rainfall) were converted to the dummy
values; 1 for presence and 0 for absence. Distance-based (db)-RDA
analysis was performed using the ASV matrix and by applying
forward selection of the environmental and spatial variables.

3. Results and discussion

In global scale soil studies, aridity has been identified as a key
factor in controlling soil fertility and plant cover and productivity,
along with the diversity and biomass of soil fungal and bacterial
communities (Berdugo et al., 2020; Delgado-Baquerizo et al., 2013;
Maestre et al., 2015). Fungal communities are important biological
components of (desert) edaphic environments and are particularly
critical for carbon turnover (Jastrow et al., 2007). However, globally,
fungi are relatively understudied in hot desert soil ecosystems,
compared to prokaryotes (Cowan et al., 2020).

Previous studies have suggested that in many Namib Desert
edaphic niches, bacterial, archaeal (Frossard et al., 2015; Gombeer
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et al., 2015; Johnson et al., 2017; Scola et al., 2018, 2018van der
Walt et al., 2016) and fungal (Johnson et al., 2017, 2017van der
Walt et al, 2016) communities are structured by deterministic
processes and particularly by environmental niche filtration.
Identified edaphic physicochemical parameters such as phos-
phorus, sodium, sulphur, percent sand and clay were found to
shape the fungal communities in the Namib Desert dune sands and
gravel plain soils (Johnson et al.,, 2017, 2017van der Walt et al,,
2016). However, almost all these studies compared fungal com-
munities from very contrasted edaphic systems (i.e., dune vs gravel
plain vs saltpans vs riverbed) using molecular fingerprinting
methods. As a result, to more specifically understand the drivers of
fungal community assembly in deserts, we studied the mycobiome
along an east-west transect within a single and dominant soil
terrain type, the Namib Desert gravel plains, using metabarcoding.

3.1. Soil physicochemical parameters vary across the Namib Desert
gravel plains

As observed in previous studies (Johnson et al., 2017; Ramond
et al.,, 2018; Scola et al., 2018), some soil physicochemical proper-
ties were significantly different within the three xeric zones of the
transect (PERMANOVA Global Test and Pairwise comparisons,
p < 0.05; Table 1; Fig. 2; Supplementary Fig. 1). The fog, low-rainfall
and high-rainfall zone samples were characterized by higher ionic
compound, ammonium and carbon contents, respectively
(Supplementary Table 1). The high ionic concentrations in fog zone
soil samples have been attributed to the transport and deposition of
marine aerosols into the coastal region of the transect (Gustafsson
and Franzén, 1996; Liang et al., 2016) rather than the effect of fog
precipitation. The higher phosphorus (P) and carbon (C) contents
and higher pH values in the high-rainfall zone are attributed to the
relatively higher primary productivity compared to the other two
zones (Ramond et al., 2018; Scola et al.,, 2018). These data are
consistent with the concept that both historical water regime his-
tories (e.g., fog vs rain) and proximity to the ocean influence local
soil physicochemistries.
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Table 1

PERMANOVA results showing differences in physicochemical and biological char-
acteristics between the xeric zones. Df = degree of freedom; F= Psuedo F; P = p
value. *: Significant results (p < 0.05).

Environmental variable and fugal community PERMANOVA
df F P
Global Test 2 8.4341 0.001*
Fog-low rainfall 1 10.5625 0.001*
Fog-high rainfall 1 11.4074 0.001*
Low rainfall-high rainfall 1 3.2878 0.001*
Fungal Communities only
Global test 2 7.6443 0.001*
Fog-low rainfall 1 9.2798 0.001*
Fog-high rainfall 1 11.315 0.001*
Low rainfall-high rainfall 1 2.61 0.001*
S
1
I
4 Carbon
- (=]
F
2 Zone
2y e Fog
8 o Low rainfall
S o High rainfall

s
PC1{53.87%)

Fig. 2. Principal component analysis plot of the soil physicochemical parameters.
The samples were clustered based on the correlation of environmental and physico-
chemical variables on the first two Axes of the PCA plot.

3.2. Taxonomic composition of the central Namib Desert gravel
plain fungal communities

The sequence clustering of Amplicon Sequence Variants (ASVs),
from a total of 3,732,846 sequences, yielded sets of 19,059 to
445,529 sequences for the 38 samples. Rarefaction analysis with
2508 ASVs (19,059 sequences for any sample) clearly showed
adequate sequence coverage of fungal diversity (Supplementary
Fig. 2). The fungal communities in the three zone groups were
found to be compositionally different (PERMANOVA Global test
pseudo-F = 7.6443, p = 0.001 and Pairwise comparisons p < 0.05;
Table 1) and globally very diverse; i.e., composed of 7 phyla, 23
classes, 48 orders, 95 families, 158 genera and 162 species. We note
the high proportion of unidentified fungal taxa (31% on average but
>75% at some sampling sites [e.g., C14—4B and C14-8A]; Fig. 3A;
Supplementary Fig. 3), supporting the contention that, along with
other microeukaryotic and viral communities (Cowan et al., 2020),
fungi remain poorly characterized in arid environments.

As previously shown (Marasco et al., 2018; Valverde et al., 2016,
2016van der Walt et al., 2016), three phyla, namely, Ascomycota
(41%), Basidiomycota (18%) and Chytridiomycota (9%) (Fig. 3A),
clearly dominated the Namib Desert edaphic mycobiome. The
overall dominance of members of the phylum Ascomycota and the
low relative abundance of Chytridiomycota in arid environment
mycobiomes has also been reported (Jacobson et al., 2015; Jiao
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et al., 2021; Le6n-Sobrino et al., 2019; Murgia et al., 2019;
Santiago et al., 2018; Sterflinger et al., 2012, 2012van der Walt et al.,
2016; Yang et al., 2017). Chytridiomycota represented 14% and 10%
of the low-rainfall and high-rainfall soil sample communities,
respectively (Fig. 3A), but were not detected in fog-zone commu-
nities. Similarly, Ascomycota were significantly more abundant in
the high-rainfall zone than in fog zone communities (Tuckey's HSD,
q = 0.18; Supplementary Table 2). In contrast, Basidiomycota
abundances did not differ significantly across the three zones
(ANOVA p > 0.05). Other fungal phyla (Rozellomycota, Mucor-
omycota, Mortierellomycota, and Calcarisporiellomycota) were
identified at less than 2% relative abundance and showed no sig-
nificant differences between the xeric zones.

At the genus level, fog zone soils were significantly enriched in
Cladosporium (Ascomycota; fog-low rainfall, ¢ = 0.005; fog-high
rainfall, ¢ = 0.005), Malassezia (Basidiomycota; fog-low rainfall,
q = 0.003; fog-high rainfall, g = 0.004) and Alternaria (Ascomycota;
fog-low rainfall, ¢ = 0.033; fog-high rainfall, ¢ = 0.038) and
significantly depleted in members of the Monosporascus (Ascomy-
cota; fog-low rainfall, ¢ = 0.036) and Rhizophlyctis (Chy-
tridiomycota; fog-low rainfall, g 0.0004; fog-high rainfall,
q = 0.035) genera (Supplementary Table 2). The higher relative
abundance of the genera Cladosporium, Malassezia and Alternaria in
the fog zone parallels observations from the Atacama and Namib
Desert (Santiago et al., 2018, 2018van der Walt et al., 2016), sug-
gesting that the resident members of these fungal genera may be
specifically adapted to low water-activity and higher soil salinity
habitats (Sepcic et al., 2010). Westerdykella were significantly more
abundant in high-rainfall zone soils (Ascomycota, q < 0.05;
Supplementary Table 2).

Of the 2508 fungal ASVs identified, 73.2% (i.e., 1835/2508) were
zone-specific; i.e., exclusively present in either the fog (156/2508;
6.2%), low-rainfall (557/2508; 22.2%) or high-rainfall (1122/2508;
44.7%) zone soils (Supplementary Fig. 4). 600 fungal ASVs were
shared between the low-rainfall and high-rainfall zones, while very
few were shared between the other two zone pairs (fog/low-rain-
fall [57] and fog/high-rainfall [1]; Supplementary Fig. 4).

Altogether, these results strongly suggest that environmental
filtering participates in fungal community assembly along the
Namib Desert gravel plains transect. The abundance data also
suggest that the dominant transition in community composition
occurs at the limit of fog influence. It is noted that edaphic pro-
karyotic and viral communities showed a similar trend (Scola et al.,
2018). We therefore suggest that the inland limit of fog penetration,
and therefore water regime history and its influence of soil chem-
istry (Frossard et al., 2015; Supplementary Fig. 1, Supplementary
Table 1), represents an ecological barrier for fungal dispersal in
the Namib Desert (Shapiro and Polz, 2014).

The core mycobiome of the Namib Desert gravel plains; i.e., the
fungal taxa common to all three zones, was only composed of
fifteen ASVs (0.6% of the total ASVs but representing 6.7% of total
rarefied sequences). This further confirms our contention that
intense selective pressure occurs in the different xeric zone soils;
i.e., deterministic niche-partitioning (Nemergut et al., 2013). All
members of the core mycobiome were assigned to the Ascomycota
Dothideomycetes (orders Pleosporales, Capnodiales, Dothideales
and Hypocreales) and Basidiomycota Tremellomycetes (order
Filobasidiales) classes (Supplementary Table 3). Dothideomycetes
are known to be able to tolerate multiple environmental extremes -
including those typical of hot deserts (i.e., high temperatures, high
solar radiation fluxes and extreme dehydration; Murgia et al.,
2019), and Filobasidiales are dominant fungal taxa in Atacama
Desert soils (Schmidt et al., 2012).
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Fig. 3. The relative abundance of fungal taxa in Namib xeric gradient soils (A) The relative abundance of phylum in fog, low-rainfall and high-rainfall zone soil (B) Relative
abundance of the fungal genus in fog, low-rainfall and high-rainfall zone soil. Fungal genera representing less than 2% of relative abundance were collectively annotated as “<2%

abundance”.

3.3. Namib Desert edaphic fungal community assembly is
dominated by stochastic processes

The Namib Desert gravel plain fungal communities significantly
differed in the three longitudinal xeric zones as their a-diversity,
evenness and Shannon indices values were significantly distinct
and increased from the coast towards inland areas (Fig. 4). This is
also evident in the clustering of each samples according to their
xeric zone of origin in PCoA and RDA plots (Fig. 5). RDA analysis,
which explained 64.8% of fungal community variance, identified
climatic (fog; p = 0.002) and various edaphic variables (S04, Mg, P,
Ca and Silt; p < 0.05) linked to the deposition of marine aerosols
(Gustafsson and Franzén, 1996; Liang et al., 2016) as abiotic drivers
of fungal community structures (Fig. 5B, Supplementary Table 4).
Altogether, these results further support the conclusion that envi-
ronmental niche partitioning is a significant driver of fungal com-
munity assembly in Namib Desert gravel plain soils and that the
coastal edaphic environment has higher selectivity (Maestre et al.,
2015; Ramond et al., 2014).

However, variation partitioning analyses showed that only 20%
of the variation of fungal community assembly along the xeric
transect was explained by the 15 soil physicochemical and 3 spatial
(xeric zonation) parameters; 16% and 4%, respectively (Table 2;

H=17.280000 p=0.000032 g=0.000007

r
H=14401727 p=0.000141 g=0.000211
H=8,308176 p=.003355 g=0.003365
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G ———
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H=15.413333 p=0.00)086 =0.000259
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Supplementary Fig. 5). The high proportion of the unexplained
variations combined with the low contribution of soil physico-
chemical and the spatial variables suggest that stochasticity, spe-
cies interactions, neutral processes and other unmeasured soil
physicochemical and environmental variables probably contribute
to fungal edaphic community assembly in the Namib Desert
(Gunnigle et al., 2017; Ladau and Eloe-Fadrosh, 2019; Nemergut
et al., 2013). Niche-based assembly processes have been found to
dominate Namib Desert edaphic soil fungal community assembly
when comparing various edaphic niches (Johnson et al., 2017).
However, and contrastingly, at the global scale, edaphic fungal
communities were found to assemble by stochastic rather than
deterministic processes (Powell and Bennett, 2016).
Phylogenetic-bin-based null model analysis (iCAMP; Ning et al.,
2020) confirmed that Namib Desert gravel plain fungal commu-
nities assemble via a combination of deterministic and stochastic
processes but that the latter clearly dominated within all three
xeric zones (ranging from 80.8% to 94.3%; Supplementary Fig. 6), as
observed in global studies (Powell and Bennett, 2016). More spe-
cifically, dispersal limitation increased from the fog (49.9%) to the
low-rainfall zone (72.2%) — i.e., from the inland from the coast - and
drift was lowest in the rainfall zones (21.6% vs 31% and 30.4% in the
low-rainfall and the fog zones, respectively). This suggests that

(B) H=17. 260000 p=0.00003F 9=0.000047

T
H=13.714286 p=0.000213 g=0.000579

H=2.2008935 p=0.002408 §=0,002408
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Fig. 4. Alpha diversity index boxplots using (A) Observed ASVs (B) Shannon entropy and (C) Evenness. Pairwise comparison outputs are written on the top of the bar-plots. A
Kruskal—Wallis's test followed by FDR correction was applied to identify the significant differences between the alpha diversity indices. A corrected p-value, g < 0.05 used for the

significance cut-off.
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Fig. 5. Principal coordinate analysis (PCoA) plot and distance-based redundancy analysis (db-RDA) plot. A) The rarefied ASV table was Hellinger transformed and Bray—Curtis
distances were plotted using PCoA. B) db-RDA plot showing the significant soil physiochemical and spatial parameters. The cut-off for significance was p < 0.05.

Table 2

Variation portioning of the structure of fungal communities into soil
physicochemical [P] and spatial [S] and overlap between these components
[PS] using redundancy analysis.

Total explained variation 0.191
Soil physicochemical variables [P] 0.045
Spatial [S] —0.0008
Overlap of P and S [PS] 0.146
Unexplained variation 0.809
P value 0.007

Namib Desert edaphic fungal communities are sensitive to local
environmental conditions and that ecological barriers affect their
dispersal (Shapiro and Polz, 2014). The fact that deterministic
processes were highest (19.2%; Supplementary Fig. 6) for the fog
zone community and that this community exhibited the lowest
taxonomic diversity (Fig. 4) clearly suggests that soils from this
zone exert a stronger selective pressure than those from other xeric
zones. This effect may be linked to the higher salt content of the fog
zone soils (Table 1, Fig. 5B; Scola et al., 2018).

As different members from any microbial community may be
under the influence of different selective pressures (Nemergut
et al.,, 2013; Ning et al., 2020), we further evaluated the influence
of each assembly mechanism on fungal community lineages within
each xeric zone (Supplementary Table 5; Ning et al., 2020). The
2508 fungal ASVs were grouped into 47 bins; i.e., 3,10 and 32 of the
Chytridiomycota, Basidiomycota and Ascomycota fungal phyla,
respectively, as well as 2 from unidentified fungal phyla
(Supplementary Table 5). Supporting community level analyses,
the majority of the fungal lineages were influenced by stochastic
processes, particularly drift (representing 61.5% [16/26], 42.6% [20/
47] and 11.1% [5/45] of bin numbers in the fog, low-rainfall and
high-rainfall zones, respectively) and dispersal limitation (26.9% [7/
26], 51.1% [24/47] and 86.7% [39/45]). Only two bins related to the
fungal species Oedocephalum adhaerens [Basidiomycota] and
Ophiostoma rachisporum [Ascomycota] showed a statistically sig-
nificant (p < 0.05) dominant deterministic assembly process, spe-
cifically homogenous selection. Both were derived from fog zone
samples. The presence of these fungi in desert soils may be linked
to their host-associations: the former has been isolated from ani-
mal dung (Ghosta et al., 2016) and the latter is insect-associated
(e.g., Jankowiak et al., 2017).

4. Conclusions
This study represents the first comprehensive metagenomic

analysis of fungal diversity across a desert xeric gradient, providing
an opportunity to clarify the competing drivers of species
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distribution: homogeneous distribution resulting from stochastic
processes such as aerial transport of spores, versus deterministic
processes driven by abiotic variables such as water availability and
soil salinity. For convenience, we used an established longitudinal
zonation (Bosch et al., 2022; Scola et al., 2018).

The observation that a high proportion of fungal ASVs (approx.
73%) were zone-specific, and that very few ASVs (0.6%) were
common to all zones (the core mycobiome), are both strong in-
dicators that environmental filtering is a dominant driver of species
distribution. However, the fractional contribution of soil properties
and xeric status suggests that other, undetermined, variables sub-
stantially impact community composition. We suggest that biotic
factors, particularly inter-species interactions, may play a signifi-
cant role (Gunnigle et al., 2017). However, we also note that the
distribution of fungal taxa across the desert xeric gradient may also
be somewhat dissociated from local environmental conditions (i.e.,
historical climatic regime and soil physicochemistries) due to
aeolian transport and widespread distribution of fungal spores
(Nemergut et al., 2013). Phylogenetic distribution data indicate that
the coastal fog zone imposes the strongest selection on edaphic
fungal communities. The unusual water relations (Bosch et al,,
2022) and the elevated salinity of soils in this zone provide a
credible deterministic mechanism for fungal community compo-
sition in coastal soils of the Namib Desert.

The very high proportion of unidentified fungal ASVs in some
samples suggests that Namib Desert soils retain a substantial res-
idue of novel taxa, and argues strongly for more in-depth phylo-
geographical surveys of the region, preferably supported by
culture-based studies.
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