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Abstract

Serpentine soils are characterized by nutrient imbalances and high levels of

potentially toxic metals (PTMs). These soils host depauperate plant communi-

ties of species with specialized adaptations. Initial studies showed that

South African serpentine soils harbor distinct biocrust algal and cyanobacterial

species compared to adjacent non-serpentine soils, with these communities fur-

ther differing based on high and low precipitation levels. Here, we investigated

the bacterial and fungal diversity of biological soil crusts from serpentine and

non-serpentine soils at two precipitation levels. The bacterial and fungal com-

munities were characterized using 16S rDNA and ITS metabarcoding, respec-

tively. No significant differences could be found in bacterial richness and

community structure. Nevertheless, bacterial taxa such as Archangium, Candi-

datus Solibacter, Chthoniobacter, and Microvirga were more abundant in ser-

pentine biocrusts or biocrusts receiving lower precipitation. The fungal

community structure was distinct between serpentine and non-serpentine soils

(p = 0.027) and between high and low precipitation (p = 0.018). Furthermore,

fungal diversity was lowest in the drier, serpentine biocrusts compared to non-

serpentine (p = 0.001) and serpentine crusts receiving higher precipitation
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(p = 0.002). The fungal genera, Ramimonilia and Vishniacozyma, which are

known to be resistant or tolerant to PTMs and other environmental extremes,

were significantly more abundant (p = 0.036 and p = 0.016, respectively) in

serpentine biocrusts, with the latter indicating serpentine habitats. This study

concluded that soil type influenced the fungal alpha diversity, specifically in

the serpentine soil, resulting in a decrease in fungal species richness. Further-

more, precipitation influenced fungal beta diversity by shaping distinct fungal

communities found in the biocrusts of serpentine and non-serpentine soils.
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1 | INTRODUCTION

Serpentine soils, characterized by their nutrient imbal-
ances (Ca:Mg molar ratio of <1, generally low levels of P,
N, and K) and potentially toxic metals (PTMs) which
include high levels of Cr, Cd, and Ni, are known to har-
bor specialized plant communities in many parts of the
world. They often shape the diversity of soil biota by
influencing both the colonization and persistence of spe-
cies (Rajakaruna & Boyd, 2008). These harsh soils are
known for the stressors they impose on plants, collec-
tively called “serpentine syndrome” (Bini & Maleci, 2014;
Jenny, 1980), resulting in low ecosystem productivity,
high levels of endemism, and plants with lower competi-
tive ability (Anacker, 2014). Serpentine soils are also of
special interest for their potential to model solutions to
degraded ecosystems, especially in mine restoration
(Rajkumar et al., 2009; Robinson et al., 1999).

Despite the extensive work done on serpentine-soil-
vascular-plant relations worldwide (Alexander et al., 2007;
Galey et al., 2017; Rajakaruna et al., 2009; Teptina
et al., 2018), research on serpentine substrate-microbe rela-
tions is limited to a few studies on mycorrhizal fungi
(Schechter & Branco, 2014; Southworth et al., 2013), soil-
dwelling bacteria (Ma et al., 2015; Oline, 2006), and saxico-
lous lichens (Favero-Longo et al., 2018; Mulroy et al., 2022;
Rajakaruna et al., 2012). Some important distinctions
between the microbial diversity of serpentine and non-
serpentine soils have come to light in these and other stud-
ies. Microbial community structure may differ based on the
presence of different plants in serpentine and non-
serpentine soils (Pessoa-Filho et al., 2015), and local hetero-
geneity in soil characteristics and microclimatic gradients
can impact the diversity of cyanobacteria and algae in ser-
pentine soils (Venter et al., 2018). Actinobacteria is the most
commonly isolated bacterial phylum from serpentine soils
(Abou-Shanab et al., 2009; Khilyas et al., 2019; Mengoni
et al., 2001; Turgay et al., 2012; Visioli et al., 2019) and
exhibits K-strategist attributes that allow these species to

thrive in resource-limited and high-competition environ-
ments, making them more abundant in soils low in organic
matter and high in Ni concentrations (Brzeszcz et al., 2016;
Visioli et al., 2019).

According to Muller and Hilger (2015), the richness of
fungal communities in serpentine soils is not influenced by
edaphic factors, but the community structure may differ sig-
nificantly between serpentine and non-serpentine soils. This
was supported by Branco and Ree (2010), concluding that
serpentine soils host rich fungal communities with repre-
sentatives from all fungal lineages and that these environ-
ments are not extreme for ectomycorrhizal fungi. Husna
et al. (2017) also reported that arbuscular mycorrhizal fungi
are influenced by soil chemical properties such as metal
content, Ni, and Ca:Mg ratio. Therefore, serpentine soils are
not necessarily depauperate and may host a rich assemblage
of fungal species, with the structure of these communities
strongly influenced by soil chemical and physical proper-
ties. Ortiz et al. (2020) furthermore found a significant influ-
ence of climate on rhizosphere microbial communities and
Naidoo et al. (2022) found that precipitation is a key cli-
matic factor that shapes the taxonomy and resulting ecosys-
tem services of arid soil microbiomes.

However, serpentine soils are not only studied for their
unique chemical and physical attributes and the consequen-
tial impacts on soil biota, but also for the microbial commu-
nities living in the upper millimeters of these and other
harsh soils, namely biological soil crusts, or biocrusts.
Biocrusts constitute communities of photoautotrophic cya-
nobacteria, algae, lichens, and bryophytes growing along-
side heterotrophic fungi, bacteria, and archaea (Weber
et al., 2016). They are an essential component of dryland
and desert ecosystems and contribute to a range of ecosys-
tem functions. Biocrusts play a fundamental role in soil
aggregation and erosion resistance (Belnap et al., 2003;
Chamizo et al., 2016), while also enhancing soil nutrient
levels through N-fixation (Elbert et al., 2012), dust trapping
(Reynolds et al., 2001), and nutrient cycling (Strauss
et al., 2012). They further influence the hydrological

2 BOTHA ET AL.

 14401703, 0, D
ow

nloaded from
 https://esj-journals.onlinelibrary.w

iley.com
/doi/10.1111/1440-1703.12500 by C

ochrane France, W
iley O

nline L
ibrary on [02/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(Chamizo et al., 2016) and thermal properties of soil
(Couradeau et al., 2016; Rutherford et al., 2017). Given that
serpentine soils are often low in essential nutrients,
especially N, P, and K, enriched with PTMs (e.g., Cd, Cr,
and Ni), and generally water stressed due to poor soil tex-
ture and structure, as well as habitat openness/bareness
(Rajakaruna & Boyd, 2014), biocrusts are likely to enrich
serpentine soil with limited nutrients (such as N), minimize
PTM stress by changing soil pH and increasing soil mois-
ture content. Significant knowledge gaps in the composition
of biocrusts for certain regions persist with data for African
serpentine soils being very limited (Venter et al., 2015,
2018). Venter et al. (2015) characterized microbial commu-
nities using an isolation approach but no unique algal flora
for serpentine soils was confirmed. Venter et al. (2018) then
demonstrated, using a metabarcoding approach, that ser-
pentine soils harbor distinct biocrust algal and cyanobacter-
ial species compared to adjacent non-serpentine soils at
different precipitation levels. Their study also documented,
for the first time, nine genera of cyanobacteria from
South African serpentine soils.

These findings prompted us to further survey the com-
position of biocrusts of serpentine soils in South Africa
(Venter et al., 2015, 2018) across varying precipitation
levels, via a DNA metabarcoding approach. Here, we inves-
tigate the differences and changes in the (i) bacterial and
fungal biocrust community diversity and composition
between serpentine and non-serpentine soils and (ii) bacte-
rial and fungal diversity of biocrusts according to differences
in precipitation. We hypothesize that the microbial diversity
within biocrusts occurring on serpentine soils is signifi-
cantly influenced by the combined effects of PTMs, low
nutrients, and varying precipitation levels. Specifically, we
predict that serpentine biocrusts will exhibit distinct micro-
bial community composition relative to non-serpentine,
with biocrusts of serpentine soils to be enriched with metal-
tolerant or resistant microorganisms. Furthermore, we
expect that the microbial diversity within serpentine bio-
crusts would be influenced by the interaction between the
extreme soil conditions and the contrasting precipitation
levels. Higher precipitation levels may potentially promote
greater species richness and more even microbial commu-
nity structures, while lower precipitation levels may lead to
decreased diversity and increased abundance of stress-
tolerant microbial taxa.

2 | MATERIALS AND METHODS

2.1 | Sampling sites

Biological soil crusts were sampled at eight different localities
along the Barberton Greenstone belt in Mpumalanga,
South Africa, paired with one on serpentine soil and one off

serpentine to give 16 sampling sites in total (for more details,
see Venter et al., 2018 and Table S1). Half of the localities
(four serpentine and four non-serpentine) were sampled
along the temperate Highveld escarpment with a cool mean
annual temperature of 17�C with frequent fog and precipita-
tion levels of more than 1000 mm per annum. The datasets
resulting from the analysis of these biocrust samples are
referred to as serpentine wet (SW: four sites), and non-
serpentine wet (NSW: four sites). The other half of the paired
samples (four serpentine and four non-serpentine) were
obtained in subtropical Lowveld with higher mean annual
temperature (19.7�C) and lower precipitation (<800 mm).
The datasets resulting in the analysis of these biocrusts will
be referred to as serpentine dry (SD: four sites) and
non-serpentine dry (NSD: four sites). These defined substrate-
climate groups (SW, NSW, NSD, and SD) were designated as
“treatments” in subsequent statistical comparisons.

2.2 | Soil and biocrust sampling

Nine subsamples of soil and biocrusts were obtained ran-
domly at each of the 16 sampling localities by placing three
20 � 20 m plots at each locality and taking three subsam-
ples from each plot. Biocrust samples were collected using a
sterile spatula to a depth of 3 mm, placed into sterile screw-
cap falcon tubes, kept on ice during field collection and
then stored at �80�C until DNA extraction. Soil samples
for physical and chemical analyses were collected with a
soil auger to a depth of 10 cm. The nine subsamples col-
lected at each site were combined to obtain one composite
sample per sampling site for soil and biocrusts, respectively.
Because this is a continuation of the study of Venter et al.
(2018), using the same study sites and samples, the chemi-
cal and physical soil parameters of the serpentine and non-
serpentine soils analyzed in this study were already known
(Tables S2 and S3).

Some important distinctions to note from Venter et al.
(2018) include that biocrusts of serpentine soils had an over-
all higher chlorophyll-a content, and serpentine soils also
had higher electrical conductivity (EC), higher Mg, and lower
Ca concentrations than non-serpentine soils. Serpentine soils
further had higher concentrations of PTMs such as Co, Cr,
Fe, Mn, and Ni. There were no significant differences
between nutrient levels of serpentine and non-serpentine
soils which included N, S, and C percentages as well as con-
centrations (mg L�1 or ppm) of Cl, Na, N, P, K, and S.

2.3 | DNA extraction

DNA was extracted from 250 mg of each of the 16 com-
posite biocrust samples (four independent replicates per
treatment) using the Power® Soil DNA extraction kit
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(MO-BIO Laboratories, Carlsbad, CA) according to the
manufacturer's instructions. An additional step of a Pro-
teinase K treatment was added. The DNA was eluted in
100 μL of the eluent buffer provided by the PowerMax
Soil DNA kit. DNA samples were subsequently quantified
using a Qubit 3.0 Fluorometer (Life Technologies, Ther-
moFisher Scientific Inc.).

2.4 | 16S rRNA and ITS gene
amplification and MiSeq sequencing

This study employed 16S rRNA gene sequencing for bac-
terial community exploration and the nuclear ribosomal
internal transcribed spacer (ITS) for fungi. The MiS-
eq341F (50-TCGTCGGCAGCGTCAGATGTGTATAAGA
GACAGCCTACGGGNGGCWGCAG-30) and MiSeq785R
(50-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
GACTACHVGGGTATCTAATCC-30) primer pair (Klindworth
et al., 2012) was used to amplify the variable V3–V4
region of the 16S ribosomal RNA gene which resulted in
amplicon lengths of 464 bp. Fungal library preparation
was performed using the ITS1 (50-50TCGTCGGCAGCG
TCAGATGTGTATAAGAGACAGTCCGTAGGTGAACCTGC
GG-30) and ITS4 (50-50GTCTCGTGGGCTCGGAGATGTGTAT
AAGAGACAGTCCTCCGCTTATTGATATGC-30) primer
set (White et al., 1990) that spans the whole ITS region
(ITS1, 5.8S rDNA, and ITS2) creating amplicons of
350–880 bp in length. Both 16S and ITS primer pairs
incorporated the Illumina overhang adaptor. Library
preparation and pooling were done per the methods
described by Venter et al. (2018).

2.5 | Sequencing data processing

CutAdapt (v.4: Martin, 2011) was used to remove Illu-
mina overhang adapters and sequencing primers. The
Divisive Amplicon Denoising Algorithm 2 (DADA2,
v.1.24: Callahan et al., 2016) was used to analyze the 16S
and ITS Illumina amplicon sequence data. This analysis
encompasses denoising (removal of sequencing errors
and PCR artifacts), quality control (removal of low-
quality reads and sequences with ambiguous bases), error
correction via a learned error model, inference of ampli-
con sequence variants (ASVs) and the creation of an ASV
table that summarizes the abundance of each identified
variant across samples. During the DADA2 analysis, for-
ward and reverse reads are merged to create a consensus
sequence, but this could only be done for the 16S dataset
due to low-quality reverse reads for the ITS sequences.
Additionally, the sequences of the ITS region targeted for
fungal community exploration were too long for MiSeq

sequencing since only 301 bp from each end could be
sequenced, therefore, sequences could not be generated
with a sufficient overlap to create a consensus sequence.
Consequently, only forward ITS reads were represented
in the analysis. The ASVs and the ASV tables created for
16S and ITS were subsequently used to explore the micro-
bial diversity and community structure of the biocrust
samples.

To determine the sum of branch lengths (SBL) of the
bacterial and fungal datasets respectively, the ASVs were
aligned in the Multiple alignment program for amino
acid or nucleotide sequences (MAFFT, v.7: Katoh &
Standley, 2013) and then used to reconstruct neighbor-
joining (NJ) phylogenetic trees for the 16S and ITS data-
sets, as implemented by the R package ape (v.5.6.2:
Paradis & Schliep, 2018) with bootstrap testing of 1000
replicates using the Jukes–Cantor model. The taxonomy
of the ASVs was assigned according to the SILVA (Quast
et al., 2012) and NCBI genomic databases for bacteria
(http://www.ncbi.nlm.nih.gov) and the UNITE genomic
database (Nilsson et al., 2019) for fungi. Taxonomic
assignments were followed by visualization in R (v.4.3.1:
R Core Team, 2023) via bar plots to enable a broad per-
spective of the fungal and bacterial datasets. These bar
plots showed the relative abundance of ASVs detected for
each marker dataset per treatment by the R package, phy-
loseq (v.1.4: McMurdie & Holmes, 2013).

2.6 | Statistical analyses

Alpha-diversity metrics calculated species richness based
on the number of distinct taxa (ASVs) observed in a sam-
ple, which were then grouped according to treatment,
soil type (serpentine and non-serpentine) and precipita-
tion level (high and low). This calculation was facilitated
by the estimate_richness function of the phyloseq package.
This metric provided insights into the diversity of microbial
communities: higher observed species richness indicated a
greater diversity of taxa in a sample. Statistical analyses
were performed to assess the significant differences in the
observed ASV richness between groups. The normality of
the data distribution was assessed by the Shapiro–Wilk test.
In the case of normally distributed data, parametric tests
such as ANOVA (Analysis of Variance) were used. Con-
versely, if the data was not normally distributed, non-
parametric tests such as the Kruskal–Wallis test were used.
In the case of significance, post-hoc tests such as Tukey's
HSD (Honestly Significant Difference) or the Mann–
Whitney U test were used to facilitate pairwise compari-
sons, respectively. All statistical analyses and subsequent
visualizations were performed in R and the significance
level was set at p = 0.05.

4 BOTHA ET AL.
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To assess the dissimilarities in microbial community
structure between treatments, soil types and precipitation
levels, beta-diversity analyses, including non-metric mul-
tidimensional scaling (NMDS), Permutational Multivari-
ate Analysis of Variance (PerMANOVA), and canonical
correspondence analysis (CCA) were conducted using
presence-absence matrices based on fungal and bacterial
ASV tables by various functions of the R package, vegan
(v.2.3: Oksanen et al., 2022). NMDS ordinations were per-
formed on entire, unfiltered datasets. This approach
allowed for the representation of the entire microbial
community present in the biocrust samples, including
ASVs that could not be taxonomically assigned in geno-
mic reference databases. NMDS analysis was executed
via the metaMDS function based on Bray–Curtis dissimi-
larities calculated with the vegdist function. To determine
the statistical significance of environmental variables in
structuring microbial communities, the non-parametric
PerMANOVA was employed via the adonis2 function.
PerMANOVA tests the association between groups and
co-variates using permutation procedures, providing
robust statistical support for the observed differences.
This analysis assessed the association of environmental
variables with microbial community structure within the
different treatments. The analysis included the separate
consideration of soil type and precipitation level.

CCA was performed using filtered datasets that only
represented taxa occurring at least five times in 25% of
the samples. This filtering step was included to focus the
analysis of beta diversity on the most robust and abun-
dant taxa, thereby reducing the introduction of noise and
potential biases by rare or spurious ASVs (e.g., Gabay
et al., 2023; Pombubpa et al., 2020). CCA was then con-
ducted at the order level to identify key environmental
variables that drive the community structure of bacteria
and fungi biocrusts across serpentine (sites 1, 3, 5, 7,
9, 11, 13, and 15) and non-serpentine (sites 2, 4, 6, 8, 10, 12,
14, and 16) localities using CANOCO software for windows,
v.4.5 (Ter Braak & Smilauer, 2002). To determine which
environmental variables to include in the CCA, Kruskal–
Wallis tests and inspections of variance inflation factors
(VIFs) were used to identify those variables that signifi-
cantly differed between serpentine and non-serpentine sites
and to remove environmental variables that may be inflat-
ing the correlations. Monte Carlo permutation tests were
conducted using 499 random permutations to determine
the statistical validity of the CCAs.

Following the CCA, further investigations were con-
ducted to determine the ecological relevance of the identi-
fied environmental variables. Specifically, genera whose
abundances significantly differed between treatments, soil
type and precipitation levels were examined to identify taxa
that may be especially sensitive to specific environmental

conditions. Kruskal–Wallis tests were used to determine
which genera differed significantly in abundance across dif-
ferent treatments and environmental conditions. Only gen-
era with p-values lower than 0.05 were represented in
boxplots showing their abundance. An analysis of indicator
species was also conducted via the multipatt function in the
indicspecies package (De C�aceres & Legendre, 2009) to find
taxa that function as markers of environmental conditions
and preferred habitats.

The analysis of significantly abundant genera and
indicator species relied on the same filtered dataset as the
CCA, however, instead of presence-absence data, abun-
dance data was used. The centered log-ratio (CLR) trans-
formation was applied to the abundance data to address
PCR bias, which refers to the selective or disproportion-
ate amplification of specific taxa. The CLR transforma-
tion was applied via the transform_sample_counts
function of the phyloseq package (Barlow et al., 2020;
Silverman et al., 2021). This transformation addresses the
compositional nature of the sequencing data (Gloor
et al., 2017), that is, that the observed relative abundance
of certain taxa is dependent on the relative abundances
of all other taxa within a sample. CLR transformation
describes an approach which uses the geometric mean of
the read counts of all taxa within a sample as a denomi-
nator for that sample. The total taxon read counts are
then divided by this denominator and the log fold
changes in this ratio between samples are compared
(Aitchison & Greenacre, 2002). A reliable framework for
the evaluation of abundance data was therefore created
that allowed for meaningful comparisons among sam-
ples. To further mitigate PCR bias, genera that had signif-
icant differences in abundance among treatments, soil
types and precipitation levels, were compared across
these environmental groupings and not within them,
assuming that PCR biases are consistent within a taxon.
Unless stated otherwise all statistical analyses were per-
formed in R with R-base packages and visualized with
ggplot2 (Wickham, 2016).

3 | RESULTS

3.1 | Microbial abundance

The 16S rRNA metabarcoding yielded 5989 ASVs of which
5973 could be assigned to phylum level. Overall, the bacte-
rial dataset consisted of 30 phyla, 65 classes, 134 orders,
179 families, 295 genera and 72 species with the most abun-
dant phyla being Actinobacteria (31.21%), Proteobacteria
(21%), and Acidobacteriota (13.51%). These phyla and
others that had a relative abundance of more than 2%
across the dataset were included in a stacked bar plot
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(Figure 1a), including Cyanobacteria, Verrumicrobiota,
Planctomycetota, Chloroflexi, Bacteroidota, and Gemmati-
monadota. The remaining 21 phyla were grouped into
“Other.” The same phyla that were most abundant in the
overall dataset were also most abundant in NSD, SD, and
SW, respectively. NSW did not follow this trend, with Cya-
nobacteria being the second most abundant (18.98%) after
Actinobacteria (30.27%), followed by Proteobacteria
(18.58%) and then Acidobacteriota (10.87%) (Figure 1a).
The other treatments had lower relative abundances of Cya-
nobacteria with NSD having 9.82%, SD having 8.39%, and
SW having 9.49%.

Of the 1433 ASVs created for the ITS metabarcoding
dataset, 1373 could be assigned to phylum level. Overall,
the fungal dataset consisted of 8 phyla, 28 classes,
73 orders, 157 families, 286 genera, and 191 species with
the most abundant phyla being Ascomycota (83.5%),
Basidiomycota (8.53%), and Fungi_phy_Incertae_sedis
(7.11%) (Figure 1b). The treatments receiving lower pre-
cipitation (NSD and SD) had the same most abundant
phyla as the overall dataset, but the treatments with
higher precipitation (NSW and SW) had Ascomycota
(88.5% and 93.37%, respectively), Fungi_phy_Incertae_se-
dis (7.59% and 3.24%, respectively), and then Basidiomy-
cota (3.68% and 2.51%, respectively). From Figure 1b, it is
also clear that the serpentine treatments (SW and SD)
had a higher abundance of Rozellomycota and NSD had
a lower abundance of Ascomycota and a higher abun-
dance of Basidiomycota than the other treatments.

3.2 | Community diversity

To estimate the phylogenetic distances of communities
sampled within each treatment, the SBL of the con-
structed NJ trees from each treatment for the 16S and the
ITS ASVs were compared. The phylogenetic distances
(SBL) decreased for ITS ASVs as follows: NSW (69)
> NSD (48) > SW (27) > SD (22) and 16S ASVs as

(a)

(b)

FIGURE 1 Relative abundance of

(a) phyla constituting more than 2% of

the bacterial dataset, and (b) all fungal

phyla present in the different treatments

of serpentine biocrusts receiving high

and low levels of precipitation (SW and

SD, respectively) and non-serpentine

biocrusts receiving high and low levels

of precipitation (NSW and NSD,

respectively). Relative taxa abundances

were calculated per treatment. NSD, dry,

non-serpentine soils with low rainfall;

NSW, cool, non-serpentine soils with

high rainfall; SD, dry, serpentine soils

with low rainfall; SW, cool serpentine

soils with high rainfall.

TABLE 1 The sum of branch lengths (SBL) of the neighbor-

joining trees constructed for bacterial (16S) and fungal (ITS)

amplicon sequence variants for serpentine biocrusts receiving high

and low frequencies of precipitation (SW and SD, respectively) and

non-serpentine biocrusts receiving high and low precipitation

frequencies (NSW and NSD, respectively).

Treatment SBL

16S

SW 35.51

SD 45.72

NSW 37.94

NSD 42.54

ITS

SW 27.46

SD 22.44

NSW 69.00

NSD 48.45

6 BOTHA ET AL.

 14401703, 0, D
ow

nloaded from
 https://esj-journals.onlinelibrary.w

iley.com
/doi/10.1111/1440-1703.12500 by C

ochrane France, W
iley O

nline L
ibrary on [02/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



follows: SD (46) > NSD (43) > NSW (38) > SW
(36) (Table 1).

3.3 | Alpha diversity

Alpha diversity metrics were calculated to assess the
observed species richness in microbial communities
(Figure 2). The observed species richness was highest in
non-serpentine biocrusts, biocrusts receiving higher pre-
cipitation, and particularly high in NSW for fungal com-
munities (Figure 2b). An inverse trend was observed for
bacterial communities since diversity was higher in ser-
pentine biocrusts, lower precipitation and especially low
in SD (Figure 2a). The Shapiro–Wilk test confirmed that
the 16S data was not normally distributed and the subse-
quent Kruskal–Wallis analysis showed that there was no
significant difference in the observed species richness
between treatments, soil types or precipitation levels. The
Shapiro–Wilk tests showed that the ITS data is normally
distributed and the subsequent ANOVA results revealed
that there was a significant difference in fungal species

richness for treatments (precipitation and soil type)
(p = 0.002) and soil type (p = 0.001). Pairwise compari-
sons by the Tukey HSD test showed that NSW is signifi-
cantly different from SD (p = 0.003) and SW (p = 0.004)
in terms of observed species richness. This test also
showed that the observed fungal species richness of ser-
pentine and non-serpentine soils was significantly differ-
ent (p = 0.001).

3.4 | Beta diversity

Microbial communities in the different treatments could
be differentiated using metabarcoding data. NMDS ordi-
nations constructed based on Bray–Curtis dissimilarities
confirmed that the community structure differed between
the different serpentine and non-serpentine treatments.
However, the PerMANOVA indicated that the difference
observed was only a result of the difference in the fungal
communities present in different treatments (Figure 3a)
and precipitation levels (Figure 3b). This difference in the
community structure of the fungi for the different

(a)

(b)

FIGURE 2 Bar plots representing the number of unique ASVs (observed species richness) for high and low precipitation frequencies

(n = 8 ± std), non-serpentine and serpentine soils (n = 8 ± std), and treatments, (n = 4 ± std), for the (a) bacterial, and (b) fungal datasets.

The whiskers indicate the standard deviation. Observed ASV richness in the bacterial dataset (a) was assessed for differences across

precipitation levels, soil type and treatment using the Kruskal–Wallis test. For comparisons of fungal ASV richness (b), different letters

indicate statistical differences between treatments according to a one-way ANOVA combined with Tukey post-hoc tests (p < 0.05). ASV,

amplicon sequence variant; NS, non-serpentine soil; NSD, dry, non-serpentine soils with low rainfall; NSW, cool, non-serpentine soils with

high rainfall; S, serpentine soil; SD, dry, serpentine soils with low rainfall; SW, cool serpentine soils with high rainfall.
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treatments was statistically supported by a PerMANOVA
with p = 0.027, and p = 0.018 for the differences in fun-
gal community structures observed with higher and
lower precipitation.

CCA was employed to visualize the species distribu-
tions concerning different sites and to represent how dif-
ferent edaphic factors correlated with bacterial (Figure 4)
and fungal (Figure 5) taxa. The environmental variables
chosen for the ordinations were based on Kruskal–Wallis
tests and analysis of VIFs. The Kruskal–Wallis analysis
showed that serpentine and non-serpentine biocrusts can
be differentiated based on soil metal content, with ser-
pentine soil being enriched with Cr (p = 0.023), Mn
(p = 0.015), Fe (p = 0.017), Co (p = 0.012), and Ni
(p = 0.017). The Ca:Mg ratio of serpentine soil was also
significantly lower than that of their non-serpentine
counterparts (p = 0.031). Other environmental variables
were included/excluded based on the VIFs and the final

environmental variables were chosen to explain the vari-
ation in microbial composition across the different sam-
pling sites were soil texture (percentage of sand, silt, and
clay), PTM concentrations (Mn, Ni, and Fe), pH, EC, soil

(a)

(b)

FIGURE 3 Non-metric multidimensional scaling (NMDS)

ordination plot of Bray–Curtis dissimilarities for fungal

communities across (a) treatments and (b) precipitation

frequencies. Analyses were based on presence-absence amplicon

sequence variant data matrices. The stress value for the ordination

is 0.172. NSD, dry, non-serpentine soils with low rainfall; NSW,

cool, non-serpentine soils with high rainfall; SD, dry, serpentine

soils with low rainfall; SW, cool serpentine soils with high rainfall.

FIGURE 4 Environmental factors driving the bacterial

composition variation. Canonical correspondence analysis (CCA)

triplot based on amplicon sequence variants assigned to bacterial

orders (blue triangles) concerning the environmental variables (red

arrows) and serpentine and non-serpentine soils. The sites are

represented as follows: SW (cool serpentine soils with high rainfall)

includes sites 1, 11, 13, and 15 (black circles); NSW (cool, non-

serpentine soils with high rainfall) includes sites 2, 12, 14, and

16 (purple squares); SD (dry, serpentine soils with low rainfall)

includes sites 3, 5, 7, and 9 (green diamonds); NSD (dry, non-

serpentine soils with low rainfall) includes sites 4, 6, 8, and

10 (yellow rectangles). Azo, Azospirillales; Blasto, Blastocatellales;

Bryo, Bryobacterales; Burk, Burkholderiales; Caulo,

Caulobacterales; Chitin, Chitinophagales; Chloro, Chloroplast;

Chthon, Chthoniobacterales; Cyano, Cyanobacteriales; Defluvi,

Defluviicoccales; Elster, Elsterales; Frank, Frankiales; Gaiel,

Gaiellales; Gemma, Gemmatimonadales; Iso, Isosphaerales; Kineo,

Kineosporiales; Microc, Micrococcales; Microm,

Micromonosporales; Microp, Micropepsales; Myxoc, Myxococcales;

Nitros, Nitrospirales; Propion, Propionibacteriales; Pseudo,

Pseudonocardiales; Pyrino, Pyrinomonadales; Rhizo, Rhizobiales;

Rhodo, Rhodobacterales; Rubro, Rubrobacterales; Solibac,

Solibacterales; Solirub, Solirubrobacterales; Sphingo,

Sphingomonadales; Strepto, Streptomycetales; Tepidis,

Tepidisphaerales.
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nutrients (P and the nitrogen nutrient factor represented
by “NO” which is the sum of NO�

2 and NO�
3 concentra-

tions) and the Ca:Mg ratio.
The CCA for the bacterial dataset was performed for

the 11 environmental variables and 34 bacterial orders
left after filtering (Figure 4). A summary of Eigenvalues
for the first four axes of the CCA is displayed in Table 2.
The environmental variables accounted for 43.94% of the
total variability in the occurrence of bacterial taxa across
biocrust samples. The most important environmental var-
iables shaping the bacterial community structure across
different sites were clay, EC and sand. Furthermore, the
ordination plot showed EC to be most strongly, and posi-
tively associated with the first ordination axis (r = 0.668),
whereas clay was most strongly, and negatively related to
the second axis (r = �0.397). The analysis revealed that
PTMs (Mn and Ni) were positively associated with each
other and the presence of silt and high Ca:Mg ratios was
strongly associated with high pH values and high
EC. The biocrust samples were also scattered across the
ordination, making it challenging to identify clear
groups. Efforts to link specific species to serpentine and
non-serpentine sites were thus hampered by the lack of
cohesion in the ordination. Some species associated
closely with serpentine sites and some serpentine condi-
tions, including Burkholderiales, Gemmatimonadales,
Myxococcales to SD site 9, high silt percentages, high
nitrogen nutrient concentrations, and high Mn concen-
trations, as well as Propionibacteriales, Solibacterales,
Chitinophagales, and Defluviicoccales to SW site 11 and
Kineosporiales, Elsterales, Micropepsales which also
associated closely with serpentine sites (9 and 12) as well
as high concentrations of Ni. Bryobacterales and Gaiel-
lales were closely associated with NSD site 12 and Micro-
monosporales and C0119 were closely associated with
NSW sites 16 and 14, respectively. Taxa that associated
closely with high Ca:Mg ratios, EC, pH, and P concentra-
tions were Blastocatellales, Azospirillales, Pyrinomona-
dales, and Rubrobacterales. Cyanobacteriales was found
very close to the origin of axes in the CCA ordination
demonstrating ubiquitous distribution across environ-
mental variables and sites. However, caution should be
exercised when establishing direct associations between
these microbial taxa and specific environmental condi-
tions and sites solely based on the ordination results.

CCA analysis was also performed for the fungal data-
set for all samples and 11 statistically significant different
environmental variables for six taxa (Figure 5). A sum-
mary of Eigenvalues for the first four axes of the CCA for
the fungal dataset is displayed in Table 3. The environ-
mental variables, soil texture, PTM concentrations, pH,
electrical conductivity, soil nutrients, and the Ca:Mg
ratio, could explain 70.36% of the total variability in the

occurrence of fungal taxa in the dataset. Silt, Fe, and the
Ca:Mg ratio were identified as the most important vari-
ables in shaping fungal community structure. The Ca:Mg
ratio is furthermore shown to be most strongly, and
negatively associated with the first ordination axis
(r = �0.51), whereas the percentage of silt was most
strongly, and negatively associated with the second ordi-
nation axis (r = �0.47).

SD sites (5, 7, and 11) were characterized by the pres-
ence of high percentages of silt and clay, low pH values
and Ca:Mg ratios, as well as a close correlation with high
concentrations of PTMs and soil nutrients. The SD site
3, while also positively correlated with high percentages
of silt, was also associated with sandy soil texture and
low clay percentages. This site was also negatively

FIGURE 5 Environmental factors driving the fungal

community composition variation. Canonical correspondence

analysis (CCA) triplot based on amplicon sequence variants

assigned to fungal orders (blue triangles) concerning the

environmental variables (red arrows) and serpentine and non-

serpentine soils. The sites are represented as follows: SW (cool

serpentine soils with high rainfall) includes sites 1, 11, 13, and

15 (black circles); NSW (cool, non-serpentine soils with high

rainfall) includes sites 2, 12, 14, and 16 (purple squares); SD (dry,

serpentine soils with low rainfall) includes sites 3, 5, 7, and 9 (green

diamonds); NSD (dry, non-serpentine soils with low rainfall)

includes sites 4, 6, 8, and 10 (yellow rectangles). Botryos,

Botryosphaeriales; Capno, Capnodiales; Pleosp, Pleosporales;

Sordar, Sordariales; Tremel, Tremellales; Tubeuf, Tubeufiales.
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correlated with P. SW sites (11, 13, and 15) were, like SD
sites, characterized by the absence of clay, with site
1 associating with high silt percentages and 9 and 25 with
sand. All SW sites were characterized by high concentra-
tions of Fe and Mn and sites 1 and 13 further correlated
with high Ni concentrations and high nitrogen. SW sites
9 and 15 also showed a weak positive association with
high pH values and Ca:Mg ratios. Overall, serpentine
sites were associated with low Ca:Mg ratios, low pH
values, the silt/sand soil texture, high concentrations of
soil nutrients, especially nitrogen, as well as high concen-
trations of PTMs. Furthermore, serpentine sites with the
above-mentioned characteristics were positively associ-
ated with the presence of fungal orders Tremellales and
Pleosporales (SW sites 9 and 15: high EC, high concentra-
tions of Mn and Fe) and Botryosphaeriales (SD sites
7 and 5: high concentrations of soil nutrients and high
percentages of clay). All non-serpentine soils were posi-
tively associated with high percentages of sand (except
NSW site 16, which was associated with high silt percent-
ages), high Ca:Mg ratios (except NSD site 4 and NSW site
16) and high pH values (except NSW site 16). The fungal

orders Capnodiales and Sordariales were also positively
associated with these characteristics by being near NSD
sites 8 and 12 in the CCA ordination. NSW sites 10 and
16 and NSD site 6 were further positively associated with
high concentrations of soil nutrients. The fungal order
Tubeufiales was closely associated with NSW site
10 (sand/clay soil texture, high Ca:Mg ratios, high pH
values and high concentrations of soil nutrients). NSW
site 16 and NSD site 4 were also associated with high EC
and high concentrations of Mn and Fe.

The analysis of significant abundant genera, across
treatments, soil type and precipitation level revealed
some bacterial and fungal species that may be sensitive to
certain environmental conditions (Figure 6). Eight bacte-
rial genera showed significant abundance across treat-
ments, soil types (serpentine and non-serpentine) and
precipitation levels (high and low) (Figure 6a). Archan-
gium (Order: Myxococcales) was significantly more abun-
dant in “harsh” treatments: NSD, SD, and SW (p = 0.48),
and biocrusts receiving lower precipitation (p = 0.021).
This genus was also identified as an indicator species of
biocrusts receiving lower precipitation (p = 0.019).

TABLE 2 Summary of results from canonical correspondence analysis (CCA) of the bacterial taxa-environment relation.

Axes 1 2 3 4

Eigenvalues 0.094 0.069 0.052 0.041

Species-environment correlations 0.998 0.934 0.981 0.894

Cumulative percentage of variance of species data 18.4 31.8 41.9 49.8

Cumulative percentage variance of species-environment relation 25.4 44.1 58.0 69.0

Sum of all eigenvalues = 0.513

Sum of all canonical eigenvalues = 0.371

Total inertia = 0.513

Test of significance of all canonical axes: Trace = 0.371
F-ratio = 1.301
p-Value = 0.0600

TABLE 3 Summary of results from canonical correspondence analysis (CCA) of the fungal taxa-environment relation.

Axes 1 2 3 4

Eigenvalues 0.169 0.142 0.083 0.033

Species-environment correlations 0.873 0.853 0.791 0.707

Cumulative percentage of variance of species data 26.4 48.6 61.4 66.6

Cumulative percentage variance of species-environment relation 38.2 70.3 89.0 96.5

Sum of all eigenvalues = 0.641

Sum of all canonical eigenvalues = 0.442

Total inertia = 0.641

Test of significance of all canonical axes: Trace = 0.442
F-ratio = 1.116
p-Value = 0.3400
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Methylobacterium-Methylorubrum (Order: Rhizobiales)
was significantly more abundant in NSW (p = 0.028) and
was also identified as an indicator species of biocrusts
belonging to this treatment (p = 0.013). Other genera
belonging to this order that were identified as significantly
abundant, were Psychroglaciecola and Microvirga, with the
former being more abundant in biocrusts receiving higher
precipitation (p = 0.021) whereas Microvirga was more
abundant in biocrusts receiving lower precipitation
(p = 0.036). Microvirga was also an indicator species of bio-
crusts receiving lower precipitation (p = 0.026). Genera that
were significantly more abundant in biocrusts of serpentine
soils were Candidatus Solibacter (Order: Solibacterales)
(p = 0.036) and Chthoniobacter (Order: Chthoniobacterales)
(p = 0.027). Pseudarthrobacter (Order: Microccoccales) was
more abundant in biocrusts of non-serpentine soils
(p = 0.046). Candidatus Udeobacter (Order: Chthoniobacter)

and Sphingomonas (Order: Sphingomonadales) were more
abundant in biocrusts receiving higher precipitation.

Six fungal genera showed significant abundance
across treatments, soil type, and precipitation levels
(Figure 6b). The genera Epicoccum and Pseudopithomyces
(order: Pleosporales) were significantly more abundant in
NSW (p = 0.042 and p = 0.008, respectively), and
Pseudopithomyces was also an indicator of biocrusts of
non-serpentines (p = 0.046). Papiliotrema (Order: Tre-
mellales) was significantly more abundant in non-
serpentine biocrusts (p = 0.046) and was also an indica-
tor of NSD (p = 0.038). Ramimonilia (order: Botryo-
sphaeriales) was more abundant in biocrusts of
serpentine soils (p = 0.036) and another genus from Tre-
mellales, Vishniacozyma, was also significantly more
abundant in serpentine biocrusts (p = 0.016) and was
also an indicator of this condition (p = 0.031). The only

(a)

(b)

FIGURE 6 Boxplots illustrating the centered log-ratio (CLR) transformed abundance of significant (a) bacterial and (b) fungal genera

(p < 0.05), stratified by precipitation levels (high and low) (n = 8 ± std), soil type (serpentine and non-serpentine) (n = 8 ± std), and

treatment (n = 4 ± std). NS, non-serpentine soil; NSD, dry, non-serpentine soils with low rainfall; NSW, cool, non-serpentine soils with high

rainfall; S, serpentine soil; SD, dry, serpentine soils with low rainfall; SW, cool serpentine soils with high rainfall. For the bacterial dataset

(a), the genera appear in the following order from left to right: for precipitation: Archangium, Candidatus Udeobacter, Microvirga,

Psychroglaciecola, and Sphingomonas; for soil: Candidatus Solibacter, Chthoniobacter, and Pseudarthrobacter; for treatment: Archangium and

Methylobacterium-Methylorubrum. For the fungal dataset (b), the genera appear in the following order from left to right: for precipitation:

Helicoma; for soil: Papiliotrema, Pseudopithomyces, Ramimonilia, and Vishniacozyma; for treatment: Epicoccum and Pseudopithomyces.
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genus more abundant across precipitation levels was
Helicoma (Order: Tubeufiales), whose abundance was
significantly higher for biocrusts receiving lower precipi-
tation (p = 0.036). The genus Pyronchaetopsis (Order:
Pleosporales), although not significantly more abundant
in biocrusts receiving higher precipitation, was an indica-
tor of this condition (p = 0.033).

4 | DISCUSSION

The serpentine and non-serpentine soil harboring bio-
crusts differed significantly in terms of PTM content,
with serpentine soils being enriched with Cr, Mn, Fe, Co,
and Ni as well as having characteristically lower Ca:Mg
ratios than their non-serpentine counterparts. The bacte-
rial phyla Actinobacteria, Proteobacteria and Acidobac-
teriota were most abundant for NSD, SW and SD, which
is consistent with the results of dominant phyla from ser-
pentine and non-serpentine soils from a previous study
(Khilyas et al., 2019). Cyanobacteria was less abundant in
the serpentine soils since this phylum is sensitive to
increased concentrations of metals (Lu et al., 2000), but
not entirely intolerant to such conditions in the presence
of moisture (Venter et al., 2018), as also reflected in the
CCA ordination where it plotted close to the origin of
axes, demonstrating ubiquitous distribution.

Studies by Branco and Ree (2010), Urban et al. (2008),
and Venter et al. (2015, 2018) indicate that microbial
communities in serpentine soils do not follow the general
pattern of low diversity and high specialization seen
among higher plants (Harrison & Rajakaruna, 2011), but
are rich in species and phylogenetic distance compared
to non-serpentine communities. The serpentine dry
(SD) treatment showed the highest diversity of bacterial
species richness and phylogenetic diversity. However, the
non-significant statistics for the alpha and beta diversity
of the bacterial community composition suggest several
implications. First, the absence of significant differences
in the observed alpha diversity across treatments, precipi-
tation level, and soil type suggest that bacterial diversity
may not be strongly influenced by the specific conditions
considered in this study. This could be explained by the
ubiquitous nature of bacteria, which are generally less
specialized (Chen et al., 2022) and more adaptable com-
pared to fungi. Fungi often exhibit distinct ecological
niches and show specialized adaptations, while bacteria
may be less affected by dispersal limitations and less
prone to differentiation based on environmental
conditions alone. Second, the lack of differentiation in
bacterial community structure between serpentine and
non-serpentine treatments and precipitation levels sug-
gests that other unmeasured variables or ecological

processes may play a more important role in shaping
these communities. Additionally, the lack of distinguish-
able patterns and unexpected correlations observed in the
CCA could indicate that the environmental variables
considered in this study (concentrations of soil nutrients,
PTM concentrations, pH, electrical conductivity, and the
Ca: Mg ratio), do not fully capture the complexity of fac-
tors that drive bacterial community structure across ser-
pentine and non-serpentine biocrusts and implies a
complex and potentially multifaceted relationship
between bacterial communities and the environmental
conditions.

While the non-significant statistical results suggest
that the considered environmental conditions and vari-
ables do not fully explain the bacterial community com-
position, specific taxa correlations were identified in the
CCA that may provide insights into the ecological
dynamics of these communities. For instance, Myxococ-
cales and Solibacterales, which were closely associated
with serpentine treatments had genera, Archangium and
Candidatus Solibacter, respectively, known to be signifi-
cantly abundant in, or indicators of, harsh environmental
conditions. Candidatus Solibacter was significantly abun-
dant in serpentine biocrusts and Archangium in NSD,
SD, and SW and was also an indicator of biocrusts receiv-
ing lower precipitation. Candidatus Solibacter produces
enzymes that can break down organic carbon (Ward
et al., 2009; Dedysh & Yilmaz, 2018), is adapted to low-
nutrient environments (Eichorst et al., 2011) and pro-
vides conditions to benefit other bacteria that degrade
organic compounds (Rime et al., 2015). Myxococcales, or
Myxobacteria, can survive under extremes such as broad
pH and temperature ranges. Members of this order also
have highly tolerant fruiting bodies when stressed by
starvation (Findlay, 2016). This may explain why Archan-
gium was significantly more abundant and an indicator
of sites receiving lower precipitation. Other genera that
were significantly abundant in harsh environments (ser-
pentine and/or lower precipitation) were Chthoniobacter
and Microvirga. Chthoniobacter flavus is the sole member
of the genus Chthoniobacter and can grow at pH values of
4.0 up to 7.5, plays an important role in the decomposi-
tion of plant material and transformation of organic car-
bon compounds in the soil (aids in preventing nutrient
leaching and soil erosion) and is unable to grow on
amino acids or organic acids other than pyruvate
(Sangwan et al., 2004). Chthoniobacter belongs to the
class Spartobacteria which has members that are highly
active and abundant in soil habitats (Sangwan
et al., 2004). Species contributing to the Microvirga genus
are versatile and widely distributed. These members have
been distinguished into two clades, categorized by isola-
tion from roots or soil (Li et al., 2020). Members
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belonging to the soil clade are characterized by a high
abundance of heat- or radiation-resistant genes. Bacterial
taxa that correlate closely with serpentine environments
or were found to be more abundant in serpentine than
non-serpentine treatments were also commonly associ-
ated with having adaptations to extreme environments.

Genera that were abundant in non-serpentine soils or
sites receiving higher precipitation were two genera from
the order Rhizobiales, Methylobacterium-Methylorubrum,
and Psychroglaciecola, as well as a genus from the order
Sphingomonadales, Sphingomonas. Members belonging
to both Methylobacterium and Sphingomonas are anoxy-
genic phototrophs and several of their isolates have been
reported in biocrusts (Csotonyi et al., 2010). Methylobac-
terium-Methylorubrum is a methanotrophic Alphaproteo-
bacteria that lives freely in water, soil or air and they are
especially associated with the phyllosphere (Delmotte
et al., 2009; Knief et al., 2008) and are known plant colo-
nizers (Knief et al., 2010). Members of the family Beijer-
enckiaceae, Microvirga and Psychroglaciecola, are
described as symbionts of bryophytes and they could con-
tribute to biocrust formation in environments of lower
and higher precipitation levels, respectively. Environ-
mental conditions such as elevated moisture levels could
lead to the enrichment of Sphingomonas in biocrust since
this genus is known to increase with biocrust develop-
ment (Zhang et al., 2016). Candidatus_Udaeobacter
(order: Chthoniobacterales) was significantly abundant
in sites receiving higher precipitation and is an organic
matter-degrading bacterium that has been observed in
non-serpentine soil (Böhmer et al., 2020).

In contrast to Branco and Ree's (2010) finding that
fungal diversity is not limited by the chemical character-
istics of serpentine soils, we found that serpentine soils
have a distinct composition and are less diverse when
compared to non-serpentine soils. Serpentine environ-
ments can have reduced leaf litter and soil organic matter
that may lead to greater extremes of temperature, less
water holding capacity and soil aeration, and more lim-
ited nutrient cycling and therefore less favorable condi-
tions for fungal growth (Southworth et al., 2013) The
fungal community structure also differed according to
higher and lower precipitation levels with greater species
richness observed for biocrusts receiving higher precipita-
tion. According to Chen et al. (2019), drought stress
increases the relative abundance of Ascomycota, which is
reflected in the present study by this phylum being most
abundant in SD and NSD. Wang et al. (2014) also note
that changes in soil total nitrogen and pH due to precipi-
tation played important roles in shaping the fungal com-
munity structure in a temperate forest. The most
prevalent fungal orders across the serpentine and
non-serpentine treatments, as represented in the CCA
ordination (Figure 5), were Botryospirales, Capnodiales,

Pleosporales, Sordariales, Tremellales, and Tubeufiales.
The Botryospirales were associated with high concentra-
tions of soil nutrients (phosphorous) and clay. Botryospir-
ales species are important pathogens of woody plants but
have been found on lichens (Denman et al., 2000) and in
lichen biocrusts growing on limestone and dolomite out-
crops on high elevations (2026 m) of the Al-Jabal Al-
Akhdar mountain range (Abed et al., 2013). A genus
belonging to this order, Ramimonilia, was found to be
significantly more abundant in serpentine soils.
R. apicalis is the sole member of this genus which is a
rock-inhabiting fungus first isolated from Patones, Cen-
tral Mountain System, Spain, that tolerates harsh condi-
tions on rock surfaces (Ruibal et al., 2009). Capnodiales
and Sordariales were closely associated with sites 8 and
10 (NSD) and soil nutrients. The order Capnodiales
includes fungi known as the sooty molds and, like Sor-
dariales, encompasses a wide array of metabolically
diverse species (Crous et al., 2007; Kruys et al., 2015). The
fungal orders Pleosporales and Tremellales were associ-
ated with serpentine soils with high concentrations of Fe
and Mn and high electrical conductivity. However, signif-
icantly abundant genera belonging to Pleosporales, Epi-
coccum and Pseudopithomyces, favored NSW and
Pseudopithomyces was also an indicator of non-serpentine
biocrusts. Other studies have shown that members of
Pleosporales can be present in serpentine and non-
serpentine soils (Daghino et al., 2012). Genera belonging
to Tremellales was significantly abundant across serpen-
tine and non-serpentine treatments with Papiliotrema
being significantly abundant in non-serpentine biocrusts
and an indicator of NSD and Vishniacozyma being signif-
icantly abundant in serpentine biocrusts. Papiliotrema is
a yeast whose species are associated with nutrient-rich
habitats (Ladino et al., 2019) as well as being an indicator
of bare soils sampled next to moss biocrusts and is there-
fore exposed to environmental stress (García-Carmona
et al., 2022). Vishniacozyma is highly enriched in root
rhizospheric samples from acid mine drainage sites, which
are extreme environments rich in PTMs (Kalu et al., 2021).

5 | CONCLUSION

The bacterial and fungal community composition of ser-
pentine and non-serpentine soils differ significantly and
serpentine soils were found to be enriched with metal-
tolerant or resistant microorganisms. Bacterial commu-
nity structures were not statistically distinguishable
between serpentine and non-serpentine soil. Nonetheless,
taxa resistant to extreme environments were more abun-
dant in serpentine biocrusts or those receiving lower pre-
cipitation and included the genera Archangium,
Candidatus Solibacter, Chthoniobacter, and Microvirga.
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Fungal species richness, however, was higher at the
non-serpentine localities than at serpentine localities.
A significant difference was found between the fungal
community structure of serpentine and non-serpentine
treatments (beta diversity) as well as biocrusts receiv-
ing higher and lower precipitation. Fungal biocrusts of
serpentine soils exhibited a notable abundance of gen-
era adapted to harsh environmental conditions and
high concentrations of PTMs. Ramimonilia and
Vishniacozyma were significantly more abundant in
serpentine biocrusts than their non-serpentine coun-
terparts and Vishniacozyma was also identified as an
indicator species specifically associated with serpentine
habitats. In summary, our findings highlight two key
influences on fungal communities in the studied envi-
ronments. First, soil type determines the richness of
fungal species within biocrusts. We observed a
decrease in fungal species richness (alpha diversity) on
serpentine soils, suggesting a selective filter effect for
specific fungal species adapted to harsh soil environ-
ments. Second, precipitation levels played a crucial role
in species turnover (beta diversity), influencing the
differentiation of fungal biocrust communities between
sites. Distinct fungal community structure was
observed for serpentine and non-serpentine biocrusts.
We conclude that a complex interplay exists between
serpentine soil characteristics and precipitation to
shape fungal diversity within and across habitats.
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