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Abstract: Rain-fed mountain granite rock basins are temporary habitats conditioned by a fluctuating
environment and the unpredictability of precipitation or flooding rates. These small highland
freshwater habitats remain largely unexplored at the microbial level. The aim of this work is to
report the presence in these habitats of genetic sequences of microbial eukaryotes that are pathogens
and potential pathogens of humans, wildlife, cattle, crops as well as of other microorganisms.
We sequenced the hypervariable region v4 of the 185 rDNA gene from environmental DNA of
sediments taken from 21 rock basins in a National Park in Spain. More than a fifth (21%) of the
eukaryotic Operational Taxonomic Units (OTUs) found are ascribed to pathogenic (within 11 Phyla)
and potential pathogenic (within 1 phylum, the Chytridiomycota) microorganisms. Some OTUs
retrieved are of agro-economic and public health importance (e.g., Pythium spp., Lagenidium spp.,
Candida spp. and Vermamoeba vermiformis). In 86% of the basins, the most abundant OTUs were
affiliated to Chytridiomycota, a broad fungal group including saprozoic and parasitic taxa. Two OTUs
affiliated to chytrids were significantly correlated with high concentrations of heavy metals. The high
proportion of chytrid-like microbial sequences found emphasises the role of these freshwater habitats
for adding knowledge regarding the ecological trade-offs of the still rather unknown Chytridiomycota.
Our results show that rain-fed rock basins may be model habitats for the study and surveillance of
microbial community dynamics and genetics of (mainly opportunistic) microbial pathogens.

Keywords: chytrid fungi; ephemeral habitats; microbial eukaryotic pathogens; mountain rock basins;
toxic metals

1. Introduction

The pathogenic (including parasitic and parasitoid) lifestyle is one of the earliest
and most widespread strategies in nature, occurring in almost all environments [1-3].
Pathogens are drivers of evolutionary processes. They can promote genetic diversity and
speciation in host populations, coevolving with hosts [4-8]. Pathogens have a pivotal role
in ecological interactions, as they are involved in many trophic links. They control host pop-
ulation dynamics, species succession, competition for resources and energy flows [1,9,10].
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Moreover, pathogens can also be preyed upon by other organisms [11,12]. The identifica-
tion of pathogenic organisms including parasites is therefore important for biodiversity
conservation and to predict the future distribution of diseases. Host-pathogens dynamics
are complex in many microbial groups. Changes in ecological conditions can induce a
switch in the lifestyle in these groups from a pathogenic to a saprotrophic form and vice
versa [1]. Moreover, some fungi traditionally regarded as saprophytic environmental fungi
and nonpathogenic have virulence factors similar to those of their pathogenic relatives,
and are described as emerging pathogens [13]. The drivers that underlie these dynamics
remain challenging to characterise because most potential pathogens have high ecological
versatility and still unresolved taxonomy [14-17]. At present, there is no reliable estimate of
the number (species richness and abundance) of microbial pathogens occurring in natural
ecosystems [18].

In recent years, new fungi and fungus-like protists that cause disease in fish, amphib-
ians, reptiles, mammals and microorganisms were discovered [19-21]. Hidden diversity,
including parasitic lifestyle, was revealed by 185 rDNA environmental surveys, especially
within the picoplanktonic size-fraction [16,22,23]. Microbial eukaryotic parasites were
found in pristine oligotrophic habitats [24], in neotropical forests [7], in mountain lakes [25]
and in the oceans [17]. Well-known groups of microbial eukaryotes that are pathogens
or may frequently include pathogens were shown to be particularly diverse in the en-
vironment, including the Apicomplexa [7,26], Peronosporomycetes (traditionally Oomy-
cota), [24,27], Perkinsea [28] and Chytridiomycota [15]. Their succession and dynamics of
co-occurrence with hosts were also studied through environmental DNA surveys [26,29].
Chytridiomycota include a large number of known parasites and are considered probably
the dominant group of microbial pathogens in freshwater ecosystems worldwide [20,30].
They can act both as a food source for zooplankton and control phytoplankton dynamics
and blooms, and thus the primary production of aquatic systems (see [20] for a review).
Environmental DNA surveys can provide a new insight into their diversity and some hints
on their relative abundance. In that respect, a wider variety of microbial habitats need to be
explored worldwide to obtain a comprehensive understanding of the diversity and role of
potential pathogens in nature.

Freshwater mountain ecosystems are prone to climate vulnerability and hydrological
extremes [31]: they are subject to temperatures that cause both freezing and desiccation.
Mountain granite rock basins are temporary freshwater habitats usually on top of granite
outcrops and conditioned by the precipitation regime. The largely fluctuating environ-
ment and the unpredictability of the flooding rates subject the biological communities
growing in these habitats to high variability and are adapted to survive the dry periods
by the production of resistant stages or by active or passive migration [32,33]. These small
highland freshwater habitats remain largely unexplored at the microbial level, especially in
comparison to large waterbodies [25,34,35].

We have recently shown the high eukaryotic microbial heterogeneity and diversity at
the community level in the sediments of ombrotrophic mountain rock basins, i.e., which
receive all of their water and nearly all nutrients from precipitation, rather than from
streams or springs. Eukaryotic microbial communities in the majority of pools were
composed of opportunistic species with a great tendency to enter dormancy to withstand
adverse conditions [36].

In this study, we focus on the pathogenic treats of these communities in the rock basin
sediments. The aim of the work is to display the diversity and distribution of the microbial
OTUs with both pathogenic and potential pathogenic activity on humans, wildlife, cattle,
crops as well as on other microorganisms. Microbes with effective pathogenic potential
must have successful mechanisms of dispersal and resistance in order to find hosts in
adverse habitats. The ability to form spores as vehicles of passive dispersal mediated by
outside forces, i.e., the movement of water, wind, soils, animals or even other microbes [37],
as well as the capacity for active dispersal in response to a rapid change in resource (host)
availability, for example, are an advantage in habitats subjected to highly fluctuating
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conditions. It was proposed that some pathogenicity-associated traits may be a result of
fungal adaptation to growing under highly variable, and sometimes extreme, biotic and
abiotic stress [38]; and significant associations were found between the ability to survive in
multiple different types of extreme conditions and opportunistic pathogenicity [39].

We therefore hypothesise that pathogenic eukaryotic microorganisms with the ability
to form spores should be numerous and diverse in the sediments deposited in the mountain
outcrop basins studied, as these are habitats often subjected to drastic seasonal and diurnal
environmental stress.

2. Material and Methods
2.1. Habitats Studied and Sample Collection

The ombrotrophic basins studied are located in La Pedriza del Manzanares (UTM: 30N
425279 4511417, DATUM: ETRS89), within the Sierra de Guadarrama National Park (Madrid,
Spain). Twenty-one basins (20 active, temporarily flooded basins and one nonactive basin
as control) were randomly selected in an area of 0.2 km? with a variation between basins
of 170 m in altitude (Figure 1). A detailed description of the area and the morphometric
characterisation of the basins are presented in [36]. Samples of the sediments were taken
after summer (September—October 2015). Sediment of each basin was homogenised with a
spatula, and one sample per basin was taken and stored in sterile polypropylene containers.
In the laboratory, they were spread on sterile Petri dishes protected from light and left to
dry further at room temperature (21 °C £ 0.2) until DNA analysis.

Spain

Madr]

Parque Nacional Sierra Guadarrama (La Pedriza)
. 400 45 07.20"

409 45' 02.88"
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Figure 1. Location of the rock basins (1-21) sampled in the Sierra de Guadarrama National Park (La
Pedriza). Basins are represented by their relative areas versus the basin with the largest area (basin 17).
Altitude is shown for each basin.

2.2. Chemical Analyses

At each basin, ~4 g of additional sediment was collected with a sterile flask to de-
termine the following variables (analytical methods used are indicated in parentheses):
total organic carbon (combustion analysis method and nondispersive infrared detection),
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Kjeldahl nitrogen (Kjeldahl method), anions—phosphates, nitrites, nitrates, sulphates, chlo-
rides (ionic chromatography)—and metals (inductively coupled plasma-optic emission
spectrometry—ICP-OES).

2.3. DNA Extraction and Sequencing

The molecular approach is described in detail in [36]. Briefly, environmental DNA
was extracted with the PowerSoil® DNA Isolation Kit (MoBIO, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions. The V4 variable region of the 185 rRNA
gene was amplified using the universal primers V4F (TCGTCGGCAGCGTCAGATGTG-
TATAAGAGACAGCCAGCASCYGCGGTAATTCC) and V4R (GTCTCGTGGGCTCGGA-
GATGTGTATAAGAGACAGACTTTCGTTCTGATYRATGA) [40]. PCR amplifications and
purification were according to the manufacturer’s instructions. The reads were obtained
using a MiSeq (Illumina) platform (Fasteris, Geneva, Switzerland).

2.4. Bioinformatic Analyses

We followed the bioinformatics pipeline developed by [17] to: (1) correct sequencing
errors, (2) find reads without rDNA sequence and (3) remove chimeras and other erroneous
sequences. In order to reduce noise, singletons were also eliminated [41]. The remaining
reads were clustered into OTUs using the algorithm SWARM v2 [42]. The dominant reads
of each OTU were taxonomically assigned using the GGSearch algorithm from the FASTA
package [43] using both the curated ribosomal eukaryotic database PR? [44] and the SILVA
bacterial and archaeal database. Microbial OTUs with a sequence similarity threshold
(OTUs vs. PR?) of >90% were selected after eliminating the Prokaryotic, Metazoa and
Embryophyta OTUs [36].

2.5. Taxonomic Classification of Pathogen and Potentially Pathogenic Microorganisms

The original database of microbial eukaryotic OTUs was analysed, one by one, to
select the OTUs affiliated to pathogenic and potentially pathogenic microorganisms. Due to
the drastic effect of pathogenic chytrids on the global biodiversity of many species [45], and
with the aim of not missing any possible pathogenic sequence, a conservative criterion was
used for the phylum Chytridiomycota: all the chytrid sequences were selected and included
as “potential microbial pathogens sensu lato” for our analysis, as it was shown that in this
phylum there may be a continuum between saprotrophic and pathogenic/parasite style of
life depending on environmental conditions [1].

With the selected OTUs, we created a new database where the OTUs were classified in
function of: (i) their status as either fungi or protists; (ii) their affiliation to the taxonomic
level of phylum; (iii) their potential host (“Vertebrate”, “Invertebrate”, “Plant”, “Microbial
Eukaryote”, “Unknown”). An additional category was created for those per se nonparasitic
OTUs but that are known to act as a “Host” of pathogenic microorganisms (i.e., some
Amoebozoa OTUs).

The complete database of pathogenic OTUS and potential pathogenic OTUs (Chytrid-
iomycota) is included in the Supplementary Materials file (Table S1). All V4-rDNA se-
quences are deposited at the European Nucleotide Archive (Reference number PRJEB24091).

2.6. Statistical Analyses

Alpha diversity (Gini-Simpson, Shannon-Weaver and Evenness indexes) and beta
diversity estimates were computed based on raw reads using the R packages Vegan 2.5-2 and
Beta part 1.5.0. For beta diversity, both incidence-based and abundance-based dissimilarities
were calculated according to [46,47], respectively. Distance-decay similarity was obtained for
both components of beta diversity following [48]. The frequency of desiccation of the basins
was measured indirectly using the Area/Volume (A /V) ratio (the higher the A/V, the higher
the evaporation rate and the probability of desiccation, [49,50]). Student’s t-test was applied
to compare the alpha diversity indexes and richness in two groups of basins according to
their A/V ratio (basin with A/V > 1 and basins with A/V < 1). To visualise comparatively



Diversity 2023, 15, 594

50f18

the intra- and interbasin proportions of OTU richness and abundance, mosaic charts were
produced with R mekko package (vs 0.1.0). A Marimekko/Mosaic chart is a variable-
width (axis x) plot in which all the bars are of equal height (axis y). Both axes represent
categorical data and are shown relative to 100%. Canonical correspondence analysis (CCA)
was performed (package Vegan 2.5-2) to relate the abundance of the OTUs present in all
the basins to the matrix of chemical (explanatory) variables. These last were split into three
groups in function of their correlative content in the basins: micronutrients (Zn, Na, Al, Mn,
Fe, Ti, Si), heavy metals (Cr, Ni, Cu, Pb) and macronutrients (C, N, P, S, Mg). Significance
was obtained by permutation tests (number of permutations: 2000) for both the whole
model and the CCA axes. The significance of the CCA axes was examined further only
if the overall CCA model was found to be significant after permutation. Analyses were
conducted using the R software (R Development Core Team, 2013) (vs 3.5.0).

3. Results
3.1. Chemical Characterisation of Rock Basins

A heatmap representing the relative abundance of the chemical elements analysed is
illustrated in Figure 2. Element values are detailed in Table S2. Generally, basins had high
values of nitrogen and phosphorous, which are characteristic for eutrophic environments.
No distinctive pattern was observed in the chemical composition for any of the basins (or
groups of basins), apart from the clear separation of basin 9 (the control basin, as its depth
equals zero and therefore cannot hold water) from the rest of the basins by its very different
chemical profile (Figure 2). Most of the metal concentrations were within the certified
values for granite constituents (http://www.mintek.co.za, accessed on 19 March 2021),
except for Ti, Cu, Ni, Pb and Cr (Figure 2). Cu, Ni, Cr and Pb were present in the majority
of the sediments, and their concentration in some of the basins exceeded the reference
values permitted in soils [51]. High concentrations of these metals may have a potential
toxic effect on microorganisms and for biological communities.

[oc]

Mn Cr Cu Pbo N Fe Na Al Ni C Zn Ti Mg Si P S

Figure 2. Heatmap depicting the relative values of the elemental concentrations in each rock basin.
Only the basins with recorded values for all the parameters were included. Elemental concentrations
were standardised between basins (mean = 0, sd = 1), so colour scale represents standardised values
of each element at each basin. Dendrograms represent the clustering of rock basins (left dendrogram)
or chemical elements (top dendrogram) Euclidean distances (hierarchical clustering with complete
agglomerative method in both cases).
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3.2. Community Structure of Pathogenic and Potentially Pathogenic OTUs

Potential pathogenic microorganisms represented 158,127 reads. These reads ac-
counted for 15% of all microbial V4 reads found in the basins (1,059,658 reads; see [36]).
The reads were clustered into 577 OTUs, representing 21% of the total microbial OTUs
(2761 OTUs; see [36]), of which 54% belonged to pathogens and 46% belonged to the only
group classified as potential pathogens, Chytridiomycota. Rarefaction curves showed
that the OTU richness was not wholly retrieved, as the curves did not reach saturation
in any of the basins (Figure S1). The distribution of the richness and abundance of OTUs
(Figure 3) was nonuniform in the rock basins (Chi-squared = 357.5; d.f = 20; p-value < 1074
for differences in OTU richness; K-W = 467.7; d.f = 20; p-value < 10— for differences in
reads), with contrasting values ranging from 270 reads in basin 18 to 21,295 reads in basin
3. OTU richness was also highly variable, from 61 OTUs in basin 13 to 219 OTUs in basin 3.

o
wn
O Reads
B OTUs

o
=

30
|

% of total microorganisms
20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 156 16 17 18 19 20 21

Basin

Figure 3. Relative proportions (%) of reads and number of OTUs of pathogenic and potentially
pathogenic microbial eukaryotes in each of the 21 rock basins.

OTUs were classified according to their relative abundance in the basins: Rare (R):
OTUs with abundance values < 0.01%; Abundant (A): OTUs with abundance values > 1%;
Nonrare nonabundant (NRA): OTUs with abundance values > 0.01% and <1% (based
on [52]). Within each category, the average OTU abundance (K-W, p-value < 10~%) and
richness (x2-Square, p-value < 0.05) were not distributed homogeneously in the basins
(Figure 4).

These abundance categories (R, A and NRA) were analysed in function of their fre-
quencies of occurrence in the basins. No potential pathogenic OTU was found to be
exclusively abundant (A) when appearing in the basins, while 52.2% of the OTUs (302)
were exclusively rare (R). However, more than half of these (57.2%) only appeared in 3 out
of the 20 basins studied, and there was not a Rare OTU that appeared in all basins studied.
A total of 3.4% of the OTUs (20 OTUs) were found to be exclusively NRA and appeared
only in three or fewer basins. A proportion of 44.4% of the total OTUs (257) were found
with variable abundances depending on the basin (A, R and NRA, i.e., ARNRA); only 12 of
these last OTUs were present in all the basins (Figure 5).
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(all but the control). Rare: OTUs always within the Rare category. NRA: OTUs always within the
Nonrare nonabundant category. ARNRA: OTUs with values in the basins ranging within all three
categories (Abundant, Rare and Nonrare nonabundant). See Results section for a detailed description
of the categories.

3.3. Taxonomic Affiliation of OTUs and Abundance and Richness of Phyla

Pathogens found in the basins belonged to 11 eukaryotic Phyla, 3 of them within
Fungi and 8 within Protists (Figure 6 and Table 1). Fungi were represented by a higher
number of OTUs than Protists in all the basins, and their abundances were also higher in
18 out of 21 basins. The potential pathogens were represented for just one phylum, the
Chytridiomycota, which was the most abundant group in all but three of the basins. In five
of the basins, Ascomycota were the second most abundant group.

Abundance Richness
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Muc
HYP
OOoM
AP|
MES
CER
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AMO
BIG
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Figure 6. Marimekko charts showing the relative frequencies in the inter- and intrabasin abun-
dance and richness of pathogenic and potentially pathogenic OTUs (for the 21 basins). Both axes
represent categorical data and are shown relative to 100%. ASC: Ascomycota; CHY: Chytridiomy-
cota; CRY: Cryptomycota; MUC: Mucoromycota; HYP: Hyphochytriomycota; OOM: Oomycota;
API: Apicomplexa; MES: Mesomycetozoa; CER: Cercozoa; PER: Perkinsozoa; AMO: Amoebozoa;

BIG: Bigyra.
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Table 1. Abundance per basin (%), richness and putative host type [Host] of pathogenic and potential
microbial pathogenic OTUs. ASC: Ascomycota; CHY: Chytridiomycota; CRY: Cryptomycota; MUC:
Mucoromycota; HYP: Hyphochytriomycota; OOM: Oomycota; API: Apicomplexa; MES: Mesomyce-
tozoa; CER: Cercozoa; PER: Perkinsozoa; AMO: Amoebozoa; BIG: Bigyra. Host type: 1: Vertebrate;
2: Invertebrate; 3: Plant; 4: Microbial Eukaryote; 5: Unknown; 0: Human pathogen host.

Basin  Variable ASC CHY CRY MUC HYP OOM API MES CER PER AMO BIG FUNGI PROTISTS
1 Abun (%) 1.90 53.36 0.52 10.99 0.13 1.55 0.13 0.09 31.08 0.26 55.78 44.22
OTUs 19 80 3 7 3 2 1 1 7 2 102 23
[Host] [34,5] [5] [4,5] [4] [3,5] [1,2] [1] [3] [0] [5] [34,5] [0-5]
2 Abun (%) 2.29 5467 012 0.21 16.34 0.82 0.82 0.04 24.69 57.29 42.71
OTUs 25 91 6 1 7 13 9 1 9 123 39
[Host] [1,3,4] [5] [4,5] [4] [4] [3,5] [1,2] [3] [0] [1,3,4,5] [0-5]
3 Abun (%) 1.41 86.59 0.08 10.70 0.32 0.60 0.01 0.01 0.10 0.17 88.09 11.91
OTUs 52 113 4 10 18 6 1 1 1 7 169 44
[Host] [1-5] [5] [4,5] [4] [1,235] [1.2] [1] [3] [5] [0] [1-5] [0-5]
4 Abun (%) 6.60 64.80  0.02 0.22 13.04 1.72 0.49 0.02 1306  0.03 71.64 28.36
OTUs 60 98 2 1 8 10 3 1 6 2 161 30
[Host] [1,3,4,5] [5] [4,5] [4] [4] [2,3,5] [1] [5] [0] [5] [1,3,4,5] [0-5]
5 Abun (%) 13.79 68.82 0.05 12.54 0.62 0.20 0.01 0.02 3.95 82.66 17.34
OTUs 46 74 3 8 5 3 1 1 5 123 23
[Host] [34,5] [5] [4,5] [4] [3,5] [1,2] [3] [5] [0] [3/4,5] [0-5]
6 Abun (%) 2,51 51.04  0.02 4253 0.99 0.02 0.24 0.01 2.66 53.56 46.44
OTUs 36 79 2 15 8 2 2 1 5 117 33
[Host] [1,3,4,5] [5] [4,5] [4] [3,5] [1,2] [1] [3] [0] [1,3,4,5] [0-5]
7 Abun (%) 0.56 40.68 0.10 55.33 0.03 1.40 1.88 0.02 41.34 58.66
OTUs 10 43 1 8 2 6 3 1 54 20
[Host] [3,5] [5] [4,5] [4] [3,5] [1,2] [0] [5] [3,5] [0-5]
8 Abun (%) 2.83 86.76 9.73 0.03 0.12 0.03 0.47 89.59 10.41
OTUs 42 102 9 4 3 2 5 144 23
[Host] [1,3,4,5] [5] [4] [3,5] 1,2] [5] [0] [1,3,4,5] [0-5]
9 Abun (%) 11.11 62.59 14.07 1.48 4.82 0.74 4.81 0.37 73.70 26.30
OTUs 8 43 6 4 5 1 5 1 51 22
[Host] [1,3,5] [5] [4] [3,5] (1] [1] [0] [5] [1,3,5] [0-5]
10 Abun (%) 16.22 33.25 0.05 41.41 0.86 5.59 0.10 0.05 247 49.52 50.48
OTUs 25 59 1 11 6 3 1 1 5 85 27
[Host] [34] [5] [4,5] [4] [3,5] [11 [3] [5] [0] [3,4,5] [0,1,3,4,5]
11 Abun (%) 7.74 49.69 0.16 23.88 0.45 0.08 0.04 17.95 57.60 42.40
OTUs 31 71 2 7 7 1 1 6 104 22
[Host] [1345] [5] 4,5] [4] [2,3,5] (1] [1] [0] [1,345] [01345]
12 Abun (%) 1.69 7514  0.06 14.76 0.22 1.79 0.02 0.11 6.21 76.89 23.11
OTUs 27 79 4 9 10 6 1 2 4 110 32
[Host] [1,345] [5] [4,5] [4] [2,3,5] [1,2] [3] [5] [0] [1,34,5] [0-5]
13 Abun (%) 7.71 57.74 21.29 1.26 5.18 6.82 65.45 34.55
OTUs 13 29 3 5 4 6 42 18
[Host] [1,34] [5] [4] [2,3,5] [1,2] [0] [1,34,5] [0-5]
14 Abun (%) 1155 7614  0.10 8.42 0.14 2.37 0.76 0.52 87.79 12.21
OTUs 4 82 2 9 5 9 2 5 126 30
[Host] [1,345]  [5] [4,5] [4] [2,3,5] [1,2] [5] [0] [1,34,5] [0-5]
15 Abun (%) 1868 6455  0.03 15.26 0.19 0.06 1.24 83.26 16.74
OTUs 32 54 1 5 4 2 3 87 14
[Host] [1,3,4] [5] [4,5] [4] [3,5] [1] [0] [1,345] [01,34,5]
16 Abun (%) 26.40 58.17 0.23 14.05 0.42 0.11 0.01 0.02 0.03 0.56 84.80 15.20
OTUs 64 105 6 15 10 4 1 3 2 4 175 39
[Host] [1,345] [5] 4,5] [4] [1,3,5] [1,2] [1] [3] [5] [0] [1,3/4,5] [0-5]
17 Abun (%) 2.70 5924  0.06 6.36 1.72 28.69 0.23 0.06 0.11 0.84 62.00 38.00
OTUs 22 67 1 5 8 5 1 1 2 4 90 26
[Host] [3,4,5] [5] [4,5] [4] [2,3,5] [1,2] [1] [3] [5] [0] [3,4,5] [0-5]
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Table 1. Cont.

Basin  Variable ASC CHY CRY MUC HYP OOM  API MES CER PER AMO BIG FUNGI PROTISTS
18 Abun(%) 1608 3567 453 1623 1725 073 8.63 0.88 56.29 43.71
OTUs 10 43 4 3 7 3 1 2 57 16
[Host] [1,3] (51 [4,5] [4] [235]  [12] (1 [0] [1,3,5] [0-5]
19  Abun (%) 746 3154 098 54.16 1.83 0.37 1.59 012 037 159 39.98 60.02
OTUs 13 40 5 6 4 3 2 1 1 4 58 21
[Host] [1,345] [3] [4,5] [4] [235]  [12] (1 [3] 5] [0] [1,34,5] [0-5]
20  Abun(%) 3138 4118 506 17.78 1.01 1.98 0.01 026 010 125 77.61 22.39
OTUs 55 86 6 13 16 7 1 3 1 5 147 46
[Host] 2345  [5] [4,5] [4] [235]  [12] (1 [3] 5] [0] [2,345] [0-5]
21 Abun (%) 361 9438 015 0.84 0.07 0.33 026 037 98.14 1.86
OTUs 22 50 2 3 2 3 1 3 74 12
[Host] [1,3,5] (5] [4,5] [4] 3] [1] 5] [0] [135]  [0,1345]

In terms of OTU richness, Chytridiomycota was also the most represented group,
but the second richest were always Ascomycota. Some phyla (Mucoromycota and Bigyra)
appeared in very few basins and with very low OTU abundances and richness (Table 1).
In two basins, Amoebozoa (here represented by potential “host” species closely related to
Vermamoeba vermiformis) were the second most abundant group.

Some of the OTUs had a wide span of potential hosts, as those belonging to the phyla
Ascomycota and Oomycota, while others were more host-group specific (Apicomplexa,
Mesomycetozoa). For some groups, such as Chytridiomycota, the potential host type could
not be named, owing to the lack of taxonomic resolution below family rank.

3.4. Relationship of OTUs with Basin Morphometry and Chemical Parameters

Alpha diversity descriptors were compared between the two groups of basins grouped
in function of their Area/Volume (A/V) ratios (A/V > 1; n = 12 basins and A/V < 1;
n = 8 basins), used as a proxy of the likelihood of basin desiccation. No statistically
significant differences (p-value > 0.05; Student’s t-test) were found for the diversity indexes,
which showed very similar values in both groups of basins (Figure 7). However, the basin
A/V ratio seemed to affect the OTU richness, as the number of OTUs was correlated with
higher frequency of desiccation (p-value < 0.05; Student’s ¢-test) (Figure 7), as predicted.
Any other morphometric indicators of the basins (length, width, depth, area or volume
separately) did not show correlation with the alpha diversity metrics of the microbial
pathogens (Rho Spearman correlations’ p-value > 0.05; results not shown).
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Figure 7. Values for the diversity indexes of Shannon (H), Simpson, Pielou Evenness and OTUs
richness in basins with Area/Volume ratio (A/V) > 1 or basins with A/V < 1. Significance was tested
by Student’s t-test; p < 0.05. * means significant differences.

Moreover, both the OTU composition and the chemical variables were ordinated by
Nonmetric Multidimensional Scaling (NMDS) in function of the two A/V basin groups (see
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Figure S3 in Supplementary Materials). Results showed no relationship of any of the two
A/V clusters of basins with either the composition in OTUs or the chemical variables, as
indicated by the overlapped Ordihull convex figures of both groups of basins (Figure S3).

To evaluate the influence of the chemical environment on the variation of OTU com-
position, we then performed a canonical correspondence analysis (CCA), first on all non-
pathogenic OTUs present in the basins (47 OTUs Table S3, Supplementary Materials), to
set up a framework for comparison, and then for the common pathogenic and potential
pathogenic OTUs (12 OTUs, highlighted in red in Table S3, Supplementary Materials).
The CCA model did not show any significant association between the abundance of non-
pathogenic microbial OTUs and the macronutrients (C, N, P, S and Mg) or the heavy
metals (Cr, Ni, Cu and Pb) (p-value = 0.34 and p-value = 0.07, respectively, for the CCA
models). Nevertheless, the abundance of these microbial OTUs had a significant relation
to micronutrients (Na, Al, Mn, Fe, Ti and Si) (p-value = 0.003). Three groups of OTUs
could be observed (Figure 8a). Basin 21 is associated with OTU 38 (affiliated to a noniden-
tified oxytrichid ciliate). Another group clustered with OTUs affiliated to Chlorophyta
Stephanosphera sp. (OTU 2), ciliate Halteria grandinella (OTU 8) and Cercozoan Limnofila
anglica (OTU 68) is associated with basin numbers 1, 7 and 13. Finally, a third group
contained the OTUs related to the streptophyte Staurastrum punctulatum, the ciliate Colpoda
magna, the chlorophyte Monomastix opisthostigma and a dinoflagellate (Order Suessiales)
(OTUs 49, 50, 67, 78) with the basin number 16. These two last groups of OTUs had their
highest abundance for medium-high values of Si, Mn and Al, and medium-low values for
Na, Ti and Fe (Figure 8a).
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Figure 8. Statistically significant canonical correspondence analysis (CCA) between the chemicals and
the 47 nonpathogenic microbial eukaryotic OTUs present in all the basins (a) and the 12 potentially
pathogenic microbial eukaryotic OTUs present in all the basins (b). Colour code: Basins (black),
OTUs (red), chemicals (blue).
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The CCA model of pathogenic and potentially pathogenic OTUs showed statistically
significant association (p-value = 0.002) with some heavy metals (Pb, Cr, Cu and Ni).
The OTU 102, related to the chytrid genus Powellomyces, was associated with high Pb
concentrations, and the OTU 41, linked to another chytrid genus (Rhizophlyctis), with high
levels of Ni, Cr and Cu (Figure 8b).

4. Discussion

This study reveals that about a fifth (21%) of the eukaryotic OTUs present in the
basin sediments are affiliated with pathogenic and potential pathogenic microbes, and
some of them obligate parasites. Their sequences represent 15% of all microbial reported
in these granite basins [36]. These proportions are within the range of values reported
in previous studies for other continental microbial habitats. Lepere et al. [53] indicated
that up to 30% of the sequences found in a mesotrophic lake came from chytrids and
Perkinsozoa. Their results are in line with our study, even if the sequencing methods differ
(Sanger vs. Illumina). Another study [54] showed that putative parasites accounted for
6.1% of the reads and 12.4% of the OTUs found in Lake Baikal. Proportions of pathogenic
eukaryotic micro-organisms may be even higher, as found by [7] in a study of the molecular
diversity of protists in neotropical rainforest soils where the parasitic Apicomplexa were
the dominant communities.

The resilience and adaptation of fungi living in extreme habitats, supported by their
high genetic plasticity, may cause some of the fungi in harsh environments to develop
the capacity to infect other organisms, even in the absence of virulence factors [38,55].
Many fungi display versatile ecological strategies to adapt and survive in environments
with extreme temperatures, periods of low nutrient availability, prolonged desiccation and
solar irradiation: all these are characteristics of the granite rock basin habitats studied.
Therefore, unknown fungi present in unexplored habitats may have potential and emergent
pathogenic virulence factors that threaten plants, animals and humans [55]. In fact, most
fungi are considered to be facultative parasites (with no need to passage through a host as
an obligate step in their life cycle), and whose opportunistic pathogenicity derives mostly
from strategies developed to counteract environmental stresses [13]. In this context, most
of the pathogens we encountered in these unpredictable habitats could be considered to be
opportunists. Ascomycota, Oomycota, Hyphochytridiomycota and Chytridiomycota are
composed of opportunistic pathogens that can potentially also live as decomposers. Only
the Mesomycetozoa and the Apicomplexa have at least one parasitic life stage (i.e., one life
stage obligatorily includes life inside a host); these organisms, however, were generally in
low abundance (0.08% and 1.39%, respectively, of all pathogenic reads).

The most abundant reads of pathogenic and potential pathogenic microbes (up to 53%)
corresponded to OTUs affiliated with Chytridiomycota. This group is largely composed of
opportunistic pathogens of plants, animals and algae, as well as saprozoic species. This
corroborates our hypothesis that granitic basins should host a majority of opportunistic
pathogens. The approach of including all the Chytridiomycota as ‘potentially pathogens
sensu lato” means that our estimate of the number of pathogenic species within this phylum
might possibly be affected by an inclusion bias, that is, classifying a chytrid fungus that
cannot be pathogenic as a pathogen. As we are only beginning to understand the many
roles of microbes in soils [2,56], the ecological role of many species is not known, and
there are many chytrid species which cannot be described as having either pathogenic or
nonpathogenic treats, but instead they may be living in a continuum between free living
and parasite life strategies [1]. Therefore, we have here applied a conservative approach:
if Chytridiomycota includes members that are pathogens, then all other clade members
are likely to be at least potentially pathogenic under environmental stress, as is the case of
the ecosystems studied. This approach was followed with the aim of not discounting any
obligate or facultative species of pathogens within the Chytridiomycota.
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The dominance of Chytridiomycota in freshwater habitats was already reported in
several studies [15,16,20,30,53,57]. Chytridiomycota are putatively prime decomposers,
often specialised in degrading refractory materials such as chitin, keratin and cellulose [58],
which is reflected in the opportunistic pathogenic lifestyle that most species seem to have.
These microbial fungi have motile, waterborne zoospores that can be resilient through
cyclical desiccation periods. There is a growing interest in the study of chytrids due to
their role as parasites of vertebrates and phytoplankton. A wealth of recent research has
been devoted to phytoplankton chytrid parasites [10,59,60]. Although we did not find
sequences of chytrid-amphibian parasites (i.e., Batrachochytridium spp.) in the granitic basins
studied, their pathogenesis and negative influence on amphibian population survival were
extensively investigated in other habitats of the same National Park studied here [61,62].
Chytrids were reported to be common in high altitude soils decomposing large amounts of
pollen and also feeding on dead algae [63]. This may also be the case in the basin sediments
studied here, where a high amount of Chlorophyta-like sequences were found [36]. Yet,
it was recently suggested that chytrids may turn from decomposers to parasites and vice
versa when environmental conditions change [1], which means that many decomposers
are “facultative” (potential) pathogens. Undoubtedly, more studies are still needed to
understand the ecological role of chytrids as pathogens of other microbial groups and the
causes that trigger their pathogenicity [1].

Several other OTUs retrieved from the basins were also of agro-economic and public
health importance. We found reads related to Pythium, a genus that include pathogens with
a high incidence in crop plants and forest species [64,65], and on zooplankton such as clado-
cerans [66]. Other OTUs related to Oomycota belonged to Lagedinium. Although most are
invertebrate-parasites, sequences such as L. giganteum, which may infect mammals includ-
ing humans [67], were also detected. The reads affiliated with Apicomplexa corresponded
to invertebrate (Gregarines, and Adelina and Stenophora-like sequences) and Eimeria-like
OTUs, probably parasitising vertebrates. Regarding Ascomycota, OTUs with 100% ho-
mology with species of the genus Candida (C. haemulonis, C. orthopsilosis, C. parapsilosis)
were identified; these are opportunistic pathogens that can affect humans [68]. Addition-
ally, in Ascomycota, we retrieved reads related to Chrysosporium indicum, which causes
secondary infections in pododermatitis-associated processes in cattle (http://vetbook.org,
accessed on 4 December 2021), and phytopathogenic Podosphaera-like sequences. Within
the Amoebozoa, OTUs associated with Vermamoeba vermiformis (Hartmanella vermiformis),
a naked amoeba described as a host of human pathogenic bacteria and associated with
cases of meningoencephalitis and bronchopneumonia, were identified [69,70]. Few and
low-abundant OTUs with similarities to the parasitic Mesomycetozoa and Perkinsida were
also retrieved from the basins.

Abundance of reads and richness of OTUs were differently distributed among the
basins. Beta diversity dissimilarity was mostly due to spatial turnover, that is, to the
replacement of OTUs from one basin to another. This dissimilarity was not correlated to the
spatial distance between basins (see Supplementary Materials, Figure S2 and Table S4). All
these features emulate those shown by our previous study on total microbial OTUs [36] and
reflect a similar distribution pattern for free-living and pathogenic microbial communities
in mountain rock basin habitats.

We found that richness of pathogens and putative pathogens was higher when the
probability of basin desiccation was higher. Intuitively, a high basin desiccation frequency
(high A/V) and the prevalence of inundations that do not last long enough to allow
microbial reproduction should pose environmental stresses that may trigger mortality [50].
A possible explanation for our results is that the increase in desiccation provoked spore
formation and dormancy rather than mortality. Indeed, (facultative) parasites are selected
for producing large amounts of resistant propagules that can withstand long periods of
inactivity while waiting for a host [71]. Therefore, it is anticipated that a higher richness of
pathogenic OTUs will be recovered from the sediments in basins with higher frequency of
desiccation. Such conditions may favour opportunist organisms that have considerable


http://vetbook.org

Diversity 2023, 15, 594

14 0f 18

dispersion abilities and that can easily withstand adverse conditions. Alternatively, the
stress of desiccation may not have been a strong community structure limiting factor,
as the existence of competition-based traits among the hosts, and the consequent loss
of hosts occurring when hydro periods extend, may therefore render more richness of
pathogenic OTUs when the desiccation frequency increases. These hypotheses need to be
further explored by direct measurements of basin hydrological regimes in long time series
studies [72].

The most likely mechanism for pathogen arrival in basins is through the spores. In
chytrids, flagellated zoospores are the key dispersal phase of the cell cycle, but they also are
the free-living motile and infectious life stage and are believed to actively search for new
hosts by chemotaxis [1]. The dispersal of chytrids can actually be a rather complex process
and may involve passive and active dispersal. Passive dispersal involves mediation by
outside forces, such as the movement of water, wind, soils, animal vectors or other microbes,
and active dispersal is driven by organismal intrinsic traits, i.e., motility and response
to chemical signalling or chemotaxis [39]. Therefore, the arrival of chytrids, and other
pathogens, in rock basins and the surrounding environment, may occur following a random
(stochastic) pattern, mediated by abiotic, mechanical mechanisms such as wind [73] and
phoresis [74], but may also be the consequence of a deterministic process when collective
traits, such as spore formation, active movement and dormancy can select groups of
microbes, making them better suited for dispersal [39].

On the other hand, the numbers of chytrids or other pathogens isolated from the rock
basins may not always reach the threshold of abundance or propagule frequency and size
needed to become pathogenic. Therefore, it is plausible to think that some of the pathogenic
OTUs found belong to organisms that did not actually develop their whole life cycle in the
basins, but that just remain and accumulate inside these habitats.

The study of sediment chemistry revealed that the effect of chemical variables on
the distribution of the OTUs inhabiting all the basins is different for nonpathogenic and
for pathogenic (and potential pathogenic) microorganisms. Micronutrients were the most
influential factor on the community composition of nonpathogenic OTUs, while heavy
toxic metals were the most significant variable for the potential pathogens. Interestingly,
two OTUs related to chytrid fungi, so far never described formally as microbial pathogens,
appeared clearly related to high values of heavy and toxic metals: Powellomyces sp. and
Rhizophlyctis rosea. Both organisms are known for their resilience, with spores able to
withstand drought and extreme temperatures [75]. Some fungi have the ability of biosorp-
tion of metals accumulating in their cell wall, and several mechanisms of metal resistance
were previously described (see [76] for a comprehensive review). Their probable resis-
tance towards heavy metals is also a feature that gives them the opportunity to colonise
new environments.

In conclusion, our results show that rain-fed rock basins might be genetic repositories
for (mainly opportunistic) microbial pathogens that are favoured by the unstable conditions
of these systems. Some may also have a bioindicator potential. Our study emphasizes
the isolation and biotic/abiotic heterogeneity of these transitory aquatic environments
and highlights them as habitats in which to explore the ecological relevance of potential
pathogens and their impact on host population dynamics and the planktonic food web
structure. The high proportion of chytrid-like sequences found advocates the study of these
habitats as models for adding knowledge on the ecological and physiological trade-offs of
the highly abundant but functionally still rather unknown Chytridiomycota.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/d15050594 /51, Table S1: Database sheet of pathogenic
and potential pathogenic OTUs and their taxonomic resolution; Table S2: Numerical values for
the chemical parameters analysed in the rock basins; Table S3: Taxonomic affiliation of the overall
microbial eukaryotic OTUs with 100% of occurrence in the basins. Pathogen and potential pathogens
are highlighted in red. Table S4: Values of Beta diversity components for the potential pathogenic mi-
crobial eukaryotes in the rock basins; Figure S1: Size-based rarefaction (solid line) and extrapolation
(dashed line) for each rock basin sampled; Figure S2: Relationship (exponential decay model [48])
between Beta diversity components and the spatial distance among basins; Figure S3: Nonmetric
Multidimensional Scaling (NMDS) ordination plot for the OTUs (top) and for the chemical variables
(bottom) in function of the two A/V basin groups (A/V <1, black; A/V > 1, red). A polygon for the
convex hulls encircling each cluster was drawn. NMDS was conducted with two components, using
Bray—Curtis distance in the case of OTUs and Euclidean distance on standardised values in the case
of chemical variables.
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