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Abstract

At particular stages during their life cycles, fungi use multiple strategies to form specialized structures to survive
unfavorable environmental conditions. These strategies encompass sporulation, as well as cell-wall melanization, mul-
ticellular tissue formation or even dimorphism. The resulting structures are not only used to disperse to other environ-
ments, but also to survive long periods of time awaiting favorable growth conditions. As a result, these specialized
fungal structures are part of the microbial seed bank, which is known to influence the microbial community composi-
tion and contribute to the maintenance of diversity. Despite the importance of the microbial seed bank in the envi-
ronment, methods to study the diversity of fungal structures with improved resistance only target spores dispersing
in the air, omitting the high diversity of these structures in terms of morphology and environmental distribution. In
this study, we applied a separation method based on cell lysis to enrich lysis-resistant fungal structures (for instance,
spores, sclerotia, melanized yeast) to obtain a proxy of the composition of the fungal seed bank. This approach was
first evaluated in-vitro in selected species. The results obtained showed that DNA from fungal spores and from yeast
was only obtained after the application of the enrichment method, while mycelium was always lysed. After validation,
we compared the diversity of the total and lysis-resistant fractions in the polyextreme environment of the Salar de
Huasco, a high-altitude athalassohaline wetland in the Chilean Altiplano. Environmental samples were collected from
the salt flat and from microbial mats in small surrounding ponds. Both the lake sediments and microbial mats were
dominated by Ascomycota and Basidiomycota, however, the diversity and composition of each environment differed
at lower taxonomic ranks. Members of the phylum Chytridiomycota were enriched in the lysis-resistant fraction, while
members of the phylum Rozellomycota were never detected in this fraction. Moreover, we show that the community
composition of the lysis-resistant fraction reflects the diversity of life cycles and survival strategies developed by fungi
in the environment. To the best of our knowledge this is the first time that the fungal diversity is explored in the Salar
de Huasco. In addition, the method presented here provides a simple and culture independent approach to assess
the diversity of fungal lysis-resistant cells in the environment.
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Introduction

The vast majority of fungal species form at a particular
stage of their life cycle, single or multicellular specialized
structures to reproduce or as a strategy to survive unfa-
vorable environmental conditions. These structures are
central in the life cycle of most fungal species. The most
common strategy for survival or dispersal is the forma-
tion of spores. Fungal spores are specialized dormant
cells that serve different purposes: reproduction, dis-
persal, and survival [1-3]. Accordingly, there is a large
diversity of fungal spores that vary in shape, mode of
formation, and state of dormancy, as well as in their level
of stress resistance [4]. Many fungal species form dif-
ferent types of spores within their life cycle, with sexual
spores being used for resistance and asexual spores for
clonal dispersion. However, depending on the species,
both types are known to be resistant to abiotic and biotic
stress factors [5]. For example, the asexual spores (micro-
conidia) of Fusarium oxysporum are as resistant to anti-
fungals as vegetative cells [6], whereas the sexual spores
of other species, like those of Aspergillus spinosus, Pae-
cilomyces variotii, and Talaromyces macrosporus, show a
heat-resistance similar to that of bacterial endospores [7].

Fungi are also remarkable in the morphological diver-
sity of their vegetative phases, which may be unicel-
lular, such as yeasts, or pluricellular, such as in the case
of mycelial fungi. Some fungi can even transit from the
yeast to the (pseudo)-hyphal stage, an ability termed
dimorphism. This dimorphism is also part of their resist-
ance to abiotic or biotic stresses. In this case, the yeast
stage may be considered as an intermediate between
spores and an actively metabolizing filamentous vegeta-
tive phase in regard to resistance. This is in particular the
case of the so-called black fungi, which are considered
poly-extremophiles and among the most stress-resistant
eukaryotes on Earth [8, 9]. Finally, in addition to spores,
fungi also form multicellular resistant structures called
sclerotia that can remain latent in the environment for
years. While some sclerotia are large and visible to the
naked eye, other are minute structures that cannot be
seen macroscopically (e.g., microsclerotia of Verticillium
spp.) [10].

Up to now, the majority of studies about the taxo-
nomic diversity of single or multicellular specialized fun-
gal structures providing resistance in the environment
have been focused on fungal spores suspended in the air
[11-15]. On the other hand, studies on the fungal diver-
sity in soils often target the diversity of specific functional
groups (mycorrhiza or fungal pathogens) or the overall
fungal diversity [16-21], but do not make a distinction
between mycelium and other structures that enhance
survival (such as spores or sclerotia). It is noteworthy
to mention that a few studies have specifically targeted
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spore diversity of arbuscular mycorrhizal fungi (AMF) in
soils by applying methods such as spore washing [22, 23].
This is feasible by the fact that AMF spores are large (40—
800 um) [24, 25] and thus easy to isolate by sieving. How-
ever, these methods are time consuming and susceptible
to contamination during the multiple manipulation steps.
As a result, generalized experimental procedures to spe-
cifically assess structures that promote survival in fungi
in complex environments such as soil and sediments are
currently inexistent.

Unicellular and multicellular specialized structures
that promote survival can remain viable for long periods
of time in the environment, becoming part of microbial
seed banks, which have been shown to influence the
microbial composition of an environment and to con-
tribute to the maintenance of diversity [3, 26]. Thus, the
development of more efficient methods that allow the
assessment of this fraction in non-aerial samples would
enable the study of fungal population shifts and the
diversity of the fungal seed banks in soil, water, micro-
bial mats, and other types of environmental samples. In
this study, we assessed whether a method previously vali-
dated for the physical separation of bacterial endospores
[27] could also be used to investigate the diversity of
fungal structures involved in enhanced survival (spores,
sclerotia, zoospores or zygospores) in the environment.
In the case of bacteria, an important property of many
known survival structures is their resistance to lysis.
This was the basis to develop a method that uses physical
and chemical treatments to lyse non-resistant cells and
to enrich lysis-resistant structures [27]. When applied
to bacterial communities, the procedure results in the
enrichment of endospores from Firmicutes, but also
lysis-resistant spores from other bacteria such as Actino-
bacteria or Cyanobacteria [28]. Even though in the case
of the various structures promoting survival in fungi,
their enhanced resistance to lysis has not been assessed
systematically, previous studies have shown that lysis of
survival structures such as spores requires harsher condi-
tions [29], and that modifications in the spore wall com-
position and structure promote resistance [30]. Similarly,
the modifications undergone during sclerotia tissue dif-
ferentiation provide resistance to lysis [31]. Therefore,
one could expect that the application of the procedure
to enrich lysis-resistant cells would also result in the
enrichment of fungal taxa able to form cellular structures
with enhanced survival properties (herein referred to as
spores and spore-like cells).

The use of the method for enriching lysis-resistant cells
has been recently extended to study lysis-resistant com-
munities in archaea. While in bacteria, lysis-resistance
was shown to be restricted to a few groups, in archaea,
resistance to lysis was widely spread [32]. This is likely
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due to specific cellular adaptations (i.e., lipid composi-
tion, diversity of cell envelope composition) within this
domain [33-36]. Considering the diversity in morphol-
ogy, function, formation, and resistance of fungal spores
and spore-like cells, we hypothesized that, as in the case
of Archaea, lysis-resistance will be widespread in fungi.
This would reflect the multitude of morphological adap-
tations promoting survival in fungi. To test this hypoth-
esis, we first validated the enrichment method for its
application in fungi using mycelium-only biomass and
resistant structures (sexual and asexual spores and yeast
stages) from various clades: Aspergillus niger, Ulocla-
dium alternata, Coprinopsis cinerea, Mortierella antarc-
tica, and Candida albicans. These fungi were selected
to represent different life cycles and types of special-
ized resistant structures. After validation, we applied
the method to environmental samples, with the aim of
assessing the abundance and diversity of fungal lysis-
resistant structures. The samples were collected in the
polyextreme environment of the Salar de Huasco. The
Salar de Huasco is a high-altitude athalassohaline wet-
land located in the Chilean Altiplano at an altitude of
3,800 m.a.s.l. In addition to the high altitude, daily tem-
perature changes from—10° to+ 25 °C, high solar radia-
tion < 1100 W/m? and a negative water balance, are other
extreme environmental conditions in this ecosystem [37,
38]. Furthermore, a high biodiversity of endemic bacteria
and archaea has been reported for this salt flat [39-41],
while the fungal diversity has never been explored. This
is major knowledge gap in this ecosystem given that fungi
are now recognized as key microbial players in extreme
environments [42].

Results

Effect of the lysis-resistant enrichment method on pure
cultures

Representatives of different fungal species were selected
to produce a diversity of morphological structures
including: non-melanized mycelium and asexual mel-
anized spores of A. niger (Ascomycota); melanized myce-
lium and asexual spores of U. alternata (Ascomycota);
non-melanized mycelium and sexual and asexual spores
of C. cinerea (Basidiomycota); non-melanized mycelium
and asexual spores of M. antarctica (Mucoromycota);
and yeast cells of C. albicans (Ascomycota).

The resistance to lysis for each type of sample was eval-
uated by comparing the amount of DNA obtained after
the method to enrich lysis-resistant cells to the DNA
extracted directly (Additional Table 1). Our results show
that the amount of DNA extracted depended on the type
of sample (mycelium, spores or yeast stage), as well as on
the type of extraction performed (DNA extraction after
the enrichment treatment or without the enrichment).
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We arbitrarily chose to compare DNA yields from the
extraction without normalization to initial biomass, as
DNA concentrations per cell vary in Fungi [43, 44]. For
A. niger and U. alternata, after the lysis-resistant enrich-
ment treatment, DNA was obtained from spores only
(Fig. 1A and B). In contrast no DNA was recovered from
the mycelium samples with either extraction method.
Similarly, a low amount (0.077 ng/pl and 0.111 ng/pl
respectively) of DNA from the sexual and asexual spores
of C. cinerea, was only recovered after the enrichment
treatment, while mycelial DNA was only recovered with
the direct DNA extraction method (Fig. 1C). Concerning
M. antarctica, no DNA was recovered from the spores
after the direct DNA extraction method, and only a very
low amount of DNA (0.06 ng/pl) was recovered after the
lysis-resistant enrichment method. Moreover, DNA from
the mycelium samples was only obtained after the direct
DNA extraction method (Fig. 1D). On the other hand, for
C. albicans, which was only used under its yeast stage, a
substantial amount of DNA (3.56 ng/ul) was recovered
using the direct DNA extraction method, while only a
small amount of DNA (0.086 ng/pl) was recovered using
the lysis-resistance method (Fig. 1E). In agreement with
the results obtained for the DNA quantification, micro-
scopical images showed that spores of all species assessed
can resist the enrichment method (Fig. 1). However, in
the case of M. antarctica, the quantity of spores was too
small to allow the generation of good optical microscopy
images after the treatment.

Fungal diversity in the Salar de Huasco

Samples were collected from two different environments
at the Salar de Huasco: lake sediments from the main
saline lake and microbial mats from small ponds sur-
rounding the main lake (Fig. 2A). From the main saline
lake, seven sediment core samples were collected along a
salinity gradient ranging from 53 to 0.706 PSU. The pH
in the lake ranged between 8.22 and 8.43 (not following
a specific gradient). From the small ponds surrounding
the main saline lake, 20 microbial mat samples were col-
lected from 18 ponds randomly selected. The microbial
mats varied in color, texture, and location. The pH in
these ponds ranged between 7.67 and 9.74, and the salin-
ity from 0.41 to 4.22 PSU. In both types of environments
(lake sediments and microbial mats), the fungal diversity
was assessed for the total fraction (i.e., DNA extraction
without prior treatment to enrich lysis-resistant cells)
and for the lysis-resistant fraction (i.e., after the applica-
tion of the enrichment method).

Representatives of the Ascomycota and Basidiomycota
were the most abundant in the total community frac-
tion in both environments. Furthermore, representa-
tives of Chytridiomycota were present at a higher relative
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Fig. 1 Validation of the lysis-resistant enrichment method. Bar plots showing the DNA concentration in ng/pl from the direct DNA extraction
(“Total"in blue) and after the application of the method to enrich lysis-resistant cells (“Lysis-resistant”in red) for mycelium, sexual spores, asexual
spores and/or yeast stage of different fungal species. A Aspergillus niger; B Ulocladium alternata; C Coprinopsis cinerea; D Mortierella antarctica; E
Candida albicans. For A, B, C, and E: Microscopic images on the right show the spores before (a) or after (b) the lysis-enrichment method prior to
DNA extraction. Due to the small number of spores after the enrichment method in U. alternata and the low concentration in M. antarctica, no

microscopic images could be obtained from them

abundance in the microbial mats than in the lake sedi-
ments, while the contrary was observed for Amplicon
Sequence Variants (ASVs) assigned to the Rozellomy-
cota phylum. ASVs assigned to the phyla Mucoromycota,
Monoblepharomycota, and Glomeromycota, were only
present in the microbial mats, but their relative abun-
dance was low (below 0.04; Fig. 2B). Moreover, although
representatives of the Aphelidiomycota phylum were
present in both environments, their relative abundance
in the microbial mats was below 0.0014 and is not visible
in Fig. 2B. Another difference between the fungal com-
munities in lake sediments and microbial mats was the
large fraction of unidentified ASVs present in the latter,

as compared to the lake sediments, in which the uniden-
tified fraction, at the phylum level, is negligible. When
comparing the overall composition of the fungal commu-
nities in the total and the lysis-resistant fractions, only a
few differences could be observed. More specifically, the
relative abundance of Basidiomycota and Chytridiomy-
cota was higher in the lysis-resistant fraction, while the
phylum Rozellomycota was only present in the total com-
munity of both types of environments.

From this first assessment, we decided to evaluate
each environment separately, to reduce the effect of the
environment type and to better assess the effect of the
enrichment method on the characterization of the lysis
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Fig. 2 Fungal diversity at the Salar the Huasco. A Sampling zones indicating the position of the seven sediment cores collected from the main
saline lake (right) and the ponds in which 20 microbial mat samples were collected (left). B Assessment of the fungal community composition per
environment. Bar plots showing the fungal community composition at the phylum level, in the total community (DNA extraction from samples
without enrichment) and lysis-resistant fraction (after lysis-resistant enrichment treatment) in the lake sediments (right) and microbial mats (left)

resistant community. This decision was supported by a
Principal Coordinates Analysis (PCoA) of the total com-
munity, which showed a clear separation of both environ-
ments (Fig. 3A), with the samples from microbial mats
presenting a broader dispersion than those from the lake
sediments. Moreover, the Bray—Curtis beta diversity
between the two environments was statistically different
(p-value 0.0202). In contrast, the PCoA analysis of the

lysis-resistant community showed an overlap of the two
environments (Fig. 3B) and the beta diversity was not sta-
tistically different (p-value 0.327). This indicated that the
lysis-resistant fraction is partially similar in both environ-
ments. Accordingly, the Venn Diagram in Fig. 3C shows
that 21.84% of the ASVs were shared among the lysis-
resistant fraction (green and blue ovals) of both environ-
ments, whereas for the total community, only 17.49% of
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the ASVs were shared between the two environments
(red and orange ovals).

Diversity of lysis-resistant fungi in the Salar de Huasco

The community analysis (PCoA) was performed using
all samples, but for the comparison of the total versus
the lysis-resistant fractions, only samples that could be
paired (i.e., present in each fraction) were retained. For
the lake sediments, sample 5 could not be analyzed as
there was not enough sediment to perform the analy-
sis. Furthermore, amplicons could not be generated
from two samples of the lake sediments (total commu-
nity 3.1.1 and 6.3.1) and from three samples of microbial
mats (lysis-resistant fraction 5 and 13, and total commu-
nity 15). These samples were removed to only consider
paired samples (lysis-resistant vs total fraction) for the
comparative analysis. A PCoA of the lake sediment and
microbial mats is shown respectively in Fig. 4A and B. In
both environments, the total community and lysis-resist-
ant fractions overlapped. Not only was there no clear
separation between the total community and the lysis-
resistant fraction in the PCoA, but Shannon—Weaver
and Simpson diversity indices calculated for the total
community versus the lysis-resistant fraction were not
statistically different (statistical difference in lake sedi-
ments p-value=0.844 for the Shannon—Weaver index
and p-value=0. 0.939 for the Simpson index; in micro-
bial mat p-value=0.573 for the Shannon—Weaver index
and p-value =0.992 for the Simpson index).

Diversity at the phylum level

To better understand the effect of the enrichment
method on the community composition, the relative
enrichment of each phylum in the total versus the lysis-
resistant fractions was plotted for the lake sediments
(Fig. 4C) and the microbial mats (Fig. 4D). This analysis
shows whether the ASVs belonging to a given phylum
were more abundant in the total community (positive
values), in the lysis-resistant fraction (negative values),
or equally abundant (zero). Only five phyla were repre-
sent in the lake sediments, while nine phyla were repre-
sent in the microbial mats. In the lake sediments, only
Chytridiomycota was enriched in the lysis-resistant frac-
tion (Fig. 4C). The Basidiomycota phylum was slightly
enriched in the lysis-resistant fraction, while the Asco-
mycota, Aphelidiomycota, and Rozellomycota were
enriched in the total community. The Mucoromycota,

(See figure on next page.)
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Mortierellomycota, Monoblepharomycota and Glom-
eromycota phyla were only present in the microbial mats
and were enriched in the lysis-resistant fraction (Fig. 4D).
The phylum Chytridiomycota was slightly enriched in
the lysis-resistant fraction in the microbial mats too. The
Basidiomycota, Ascomycota, and Aphelidiomycota phyla
show no enrichment in either fraction. These results
reflect the differences observed in Fig. 2B when compar-
ing the community composition between the two frac-
tions and environments.

We then assessed the 50 most abundant ASVs at the
phylum level. In the lake sediments, only the Chytridi-
omycota phylum was not among the 50 most abundant
ASVs (Additional Fig. 1). The number of phyla observed
in the microbial mats was higher. The 50 most abundant
ASVs in the microbial mats belonged to the Ascomycota,
Basidiomycota, Chytridiomycota, Mortierellomycota,
and Rozellomycota phyla. Additionally, a large fraction
belonged to unidentified ASVs (Additional Fig. 2). In
both environments the phylum Rozellomycota was only
present in the total community, while all other phyla were
present in both fractions.

Diversity at the class level

To better understand the differences in lysis-resist-
ance of the fungal community, we assessed the same 50
most abundant ASVs at the class level in lake sediments
(Fig. 5A) and microbial mats (Fig. 5B). These analyses
show that the differences in lysis-resistance are found at
lower taxonomic ranks. Additionally, these results also
show the broad fungal diversity present in the Salar de
Huasco. In the lake sediments, most of the classes were
present in both fractions, except for the class Sordari-
omycetes (Ascomycota) and Exobasidiomycetes (Basidi-
omycota) that were only present in the lysis-resistant
fraction, while the Eurotiomycetes (Ascomycota) and
Leotiomycetes (Ascomycota) were only present in the
total fraction (Fig. 5A). In the microbial mats, the classes
Agaricomycetes (Basidiomycota), Cystobasidiomycetes
(Basidiomycota), and Saccharomycetes (Ascomycota)
were only found in the lysis-resistant fraction, while all
other classes were present in both fractions (Fig. 5B).
Furthermore, some differences were observed between
the environments. For example, the classes Eurotiomy-
cetes and Sordariomycetes that were only present in the
lysis-resistant fraction in the lake sediments, were pre-
sent in both fractions in the microbial mats. In contrast,

Fig. 3 Principal Coordinates Analysis (PCoA) of the total community and the lysis-resistant fraction and Venn Diagram of the fungal community
in the lake sediments and microbial mats. A PCoA calculated based on the Bray-Cutis distances of the total community, grouped by environment,
lake sediments (green) and microbial mats (brown). B PCoA calculated based on the Bray-Cutis distances of the lysis-resistant fraction, grouped
by environment, lake sediments (green) and microbial mats (brown). C Venn diagram of the top 1000 ASVs for each fraction and environment,
microbial mat (M. total and M. lysis-resistant) and lake sediments (S. total and S. lysis-resistant)



Corona Ramirez et al. BMC Microbiology (2023) 23:68 Page 7 of 19

A) Total community B) Lysis-resistant fraction

050 0.6 -

0.25 -

03-
5 <
— ~N
~ ~
~ | N
2 000 @w 00-
= B3
< <
025" -03
-0.50" -06
06  -04  -02 0.0 02 04 -02 0.0 0.2 04 06
Axis 1 [11.7%] Axis 1 [10%]
Type
-® Lake sediment & Microbial mat
0 M. lysis-resistant M. total
S. lysis-resistant 268 240 S. total
(11.9%) (10.7%)
153
16 (6.79%) 51
(0.71%) (2.26%)
392 167 42 470
(17.4%) (7.41%) (1.86%) (20.9%)
287
(12.7%)
31 37
(1.38%) s 2 (1.64%)
(0.666%) (1.02%)
61
(2.71%)

Fig. 3 (Seelegend on previous page.)



Corona Ramirez et al. BMC Microbiology (2023) 23:68

the class Saccharomycetes was only present in the lysis-
resistant fraction in the microbial mats, but was present
in both fractions in the lake sediments. These results
show the differential effect of the lysis-resistant enrich-
ment method in fungi when comparing two different
environments.

Diversity at the class level in the lake sediments Assess-
ing the most abundant ASVs of a community leaves a
large fraction of the diversity out of the analysis. Thus,
the enrichment of all the different phyla at the class level
was assessed separately. In the lake sediments, the only
identified class within the Chytridiomycota phylum was
Lobulomycetes. This class and unidentified sequences
were enriched in the lysis-resistant fraction. Similarly,
in the Rozellomycota phylum, the only class identified
was the Rozellomycotina _cls_Incertae_sedis, which
was enriched in the lysis-resistant fraction, while uni-
dentified sequences were enriched in the total fraction.
In the Aphelidiomycota phylum, the Aphelidiomycetes
class (the only class described so far for this group) was
enriched in the total fraction. Furthermore, in the Asco-
mycota phylum (Fig. 6A), only the Saccharomycetes and
the Lecanoromycetes classes were enriched in the lysis
resistant fraction. In the latter, two genera were present,
the Caloplaca and Acarospora. Moreover, the Dothideo-
mycetes class, which contains halophilic and halotolerant
genera such as Cladosporium and Aureobasidum, was
not enriched in either fraction (i.e., equal distribution in
both fractions). However, two known halotolerant and
halophilic species, Hortaea werneckii and Aureobasid-
ium pullulans [45)], were present in the lake sediments.
In the Basidiomycota (Fig. 6B) phylum, five classes were
enriched in the lysis-resistant fraction Pucciniomycetes,
Microbotryomycetes, Malasseziomycetes, Exobasidi-
omycetes, and Cystobasidiomycetes, while the other four
classes were enriched in the total fraction.

Diversity at the class level in the microbial mats In the
microbial mats, the Rozellomycota phylum was repre-
sented only by unidentified sequences enriched in the
total fraction, similarly the Chytridiomycota phylum
was represented only by unidentified sequences (enrich-
ment in the lysis-resistant fraction). Furthermore, the
classes Mortierellomycetes (Mortierellomycotina sub-
phylum), Mucoromycetes (Mucoromycota phylum),
Sanchytriomycetes (Monoblepharomycota phylum), and

(See figure on next page.)
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Glomeromycetes (Glomeromycotina sub-phylum) were
the only identified classes in their respective phylum, and
were all enriched in the total fraction. On the other hand,
the Aphelidiomycetes class was enriched in the lysis-
resistant fraction. In the case of the Ascomycota phylum,
only the classes Taphrinomycetes and Saccharomycetes
were enriched in the lysis-resistant fraction (Fig. 6C). As
in the lake sediments, the Dothideomycetes class was not
enriched in either fraction but, as indicated previously,
the known halotolerant species A. pullulans [45] was pre-
sent. In the Basidiomycota phylum, six of eight classes
were enriched in the lysis-resistant fraction. These were,
Ustilaginomycetes, Tritirachiomycetes, Microbotryo-
mycetes, Malasseziomycetes, and Cystobasidiomycetes
(Fig. 6D).

Some differences were observed when comparing the
lake sediments and the microbial mats in Fig. 6 A-D. In
the Ascomycota phylum, the Lecanoromycetes class
was only present in the lake sediments, while the classes
Taphrinomycetes and Pezizomycetes were only present
in the microbial mats. Moreover, in the Basidiomycota
phylum, the classes Puccinomycetes and Exobasidiomy-
cetes were only present in the lake sediments, while the
class Tritirachiomycetes was only present in the micro-
bial mats.

Beyond known taxa

The predominance of unclassified sequences limited our
ability to assess the effect of the lysis-resistant enrich-
ment method on the identification of a seed bank for the
fungal community. Thus, we calculated a lysis-resistant
enrichment index (Fig. 6E and 6F). By calculating the
enrichment of each ASV, either in the total commu-
nity (index value 0-0.2) or in the lysis-resistant fraction
(index 0.8—1), we were able to evaluate the effect of the
lysis-resistant enrichment method even in unclassified
sequences. Figure 6E and F showed that most ASVs in
both environments (lake sediments and microbial mats)
were either enriched in the total community or in the
lysis-resistant fraction, with only a small proportion of
them showing similar abundance in both fractions (index
values 0.2-0.8). However, in contrast to Bacteria where
OTUs would tend to be consistently found in either frac-
tion [28], for Fungi, this is not the case and ASVs were
found equally in both fractions in different environmental

Fig. 4 Principal Coordinates Analysis (PCoA) and bar plots representing the enrichment of different fungal phyla in the total versus lysis-resistant
fractions per environment. PCoA calculated based on the Bray—Curtis distances of the communities in A lake sediments and B microbial mats for
the lysis-resistant fraction (red) and the total community (blue). Enrichment per phyla in C lake sediments and D microbial mats in the lysis-resistant
or total fraction. Negative values show enrichment in the lysis-resistant fraction, positive values show enrichment in the total fraction. Values close

to zero show equal abundance in both fractions
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Fig.5 Bar plots showing the relative abundance of the 50 most abundant ASVs per sampling point in the A lake sediments and B microbial mats.

Left the total community and right the lysis-resistant fraction. Different colors represent different classes, in the legend on the right the classes are
classified by phyla



Corona Ramirez et al. BMC Microbiology (2023) 23:68

Lake sediments

A) Ascomycota B) Basidiomycota

Ustilaginomycetes I

Tremellomycetes

unidentified

Sordariomycetes

Pucciniomycetes

Saccharomycetes i
Microbotryomycetes
Leotiomycetes:

I _

| Cystobasidiomycetes

Malasseziomycetes

Exobasidiomycetes

Eurotiomycetes
Agaricostilbomycetes

Dothideomycetes:

Agaricomycetes

6e-04  -4e-04  -2e-04

Proportion

-0e-00 -1e-03 -5e-04 0e+00

Proportion

5e-04

B) oo [ LITTTTTTTTTTTT T

0.50

Index

Page 11 of 19

Microbial mats

Q) Ascomycota D) Basidiomycota

unidentified I Ustilaginomycetes

_ i

Sordariomycetes ‘

Taphrinomycetes
Tremellomycetes

Saccharomycetes I Microbotryomycetes

Pazizomycetes I Malasseziomycetes-
Leotiomycetes “ Cystobasidiomycetes
Eurotiomycetes ‘

Agaricostilbomycetes

Dothideomycetes Agaricomycetes

0.000

-0.0015 -0.0010 -0.0005

Proportion

0.000 -0.001

Proportion

F)y qoofl TTTTTTTTTTTTTTT]

Index
0-0.2
0.2-04

Index

0.4-0.6
06-0.8
0.8-1 0.25

Fig. 6 Enrichment of different fungal classes in the lysis-resistant or total fraction in the lake sediments and microbial mats and evaluation of the
composition of the lysis-resistant community. Enrichment of the classes in the Ascomycota (A) and Basidiomycota (B) phyla in the lake sediments.
Enrichment of the classes in the Ascomycota (C) and Basidiomycota (D) phyla in the microbial mats. Negative values show enrichment in the
lysis-resistant fraction, positive values show enrichment in the total fraction, 0 indicates equal abundance in both fractions. The bar plots in the
bottom of the Fig. 6 (E-F), show the fraction of the ASVs enriched in the lysis-resistant (enrichment index 0.8-1.0), the total community (enrichment
index 0.0-0.2), or those shared between the two fractions in the lake sediments (E) and microbial mats (F). The enrichment index was calculated

by comparing the abundance (sequence counts) in the lysis-resistant fraction over the total abundance (sequence counts in lysis-resistant

fraction + total community)

samples (Additional Fig. 3). Therefore, although many
of these ASVs could not be classified, this analysis sug-
gests that the lysis-resistant fungal fraction (putative
seed bank) differs from the total community, but this is
sample-specific.

Discussion

Use of the lysis-resistant separation method in Fungi

The comparison of different types of fungal structures
(i.e., melanized and non-melanized asexual spores, sexual
spores, melanized and non-melanized mycelia, and yeast
stage) allowed us to evaluate the applicability of the lysis-
resistance separation method for the fungal kingdom.
Our results show that, as expected, it is more difficult
to extract DNA from fungal spores than from vegeta-
tive structures (mycelia and yeast cells). Indeed, DNA
was extracted from spores of U. alternata, C. cinerea and

A. niger only after the method to enrich lysis-resistant
cells. This demonstrates the utility of the enrichment
method to detect fungi, especially in extreme environ-
ments where the probability to find them under the form
of spores (or other resistant cells) is high. We further
demonstrate that DNA extracted from mycelium is not
detected using the enrichment method, but mostly using
a direct DNA extraction method. This suggest that DNA
detected using the enrichment method should origi-
nate from structures more resistant than typical myce-
lium. However, in the cases of A. niger and U. alternata,
DNA from the mycelium was also not extracted using
the direct DNA extraction method. This is puzzling and
might indicate that the initial quantity of fungal material
was probably too low. Moreover, in the case of C. albi-
cans, our results show that non-melanized yeasts will be
better detected with a direct DNA extraction method,
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while only a small fraction of the DNA of these yeast cells
can be detected after enrichment. Therefore, the combi-
nation of both types of DNA extractions (extraction with
no pre-treatment and a second extraction on the lysis-
resistant fraction only) may improve the detection of
fungi in different environments and broaden our under-
standing of the conditions that lysis-resistant fungal cells
might tolerate.

Fungal diversity in the Salar de Huasco

To the best of our knowledge, this is the first time that the
diversity of the fungal community has been assessed in
the Salar de Huasco. In addition, we did not restrict our
analysis to the assessment of the fungal diversity overall,
but we also compared this diversity to the diversity of
lysis-resistant fungal cells. The latter was used as a proxy
of specialized resistant cells (e.g., spores or conidia) that
withstand better chemical and mechanical lysis. A large
proportion of unidentified sequences was present in the
data set, especially in the microbial mats. This is to be
expected given that fungal diversity has been less studied
than bacterial diversity. Currently, 120,000 fungal species
have been described, but it is estimated that over 93% of
the fungal diversity is still unknown. This suggests that
the number of fungal species could be between 2.2 and
3.8 million [46]. Additionally, aquatic fungal diversity has
been even less explored than fungal diversity in terrestrial
environments, and studies in extreme environments such
as the Salar de Huasco are rare [47]. This highlights the
importance of studies such as the one presented here to
better understand the distribution and diversity of fungi
in the biosphere.

Our results showed that the fungal community of both
the lake sediments and the microbial mats samples were
dominated by members of Ascomycota and Basidiomy-
cota, while members of basal lineages had a lower rela-
tive abundance. This is in accordance with the overall
diversity currently described in fungi, with 98% of the
described species belonging to the subkingdom Dikarya.
Similar results have been reported regarding the fungal
diversity in the Atacama Desert [48]. Furthermore, the
results presented here are in agreement with a previous
study assessing the fungal diversity in sediments along
a salinity gradient in an estuary [49]. In the latter a high
abundance of Ascomycota followed in abundance by
Basidiomycota was observed at all salt concentrations.
Moreover, the same study found that fresh water and
medium salinity samples showed a higher abundance of
basal lineages, which is also the case in our study when
considering the microbial mats. The microbial mats,
which in average presented a lower salinity (1.67 PSU)
than the lake sediments (36.96 PSU), showed higher
abundance of Chrytidiomycota, Rozellomycota, and
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Mortierellomycota. The only exception is Aphelidiomy-
cota (also basal fungi, considered as a sister group to true
fungi [50]), which showed higher abundance in the lake
sediments than in the microbial mats. Similarly, Ascomy-
cota and Basidiomycota were dominant in the samples
with a salinity of 19.2 to 33.5 PSU in a study on the fungal
diversity in the Baltic Sea [51]. These results are in agree-
ment with the results found in the lake sediments.

Lysis-resistance in fungi
The application of the method to enrich lysis-resistant
cells to assess the diversity of fungal spores and spore-like
cells, indicated an overall high similarity in the composi-
tion of the total and lysis-resistant fractions. This differs
from previous studies in Bacteria, in which the produc-
tion of a lysis-resistant cell appears to be restricted to
some clades [52-56]. However, the assessment of the
lysis-resistant community in fungi presents intrinsic chal-
lenges. For instance, all fungi produce at least one type of
resistant structure within their life-cycle and their pro-
duction is not only limited to survival and dispersal, but
also to reproduction. Thus, the enrichment in the lysis-
resistant fraction might reflect the large panel of morpho-
logical adaptations in fungal cells over the life-cycle of an
individual species/taxa. Another challenge is that a large
fraction of the fungal diversity is still unknown, and con-
sequently, most of the diversity detected corresponded
to unidentified sequences or sequences for which iden-
tification was only possible at high taxonomic range (for
instance at the order level). Nonetheless, by calculating a
lysis-resistant enrichment index of each ASV (including
those unclassified), the existence of a fungal seed bank
distinct from the lysis prone fraction (considered to be
active vegetative cells) was evaluated. The enrichment
index showed that, as in the case of Bacteria [32], most
ASVs were either enriched in the lysis-resistant fraction
or in the total community, with only a small proportion
of them showing equal abundance in both fractions.
Although the lake sediments and microbial mats dif-
fered in biotic and abiotic factors, two phyla showed
similar enrichment patterns. The Rozellomycota was
enriched in the total community, while the Chytridi-
omycota was enriched in the lysis resistant fraction. The
Rozellomycota phylum is constituted by mainly uncul-
tured unicellular fungi, considered to be the most basal
clade of fungi [57, 58]. The enrichment of this phylum in
the total fraction might be due to the absence of chitin
in the cell wall of most life-forms within their life-cycle,
except for resting sporangia [57, 59]. The absence of a
chitinous cell wall could make these cells highly suscep-
tible to lysis. On the other hand, the Chytridiomycota
phylum, enriched in the lysis-resistant fraction, is a basal
phylum mainly composed of saprotrophs (degrading
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highly recalcitrant organic matter) and pathogens (infect-
ing algae, plants, and amphibians) that inhabit freshwa-
ter, brackish, marine habitats and are also abundant in
soils [60—62]. In the microbial mats, the sequences affili-
ated to Chytridiomycota could not be identified, while
in the lake sediments, the Lobulomycetes class and uni-
dentified sequences were enriched in the lysis-resistant
fraction. Although little is known about the Lobulomy-
cetes class, some members have been described as sap-
rophytes or parasites isolated from soils [63], acidic fresh
water [64], and from marine brown algae [65]. The life
cycle of these fungi might provide an insight in their
resistance to the lysis treatment. For most Chytridiomy-
cota, asexual reproduction occurs through the release
of zoospores, which are motile wall-less asexual spores
that use a flagellum for locomotion [60]. On the other
hand, when a zoospore finds a host or a substrate from
which to acquire nutrients, it enters a vegetative phase in
which a cell wall develops [66]. As a result, these actively
metabolizing cells might be more resistant to lysis than
wall-less zoospores. Additionally, some members of the
Chytridiomycota are parasites of algae and rotifers, and
even vascular plants [67]. In their parasitic state, they
develop inside the host’s cells, and as a result, the fungal
cell might be protected from lysis. A similar enrichment
of intracellular bacteria was found after the application of
the lysis-resistant enrichment method. The phyla Teneri-
cutes and Chlamydiae, which are composed of intracellu-
lar pathogens [68, 69], were enriched in the lysis-resistant
fraction [32].

As a whole, the most abundant phyla, Ascomycota
and Basidiomycota were not enriched in either fraction
in the lake sediments nor in the microbial mats. This is
not surprising as, all together, these two phyla represent
most of the diversity described to date. However, when
considering lower taxonomic ranks, a specific enrich-
ment of a few classes within both phyla are worth men-
tioning. In the Ascomycota phylum, the Saccharomycetes
class was enriched in the lysis-resistant fraction of both
the lake sediments and the microbial mats. This class is
constituted of budding yeasts often considered to be
“true yeasts’, which can undergo meiosis and sporula-
tion under nutrient-poor conditions [70, 71]. The higher
resistance of yeast to lysis and the presence of spores
might explain the enrichment of Saccharomycetes in
both environments. Furthermore, due to the differences
of the lake sediments and the microbial mats, some of
the Ascomycota classes enriched in the lysis-resistant
fraction were only present in one environment. One of
those is the Lecanoromycetes class, enriched in the lysis-
resistant fraction of the lake sediments but absent in
the microbial mats. This class is composed of lichenized
fungi. The high enrichment of the Lecanoromycetes class
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might be due to the presence of fungal spores and or
propagules (small aggregate of mycelium and phototro-
phic cells) used by the lichens to reproduce and disperse
[72]. The two genera identified (Caloplaca and Acaros-
pora) are not known to inhabit aquatic environments,
thus the presence of lichen propagules and/or spores in
the lake sediments could be linked to dispersal strate-
gies from lichens present in the surroundings of the lake.
Both these genera are worldwide distributed and have
been previously found in the Atacama Desert [73, 74].
The second Ascomycota class, which was enriched in the
microbial mats but was not present in the lake sediments,
was Taphrinomycetes. Members of the Taphrinomycetes
class are dimorphic, parasitic or pathogenic fungi [75].
The presence of fungal spores and the dimorphism of
members in this class might explain their enrichment in
the lysis-resistant fraction.

At the class level, more classes within Basidiomycota
were enriched in the lysis-resistant fraction than for the
Ascomycota phylum. The higher number of enriched
classes in Basidiomycota compared to Ascomycota,
might be due to their complex life cycles. Four of the six
enriched classes in the Basidiomycota (Pucciniomycetes,
Microbotryomycetes, Cystobasidiomycetes and Tritri-
achiomycetes) are members of the Pucciniomycotina
subclass. This subclass accommodates a diverse array of
fungi, ranging from plant pathogenic rust fungi, to insect
associated fungi, mycoparasitic fungi, and dimorphic
species [76, 77]. Additionally, some plant pathogens in
the subclass display some of the more complex life cycles
among fungi. For example, some of them are heteroe-
cious and require two distantly related hosts to complete
their life cycles, others are macrocyclic, possessing up to
five distinct spore-producing states with very resistant
spores such as teliospores [78].

In the lake sediments, the most enriched Basidiomy-
cota class in the lysis-resistant fraction was the Pucci-
niomycetes. The Pucciniomycetes class is composed of
mainly rust fungi, which are obligate plant pathogens
[79]. Its enrichment in the lysis-resistant fraction in the
lake sediments might reflect their presence in spore form,
as no living plant was found in this hypersaline lake. Simi-
larly, the classes Microbotryomycetes and Exobasidiomy-
cetes, which were enriched in the lysis-resistant fraction,
are also composed of plant pathogens. However, these
classes might also present other ecological roles that are
still unknown. In the microbial mats, the most enriched
Basidiomycota class was the Tritirachiomycetes. In this
class, the spores of Paratritirachium curvibasidium have
been shown to be resistant to high temperatures (75 °C)
[80]. The Ustilaginomycetes class was also enriched in the
lysis-resistant fraction of the microbial mats. Members of
this class are “smut fungi’, usually dimorphic, producing
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a saprobic haploid yeast phase and a parasitic dikaryotic
hyphal phase. In their parasitic stage they occur mainly
in angiosperms [81]. The enrichment of the Ustilagino-
mycetes class in the microbial mats might be due to the
increased resistance of the bi-layered yeast walls [82] or
the high resistance of spores to lysis. Furthermore some
classes of the Basidiomycetes phylum were enriched in
the lysis-resistant fraction of both environments, such as
the lichenized class, Cystobasidiomycetes [83], and the
yeast class Malasseziomycetes. Although yeast showed
less resistance than spores in the validation of the enrich-
ment method, they still showed some resistance as com-
pared to other vegetative forms. In addition to this, the
melanization of yeast in the Malasseziomycetes class [84]
might increase their resistance to lysis as compared to the
non-melanized yeasts of C. albicans used for the valida-
tion step. On the contrary, the dimorphic class Agaricos-
tilbomycetes was enriched in the total fraction. Members
of this class might have been present in this environment
as mycelium and not yeast, or alternatively as non-mel-
anized cells. These results illustrate the diversity of lysis-
resistance in fungi and also that an enrichment in the
total community or in the lysis-resistant fraction might
better reflect the complexity of fungal life cycles rather
than the presence/absence of given taxa.

Conclusions

In conclusion, the results presented here corroborate our
initial hypothesis. The widespread distribution of lysis-
resistance in fungi reflects not only the presence of resist-
ance structures, but also the multitude and complexity
of life cycles in fungi. Furthermore, although lysis-resist-
ance is broadly distributed in fungi, the application of
the method to enrich for lysis-resistant cells showed that
most of the ASVs are either enriched in the lysis-resistant
fraction or in the total community. Thus, lysis-resistance
is only characteristic for some taxa or for a particular
stage in the life cycle of a given organism. In order to bet-
ter understand the composition and dynamics of the fun-
gal seedbank, molecular studies still have to be coupled
with culture-dependent methods and/or microscopy to
provide additional information about the morphological
characteristics of the fungal lysis-resistant fraction in the
environment. Regrettably, in this study, this was not pos-
sible as the amount of environmental sample was limited,
which is often the case when evaluating extreme environ-
ments. Nevertheless, to the best of our knowledge this
is the first study evaluating the fungal diversity in the
extreme environment of the Salar de Huasco. Fungi are
often overlooked in environmental studies as compared
to procaryotes, especially in extreme environments. This
is surprising as fungi are an integral component of every
environment and representing an important resource to
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take into account to address major global challenges [42,
47, 85, 86]. Thus, this study does not only contribute to
a better understanding of the lysis-resistance of fungal
cells, but also to the unveiling of their overall diversity in
extreme environments.

Method

Validation of the Lysis-resistant enrichment method

for fungi

Mycelium and spore collection

The different structures for each fungal strain were pro-
duced using the growth media and temperatures sum-
marized in Table 1. Mycelial fractions were obtained
from liquid cultures agitated at 100 rpm. After effective
growth, liquid cultures were transferred into 50 ml cen-
trifuge tubes and centrifuged at 8,000 x g for 10 min.
The supernatant was removed and the wet mycelial mass
weighted. Then, the mycelial mass was resuspended in
5 ml 0.9% NaCl, homogenized using an ULTRA-TUR-
RAX® stem system (IKA, Germany), before being filtered
through a 0.22 pm nitrocellulose membrane (Merck Mil-
lipore, Germany) in order to retrieve only the biomass.
Asexual spores were collected from fully sporulating col-
onies on agar-based media using 5 ml of 0.16% Tween 80
(Merck, Germany). The obtained spore suspensions were
further washed through two successive cycles of: centrif-
ugation at 5,000 x g for 5 min, supernatant removal, and
pellet suspension in 5 ml 0.9% NaCl. Afterward, the num-
ber of spores collected for each fungal strain was assessed
using a Neubauer chamber (depth: 0,01 mm, Carl Roth
GmbH, Germany) prior to filtrating the spores through a
0.22 pum nitrocellulose membrane (Merck Millipore, Ger-
many). Sexual spores of C. cinerea were collected from
in-vitro mature fruiting bodies. A single fruiting body
was immersed in 5 ml 0.9% NaCl and homogenized for a
few seconds. Then, the fruiting body was removed, result-
ing in a suspension of sexual spores. The spore biomass
of this suspension was further filtered through a 0.22 pm
nitrocellulose membrane (Merck Millipore, Germany).
Finally, to obtain the yeast stage of C. albicans, 2 colonies
grown on an agar-based medium were suspended in 5 ml
0.9% NaCl before being filtered through the membrane
as previously described for all other samples. All filters
were kept at -20 °C before further processing. For each
fungal strain, each type of biomass sample was prepared
in experimental duplicates.

Method to enrich lysis-resistant cells

To one-half filter containing biomass, 900 pl of 1 x TE
(Tris—EDTA) buffer were added and the biomass was
resuspended by vortexing. The second half of the filter
was used for DNA extraction without enrichment. For
the enrichment, the sample was incubated at 65 °C for
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Table 1 The fungal strains, the types of samples taken as well as the growing media and conditions are listed here. Malt-extract agar
(MA, malt-extract 12 g/l (SIOS Homebrewing, Switzerland), agar 15 g/I (Biolife, Italy)), Malt-extract broth (MB, malt extract 12 g/l (SIOS
Homebrewing, Switzerland)), YMG (yeast extract 4 g/l (Merck, Germany), malt extract 10 g/I (SIOS Homebrewing, Switzerland), glucose
4 g/I (Merck, Germany), agar 15 g/I (Biolife, Italy)), Potato dextrose agar (PDA, 39 g/|, Carl Roth GmbH, Germany), Potato dextrose broth
(PDB, potato extract 4 g/l (Merck, Germany), glucose 20 g/I (Merck, Germany)), Yeast extract potato dextrose agar (YEPDA, yeast extract
10 g/l (Merck, Germany), peptone 20 g/l (Thermo Fisher Scientific, USA), dextrose 20 g/l (Carl Roth GmbH, Germany), agar 20 g/I

(Biolife, Italy), pH adjusted to 5.6). RT =room temperature

Strain Type of sample

Growing medium Growth temperature

Ulocladium alternata (M138) Melanized mycelium

Asexual melanized spores

Aspergillus niger (M8) Mycelium
Asexual
Coprinopsis cinerea (M141) Mycelium

Sexual spores (fruiting body)
Asexual spores
Mortierella antarctica (M162) Mycelium
Asexual spores

Candidas albicans Yeast form

MB RT

MA RT

MB 30°C

MA 30°C

MB RT

YMG 30°C

YMG 30 °C, in the dark
PDB RT

PDA RT

YEPDA 37°C

10 min under constant agitation at 80 rpm. Afterwards,
100 pl of 20 mg/ml lysozyme were added and the sam-
ple was incubated at 37 °C for 60 min under constant agi-
tation at 80 rpm. Later, 250 ul of 3 N sodium hydroxide
(NaOH) and 250 pl of 6% sodium dodecyl sulfate (SDS)
solutions were added and the sample was incubated at
room temperature for 60 min under constant agitation at
80 rpm. Next, the sample was filtered on a 0.22 pum ster-
ile nitrocellulose filter, which was then washed twice with
2 ml of sterile physiological water to remove any residue
of the solutions used. The filter was then left to dry under
a laminar flow hood. Once the filter was dry, 450 pul of
sterile ultrapure water, 50 pl of 1 x DNase reaction buffer,
and 0.5 pl Dnase enzyme were added and incubated at
room temperature for 15 min directly on the filter, to
degrade the DNA released by the easy-to-lyse cells prior
to the DNA extraction from the lysis-resistant fraction.
After 15 min, the solution was filtered and the residue
was washed once more with 1 ml of physiological water
to wash away any degraded DNA as well as the DNAase
solution. Finally, the filters (containing the lysis resistant
fraction only) were stored at -20 °C until the DNA extrac-
tion [27].

DNA extraction

First of all, the same DNA extraction method was used
for both fractions, the total community (i.e., no pretreat-
ment to remove lysis-resistant cells) and the lysis-resist-
ant fraction (Additional Fig. 4). The FastDNA®SPIN kit
for soil (MP Biomedicals, USA) was used with a modi-
fied protocol that included three successive bead-beating
rounds in the first step in order to maximize the amount

of DNA recovered. All three DNA fractions obtained
from the same sample were pooled together at the end
of the DNA extraction as described previously [27], then
precipitated with ethanol, and resuspended in PCR-grade
water. Finally, the DNA was quantified using the Qubit®
dsDNA HS Assay Kit on a Qubit® 2.0 Fluorometer (Invit-
rogen, Carlsbad, CA, USA).

Additionally, microscopy observations were done after
the enrichment for the filters in which the treatment was
applied or before DNA extraction for the other filters in
order to assess the effect of the enrichment method on
the mycelial, the spore/yeast fractions. For this, the bio-
mass contained on one half of a filter was resuspended
in 1 ml of TE-Buffer. A drop of the suspension obtained
was then observed using an Upright Leica DM4 B Micro-
scope (Leica, Wetzlar, Germany) and images were gener-
ated with a Leica Microscope Camera DFC7000T (Leica,
Wetzlar, Germany).

Application of the lysis-resistant enrichment method

in environmental samples

Sampling

The sampling at Salar de Huasco took place in Septem-
ber of 2019 and all samples were collected within 24 h.
The lake sediment samples were collected following a
saline gradient, with salinity ranging from 53 to 0.706 PSU
(Fig. 2A). Seven sediment core samples were collected
from the main saline lake, with a core-borer of approx.
4 cm in diameter and approx. 7 cm in depth. A sterile core-
borer was pushed manually into the sediment and sealed
after collection of the sample. Sediment was extracted
from the corer under sterile conditions. The cores were
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then cut on site to 1 cm-thick subsamples and stored in
sterile plastic Petri dishes. In addition, 40 ml of microbial
mats were collected in sterile 50 ml Falcon tubes from
eighteen small ponds surrounding the main saline lake.
At every sampling point, salinity, pH, conductivity, water
temperature, and dissolved oxygen were measured using
a Multiparameter Water Quality Meter-HI98194 (Hanna
Instruments, Rhode Island, USA) and the coordinates and
altitude were recorded (Additional Table 2). The samples
were transported back to the laboratory at room temper-
ature (approx. 20-25 °C), where they were stored at 5 °C
until being processed a week later.

Lysis-resistant cells enrichment method

Before applying the method to enrich lysis-resistant cells
to environmental samples one additional step was added
to the procedure described in Method to enrich lysis-
resistant cells section To avoid any bias during the enrich-
ment of the lysis-resistant fraction due to the attachment
of cells to mineral particles, an indirect DNA extraction
method was used [27]. First, 3 g of material from each
sample were weighted in ULTRA-TURRAX® disperser
tubes. Then, 15 ml of Na-Hexametaphosphate (1%) were
added and the mixture was homogenized two times at
3000 rpm for 1 min with the ULTRA-TURRAX® tube
disperser workstation system (IKA, Germany). The sam-
ple was left to sediment for 10 min and the supernatant
was collected. This initial step was repeated twice. The
two 15 ml supernatants were pooled, centrifuged at 20 x g
for 1 min to precipitate large particles, and the remaining
supernatant was filtered through a 0.2 pm sterile nitro-
cellulose filter. For each sample, the filter was cut in half.
One half was used to assess the total fungal community
by directly extracting DNA and the second half was sub-
jected to the enrichment method, thereby assessing only
the lysis-resistant fraction. This way, the same filter was
used to assess both type of communities (Additional
Fig. 3). The enrichment method and DNA extraction
were performed as already described in Method to enrich
lysis-resistant cells section. The only difference was that
only half a filter containing the biomass was used for the
enrichment method in environmental samples, as com-
pared to a full filter for the validation samples.

Sequencing and statistical analysis

The purified DNA extracts were sent to Fasteris
(Geneva, Switzerland) for targeted amplicon sequenc-
ing of the fungal ITS2 region using an Illumina MiSeq
platform (Illumina, San Diego, CA, USA), generating
300 bp paired-end reads. The ITS2 region was ampli-
fied using the universal primers ITS3 KYO2 (5-GAT
GAA GAA CGY AGY RAA-3) and ITS4 (5-TCC TCC
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GCT TAT TGA TAT GC-3’) [87]. Demultiplexed and
trimmed sequence reads provided by Fasteris were
processed using QIIME2 [88] with dada2 [89] for the
denoising step. Read lengths were truncated to opti-
mized total nucleotide lengths (based on g-scores)
at 478 bases total composite length for the un-joined
sequences. These truncated sequences allowed the join-
ing of denoised paired-end reads by at least 12 identical
bases to obtain full denoised sequences length of 466
bases. Sequences were grouped on Amplicon Sequence
Variants (ASVs). The ASVs obtained were then taxo-
nomically classified using QIIME2’s vSEARCH-based
consensus taxonomy classifier [90] with the UNITE
database version 8.2, release date February 4, 2020 [91].

All statistical analysis were performed with RStudio
version 1.3.1093 [92], the community and multivariate
analysis were performed with the phyloseq [93] and
vegan [94] packages. The Venn Diagram was calcu-
lated with the package Venn.Diagram [95]. The relative
abundance was calculated using the Total-Sum Scaling
(TSS) normalization. The principal coordinate analysis
(PCoA) was calculated based on the Bray—Curtis dis-
tances. For the Venn Diagram, PCoA and the enrich-
ment analysis, the relative abundance was used. For
the statistical test of the diversity using the Shannon-
Weaver and the Simpson diversity indices and the anal-
ysis of variance (ANOVA) the raw abundance data was
used. The proportion used in the distribution plots was
calculated by phylum, the relative abundance of each
ASV was divided by the sum of all relative abundance to
obtain a proportion, the log base 10 of the proportion
was used for the graphical representation. The enrich-
ment proportion was calculated by first adding the rela-
tive abundance per genus once in the total fraction and
once in the lysis-resistant fraction. The proportion was
then calculated by subtracting the lysis-resistant abun-
dance from the total abundance and dividing this by the
sum of the lysis-resistant fraction and the total fraction.

Additional analyses were performed to evaluate the
contribution of unclassified ASVs to the composition
of the lysis-resistant community. For this, an “enrich-
ment index” was calculated for each individual ASV by
comparing the relative contribution of the abundance
in the lysis-resistant fraction (based on absolute total
sequence counts) as compared to the total abundance
of the ASV (lysis/(lysis + total fraction)). At the end, an
index ranging from 0 (ASVs only detected in the total
community fraction) to 1 (ASVs only detected in the
lysis-resistant fraction) is obtained for each environ-
mental sample. The results were represented as cumula-
tive graphs, in which the proportion of ASVs displaying
the index value were grouped together.
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Additional file 1: Figure 1. Lake sediments 50 most abundant ASVs per
sampling point at the phylum level. Left, lysis-resistant fraction and right
total community, different colors represent different phyla.

Additional file 2: Figure 2. Microbial mats 50 most abundant ASVs per
sampling point at the phylum level. Left, lysis-resistant fraction and right
total community, different colors represent different phyla.

Additional file 3: Figure 3. Heatmap representing the enrichment index
calculated for the ASVs for which the enrichment index can be calculated
in all individual samples (most prevalent ASVs)

Additional file 4: Figure 4. Graphical representation of the method used.
Left, graphical description of the validation method and right, graphi-

cal representation of the method used for the analysis of the fungal
community.

Additional file 5: Table 1. Raw values of the DNA quantification after
DNA extraction. DNA concentration in ng/pll.

Additional file 6: Table 2. Information on the abiotic parameters meas-
ured in situ for the different sampling locations. %OD= dissolved oxygen.

Acknowledgements

The authors want to thank Pauline Udriet, Eva Di Francesco and Matys
Constantino for their contribution to laboratory experiments on the lysis-
resistance enrichment method on pure fungal cultures as well as Nourine
Noormamode and Celine Vallotton for their contribution to the treatment of
the environmental samples and Mathilda Fatton for helping in the sampling.
Additionally, we would like to thank Cristina Dorador’s Lab at the University of
Antofagasta for their help to get to the Salar de Huasco and for hosting us.

Authors’ contributions

ACR, DB, CD, PJ made major contributions to the acquisition of the data. ACR,
DB, TJ, GC, SB, PJ made major contributions to the analysis and interpretation
of the data. All authors proofread and approved of the manuscript.

Funding

We acknowledge funding from the Swiss National Science Foundation grant
31003A_179297 (PJ). Part of this work has been funded by the European
Union’s Horizon 2020 research and innovation program within the framework
of the REFLECT project under the grant agreement No 850626.

Availability of data and materials
The dataset generated and analyzed during the current study is available in the

GenBank (NCBI) repository under the following submission number: PRINA853532.

Accession link: https://www.ncbi.nlm.nih.gov/bioproject/PRINA853532.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Laboratory of Microbiology, Institute of Biology, University of Neuchatel,
Neuchatel, Switzerland. 2Vital-IT Group, Swiss Institute of Bioinformatics, Laus-
anne, Switzerland. *Department of Biotechnology, University of Antofagasta,
Antofagasta, Chile.

Received: 11 October 2022 Accepted: 1 March 2023
Published online: 14 March 2023

Page 17 of 19

References

1.

20.

22.

23.

24.

25.

Kendrick B. The Whole fungus: the sexual-asexual synthesis. Ottawa: Pub-
lished by National Museum of Natural Sciences and National Museums of
Canada; 1979.Vol. 1.

Kues U, Fischer R. Growth, differentiation and sexuality. Vol. 1. Springer
Science & Business Media; 2006.

Wyatt TT, Wosten HAB, Dijksterhuis J. Fungal spores for dispersion in
space and time. Adv Appl Microbiol. 2013;85:42-91 Elsevier Inc. Tst ed.
Dijksterhuis J. The fungal spore and food spoilage. Curr Opin Food Sci.
2017;1(17):68-74.

Wyatt TT, Wosten HAB, Dijksterhuis J. Fungal spores for dispersion in
space and time. Adv Appl Microbiol. 2013;85:42-91 Elsevier Inc. Tst ed.
Van Leeuwen MR, Van Doorn TM, Golovina EA, Stark J, Dijksterhuis J.
Water- and air-distributed conidia differ in sterol content and cytoplasmic
microviscosity. Appl Environ Microbiol. 2010;76(1):366-9.

Dijksterhuis J. Fungal spores: highly variable and stress-resistant vehicles
for distribution and spoilage. Food Microbiol. 2019;81:2-11.

Tesei D. Black fungi research: out-of-this-world implications. Encyclope-
dia. 2022;2(1):212-29.

Gostincar C, Grube M, De Hoog S, Zalar P, Gunde-Cimerman N.
Extremotolerance in fungi: evolution on the edge. FEMS Microbiol Ecol.
2010;71(1):2-11.

Smith ME, Henkel TW, Rollins JA. How many fungi make sclerotia? Fungal
Ecol. 2018;2015(13):211-20.

. Abrego N, Norros V, Halme P, Somervuo P, Ali-Kovero H, Ovaskainen O.

Give me a sample of air and | will tell which species are found from your
region: molecular identification of fungi from airborne spore samples.
Mol Ecol Resour. 2018;18(3):511-24.

Banchi E, Ametrano CG, Stankovi¢ D, Verardo P, Moretti O, Gabrielli F, et al.
DNA metabarcoding uncovers fungal diversity of mixed airborne samples
in Italy. PLoS ONE. 2018;13(3):1-20.

Kauserud H, Lie M, Stensrud @, Ohlson M. Molecular characterization of
airborne fungal spores in boreal forests of contrasting human distur-
bance. Mycologia. 2005;97(6):1215-24.

Roy S, Gupta BS. Airborne fungal spore concentration in an industrial
township: distribution and relation with meteorological parameters.
Aerobiologia. 2020;36(4):575-87.

Williams RH, Ward E, McCartney HA. Methods for integrated air sampling
and DNA analysis for detection of airborne fungal spores. Appl Environ
Microbiol. 2001;67(6):2453-9.

Abrego N, Crosier B, Somervuo P, lvanova N, Abrahamyan A, Abdi A, et al.
Fungal communities decline with urbanization—more in air than in soil.
ISME J. 2020;14(11):2806-15.

Monkai J, Hyde KD, Xu J, Mortimer PE. Diversity and ecology of soil fungal
communities in rubber plantations. Fungal Biol Rev. 2017;31(1):1-11.
Pringle A, Moncalvo JM, Vilgalys R. High levels of variation in ribosomal
DNA sequences within and among spores of a natural population of

the arbuscular mycorrhizal fungus Acaulospora colossica. Mycologia.
2000;92(2):259-68.

Schmidt R, Mitchell J, Scow K. Cover cropping and no-till increase diver-
sity and symbiotroph:saprotroph ratios of soil fungal communities. Soil
Biol Biochem. 2018;2019(129):99-109.

Tedersoo L, Bahram M, Pélme S, Kéljalg U, Yorou NS, Wijesun-

dera R, et al. Global diversity and geography of soil fungi. Science.
2014;346(6213):1256688.

. Seaton FM, George PBL, Lebron |, Jones DL, Creer S, Robinson DA. Soil

textural heterogeneity impacts bacterial but not fungal diversity. Soil Biol
Biochem. 2020;144: 107766.

Junior PP, Moreira BC, da Silva M de CS, Reis Veloso TG, Sturmer SL, Alves
Fernandes RB, et al. Agroecological coffee management increases arbus-
cular mycorrhizal fungi diversity. PLoS ONE. 2019;14(1):1-19.

Soka GE, Ritchie ME. Arbuscular mycorrhizal spore composition and
diversity associated with different land uses in a tropical savanna
landscape. Tanzania Appl Soil Ecol. 2018;125(January):222-32.

Paz C, Opik M, Bulascoschi L, Bueno CG, Galetti M. Dispersal of Arbus-
cular Mycorrhizal fungi: evidence and insights for ecological studies.
Microb Ecol. 2021;81(2):283-92.

Aguilar-Trigueros CA, Hempel S, Powell JR, Cornwell WK, Rillig MC.
Bridging reproductive and microbial ecology: a case study in arbuscu-
lar mycorrhizal fungi. ISME J. 2019;13(4):873-84.


https://doi.org/10.1186/s12866-023-02809-w
https://doi.org/10.1186/s12866-023-02809-w
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA853532

Corona Ramirez et al. BMC Microbiology

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45,
46.

47.

48.

49.

(2023) 23:68

Lennon JT, Jones SE. Microbial seed banks: the ecological and evolu-
tionary implications of dormancy. Nat Rev Microbiol. 2011;9(2):119-30.
Wunderlin T, Junier T, Paul C, Jeanneret N, Junier P. Physical isolation of
endospores from environmental samples by targeted lysis of vegeta-
tive cells. J Vis Exp. 2016;107:1-7.

Junier T, Paul C, Corona Ramirez A, Filippidou S, Fatton M, Lehmann

A, et al. High diversity of lysis-resistant cells upon the application of tar-
geted physical and chemical lysis to environmental samples originat-
ing from three different water bodies. Environ DNA. 2022;4:1092-105.
Chu SB, Alexander M. Resistance and susceptibility of fungal spores to
lysis. Trans Br Mycol Soc. 1972;58(3):489-97.

Coluccio AE, Rodriguez RK, Kernan MJ, Neiman AM. The Yeast Spore
Wall Enables Spores to Survive Passage through the Digestive Tract of
Drosophila. PLoS ONE. 2008;3(8):e2873.

Smolinska U, Kowalska B. Biological control of the soil-borne fungal
pathogen Sclerotinia sclerotiorum —— a review. J Plant Pathol.
2018;100(1):1-12.

Corona Ramirez A, Cailleau G, Fatton M, Dorador C, Junier P. Diversity of
lysis-resistant bacteria and archaea in the Polyextreme environment of
Salar de Huasco. Front Microbiol. 2022;13(April):1-19.

De Rosa M, Gambacorta A, Gliozzi A. Structure, biosynthesis, and
physicochemical properties of archaebacterial lipids. Microbiol Rev.
1986;50(1):70-80.

Albers SV, van de Vossenberg JLCM, Driessen AJM, Konings WN.
Adaptations of the archaeal cell membrane to heat stress. Front Biosci.
2000;5(1):813.

Konings WN, Albers SV, Koning S, Driesen AJM. The Cell membrane
plays a crucial role in survival of bacteria and archaea in extreme
environments. Antonie Van Leeuwenhoek Int J Gen Mol Microbiol.
2002;81(1-4):61-72.

Koga Y, Morii H. Biosynthesis of Ether-Type Polar Lipids in Archaea and
Evolutionary Considerations. Microbiol Mol Biol Rev. 2007;71(1):97-120.
Cortés-Albayay C, Silber J, Imhoff JF, Asenjo JA, Andrews B, Nouioui |,
et al. The Polyextreme ecosystem, Salar de Huasco at the Chilean Alti-
plano of the Atacama desert houses diverse Streptomyces spp. with
promising pharmaceutical potentials. Diversity. 2019;11(5):69.
Dorador C, Vila I, Remonsellez F, Imhoff JF, Witzel KP. Unique clusters of
Archaea in Salar de Huasco, an athalassohaline evaporitic basin of the
Chilean Altiplano. FEMS Microbiol Ecol. 2010;73(2):291-302.
Demergasso C, Casamayor EO, Chong G, Galleguillos P, Escudero L,
Pedrés-Alio C. Distribution of prokaryotic genetic diversity in athalas-
sohaline lakes of the Atacama desert. Northern Chile FEMS Microbiol
Ecol. 2004;48(1):57-69.

Dorador C, Vila I, Imhoff JF, Witzel KP. Cyanobacterial diversity in

Salar de Huasco, a high altitude saline wetland in northern Chile:

an example of geographical dispersion? FEMS Microbiol Ecol.
2008;64(3):419-32.

Dorador C, Busekow A, Vila I, Imhoff JF, Witzel KP. Molecular analysis of
enrichment cultures of ammonia oxidizers from the Salar de Huasco,

a high altitude saline wetland in northern Chile. Extremophiles.
2008;12(3):405-14.

Coleine C, Stajich JE, Selbmann L. Fungi are key players in extreme eco-
systems. Trends Ecol Evol. 2022;37(6):517-28.

Gao Q,Yan D,Wang D, Gao S, Zhao S, Wang S, et al. Variations in Nuclear
Number and Size in Vegetative Hyphae of the Edible Mushroom Lenti-
nula edodes. Front Microbiol. 2019;10:1987.

Lakovic M, Rillig MC. A Nuclei-Based Conceptual Model of (Eco)evolution-
ary Dynamics in Fungal Heterokaryons. Front Microbiol. 2022;13:914040.
Gunde-Cimerman N, Ramos J, Plemenita$ A. Halotolerant and halophilic
fungi. Mycol Res. 2009;113(11):1231-41.

Hawksworth DL, Luicking R. Fungal diversity revisited: 2.2 to 3.8 million
species. Fungal Kingd. 2017;5(4):5.4.

Grossart HP, Van den Wyngaert S, Kagami M, Wurzbacher C, Cunliffe

M, Rojas-Jimenez K. Fungi in aquatic ecosystems. Nat Rev Microbiol.
2019;17(6):339-54.

Santiago IF, Gongalves VN, Gomez-Silva B, Galetovic A, Rosa LH. Fungal
diversity in the Atacama desert. Antonie Van Leeuwenhoek Int J Gen Mol
Microbiol. 2018;111(8):1345-60.

Mohamed DJ, Martiny JBH. Patterns of fungal diversity and composition
along a salinity gradient. ISME J. 2011;5(3):379-88.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 18 of 19

Voigt K, James TY, Kirk PM, Santiago ALCM de A, Waldman B, Griffith GW,
et al. Early-diverging fungal phyla: taxonomy, species concept, ecology,
distribution, anthropogenic impact, and novel phylogenetic proposals.
Fungal Divers. 2021;109(1):59-98.

Rojas-Jimenez K, Rieck A, Wurzbacher C, Jirgens K, Labrenz M, Grossart
HP. A salinity threshold separating fungal communities in the baltic sea.
Front Microbiol. 2019;10(MAR):1-9.

Higgins D, Dworkin J. Recent progress in Bacillus subtilis sporulation.
FEMS Microbiol Rev janv. 2012;36(1):131-48.

Sexton DL, Tocheva El. Ultrastructure of exospore formation in
Streptomyces revealed by cryo-electron tomography. Front Microbiol.
2020;11:581135.

Kaplan-Levy RN, Hadas O, Summers ML, Ricker J, Sukenik A. Akinetes:
Dormant Cells of Cyanobacteria. In: Dormancy and resistance in harsh
environments. 2010. p. 5-27.

Julien B, Kaiser AD, Garza A. Spatial control of cell differentiation in Myxo-
coccus xanthus. Proc Natl Acad Sci U S A. 2000,97(16):9098-103.

Kramer MJ, Socolofsky MD. Characterization of the central body of the
Azotobacter cyst. Antonie Van Leeuwenhoek. 1970;36(1):119-28.
Corsaro D, Walochnik J, Venditti D, Steinmann J, Muller KD, Michel R.
Microsporidia-like parasites of amoebae belong to the early fungal line-
age Rozellomycota. Parasitol Res. 2014;113(5):1909-18.

James TY, Kauff F, Schoch CL, Matheny PB, Hofstetter V, Cox CJ, et al.
Reconstructing the early evolution of fungi using a six-gene phylogeny.
Nature. 2006;443(7113):818-22.

James TY, Berbee ML. No jacket required - new fungal lineage defies dress
code. BioEssays. 2011;34(2):94-102.

McConnaughey M. Physical Chemical Properties of Fungi. In: Reference
Module in Biomedical Sciences. Elsevier; 2014. https://doi.org/10.1016/
B978-0-12-801238-3.05231-4.

Money NP. Fungal Diversity. In: Watkinson SC, Boddy L, Money NP, editor.
The Fungi: Third Edition. Academic Press; 2016. p. 1-36.

Naranjo-Ortiz MA, Gabaldén T. Fungal evolution: diversity, taxonomy and
phylogeny of the fungi. Biol Rev. 2019;94(6):2101-37.

Simmons DR, James TY, Meyer AF, Longcore JE. Lobulomycetales, a new
order in the Chytridiomycota. Mycol Res. 2009;113(4):450-60.

Longcore JE. Morphology and zoospore ultrastructure of Chytriomyces
angularis sp. nov.(Chytridiales). Mycologia. 1992;84(3):442-51.

Kupper FC, Maier |, Muller DG, de Goer SL, Guillou L. Phylogenetic
affinities of two eukaryotic pathogens of marine macroalgae, Eury-
chasma dicksonii (Wright) Magnus and Chytridium polysiphoniae Cohn.
Cryptogam-Algol. 2006;27(2):165-84.

Powell MJ, Letcher PM. 6 Chytridiomycota, Monoblepharidomycota

and Neocallimastigomycota BT - Systematics and Evolution: Part A. In:
McLaughlin DJ, Spatafora JW, editors. Berlin, Heidelberg: Springer Berlin
Heidelberg; 2014. p. 141-75. editor67.

Barr DJS. Chytridiomycota. In: McLaughlin DJ, McLaughlin EG, Lemke PA,
editors. Systematics and Evolution. Berlin, Heidelberg: Springer Berlin
Heidelberg; 2001. p. 93-112.

Elwell C, Mirrashidi K, Engel J. Chlamydia cell biology and pathogenesis.
Nat Rev Microbiol. 2016;14(6):385-400.

Skennerton CT, Haroon MF, Briegel A, Shi J, Jensen GJ, Tyson GW, et al.
Phylogenomic analysis of Candidatus « Izimaplasma » species: Free-living
representatives from a Tenericutes clade found in methane seeps. ISME J.
2016;10(11):2679-92.

Blackwell M, Spatafora JW. Fungi and their allies. In: Mueller GM, Bills GF, Foster
MSBTB of F, editor. Biodiversity of Fungi. Burlington: Elsevier; 2004. p. 7-21.
Duina AA, Miller ME, Keeney JB. Budding yeast for budding geneticists:
A primer on the Saccharomyces cerevisiae model system. Genetics.
2014,197(1):33-48.

Pyatt FB. Chapter 4: Lichen Propagules. In: Ahmadjian V, Hale ME, editor.
The Lichens. Academic Press; 1973. p. 117-45.

Villar SEJ, Edwards HGM, Seaward MRD. Raman spectroscopy of hot
desert, high altitude epilithic lichens. Analyst. 2005;130(5):730-7.

Vargas Castillo R, Stanton D, Nelson PR. Aportes al conocimiento de la
biota liquénica del casis de neblina de alto patache, desierto de atacama.
Rev Geogr Norte Gd. 2017;64(68):49-64.

Sugiyama J, Hosaka K, Suh SO. Early diverging Ascomycota: phylo-
genetic divergence and related evolutionary enigmas. Mycologia.
2006;98(6):996-1005.


https://doi.org/10.1016/B978-0-12-801238-3.05231-4
https://doi.org/10.1016/B978-0-12-801238-3.05231-4

Corona Ramirez et al. BMC Microbiology (2023) 23:68 Page 19 of 19

76. van der Klei |, Veenhuis M, Brul S, Klis FM, De Groot PWJ, Mller WH, et al.
Chapter 8 - Cytology, cell walls and septa: a summary of yeast cell biology
from a phylogenetic perspective. In: Kurtzman CP, Fell JW, Boekhout
TBTTY (Fifth E, editor. London: Elsevier; 2011.p. 111-28.

77. Oberwinkler F. Yeasts in Pucciniomycotina. Mycol Prog. 2017;16(9):831-56.

78. Money NP. Chapter 3 - Spore Production, Discharge, and Dispersal. In:
Watkinson SC, Boddy L, Money NPBTTF (Third E, editor. Boston: Academic
Press; 2016. p. 67-97.

79. Aime MC, McTaggart AR. A higher-rank classification for rust fungi, with
notes on genera. Fungal Syst Evol. 2021;7(June):21-47.

80. Nguyen HDT, Tanney JB, Chabot D, Nickerson NL, Seifert KA. Paratritira-
chium curvibasidium, a new heat-resistant basidiomycete from flare pit
soils in Alberta. Canada Mycol Prog. 2014;13(3):575-87.

81. Begerow D, Stoll M, Bauer R. A phylogenetic hypothesis of Ustilagino-
mycotina based on multiple gene analyses and morphological data.
Mycologia. 2006;98(6):906-16.

82. Ruiz-Herrera J, Leon CG, Carabez-Trejo A, Reyes-Salinas E. Structure and
chemical composition of the cell walls from the haploid yeast and Myce-
lial forms of Ustilago maydis. Fungal Genet Biol. 1996,20(2):133-42.

83. Millanes AM, Diederich P, Wedin M. Cyphobasidium gen. nov., a new
lichen-inhabiting lineage in the Cystobasidiomycetes (Pucciniomycotina,
Basidiomycota, Fungi). Fungal Biol. 2016;120(11):1468-77.

84. Gaitanis G, ChasapiV, Velegraki A. Novel application of the Masson-
Fontana stain for demonstrating Malassezia species melanin-like
pigment production in vitro and in clinical specimens. J Clin Microbiol.
2005;43(8):4147-51.

85. Drake H, Ivarsson M. The role of anaerobic fungi in fundamental biogeo-
chemical cycles in the deep biosphere. Fungal Biol Rev. 2018;32(1):20-5.

86. Gadd GM. Fungal biomineralization. Curr Biol. 2021;31(24):R1557-63.

87. Toju H, Tanabe AS, Yamamoto S, Sato H. High-coverage ITS primers for
the DNA-based identification of ascomycetes and basidiomycetes in
environmental samples. PLoS ONE. 2012;7(7):e40863.

88. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
et al. Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat Biotechnol. 2019;37(8):852-7.

89. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADAZ2: High-resolution sample inference from lllumina amplicon data.
Nat Methods. 2016;13(7):581-3.

90. Rognes T, Flouri T, Nichols B, Quince C, Mahé F. VSEARCH: a versatile open
source tool for metagenomics. Peer). 2016;2016(10):1-22.

91. Nilsson RH, Larsson KH, Taylor AFS, Bengtsson-Palme J, Jeppesen TS,
Schigel D, et al. The UNITE database for molecular identification of fungi:
Handling dark taxa and parallel taxonomic classifications. Nucleic Acids
Res. 2019;47(D1):D259-64.

92. Team RS. RStudio: Integrated Development Environment for R. Boston,
MA: RStudio PBC; 2020.

93. McMurdie PJ, Holmes S. Phyloseq: a bioconductor package for han-
dling and analysis of high-throughput phylogenetic sequence data.
Biocomputing. 2012;235-46.

94. Oksanen AJ, Blanchet FG, Friendly M, Kindt R, Legendre P, Mcglinn D, et al.
Package ' vegan !2020.

95. Chen H, Boutros PC. VennDiagram: a package for the generation of
highly-customizable Venn and Euler diagrams in R. BMC Bioinformatics.
2011;12(1):35.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub- Ready to submit your research? Choose BMC and benefit from:
lished maps and institutional affiliations.

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Assessment of fungal spores and spore-like diversity in environmental samples by targeted lysis
	Abstract 
	Introduction
	Results
	Effect of the lysis-resistant enrichment method on pure cultures
	Fungal diversity in the Salar de Huasco
	Diversity of lysis-resistant fungi in the Salar de Huasco
	Diversity at the phylum level
	Diversity at the class level
	Beyond known taxa


	Discussion
	Use of the lysis-resistant separation method in Fungi
	Fungal diversity in the Salar de Huasco
	Lysis-resistance in fungi

	Conclusions
	Method
	Validation of the Lysis-resistant enrichment method for fungi
	Mycelium and spore collection
	Method to enrich lysis-resistant cells
	DNA extraction

	Application of the lysis-resistant enrichment method in environmental samples
	Sampling
	Lysis-resistant cells enrichment method

	Sequencing and statistical analysis

	Anchor 25
	Acknowledgements
	References


