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Fungi are one important group of eukaryotic microorganisms in a diverse range of
ecosystems, but their diversity in groundwater ecosystems is largely unknown. We
used DNA-based pyro-tag sequencing of the fungal internal transcribed spacer (ITS)
rDNA gene to investigate the presence and community structure of fungi at different
sampling sites of two superimposed limestone aquifers ranging from 8.5 to 84 m
depth in the newly established Hainich Critical Zone Exploratory (Hainich CZE). We
detected a diversity of fungal OTUs in groundwater samples of all sampling sites.
The relative percentage abundance of Basidiomycota was higher in the upper aquifer
assemblage, whilst Ascomycota dominated the lower one. In parallel to differences in the
hydrochemistry we found distinct fungal communities at all sampling sites. Classification
into functional groups revealed an overwhelming majority of saprotrophs. Finding taxa
common to all analyzed groundwater sites, point to a groundwater specific fungal
microbiome. The presence of different functional groups and, in particular plant and
cattle pathogens that are not typical of subsurface habitats, suggests links between the
surface and subsurface biogeosphere due to rapid transportation across the fracture
networks typical of karstic regions during recharge episodes. However, further studies
including sampling series extended in both time and space are necessary to confirm this
hypothesis.

Keywords: fungal communities, ITS gene, pyrosequencing, karst, Upper Muschelkalk groundwater, Hainich CZE

INTRODUCTION

Fungi are one of the most important ecological groups of eukaryotic microorganisms and with
1.5-1.6 million species (Hawksworth, 1991, 2001) they contribute significantly to microbial
diversity on earth (O’Brien et al., 2005; Hibbett et al., 2007). The diversity estimates of fungi have
been primarily based on cultures isolated from soils and plants in selected terrestrial habitats, while
strains from aquatic ecosystems such as freshwater and marine habitats and their sediments have
been less accounted (Richards et al., 2012). Knowledge about the complexity of fungal diversity at
higher taxonomic levels is increasing with the advent of powerful molecular techniques to analyze
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environmental DNA. By sequencing internal transcribed spacer
(ITS) genes of fungal rDNA O’Brien et al. (2005) have suggested
revising the global fungal diversity estimate of Hawksworth up to
3.5-5.1 million.

In terrestrial ecosystems, fungi are a key component of
microbial communities and play vital ecological roles as
decomposers of dead organic matter, mutualists, or pathogens of
plants and animals. Likewise in aquatic ecosystems, their roles in
attenuation of contamination (Yagi et al., 2010), decomposition
of dead organic matter to recycle nutrients and their potential
for interacting with other organisms either as symbionts or
pathogens make them one of the key drivers of aquatic food web
dynamics (Wurzbacher et al., 2010).

From an ecological point of view, karstified carbonate-rock
aquifers are open systems that import matter, energy, and
various microorganisms during recharge events from the surface
(Akob and Kusel, 2011). As a consequence, they constitute
heterogeneous habitats that support a wide range of life forms
(Goldscheider et al., 2006). Furthermore, they constitute a major
source of water for domestic, agricultural, and industrial purposes
(Lin et al., 2012). Specifically, karstic landscapes cover 20-25% of
the earth’s ice-free land (Ford and Williams, 2013) and provide
drinking water for almost 1.6 billion people worldwide (Martin
and White, 2008). Karstic regions are characterized by their high
porosity and permeability due to widened factures and cavities
that favor accelerated transport from the surface to the subsurface
(Anaya et al, 2014). Therefore, karstified limestone aquifers
represent a complex system with sub-compartments that can host
specific microbial communities and also offer a model system that
is convenient to detect microorganism transport during recharge
events.

There are numerous studies of fungal diversity in terrestrial
(Tedersoo et al., 2014) as well as in aquatic ecosystems like
the deep sea (Le Calvez et al., 2009; Nagano and Nagahama,
2012; Singh et al,, 2012a,b; Xu et al., 2014), freshwater streams
(Zeglin, 2015), and lakes (Wurzbacher et al., 2010). But for
groundwater limestone aquifers, high throughput sequencing-
based analyses of diversity, community composition and their
ecological roles are scarce. Apart from fungal detection within
18S based eukaryote clone libraries from groundwater (Risse-
Buhl et al., 2013), only direct microscopic observations of spores
(Krauss et al., 2003) or from cultures (Lategan et al., 2012) in
contaminated or managed aquifers are actually available.

In this study, we aimed to fill the knowledge gap about fungi
in karstic aquifers by using culture-independent techniques.
We used DNA-based high-throughput pyro-tag sequencing
analysis of the fungal ITS rDNA gene to characterize fungi
and their functional groups in groundwater samples from
two superimposed limestone aquifer assemblages in the newly
established Hainich Critical Zone Exploratory (Hainich CZE).
These aquifers display marked differences with respect to their
oxygen and nitrate contents. We hypothesized that (i) fungal
community structures differ between the accessible domains of
the two aquifer assemblages, (ii) but also share common taxa in
the context of the karst landscape. Additionally, characterizing
the functional groups of the detected taxa might provide valuable
insights of a possible transport of fungi through the karst system.

MATERIALS AND METHODS

Study Site and Groundwater Sampling

The study was conducted in the newly established Hainich
CZE located in the Hainich region in the northwest of the
federal state of Thuringia, Germany described in Kiisel et al.
(2016). Briefly, with a total area of ~16,000 hectares (with
13,000 hectares of forest), Hainich National Park is the largest
connected deciduous forest in German and the Hainich CZE
follows the eastern slope of the Hainich range with a mean
inclination of approximately 2°. The geological units that build
soils bedrocks and aquifer/aquitard alternations of the CZE area
belongs lithostratigraphically to the German Triassic subgroups
Middle and Upper Muschelkalk (mainly marlstones, limestones)
in the east and Lower Keuper (clay/siltstones) in the western part.
A groundwater monitoring well transect (51°6.20'N 10°23.82'E-
51°7.17'N 10°28.16'E) was constructed as from summer 2010 as a
central feature of the Hainich CZE. This monitoring well transect,
oriented in a W-E direction, following the presumed discharge
direction, is ~6 km long and covers the land use types forest (H1,
H2), grassland/pasture (H3) and agricultural cropland (H4 and
HS5; Figure 1).

Groundwater samples were collected during a regular
4-weekly sampling campaign from seven permanently water-
bearing monitoring wells namely H32, H43, H52, and H53
(Hainich transect upper aquifer assemblage - HTU, Meissner
formation, Upper Muschelkalk) and H31, H41, H51 (Hainich
transect lower aquifer assemblage - HTL, Trochitenkalk
formation, Upper Muschelkalk). Recently, Opitz et al
(2014) and Herrmann et al. (2015) reported that the HTU
aquifers are oxygen-deficient with low nitrate concentrations,
whereas the HTL aquifer are oxygen-rich with higher nitrate
concentrations. Before sampling, the groundwater extraction,
using a submersible sampling pump (MP1, Grundfos, Denmark),
was continued until a specific volume had been extracted and
the physiochemical parameters had stabilized. For nucleic
acid extractions and other subsequent molecular analysis,
groundwater was transferred into sterile glass bottles and
transported to the laboratory at 4°C. Approximately 5-6 1
of groundwater were filtered through 0.2 pm, PES filters
(Supor, Pall Corporation, Port Washington, NY, USA), which
took about 40-90 min per filter. Groundwater samples were
kept cold during the filtration process. The filters were then
transferred into sterile reaction tubes, frozen on dry ice within
1 min and stored at —80°C until nucleic acid extraction was
conducted.

Physiochemical Analysis

For all water samples, we measured temperature, pH,
dissolved oxygen concentration (DO) and specific electrical
conductivity (EC) using a flow-through cell, digital sensors
and multi parameter meter (Multi-3430 IDS, WTW, Weilheim,
Germany). Concentration of sulfate ions was determined by
ion chromatography (IC 20 system, Dionex, Sunnyvale, CA,
USA) equipped with an IonPac AS11-HC column and an
IonPac AG11-HC precolumn, and total organic carbon (TOC)
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FIGURE 1 | Graphical illustration of groundwater wells in the Hainich Critical Zone Exploratory (Hainich CZE) at site H3 (located in
grassland/pasture), H4 and H5 (located in agriculture/cropland) with their distances from the surface. The illustration is 4X vertically exaggerated.
Groundwater samples were collected and analyzed from the sampling sites; H31, H41, and H51 (in Hainich transect lower — HTL aquifer assemblage) and H32, H43,
H52, and H53 (in Hainich transect upper — HTU aquifers assemblage). Adapted base figure from Kisel et al. (2016).
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concentrations were determined using a TOC analyzer (Analytik
Jena, Jena, Germany).

DNA Extraction, Amplicon Library, and

Sequencing

Extraction of the genomic DNA was carried out from the
filter disks (one filter for each of the seven sites) following
the method described in Church et al. (2010). The fungal ITS
rDNA region was amplified using the primer combination ITS1F
(Gardes and Bruns, 1993) and ITS4 (White et al., 1990) to
generate amplicon libraries. PCR products were checked by gel
electrophoresis and purified using a NucleoSpin extract II kit
(Macherey-Nagel, Germany) according to the manufacturer’s
protocol. Barcodes and linker sequences were added in a
second PCR performed by GATC-biotech (Konstanz, Germany).
Amplicons were sequenced by 454-pyrosequencing on a Roche
GS FLX genome sequencer system by GATC-biotech, following
the manufacturer’s protocol.

Sequence Processing

Sequential bioinformatic analysis was performed to filter out high
quality reads of the sequences generated by pyrosequencing. The
raw reads were first demultiplexed and quality trimmed using
the MOTHUR software (v 1.33.3; Schloss et al., 2009). Briefly,
reads were binned and quality filtered based on the sample
barcodes with a maximum of one mismatch, the forward primer
with a maximum of four mismatches, a minimum length of
400 nt, a minimum average quality score of 30 Phred, containing
homopolymers with a maximum length of 8 nt, and without any
ambiguous nucleotides. Chimeras were removed using UCHIME
(Edgar et al., 2011) as implemented in MOTHUR. The sequence
reads were normalized to the lowest number of reads per sample.
Unique sequences were sorted by decreasing abundances and
were clustered into operational taxonomic units (OTUs) using
the CD-HIT-EST (Fu et al., 2012) at a threshold of 97% sequence
similarity. Fungal ITS OTU representative sequences were first
classified against the dynamic version of the UNITE database
(Koljalg et al., 2013). Non-target OTUs were removed from the
dataset and the fungal sequences were further classified against
the full version of the UNITE database in order to improve

their taxonomic annotation. In order to assess the effect of rare
taxa (singletons, doubletons, and tripletons), which potentially
might originate from artificial sequences (Kunin et al., 2010),
we performed a Mantel test using Bray—Curtis dissimilarities to
assess the correlations between the whole matrix and a matrix
excluding the rare OTUs. The result indicated that the removal
of rare OTUs from the total community had no effect on the
fungal community composition (R = 0.9948, P = 0.001). Thus
we removed the rare taxa and used the dominant taxa matrix
for further statistical analysis. Finally, representative sequences
of the dominant fungal OTUs were assigned into functional or
ecological groups on the basis of sequence similarity using the
default parameters of the GAST algorithm (Huse et al., 2008) to
evaluate them against the reference dataset provided by Tedersoo
et al. (2014). Total numbers of reads in the different steps of the
bioinformatic workflow are presented in the Table 2.

Potential Transport of Fungi

We used the number of fungal OTUs present in the first sampling
site and the number of those fungal OTUs in last sampling site
as an estimation of potential horizontal and vertical transport of
fungi within and between the aquifers. For horizontal transport,
sites H32 and H53 in the upper aquifer and sites H31 and H51
in the lower aquifer were used as the first and last sites. Whereas,
for vertical transport, sites H31 and H32, H43 and H41, H53 and
H51 were taken as first and last sites for sites H3, H4, and H5,
respectively. Additionally, we also used the non-surface lifestyles
of the detected fungal OTUs in the aquifers as an indictor of the
potential transport.

Nucleotide Accession Number

The Fungal ITS rDNA pyrosequencing data are deposited in the
European Nucleotide Archive (ENA) under the study number
PRJEB12647.

Statistical Analysis

The R software-3.2.0 (R Development Core Team, 2015) and
PAST software-v.2.17 (Hammer et al., 2001) were used for the
data analysis. All the statistical analysis was carried out using
the relative abundance values of OTUs. Sample based rarefaction
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curves (Hurlbert, 1971) were generated for all the samples from
the upper and lower aquifers to account for sampling effort
by using the function rarefy in the vegan package (Oksanen
et al,, 2015) implemented in R. Similarity percentages (SIMPER)
analysis based on Bray-Curtis dissimilarity measures was used
to calculate the pairwise and overall dissimilarity between all the
sites in upper and lower aquifers and the top 10 fungal OTUs
that contributed the most to the observed overall dissimilarity
using PAST. UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) clustering based on the Bray—Curtis similarity
index was calculated to determine possible clustering of the
different sites from the two aquifers. Fungal communities from
the upper and lower aquifers were graphed in a two-dimensional
NMDS (Non-metric multidimensional scaling) ordination based
on Bray-Curtis dissimilarity matrices using PAST.

RESULTS

Hydrogeology and Hydrochemistry of the
Aquifers

The physiochemical parameters of the groundwater samples are
summarized in Table 1. We found that water samples from the
two aquifer assemblages have neutral pH ranging from 7.1 to
7.3. Oxygen concentration in the groundwater wells of the upper
aquifers ranged from 3.2 mg L™! in the uphill location (H3) to
0.0 mg L™! in the anoxic domains in the presumed discharge
direction. The lower, oxic aquifer contained up to 8.4 mg L~}
(H3) dissolved oxygen. The highest concentrations of sulfate
(1.39 mmol L™!) were observed at site H5 in the lower aquifer.
Ion contents (measured as EC), TOC, and DOC concentrations
did not differ markedly, except the sulfate-caused elevated EC
in H51.

Overview of Fungal ITS Dataset

A total of 149,769 raw reads were generated by 454-
pyrosequencing from the seven samples collected from the upper
and lower aquifers at sites H3, H4, and H5. As shown in Table 2,
the trimming and the removal of potential chimeric sequences
resulted in a final total of 113,798 reads, ranging from 11,248
to 20,890 reads per sample. Therefore, the number of reads

was normalized to 11,248 reads per sample. Further sequence
clustering at the >97% sequence similarity level followed by
non-target sequence removal resulted in separating out a total
of 84,939 OTUs. Sequences representing the rare taxa (single-,
double-, and triple-tons), a total of 1,448, were removed from the
dataset.

Distribution Patterns of Fungi in the
Upper and Lower Aquifers

Sample-based rarefaction curves from all samples of the two
aquifers reached saturation (Figure 2). Aquifer-specific and
shared fungal OTUs were represented in a Venn diagram
(Figure 3A). We found 129 and 187 OTUs exclusively present in
the upper and lower aquifer, respectively, whilst 121 fungal OTUs
were shared between these two aquifer assemblages.

Classification of the fungal OTU’ at phylum level showed
the presence of three dominant fungal phyla in the dataset,
i.e., Ascomycota, Basidiomycota, and Zygomycota (Figure 3B).
Basidiomycota dominated the upper aquifer with 50, 55, and
67% relative abundance at sites H32, H43, and H52, respectively.
Tremellomycetes (Basidiomycota) was the dominant fungal class
in the upper aquifers. In contrast, at site H53 in the upper
aquifer the phylum Ascomycota was dominant with 87% relative
abundance (Basidiomycota accounted for only 9%).

In the lower aquifer, Ascomycota at sites H51 and H41 had
the highest relative abundances of 85 and 76%, respectively,
with Sordariomycetes, and Leotiomycetes as the dominant
classes. Interestingly, site H31 in the lower aquifer exhibited a
unique pattern with more even distribution of the proportions
of the three fungal phyla (Ascomycota, 23%; Basidiomycota,
46%; Zygomycota, 26%). In addition, the highest numbers of
unclassified OTUs were present in H32 of the upper aquifer
assemblage.

Fungal Community Structures in the

Upper and Lower Aquifers

The overall dissimilarity between the fungal communities of
the upper and lower aquifers calculated by SIMPER analysis
was high (81.36%). The top 10 OTUs significantly contributed
to the observed dissimilarity between the fungal communities
of the upper and lower aquifers and could be considered to

TABLE 1 | Physiochemical parameters of groundwater samples from the upper and lower aquifers; sampling campaign September 2013.

Site Aquifer top pH DO (mgL~1) DOC (umol L~1) TOC (umol L1) S0,42- EC (Tyef 25°C)

depth (m) concentration (S cm™1)
(mmol L-1)

Upper aquifer

H32 15 7.3 3.2 2.54 2.72 0.5 760

H43 8.5 71 2.89 3.28 0.2 ND

H52 65 7.2 0 1.72 1.77 0.5 780

H53 47 7.3 1.42 1.81 0.4 725

Lower aquifer

H31 43 7.2 8.4 2.89 3.32 0.54 740

H41 445 7.2 4.6 2.07 2.50 0.57 ND

H51 84 71 2.4 2.24 2.50 1.39 1049
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TABLE 2 | Total number of reads at the different stages of the bioinformatic workflow.

Sample Raw Trimmed Chimeras removed Sub-sampled Rare OTUs removed Fungal OTUs only
H31 18926 14805 14078 11248 11211 11139
H32 15735 13759 13202 11248 9215 91183
H41 18232 13025 11248 11248 10546 10005
H43 16884 14901 13522 11248 11248 11162
H51 19267 15556 13598 11248 10921 10724
H52 18562 15031 13332 11248 11074 10795
H53 23860 21673 20890 11248 9480 9349
Minimum 15735 13025 11248 11248 9215 91183
Average 18721.1 15390.8 14224.8 11248.0 10617.4 10436.4
Maximum 23860 21673 20890 11248 11248 11204
Total 149769 123126 113798 89984 84939 83491
S—
N
34
3
=
o
k]
[} H5_1
€ 8-
E 2
=z

50

H3_1

0 2000 4000

Number of reads

FIGURE 2 | Rarefaction curves for fungal amplicon libraries from all the sites in the upper and lower aquifer assemblages describing the number of
fungal OTUs defined at the >97% sequence similarity as a function of the number of reads.

6000 8000 10000

be drivers of fungal community structural change in these two
aquifers are summarized in Table 3. The OTUs that contributed
the most (16% of the total dissimilarity) were OTU_003 and
OTU_005 identified as Ascomycota and Basidiomycota species,
respectively, with the highest relative abundance (14 and 10%)
in the upper aquifer. While in the lower aquifer, OTU_009
(Sordariomycetes) and OTU_010 (Mortierellaceae), belonging to
the phyla Ascomycota and Zygomycota, were more abundant (10
and 9%). Together, these two OTUs - 009 and 010 accounted for
11.4% of the overall dissimilarity.

Paired group (UPGMA) clustering analysis using Bray—Curtis
similarity indices was performed to identify possible clustering
of sampling sites in the upper and lower aquifers on the basis

of similarity with respect to fungal community structure. The
results indicated that there was no distinct clustering pattern of
the sampling sites from the two aquifer assemblages (Figure 4A).
Instead, it revealed that none of the sites formed any true cluster
with high similarity values regardless of their aquifer (upper and
lower) or site (H3, H4, and H5). A two-dimensional non-metric
multidimensional scaling (NMDS) ordination (Figure 4B) based
on the Bray-Curtis distance matrix indicated that sites H31 and
H32 were in close proximity but there was only 30% similarity
between them (Figure 4A). The pairwise average dissimilarities
between all the samples are given in Table 4. The individual
and cumulative contributions of different fungal OTUs in all
the pairwise dissimilarities calculated with SIMPER based on
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FIGURE 3 | Venn diagram (A) illustrating the number of fungal OTUs exclusively found in the upper and lower aquifer assemblages and OTUs that
were found in both aquifers. Relative distribution of fungal phyla (B) and different fungal functional groups (C) found in upper and lower aquifer assemblages in the
Hainich CZE.
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TABLE 3 | Top 10 fungal OTUs that contribute the most to the observed difference in the fungal communities of the upper and lower aquifer
assemblages based on SIMPER analysis.

Fungal OTU Identified fungal taxa Average dissimilarity = Contribution % Mean abundance upper aquifer =~ Mean abundance lower aquifer
Otu_0003 Ascomycota 7.921 9.736 14% 4%
Otu_0005 Tremellales (B) 5.166 6.349 10% 1%
Otu_0009 Sordariomycetes (A) 4.938 6.069 0% 10%
Otu_0010 Mortierellaceae (Z) 4.32 5.309 0% 9%
Otu_0002 Malasseziales (B) 4.204 5.167 7% 5%
Otu_0004 Unclassified Fungus 4.063 4.994 8% 2%
Otu_0006 Cryptococcus victoria (B) 4.005 4.923 2% 9%
Otu_0011 Monilinia fructigena (A) 3.128 3.845 0% 6%
Otu_0001 Davidiella (A) 2.712 3.333 10% 12%
Otu_0007 Malassezia restricta (B) 2.234 2.746 2% 5%
Otu_0012 Stereum (B) 2.089 2.568 4% 0%

A, Ascomycota, B, Basidiomycota; Z, Zygomycota; Un, unclassified.

the Bray-Curtis similarity index, along with their taxonomic
affiliation are given in Supplementary Table S1.

Furthermore, it can also be inferred from the data
presented in Supplementary Table S1 that at each sampling

site different fungal OTUs dominated the upper and lower
aquifer. For instance, at site H3 (grassland/pasture), fungal
OTUs belonging to Russulales sp. were dominant in the upper
aquifer, whereas OTUs belonging to family Mortierellaceae
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FIGURE 4 | Paired grouped (UPGMA) clustering of fungal OTUs found in the upper and lower aquifer assemblages in the Hainich CZE based on
Bray-Curtis similarity index (A) and two-dimensional NMDS ordination of fungal community structures from upper and lower aquifers (B).
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TABLE 4 | Pairwise average dissimilarities between all the samples from
the upper and lower aquifers based on Bray-Curtis similarity matrix.

H31 H32 H41 H43 H51 H52 H53
H31 -
H32 66.83 -
H41 73.82 84.18 -
H43 74.23 76.95 71.68 -
H51 85.76 86.12 80.85 83.57 -
H52 85.44 89.08 74.97 72.50 83.20 -
H53 92.38 92.28 79.53 92.93 94.21 92.09 -

and genera Cryptococcus and Malassezia were frequently
detected in the lower aquifer. At site H4 (agricultural cropland),
the most commonly detected fungal genera in the upper
aquifer were Stereum, Mycena, Xanthoria, and Davidiella.
In contrast, the lower aquifer was dominated by the genera
Blumeria, Cryptococcus, and Penicillium. Similarly, at site H5
(agricultural cropland), the orders Tremellales and Filobasidales
(Cryptococcus sp.) prevailed in the upper aquifer and Monilinia
fructigena and Bullera globospora dominated in the lower
aquifer.

Functional Assignment of Fungal OTUs

Functional assignment of fungal OTUs revealed the presence
of four dominant functional groups, i.e., saprotrophs (71%),
plant pathogens (17%), animal parasites (1%) and lichenized
fungi (1%; Figure 3C). Saprotrophs represented the dominant
functional group at almost all the sampling sites in the two aquifer
assemblages (60, 83, 77, 94, 69, and 63 at sites H32, H43, H52,

H31, H41, and H51, respectively). Interestingly, at site H53 the
proportion of plant pathogens (16%) and saprotrophs (14%) were
almost equal and there was also a high proportion of unknowns
at this site (70%).

Potential Horizontal and Vertical
Transport of Fungal OTUs

Potential vertical (from top to bottom - Figure 1 - at sites H3,
H4, and H5) and horizontal (from left to right — Figure 1 - in
the upper and lower aquifers) transport of fungi was explored
on the basis of shared fungal OTUs at the sampling points
(Figure 5). The maximum potential vertical transport, i.e., 46%
observed at site H4, whereas the lower aquifer had the highest
potential horizontal transport of fungi, i.e., 22%. We also found
fungal OTUs in upper and lower aquifers that are not specific
to the subsurface habitats, i.e. wood decaying fungi (Stereum
sp.), lichenized fungi (Xanthoria sp.) and wheat pathogens
(Oculimacula yallundae and Blumeria graminis).

DISCUSSION

To our knowledge, here we present the first study with a
particular focus on fungal communities in uncontaminated
karstified limestone aquifers using a next generation sequencing
approach, which revealed five major results. First, fungi persist
in the limestone aquifers to a minimum depth of 84 m
from the surface. Second, Ascomycota and Basidiomycota
are the dominant fungal phyla at all the sites of the
upper and lower aquifers investigated. Third, the majority
of the fungi in the aquifers examined are saprotrophs.
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H51 were taken as first and last sites for sites H3, H4, and H5, respectively.

FIGURE 5 | Potential horizontal and vertical transport of fungi within and between the aquifers, estimated on the basis of number of fungal OTUs
present in the first sampling site and the number of those fungal OTUs in last sampling site. For horizontal transport, sites H32 and H583 in the upper
aquifer and sites H31 and H51 in the lower aquifer were used as the first and last sites. Whereas, for vertical transport, sites H31 and H32, H43, and H41, H53, and

Fourth, distinct fungal communities were detected in the
upper and lower aquifers and across different sampling
sites along them, suggesting that the local environmental
settings are a driver of the fungal community structure.
Fifth, there was an indication of possible horizontal and
vertical transport of fungal OTUs within and between the
aquifers.

Distribution and Functional Groups of

Fungi Detected in Aquifers

In this study, we report 437 dominant fungal OTUs, which
indicates that the karstic limestone aquifers in the alternating
limestone and marlstone sequence of the Hainich CZE host
taxonomically diverse fungal species. In the absence of further
molecular data on fungal communities in other carbonate-
rock aquifers, only indirect comparisons can be made with
studies in related environmental settings, i.e., karst cave
systems, fresh water lakes or deep groundwater fracture
zones.

In the upper aquifer, the most abundant fungal class was
Tremellomycetes, a nutritionally heterogeneous fungal group
comprising saprotrophs, animal parasites and fungicolous species
(Millanes et al., 2011). The majority of Tremellomycetes spp.
are dimorphic - during their life cycle they have both a
haploid unicellular yeast phase and a diploid filamentous phase
(Boekhout et al., 2011). It has been reported that some of
these dimorphic fungi are able to oxidize sulfur and sulfur
compounds to release sulfate (Sterflinger, 2000; Reitner et al,
2006). In subsurface aquatic systems, they could participate in
sulfur cycling and provide sulfate to the sulfate-reducing bacteria
(Sohlberg et al., 2015).

In the lower aquifer, fungal OTUs belonging to
Sordariomycetes and  Leotiomycetes were dominant.
Sordariomycetes, one of the largest classes in the Ascomycota
(Kirk et al., 2008), are cosmopolitan fungi that can function as

pathogens, endophytes of plants and mammals, mycoparasites,
and saprotrophs (Zhang et al., 2006). They have not been much
studied in freshwater ecosystems, but generally they are known
for degrading wood in waterlogged systems (Luo et al., 2004),
and their superior dispersal/attachment strategies give them a
competitive advantage over other freshwater fungi (Vijaykrishna
et al., 2006). The Leotiomycetes are a large group of non-lichen-
forming fungi that are able to survive in various ecosystems
(Wang et al., 2006). These fungi have been described as plant
pathogens, fungal parasites, and terrestrial and aquatic saprobes
(Wang et al., 2002), contributing to decomposition and nutrient
cycling.

Interestingly, the genus Cryptococcus was widely distributed
in both upper and lower aquifers in the Hainich CZE. The
Cryptococcus species can grow anaerobically (Visser et al., 1990;
Ekendahl et al., 2003) and have been reported previously in
anoxic aquifers (Brad et al.,, 2008). Therefore, the presence of
Cryptococcus species in the HTU and HTL aquifer assemblages
with different amounts of dissolved oxygen provides an insight
into the physiological plasticity of different fungal groups found
in this study.

Although our classification of the detected fungi enabled us
to detect a diversity of functional groups such as parasites or
lichenized fungi, the majority of the OTUs found correspond to
saprotrophs. This was somewhat expected, as in deep aquifers
fungi play crucial ecological roles in the decomposition of organic
substrates and the release of nutrients to other co-existing
microbial communities (Sohlberg et al., 2015).

Fungal Community Structures in Aquifers

In the Hainich CZE, the HTU aquifers were characterized
in previous studies as oxygen-deficient with low nitrate
concentrations, whereas the HTL aquifer was oxygen-rich with
higher nitrate concentrations (Opitz et al., 2014; Herrmann et al.,
2015). Kiisel et al. (2016) analyzed 4 years of hydrogeochemistry
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data from the superimposed Hainich transect aquifer assemblages
and reported higher dissolved oxygen, nitrate and redox potential
in the lower than in the upper aquifer. Such variations
in biogeochemical characteristics of surface and subsurface
environments are known to determine variations in the
community structure of microbes (Edgcomb et al., 2011; Lee
et al.,, 2012; Soininen, 2012; Van Horn et al., 2013; Redou
et al., 2015). Indeed, we found the fungal community structures
in the upper and lower aquifers to be distinct across all
sampling sites (Figure 3B). The top depths of the aquifers at
our sampling sites below the surface ranged between 8.5 and
84 m and we found that distance from the surface or depth
was an important factor influencing the fungal community
structure. This observation is in accordance with previous studies
that reported changes in the fungal community structures at
different depths in different aquatic environments, i.e., sub-
sea floor (Ciobanu et al, 2014; Redou et al, 2014) and
deep bedrock groundwater fracture zones (Sohlberg et al,
2015).

Though in a smaller fraction, our finding of plant pathogens,
lichenized fungi and animal parasites reflects the diverse lifestyles
of fungi in the aquatic habitats. In the absence of any sunlight,
we do not expect plants in these aquifers and the presence
of plant pathogens in our dataset rather suggests that they
might have been transported from the surface where their
respective hosts grow. Future studies are needed, however, to
investigate the presence of active plant pathogens and other
plant-associated functional groups using RNA-based fungal
community analysis.

Potential Fungal Horizontal and Vertical

Transport

Karstic aquifers are recharged by water from the surface after
rainfall and snowmelt events (Ferrill et al., 2004; Somaratne,
2014). These recharge events not only transport water but
also DOM and microorganisms (e.g., bacteria, archaea, and
fungi) from the surface to the aquifers. The type of the
DOM and transported microbial communities depends on the
soil and vegetation cover, land use and management types,
and the size of the recharge area (Lehman, 2007). Therefore,
the observed differences in the fungal community structure
of upper and lower aquifers along the catena of this study
could partially reflect the fact that the recharge areas of
two aquifers in the Hainich CZE are located at sites with
different land uses and different soil characteristics (Kiisel et al.,
2016).

The high permeability, due to well-developed secondary
porosity (including conduits) make karstified limestone aquifers
an ideal system to study the processes of microbial transport from
the surface to the subsurface (Anaya et al., 2014). Mathematical
modeling of flow rates of water and other input signals in
karst terrain has been proposed in several studies (Martin
and Dean, 2001; White, 2002; Scanlon et al., 2003; Renken
et al., 2008) and such flows provide a transport link between
surface and subsurface (Kiisel et al, 2016). Hence it is very
possible that along with water, fungi are also transported

through all the compartments of the CZ to the aquifers.
Our finding of some fungal OTUs common to all sampling
sites in aquifers, despite the physico-chemical conditions being
markedly different, allows us to hypothesize that there is
active transport of fungi in the superimposed aquifers that
we studied. In line with this hypothesis, the variation in the
percentages of commonly detected fungal OTUs at different
sites along the groundwater transect is consistent with the fact
that porosity and flow structures are not consistent throughout
karst landscapes (Bailly-Comte et al., 2010). Nevertheless the
presence and absence of a particular fungal OTU at any
given site is under the influence of more than one process,
ie., transport, selection, and ecological drift. Therefore we
also used the presence of fungal OTUs with non-subsurface
lifestyles (i.e., plant and animal pathogens) as an indicator of
the potential transport from the surface to the aquifers. For
instance, at site H4, we detected Stereum sp. (wood decaying
fungi) and Xanthoria sp. (lichenized fungi), forest-associated
fungal taxa, that might have been transported vertically from
the forest soil (H1) to the aquifer and then horizontally to
sampling site H4. Similarly the presence of wheat pathogens, i.e.,
Oculimacula yallundae (Esvelt Klos et al., 2014) and Blumeria
graminis (Belanger et al., 2003) in the upper aquifer at site H4
(agricultural cropland) also indicates possible vertical transport.
To confirm this hypothesis, further spatial and especially time
series need to be analyzed and, rather than DNA, RNA
should be targeted in order to rule out the detection of
inactive fungi or even DNA fragments. Apart from the aquifers
themselves, such analyses need to consider all compartments
within the critical zone, i.e., soil, subsoil, aquifers, and also to
examine the consequences of major recharge (e.g., after snow
melt).

CONCLUSION

Our study indicates that fresh water karstic limestone aquifers
host a large number of different fungal communities that have
previously not been studied in unmanaged and uncontaminated
aquifer systems. By combining high-resolution amplicon
sequencing techniques with the infrastructure of the Hainich
CZE we can contribute to the international Critical Zone
Observatory platforms by filling knowledge gaps about the
presence and ecological roles of fungi. Although, we cannot say
much about the metabolic potential of the fungi from our DNA-
based study, we suggest further RNA-based fungal community
and meta-transcriptomic analysis to disentangle the functional
significance of the active aquifer mycobiome.
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