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Abstract

Fungi are phylogenetically diverse organisms found in nearly every environment as key
contributors to the processes of nutrient cycling and decomposition. To date, most fungal diversity
has been documented from terrestrial habitats leaving aquatic habitats underexplored. In particular,
comparatively little is known about fungi inhabiting freshwater lakes, particularly the benthic
zone, which may serve as an untapped resource for fungal biodiversity. Advances in technology
allowing for direct sequencing of DNA from environmental samples provide a new opportunity to
investigate freshwater benthic fungi. In this study, we employed both culture-dependent and
culture-independent methods to evaluate the diversity of fungi in one of the largest freshwater
systems on Earth, the North American Laurentian Great Lakes. This study presents the first
comprehensive survey of fungi from sediment from Lake Michigan and Lake Superior, resulting in
465 fungal taxa with only 7% of sequence overlap between these two methods. Additionally,
culture-independent analyses of the ITS1 and ITS2 regions revealed 49% and 72%, respectively, of
the OTUs did not match a described fungal taxonomic group below kingdom Fungi. The low level
of sequence overlap between methods and high percentage of fungal taxa that can only be
classified at the kingdom level suggests an immense amount of fungal diversity remains to be
studied in these aquatic fungal communities.
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Introduction

Fungi are diverse organisms found in nearly every global environment as decomposers,
pathogens, and symbionts. An estimated 1.5 million species of fungi inhabit the earth
(Hawksworth, 1991), of which only 5% have been described to date (Mueller and Schmit,
2007). Much of the described fungal diversity has been documented from terrestrial
environments leaving aquatic habitats seldom explored. Fungi are essential to ecosystems as
key drivers of nutrient recycling; so understanding fungal diversity within aquatic
ecosystems is paramount for understanding ecosystem processes (Shearer et al., 2007).

An estimated 3,000-4,150 species of fungi have been described from aquatic habitats
(Shearer et al., 2007; Jones et al., 2014), compared to 98,000 described from terrestrial
environments (Kirk et al., 2008). Fungi are found in diverse aquatic habitats including
marine, brackish and freshwater environments, seas, wetlands, streams, and lakes. Similar to
their roles in terrestrial environments, fungi in aquatic systems act as pathogens and
decomposers of aquatic animals, insects, macrophytes, and algae (Hyde et al., 1998; Wong
etal., 1998). Fungi in aquatic habitats can range from long-term residents that are adapted to
complete their lifecycle in water (e.g. Chytridiomycota, aquatic hyphomycetes, and some
yeasts), to transient fungal species that reside as propagules in water transported from a
terrestrial source.

Freshwater environments account for nearly 10% of all biological diversity (Strayer and
Dudgeon, 2010), but in regards to fungal diversity, they remain grossly understudied. The
dynamics of fungi in lotic systems has been the focus of freshwater fungal research leaving
freshwater lakes nearly unexplored (Wurzbacher et al., 2010). Freshwater lakes have unique
habitats: littoral, pelagic, and benthic, each harboring unique communities of fungi
(Wurzbacher et al., 2016). The littoral is subjected to high organic matter input leading to a
diversity of fungi associated with plants and decomposition, the pelagic zone is home to
more specialized groups of fungi that can survive as saprobes or parasites of plankton and
algae, while the benthic zone is hypothesized to serve mainly as a reservoir for fungal spores
(Wurzbacher et al., 2010). However, research in marine systems suggests fungal
communities exist and are active in the benthic region (Edgcomb et al., 2011; Orsi et al.,
2013). Although little overlap has been reported between freshwater and marine fungal
species (Shearer et al., 2007), these results suggest that the benthic zone of freshwater lakes
is likely to contain active fungal communities and serve as a new resource for discovering
unique fungi.

One such region that holds great promise for describing fungal biodiversity is the North
American Laurentian Great Lakes system, which holds approximately 18% of global surface
freshwater (Fuller et al., 1995). To date, only 18 fungal species have been reported from
Lake Michigan (Paterson, 1967; Kiziewicz and Nalepa, 2008). Paterson (1967) used bait
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“traps” placed at 26-31 m depths to capture Chytridiomycota while Kiziewicz and Nalepa
(2008) collected water samples between 10-80 m to isolate Ascomycota, Chytridiomycota
and Zygomycota. The goal of this research was to survey the benthic fungal community in
Lake Michigan and Lake Superior by using culture-dependent and culture-independent
techniques. Employing these methods in tandem can provide a more detailed snapshot of
fungal communities. This study offers the first systematic inventory of fungi from sediments
of two Great Lakes based on the use of both traditional culture-dependent techniques and
current culture-independent environmental sequencing.

Sample Collection

Sediment samples were collected during the summer months of 2014, 2015, and 2016 from
Lake Michigan (Fig. 1) and from Lake Superior (Fig. 2) in 2015 and 2016. One hundred and
forty-five samples were taken from depths between 30-272 m from Lake Michigan, while 20
samples were taken from depths between 68-263 m from Lake Superior using a Wildco
Ponar® dredge. The depth of the sediment samples ranged between 7-15 cm, but only the
top 1 cm of the sediment surface layer was collected for analysis. The dredge was
thoroughly washed and sanitized for at least three minutes in a 5% bleach solution between
each sample collection. All equipment was swabbed with sterile Copan™ swabs before
sample collection. Samples and swabs were stored on ice for up to four days before being
sent overnight to the Illinois Natural History Survey. Samples were immediately processed
as described below and subsequently stored at 7 °C (culture-dependent study) or -80 °C
(culture-independent study). Maps of GPS coordinates were created using ArcMap™ and
ArcGIS® software by Esri®.

Culture-dependent

Culturing—Approximately 1 g of sediment was used to generate serial dilutions (1/10,
1/100) using sterile distilled water. Next, 300 pL from each serial dilution was antiseptically
spread onto the surface of a 90 mm Petri plate, wrapped with Parafilm®, and incubated at
14 °C to slow down the growth of fast-growing fungi. Sediment samples were plated on malt
extract agar (Difco), tea agar (Mehrotra et al., 1982), and potato dextrose agar (Difco)
supplemented with 97 % L-cysteine (Sigma) to encompass a variety of nutritional and redox
levels. Negative control Copan™ swabs were streaked across malt extract agar. In addition,
negative control plates were generated following the same lawn plating procedure described
above, but using only sterile distilled water. Plates were monitored for up to one month for
colony formation and fungal colonies which appeared morphologically different were
transferred individually to separate 60 mm Petri plates containing potato dextrose agar until
a pure culture was obtained. A sample of each isolate was prepared for DNA extraction,
long-term storage, and subcultures. All media contained 50 mg/L chloramphenicol to
prevent the growth of bacteria.

DNA extraction and sequencing—DNA was extracted by adding 200 pl of a 0.5 M
NaOH solution to frozen mycelium tissue, which was ground for approximately 1 minute,
incubated between 0-4 °C for approximately 20 minutes, and centrifuged at 16,800 rcf for 2
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minutes. Five microliters of supernatant was added to 495 pL 100 mM Tris-HCL buffered
with NaOH to pH 8.5-8.9 (Osmundson et al., 2013). PCR was performed using a Bio-Rad
PTC 200 thermal cycler. A 25 pl reaction volume was used consisting of 12.5 L. GoTaq®
Green Master Mix (Promega), 1 pl of each 10 uM primer ITS1F and 1TS4 (Electronic
Supplementary Material (ESM) Table S1), 3 uL Tris-HCL-DNA extraction solution and 7.5
KL nuclease free water. The following thermal cycle parameters were used: 94 °C for 2
minutes for initial denaturing, followed by 30 cycles of 94 °C for 30 seconds, 55 °C for 45
seconds, 72 °C for 1 minute with a final extension step at 72 °C for 10 minutes. Gel
electrophoresis was carried out using a 1% TBE agarose gel with ethidium bromide to verify
the presence of PCR product prior to purification. The resulting PCR product was purified
using the Wizard® SV Gel and PCR Clean-up System (Promega). A BigDye® Terminator
3.1 cycle sequencing kit (Applied Biosystems Inc.) was used to sequence the entire ITS
(internal transcribed spacer) region of nrDNA in one direction using the ITS5 (ESM Table
S1) primer on an Applied Biosystems 3730XL high-throughput capillary sequencer.

Culture-independent

Sample Selection—A total of 48 sediment samples collected from Lake Michigan (Fig.
1) and Lake Superior (Fig. 2) in 2015 were selected for culture-independent environmental
sequencing. Two negative controls were included for DNA extraction and sequencing.

DNA Extraction and Sequencing—Environmental DNA was extracted from
approximately 0.5 g of sediment using MoBio PowerSoil DNA isolation kits following the
Earth Microbiome protocol (Gilbert et al., 2010). The ITS1 and ITS2 regions of the nuclear
ribosomal DNA were used to identify fungal taxa (Schoch et al., 2012). The high throughput
Fluidigm Access Array (Brown et al., 2016) was used to amplify the ITS1 and ITS2 regions
of the environmental samples using fungal specific primers (ESM Table S1). Fluidigm
Access Array amplicons were sequenced using the lllumina Hi-Seq2500 platform using
rapid 2 x 250nt paired-end reads. This platform provided an average of 33,955 paired reads
per sample. All sequencing was performed at the W.M. Keck Center for Comparative and
Functional Genomics at the University of Illinois.

Sequence processing—The forward reads of ITS1 and ITS2 were analyzed using the
QIIME bioinformatics pipeline default settings (QIIME v 1.8 (Caporaso, 2010)). We
analyzed only forward reads for three reasons: 1) forward reads were higher quality as
compared to reverse reads, 2) reads with large insertions would be removed from further
analysis due to lack of paired-end overlap, and 3) maintaining as much of the high quality
sequence data as possible would provide a more complete fungal inventory as compared to a
subset of the sequence data. Default quality filtering (sp/it_libraries fastq.py) was performed
on forward reads to eliminate reads with poor base-pair calling and length. Sequences were
discarded at this step if sequences had more than three consecutive poor base calls, if there
were any uncertain base calls (N's), and/or >1.5 maximum errors occurred in the sample
barcode. Seventy-five percent of the total read length must be high quality base calls and the
phred quality threshold was set to q=19. Open reference OTU (operational taxonomic unit)
clustering was performed (pick _open_reference_otus.py) using a four step iterative approach
based on 97% sequence identity for ITS regions. Sequences were clustered via the uvclust
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method using default settings and prefiltered against the UNITE fungal reference database
(Koljalg et al., 2013). The resulting OTU biom table was filtered to remove singletons
(filter_otus _from_otu_table.py, n = 3) and control sample sequences
(filter_samples_from_otu_table.py). The filtered biom table was subsequently used to filter
the sequence FASTA file (filter_fasta.py) and the resulting FASTA file was compared
against the NCBI nucleotide database using NCBI nBLAST (Altschul et al., 1990). The
resulting XML file was processed using the NCBI BLAST parser tool (Ream and Kiss,
2013). The resulting representative OTU taxonomies from the UNITE fungal reference
database and the NCBI nucleotide database were compared for congruency. Code for
sequence processing is available at https://github.com/ebach/Great_Lake Fungi. Raw and
processed data files are publically available from the University of Illinois Databank at
https://doi.org/10.13012/B21DB-9320144 V2 (Miller, 2018).

Fungal Inventory

Culture-dependent—Species identifications were determined using the entire ITS gene
region of nrDNA from those sequences with < 2% nucleotide ambiguities. Sequences were
searched using the NCBI nBLAST database and Latin binomials were assigned using top
query coverage and maximum sequence identity.

Culture-independent—Species identifications were determined using partial ITS
sequences (ITS1 or ITS2) compared to the UNITE fungal reference database and NCBI
nBLAST database. When a consensus was not found between UNITE and NCBI, the
consensus majority from the top ten nBLAST hits was assigned. Latin binomials were
assigned based on =85% query coverage and =97% sequence identity as recommended by
Nguyen et al. (2015). OTUs were classified at higher taxonomic level based on =85% query
coverage, but <97% sequence identity. All OTUs with less than 85% query coverage were
run through the RDP classifier (Wang et al., 2007) to ensure all sequences classified to the
kingdom Fungi. OTUs with assigned taxonomy were binned into order and class using Index
Fungorum (www.indexfungorum.org).

Method Comparison

A local blast search using ViroBlast (Deng et al., 2007) was conducted to further understand
the overlap in sequence identities between culture-dependent and culture-independent
methods. A local sequence database was created using 2,167 full length ITS sequences
obtained from Great Lake fungal cultures generated over the three-year sampling period.
The ITS1 and ITS2 sequences from the 2015 culture-independent analysis were compared
against this local database. Matches were determined using the following criteria: >85%
query coverage and =97% sequence identity.

The vegan package 2.4-3 (Oksanen et al., 2017) in R statistical program (R Core team 2013)
was used to analyze fungal diversity among primer sets used in culture-independent
sequencing. The ITS1 and ITS2 OTU datasets were rarified at 5,000 reads per sample to
account for sequencing depth across samples. Alpha diversity was measured using the
Chaol index to estimate species richness within each sample (Gotelli and Colwell, 2011). A
two-tailed t-test was performed to compare alpha diversity among primer sets.
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To determine sampling efforts in the culture-dependent analysis, species delimitation was
resolved by aligning culture-dependent sequences using PASTA (Mirarab, 2014), which
estimates sequence alignments and trees simultaneously using MAFTT and RAXML
(Stamatakis, 2014). The resulting tree was run in the Bayesian Poisson Tree Processes
(bPTP) model with 500,000 iterations for species delimitation (Zhang, 2013). Results from
the bPTP species delimitation were used to generate species accumulation curves using the
vegan package in R-statistical platform.

Sampling efforts for culture-independent analysis were determined using fungal OTUs
generated from the QIIME bioinformatics pipeline rarified at 5,000 reads per sample. The
rarefied data set was used to determine species accumulation and diversity analysis using the
vegan package in R-statistical platform. All analytical code is available at https://github.com/
ebach/Great_Lake_Fungi.

Fungal Inventory

Culture-dependent—Culture-dependent examination of sediment samples resulted in
2,167 sequenced fungal isolates over the course of 2014-2016 sampling years. Culturing
resulted in 398 unique fungal species representing 185 genera, 40 orders, 13 classes and 3
phyla (ESM Table S2). The most common classes include Dothideomycetes,
Eurotiomycetes, Leotiomycetes, and Sordariomycetes, which make up approximately 84%
of all isolates identified to genus (Fig. 3). The classes Agaricostilbomycetes (<1%) and
Exobasidiomycetes (<1%) were only recovered through culturing and not identified in our
culture-independent data. Cladosporium cladosporoides, Paecilomyces inflatus, Penicillium
chrysogenum, and Trichoderma spirale were obtained from negative control Copan™ swabs
and were subsequently removed from further analyses. No fungal growth was observed on
the negative control plates.

Culture-independent: ITS1 Primer Set—ITS1 sequencing produced 1,483,466 raw
sequence reads (95% retention of post-quality control reads), rarified to 236,110 sequences.
Sequences were assigned to 479 OTUs (Table 1) of which 73 (15.2%) were assigned a Latin
binomial (ESM Table S2). Fifty (10.4%) OTUs were classified at higher taxonomic levels,
and 347 OTUs (72.4%) did not match a described fungal taxonomic group below kingdom
Fungi so were classified as fungal species. Nine (1.9%) OTUs with high query coverage
were removed because they classified to Animalia or Rhizaria. The remaining 470 fungal
OTUs comprise 47 genera, 27 orders, 15 classes, and 5 phyla. The most common classes
include Agaricomycetes, Dothideomycetes, Saccharomycetes, and Sordariomycetes, which
make up approximately 63% of the total identified genera (Fig. 3). The ITS1 primer set
exclusively recovered Archaeorhizomycetes (<1%) and Malasseziomycetes (3.5%) that were
not identified using the ITS2 primer set in culture-independent analysis or in culture-
dependent analysis. Community analysis of presence/absence of culture-independent ITS1
OTUs demonstrated distinct fungal communities in Lake Michigan and Lake Superior
(PERMANOVA; P=0.0001; Fig. 4A).
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Culture-independent: ITS2 Primer Set—ITS2 sequencing produced 896,295 raw
sequence reads (95% retention of post-quality control reads) and 468 OTUs (Table 1), and
127 (27.1%) of these were assigned a Latin binomial (ESM Table S2). Sixty-two (13.2%)
OTUs were classified at a higher taxonomic level and 230 OTUs (49.1%) did not match a
described fungal taxonomic group below kingdom Fungi. Forty-nine (10.5%) OTUs with
high query coverage were removed because their classification was outside the kingdom
Fungi. The remaining 419 fungal OTUs comprise 53 genera, 26 orders, 10 classes, and 5
phyla. The most common classes include Agaricomycetes, Chytridiomycetes,
Dothideomycetes, and Sordariomycetes making up approximately 83% of identified genera
(Fig. 3). Representatives from the Pucciniomycetes (<1%) were only captured with the ITS2
primer set. Community analysis of ITS2 OTUs (presence/absence) also showed distinct
fungal communities in Lake Michigan and Lake Superior (PERMANOVA; p=0.007; Fig.
4B), and analysis of scaled OTU abundance showed similar results.

Method Comparison

Despite having similar taxonomic identifications at the class level, a local query using the
ViroBlast search tool resulted in 7% of culture-independent sequences matching fungal ITS
sequences from our local database of 2,167 culture-dependent isolates. These 64 sequence
matches contained Agaricomycetes (16%), Dothideomycetes (23%) and Sordariomycetes
(45%). Comparing only the 48 sediment samples used in both culture-dependent and
culture-independent analysis, 12 (1.3%) sequences obtained from culture-independent
analysis match sequences that were obtained via culturing of these same samples.

Comparing the culture-independent primer sets, the ITS1 primer set identified 47 genera and
55 species, while the ITS2 primer set identified an additional 32 genera and 49 species
(ESM Table S2). Estimated alpha diversity using the Chaol index varied across samples
approximating between 5-92 OTUs and 4-65 OTUs per sample for ITS1 and ITS2,
respectively, with no significant difference in alpha diversity between primer sets (Table 1,
two-tailed t-test, p=0.700). Similarly, culture-dependent alpha diversity measurements for
the same 48 samples were estimated between 1-78 fungal species per sample site (Table 1).
Measures of Shannon's diversity and evenness using relative abundance of sequences in
OTUs ranged from 0.01-2.43 and 0.004-0.705, respectively for ITS1. Relative abundance of
ITS2 OTUs yielded Shannon's diversity ranging from 0.17-2.17 and evenness ranging from
0.08-0.98 (Table 1).

The bPTP species delimitation model estimated 445 species with = 97% Bayesian support
from the culture-dependent study. This species delineation was subsequently used to
generate a species accumulation curve, which shows a continuous increase in species accrual
with each new sample (Fig. 5A). The culture-independent analysis estimated 470 species
with increased species accumulation per sample (Fig. 5B).

Discussion

This study, which reports the first inventory of fungi found in sediment from two Great
Lakes, underscores the diversity of benthic fungal communities and the importance of
including both culture-dependent and culture-independent identification approaches to
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assess the diversity of fungi occupying these aquatic habitats. By implementing both culture-
dependent and culture-independent analyses, we detected 465 fungal taxa and only two,
Aspergillus nigerand Alternaria alternata, have been previously reported from water
samples in Lake Michigan (Kiziewicz and Nalepa, 2008). This study has significantly
increased our knowledge of fungal communities within the Great Lakes system contributing
greatly to our understanding of fungal distribution and biodiversity in freshwater habitats.

Fungal Inventory

The fungal communities we observed are consistent with previous work from other
freshwater habitats. Major phyla such as meiosporic and mitosporic Ascomycota,
Basidiomycota, Chytridiomycota, and Zygomycota observed in this study are commonly
found in freshwater habitats (Shearer et al., 2007; Wurzbacher et al., 2011). Previous studies
of freshwater lakes have reported a high proportion of Chytridiomycota (Monchy et al.,
2011, Wurzbacher et al. 2016), which was observed less frequently in this dataset.
Chytridiomycota and other early diverging fungal lineages are not well identified using the
ITS barcode (Schoch et al., 2012), and previous studies reporting high levels of
Chytridiomycota used 18S and 28S rRNA regions (Monchy et al., 2011; Wurzbacher et al.,
2016). It is also important to note our samples were taken from the benthic zone, which may
be less hospitable to Chytridiomycota than the pelagic zone. In fact, a comprehensive
summary of published 18S rRNA sequence data from aquatic fungal communities found that
sediments did not appear to be dominated by any particular fungal group (Panzer et al.,
2015). Taxa belonging to Glomeromycota were observed in our study and have been
previously documented from the littoral region of freshwater lakes (Monchy et al., 2011) and
shown to be associated with roots of aquatic macrophytes (Beck-Nielsen and Vindbak
Madsen, 2001). Our study captured 24 previously documented freshwater species (ESM
Table S2), but we believe that there may be additional freshwater species in the Great Lakes
since 28% of the genera obtained in this study include freshwater species (Shearer and Raja,
2010). In addition, the high percentage of OTUs (i.e. 74% for ITS1 and 49% for ITS2)
identified only at the kingdom level most likely represents undescribed, early diverging
lineages such as Chytridiomycota, Cryptomycota, and Zoomycota that occur in this aquatic
environment. However, the majority of our identified taxa (95%) were not previously
reported freshwater taxa, suggesting some terrestrial fungi may transiently enter the benthic
zone of aquatic systems.

Method Comparison

Culture-dependent and culture-independent methods captured different portions of fungal
diversity in the Great Lakes, which is not surprising given each method's biases. Culture-
dependent methods are biased toward the selection of faster-growing fungal species and
those that grow on the selected medium. In contrast, culture-independent methods are biased
toward fungal species that provide sufficient amounts of amplifiable DNA and exhibit
optimal primer match. Despite these biases, the integration of both techniques has become a
valuable tool in understanding fungal community composition.

Both methods recovered high proportions of taxa assigned to Dothideomycetes and
Sordariomycetes (Ascomycota). However, culture-independent sequencing obtained a
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greater proportion of Agaricomycetes (Basidiomycota). This is expected since serial dilution
plating is best used to obtain fungal spores from soil (Warcup, 1955). Historically, this
method is poor at recovering Basidiomycota (Warcup, 1959), which can explain why
Basidiomycota were recovered less frequently using culture-dependent techniques. Although
culture-dependent and culture-independent methods captured a similar proportion of higher
taxonomies (Dothideomycetes and Sordariomycetes), sequence level comparison only
resulted in a 7% overlap indicating that each method is capturing a unique subset of these
higher taxonomic groups. Similar results have been shown in marine sediment, reporting
unique fungal assemblages associated with traditional culturing and targeted environmental
sequencing methods where only seven out of 24 genera were recovered using both methods
(Zhang et al., 2014).

The use of ITS1 and ITS2 primer sets in culture-independent analysis identified unique taxa
increasing overall fungal diversity obtained from the Great Lakes. Implementation of
multiple primer sets has been reported to identify different taxa and increase overall fungal
diversity in culture-independent analyses in marine systems (Singh et al., 2011). The ITS1
region tends to be more variable across taxonomic groups compared to the ITS2 region
(Nilsson et al., 2008), which may explain differences in the number of OTU clusters
between primer sets. Blaalid et al. (2013) reported a higher number of OTU clusters using
the ITS1 gene region compared to ITS2. Similar to our study, Blaalid et al. (2013) also
found similar taxonomic composition at higher classification levels, but differences in lower-
level genus identifications between primer sets. This difference could be attributed to PCR
biases from ITS1 and ITS2 primer sets which may preferentially amplify Ascomycota or
Basidiomycota (Bellemain et al., 2010). In this system, implementing multiple primer sets is
a necessary step to understanding fungal communities. Although each primer set in this
study identified unique taxa, estimated species richness was comparable between the primer
sets. However, we did observe high variation in estimated species richness across samples.
This variation suggests potential spatial heterogeneity where fungal communities may
appear as ‘hotspots’ in sediment of the Great Lakes.

A significant portion of next generation sequencing resulted in OTUs identified to only the
kingdom level, attributed to low query coverage or no matches in UNITE or NCBI
databases. As of April 2017, NCBI contained molecular data for approximately 44,000 of
the 120,000 described fungal species (www.ncbi.nlm.nih.gov/taxonomy), indicating that
these OTUs could represent described species that are underrepresented in molecular
databases, such as those early diverging lineages that oftentimes lack an ITS sequence.
However, Hibbett et al. (2009) claims this alone does not encompass all unidentified OTUs
and that these OTUs are more likely novel fungal taxa. The lack of strong taxonomic
resolution for a significant portion of the sequencing data is currently a disadvantage of
environmental DNA sequencing.

Species accumulation curves for both culture-dependent and culture-independent analysis
(Fig. 5A,B) showed a continued increase in species count with each new sample indicating
that additional sampling is needed to achieve a more complete inventory of fungal
communities in the Great Lakes.
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Conclusion

This study has presented the first comprehensive survey of fungi in sediments from two
Great Lakes as determined by culture-dependent methods in combination with culture-
independent methods. We show that the majority of identified taxa have not been reported
from aquatic systems, which may implicate transient terrestrial fungi as a possible source of
benthic zone fungal diversity. However, culture-independent analyses recovered a large
portion of OTUs identified only to the kingdom Fungi, which may represent previously
described, cryptic aquatic taxa or novel fungal taxa, especially in the Chytridiomycota,
Cryptomycota, and Zoomycota, remaining to be discovered. The low level of sequence
overlap between methods and high percentage of fungal taxa that can only be classified at
the kingdom level suggests an immense amount of fungal diversity remains to be studied in
these aquatic fungal communities. Additional study is warranted in order to determine how
environmental conditions are influencing fungal communities in freshwater benthos and
whether or not these communities are metabolically active in these lake sediments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Location of sample sites from Lake Michigan. Sample locations were collected in 2014 (red

stars), 2015 (purple dots) and 2016 (yellow triangles). All samples were analyzed using
culture-dependent methods and a portion of samples from 2015 (white dots) was selected for
culture-independent analysis.
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Fig. 2.
Location of sample sites from Lake Superior. Sample locations were collected in 2015

(purple dots) and 2016 (yellow triangles). All samples were analyzed using culture-
dependent methods. All samples from 2015 were selected for culture-independent analysis.
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Summary of fungal classes by isolation method: culture-dependent and culture-independent
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by ITS region used for identification. Fungal isolates and OTUs unidentified at the class

level were removed from this analysis including 11 (2.4%) from culture, 355 (75.5%) from

ITS1, and 237 (56.6%) from ITS2.
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Fig. 4.

Non-metric multi-dimensional scaling ordination (Jaccard dissimilarity) of presence/absence
of fungal OTUs sequenced from the a) ITS1 region and b) ITS2 region. Communities in
Lake Michigan (black squares) and Lake Superior (gray squares) were different
(PERMANOVA P<0.0006 for both). Stress scores were 0.29 (a) and 0.26 (b). Analysis of
scaled abundance yielded similar results (Bray-Curtis similarity).
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Fig. 5.

Species accumulation curves for culture-dependent (A) and culture-independent (B) datasets
with 100 permutations. Confidence intervals at 95% are shown in light blue.
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