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Abstract: Although significant progress has been made in our understanding of fungal diversity,
identification based on phenotype can be difficult, even for trained experts. Fungi typically
have a cryptic nature and can have a similar appearance to distantly related species. Moreover,
the appearance of industrially processed mushrooms complicates species identification, as they
are often sold sliced and dried. Here we present a small-scale citizen science project, wherein the
participants generated and analyzed DNA sequences from fruiting bodies of dried and fresh fungi
that were sold for commercial use in New York City supermarkets. We report positive outcomes and
the limitations of a youth citizen scientist, aiming to identify dried mushrooms, using established
DNA barcoding protocols and exclusively open-access data analysis tools for species identification.
Our results indicate that the single-locus nuclear ribosomal internal transcribed spacer (ITS) DNA
barcoding approach allowed for identification of only a subset of all of the samples at the species
level, although the generated high-quality DNA barcodes were submitted to three different databases.
Our results highlight the need for a curated, centralized, and open access ITS reference database
that allows rapid third-party annotations for the benefit of both traditional research as well as the
emerging citizen science community.
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1. Introduction

Edible and consumer-relevant fungi are of high economic value and are imported to the United
States from as many as fifty different countries [1]. For the year 2007, the value of imported fungi
(excluding those that are prepared or preserved by vinegar or acetic acid) totaled more than $289
million [1]. Mushrooms are the spore-producing structures of certain fungi, typically consisting of a
stalk and a cap, and in most species, the spores are formed on gills. Mushrooms that are available on
the market for human consumption are either harvested in the wild or farm-raised. Reliably identifying
foods can be a challenge, especially when they belong to highly speciose and understudied groups
like fungi. Fungal taxonomy and morphology is challenging because of their typically cryptic nature
and the diversity they exhibit in morphology, ecology, and lifecycles [2,3]. Adding to this difficulty is
the appearance of industrially processed mushrooms, which is, in many cases, not clear enough for
accurate species identification, as they are often sold sliced and dried [4]. This may contribute to the
mislabeling of mushrooms and their products on the market.

Many foods are commonly mislabeled in order to gain a greater profit. Cheaper products are
replaced with expensive ones [5]. Examples of this include the substitution of white tilapia for tuna in
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sushi [6], and horsemeat instead of beef in spaghetti sauce [5]. Similar fraud has been found within
the medicinal raw drug market, where the contamination and substitution of herbal products has
been reported [7,8]. Reports of food fraud and medicinal marketplace replacements are met with high
interest by the general public [6], and, since citizen scientists could be directly affected by purchasing
fraudulent products, they enjoy investigating these topics. This study was inspired by a previous
report that the molecular identification of fungi in a commercial packet of dried Chinese porcini
mushrooms, purchased in a London supermarket, yielded three novel species that had never formally
been described by science [9]. In this study, we were interested to see if a 14 year old New York
City (NYC) high school student could mirror this report in New York. The youth citizen scientist
followed a simplified workflow to identify the species of fungi that were sold in New York, including
fresh samples and two commercial packets of dried mushrooms that were purchased in supermarkets.
Moreover, the participating youth citizen scientist was particularly interested in potentially uncovering
fraudulent marketplace replacements.

Citizen science, the active involvement of non-professional scientists in research, is experiencing
an upsurge of interest. Citizens joining as active contributors in scientific research are increasingly
addressing both societally relevant and fundamental research questions [10]. In addition, citizen
science projects have been incorporated into multiple science education settings globally, ranging from
secondary to higher education, as well as teacher trainings. Particularly compelling are the projects
that are scalable and adaptable to multiple situations, are conceptually and technically straightforward,
and are using online open-access tools that allow participants to contribute high-quality data to science.
In science education, DNA barcoding projects provide ideal ways to stimulate independent student
thinking across different levels of biological organization, by linking molecular genetics to ecology and
evolution. DNA barcoding is an established biotechnological tool that uses short, standardized genetic
markers to objectively identify the species of almost every specimen. DNA barcoding also integrates
different methods of scientific investigation—from in vivo observations to in vitro biochemistry to in
silico bioinformatics. The core lab and sequence analysis work can be mastered in a relatively short
time, allowing students and citizen scientists to reach a satisfying research endpoint within a short
period of time. DNA barcoding has been widely used to identify fungi taxonomically [11], although
with reportedly varying success [12–14]. Animal and plant barcode regions target the variable 5′

portion of cytochrome oxidase 1 (COI), and the large subunit of RuBisCo (rbcL) and maturase K (matK)
as core-barcodes, respectively [15–17]. For fungi, the nuclear ribosomal internal transcribed spacer
(ITS) has been selected as the standardized DNA barcode by the International Fungal Barcoding
Consortium [3,13,18–20].

Here, we report the positive outcomes and limitations of a youth citizen scientist aiming to
identify fresh and dried mushrooms, using established DNA barcoding protocols and fungal specific
primers. We were interested whether a youth citizen scientist, who was new to molecular genetics,
could identify all of the fungal species in a bag of sliced and dried mushrooms. Citizen scientists often
conduct projects within a limited amount of time and support, in terms of lab access and funding.
Creating a real-life scenario, the youth citizen scientist was given lab access for a defined period of
time as well as the funds to generate up to 30 DNA barcodes. However, the student was responsible
for the overall project design and sample collection; therefore, the sample size was limited to what
could have been easily obtained by the citizen scientist. As the quality of data that are generated by
citizen scientists is generally of concern for the scientific community [21], we verified the accuracy of
our generated fungi barcodes through submission to three online and open-access search tools that
allowed species identification using nucleotide sequences.

2. Materials and Methods

We followed the guidelines and protocols that were published by the Cold Spring Harbor
Laboratory’s DNA Learning Centers’ DNA Barcoding 101 website [22], with minor modifications, as
outlined below.
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2.1. Study Limitations in Time, Funding, and Lab Access

All of the laboratory work was conducted after school and on select Saturdays at the Harlem
DNA Lab in NYC, NY, USA. The lab access was limited to five months, for three hours per week. All of
the materials and reagents that were needed to generate up to 30 DNA barcodes were provided, except
for the funds to cover the costs that were associated with obtaining the samples. Sample collection was
the responsibility of the youth citizen scientist.

2.2. Sample Collection

Dried and fresh fungi samples were collected from local supermarkets in two NYC boroughs
(Manhattan and Queens) in February 2017. The dried samples were obtained from two bags of
sliced and dried fungi, which were sold as edible “Dried Stir Fry Mushroom Blend” and “Dried
black mushroom”. The “Dried Stir Fry Mushroom Blend” was distributed by an American vendor,
based in Pennsylvania, United States. The bag’s contents were described as a medley of five
different mushrooms, listed as “Shiitake, Shredded Wood Ear, Sliced Button, Cloud Ear, and Oyster”.
The package indicated a 28 g net weight and lot number L981553, but had no country of origin.
The second bag of “Dried black mushroom” was of Chinese origin, packaged in Korea, and distributed
by a Pan Asian food importer, based in Maryland, United States. The label indicated a 56.7 g net
weight with no lot number. We referred to this sample as “Korean Black” throughout the manuscript.
The Latin binominal names were not displayed on either of the package labels. The fresh samples were
purchased at local supermarkets, yet only two varieties were available at the time of sampling, Yellow
Foot and White Button. The samples were visually sorted by phenotype, and were documented and
vouchered. The samples were then potentially identified by morphology. While the fresh samples were
easy to identify, many of the dried samples were broken down into smaller pieces and therefore lacked
the key morphological characteristics that could have been used for identification. One representative
of each of the visually sorted samples was removed arbitrarily, and all of these samples (n = 10) were
further analyzed via DNA barcoding.

2.3. Generating DNA Barcodes

The DNA was extracted from approximately 0.1 g of the specimen, using a standard silica-
based DNA extraction method (as recommended by the DNA Barcoding 101 webpage [22]) with
one minor modification, which was that for each sample, a small piece was removed, placed in a
sterile 1.5 mL microcentrifuge tube, and pre-soaked in dH2O, before being ground in a 300 µL lysis
buffer (6 M guanidine hydrochloride solution (Sigma-Aldrich, St. Louis, MO, USA)) with a sterile
pestle. The extracted DNA was amplified by polymerase chain reaction (PCR), using fungi-specific ITS
primers (ITS1F/ITS4, as described by the authors of [13]) with attached M13F and M13R sequencing
‘tails’ (ITS1F-M13 5′-TGTAAAACGACGGCCAGTCCGTAGGTGAACCTGCGG-3′ and ITS4R-M13
5′-CAGGAAACAGCTATGACTCCTCCGCTTATTGATATGC-3′, the incorporated M13 sequences for
sequencing were in bold). The PCR was performed using an NEB Taq 2X master mix (New England
Biolabs, New York, NY, USA), following the thermocycler parameters that were outlined by the
DNA Barcoding 101 website [22]. Negative and positive controls were included to ensure that the
PCR amplicons were neither contaminations nor artifacts. Then, the amplified DNA was stained
with SYBRTM Safe DNA Gel Stain (Invitrogen, Carlsbad, CA, USA) and was confirmed by a 2%
agarose gel electrophoresis. The gels were viewed on a UV transillumination plate (FOTODYNE,
Hartland, WI, USA, emitting UV light at 300 nm) and photographed using a digital camera and the
FOTODYNE photodocumentary system (FOTO/Analyst Express Zoom Lens Systems and PC Image
software Version 5.00, Hartland, WI, USA). The positive amplicons were sent to the GENEWIZ INC
South Plainfield facility in New Jersey for bi-directional sequencing, using universal M13F and M13R
primers [23].
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2.4. In Silico Species Identification

The open-access DNA Subway software interface [24] was used to analyze the DNA sequences,
using the default settings [25,26]. The youth citizen scientist was trained in DNA Subway. ‘Riding’
the ‘Blue Line’ in the DNA Subway, we first uploaded our raw sequencing data, trimmed them in
bulk, and then viewed and manually edited the forward and reverse sequences to build a clean
consensus sequence for every sample. If the forward and reverse reads could not be combined to
produce a consensus sequence, as a result of a low quality of one of them, only the readable barcode
sequence was included into the subsequent steps. Then, we performed a Basic Local Alignment
Search Tool (BLAST [27]) nucleotide search (BLASTn) to identify any close matches to our sequences
in the local sequence database, which was built into DNA Subway. Each sample was potentially
‘identified’ based on the highest max score/bit score. For the sequences with nucleotide ambiguities,
the reads in both directions were checked for quality and substantial overlap in the consensus sequence
and the proper reading frames. These sequences were flagged for subsequent steps in the analysis,
as they would have needed to have been excluded as a result of low quality, if the DNA barcode
standards (sequence of at least 500 bp in length with low nucleotide ambiguities) were not met.
To independently verify species identifications through DNA Subway’s local database, the sample
consensus sequences were downloaded in FASTA format and were submitted directly to the National
Center for Biotechnology Information (NCBI)-GenBank BLAST [27] and User-friendly Nordic ITS
Ectomycorrhiza (UNITE) Ver. 7.1 [28], an open-access, curated fungi-specific database [29,30]. If these
additional searches returned identical identifications, at least to the genus level, we considered the
samples identified. For identifications that were based on web BLAST we only referred to the published
sequences from Mycological studies. To generate a visual barcode that was easy to read by citizen
scientists, our newly generated consensus sequences were aligned with authenticated published
sequences (see supplementary materials, Table S1 for selected GenBank accession numbers), using
the Multiple Sequence Alignment program, MUSCLE (Version 3.8.31) [31]. Then, a phylogenetic tree
was constructed using the PHILYP multiple likelihood (ML) method, using the Phylogeny Inference
Package (Version 3.69) [32]. Because a scale bar indicating sequence divergence was not provided by the
output of this program, this tree was not shown here. The same set of sequences was aligned using the
Clustal Omega Multiple Sequence Alignment (MSA) server, which was maintained by the European
Molecular Biology Laboratory’s European Bioinformatics Institute (EMBL-EBI). The alignment was
carefully screened for indels and larger mutations, and a second phylogenetic tree was then generated
using the maximum likelihood method in Mega7. Visualization was done using FigTree v1.3.1
(Rambaut group, University of Edinburgh, Edinburgh, UK [33]) and was rooted to an Aspergillus
sequence as an outgroup, to show the relative diversity among the other fungi. The trees were
constructed by the youth citizen scientist to look at the relative relatedness of the obtained sequences
only, and did not represent an in-depth phylogenetic analysis to confirm the taxonomic identity.

3. Results

In this study, 10 mushroom samples were purchased from 3 locations in Manhattan and Queens,
New York. Of these, 30% percent were fresh samples and 70% were dried samples (Table 1).
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Table 1. List of fungi sampled in this study for internal transcribed spacer (ITS) barcoding.
The taxonomic identifications (ID) of the samples based on the User-friendly Nordic ITS Ectomycorrhiza
Database (UNITE) serial Basic Local Alignment Search Tool (BLAST) search for ITS barcodes and
common names are indicated. Samples S1–S6 were derived from the bag of “Dried Stir Fry Mushroom
Blend”. Sample S8 was derived from the bag of “Dried black mushrooms.” Scale bar indicates
approximately 1 cm. Scale bar for samples S9 and S10 is not available.

Sample Date
Purchased

Location of
Purchase Package ID Picture

Barcode ID Based
on UNITE Serial
BLAST Search

S1 2 February
2017

Supermarket,
Queens, NY Cloud Ear (dried) Auricularia heimuer

(Cloud Ear)

S2 2 February
2017

Supermarket,
Queens, NY Shiitake (dried) Lentinula edodes

(Shiitake mushroom)

S3 2 February
2017

Supermarket,
Queens, NY Wood Ear (dried) No sequence

S4 2 February
2017

Supermarket,
Queens, NY

Oyster mushroom
(dried)

Pleurotus sp.
(Oyster mushroom)

S5 2 February
2017

Supermarket,
Queens, NY

White Button
(dried)

Agaricus bisporus
(White Button)

S6 2 February
2017

Supermarket,
Queens, NY Unknown (dried) Pleurotus sp.

(Oyster mushroom)

S7 2 February
2017

Supermarket,
Queens, NY

White Button
(fresh)

Agaricus bisporus
(White Button)

S8 2 February
2017

Supermarket,
Queens, NY

Korean Black
(dried)

Auricularia sp.
(Wood Ear)

S9 24 February
2017

Supermarket,
Manhattan, NY

Yellow Foot
(fresh)

Craterellus sp.
(Chanterelle)

S10 24 February
2017

Supermarket,
Manhattan, NY

Yellow Foot
(fresh)

Craterellus sp.
(Chanterelle)
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The extracted DNA of all of the samples underwent PCR twice, and we successfully amplified
90% of the samples (9/10) for the ITS barcode region. The amplicons were then submitted for
bidirectional sequencing.

For one sample (sample S3), we were not able to obtain a DNA sequence because of unsuccessful
PCR amplification, in spite of several attempts (Table 1). This may have been as a result of
the potentially high degradation of the sample’s DNA because of the heat treatment prior to
packaging—sample S3 appeared very hard and dry. Once the DNA was degraded into short
fragments, generating ITS barcodes may have been difficult, as the primer binding sites may have
been degraded [34,35]. Moreover, secondary metabolites could inhibit PCR by decreasing the
Taq-polymerase’s activity, and our simple DNA extraction method may have been unsuccessful
in removing these metabolites. Nevertheless, we did not attempt another DNA extraction using a
commercially available kit, as barcodes could be obtained from all of the other samples.

Notably, sample S2 (potentially identified as Shiitake mushroom) only yielded a single sequencing
read (reverse direction) in the first sequencing attempt, which, surprisingly, was sufficient to identify
this sample with a 99% sequence identity match on GenBank. However, we repeated the sequencing
and were able to build a consensus sequence that matched an authenticated published GenBank entry
by 99%. Samples S4 and S6 (both potentially identified as Oyster mushroom) produced sequencing
reads with less overlap compared with the other samples, increasing the risk for potential sequencing
errors that could not be edited in consensus with the second strand; therefore, both of the sequences
were flagged as ‘low quality’ for further analyses. The remaining samples produced high-quality
barcodes of at least 500 bp in length, with low nucleotide ambiguities, and therefore met the DNA
barcode standards (GenBank accession numbers MH394708–MH394714).

When a sequence was obtained, we were able to determine the fungal identity of all of the
samples through DNA Subway, GenBank BLASTn direct comparison, and UNITE Ver. 7.1 serial
BLAST search (Tables 1 and 2, Table S1 in supplementary materials). Because DNA Subway’s local
nucleotide database allowed a rapid but limited search (it included NCBI sequences < 20 kb and longer
than 400 bp, matching certain search terms, and was updated monthly) we additionally searched the
curated UNITE database. However, we found that the majority (55.6%) of all of the samples were
potentially identified only to the genus level, but not to the exact species level through DNA Subway
and UNITE (Table 2). For all of the sequences, the top BLAST result was determined using the highest
percent identity score. In the case of a tie between two identity scores, the lowest e-value was used as a
deciding factor. If there were identical e-values and identity scores for multiple species, the individuals
were only identified to the genus level so as to avoid any incorrect taxonomic identifications. Taking
the results of all three of the searches in account, we found that samples S1, S2, S5, and S7 were labeled
correctly at both the species and genus level. Samples S4, S6, S8, S9, and S10 were labeled at the
correct genus level, but we were unable to resolve them down to the species level, as there were minor
discrepancies between the databases (see Table 2). In addition, samples S4 and S6 returned top matches
in the range of 84% and 93% because of their poor sequence quality, but it was possible to potentially
identify the genus. The careful selection of published GenBank reference sequences when performing
GenBank BLASTn searches allowed us to identify seven out of nine samples (77.8%) up to the species
level (in supplementary materials, Table S1).
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Table 2. Species identification based on internal transcribed spacer (ITS) DNA barcoding from all of the
samples analyzed (n = 10). Each consensus sequence of samples S1–S10 was subjected to three search
tools to verify identity (ID), namely: 1) DNA Subway; 2) direct submission to Basic Local Alignment
Search Tool (BLAST) search in GenBank; and 3) a serial BLAST search in the curated fungal taxonomic
reference database User-friendly Nordic ITS Ectomycorrhiza Database (UNITE). * indicates low-quality
sequences, in both instances of the Oyster mushroom samples. N/A: not available.

Sample
Fungal sp. Per

Label

DNA Subway BLAST, GenBank UNITE

Barcode ID %
Match Barcode ID % Match Barcode ID %

Match

S1 Cloud Ear Auricularia heimuer 100 Auricularia heimuer 99 Auricularia heimuer 100
S2 Shiitake mushroom Lentinula edodes 100 Lentinula edodes 99 Lentinula edodes 100
S3 Wood Ear N/A N/A N/A N/A N/A N/A

S4 * Oyster mushroom Pleurotus ostreatus 84 Pleurotus sp. 93 Pleurotus sp. 85
S5 White Button Agaricus bisporus 100 Agaricus bisporus 99 Agaricus bisporus 100

S6 * Oyster mushroom Pleurotus sp. 90 Pleurotus sp. 91 Pleurotus sp. 91
S7 White Button (fresh) Agaricus bisporus 100 Agaricus bisporus 100 Agaricus bisporus 100
S8 Korean Black Auricularia sp. 100 Auricularia heimuer 100 Auricularia sp. 100

S9 Yellow Foot (fresh) Craterellus
tubaeformis 100 Craterellus

tubaeformis 100 Craterellus sp. 100

S10 Yellow Foot (fresh) Craterellus
tubaeformis 100 Craterellus

tubaeformis 100 Craterellus sp. 100

A visual barcode and phylogeny for all of fungi samples is depicted in Figures 1 and 2. The Korean
Black (S8) and Cloud Ear (S1) sequences clustered with Auricularia heimuer, suggesting that these
species were likely identical, or that the ITS region may not have had enough variation to differentiate
between these species genetically. Both of the Yellow Foot samples (S9 and S10) clustered together with
Craterellus tubaeformis, and the two Oyster mushroom samples (S4 and S6) clustered with Pleurotus
sp. In addition, the White Button samples (S5 and S7) clustered with Agaricus bisporus, suggesting a
correct identification though DNA barcoding.

Figure 1. Sample consensus sequences (S1–S10) aligned with corresponding Basic Local Alignment
Search Tool nucleotide search (BLASTn) sequences hits and one Aspergillus fumigatus sequence, using
the MUSCLE multiple alignment software embedded in DNA Subway to create a visual DNA barcode.
Sequence lengths are indicated as numbers on the top, and the sequence conservation and variation
values are indicated as grey bars in the top three panels. Nucleotides are color coded with green
representing A, red representing T, black repenting G, and blue representing C. The columns are
matches (or mismatches) at a single nucleotide position across all of the sequences in comparison to the
consensus sequence. This ‘Alignment Viewer’ allows citizen scientists to quickly screen for samples
generating similar or identical barcodes, indicating that they are closely related or the same species.
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Figure 2. Phylogenetic tree of generated DNA barcodes and closest matching GenBank entries, based
on internal transcribed spacer (ITS) sequence diversity. One Aspergillus fumigatus sequence, derived
from GenBank (accession number HQ026746.1), was added to the sample data set and selected as
an outgroup.

4. Discussion

Recently, species identification by DNA barcoding has gained popularity in the global citizen
scientist community, and several inexpensive lab protocols and computational infrastructures were
developed to support this approach. This development was not surprising, as DNA barcoding
offered an inquiry-driven format to introduce participants to key biological ideas—including genetics,
molecular structure, bioinformatics, ecology, biodiversity, and the impacts of human activity. DNA
barcoding followed a relatively straightforward workflow, using minimal equipment that was available
at many high schools, colleges, or community labs. The wetlab portion could be completed within
a couple of hours using homemade, no-caustic reagents and intuitive, open-access software tools,
such as the DNA Subway supported streamlined data analysis. In most cases, citizen scientists could
complete every step by themselves, except for the sequencing, which may have been performed by
a scientific collaborator or, as in our case, a commercial facility. DNA Subway supported the direct
export of high-quality and novel DNA barcodes that had not been published previously at GenBank,
thereby making them available for other researchers.

In this study, we were interested whether a youth citizen scientist who was new to molecular
genetics could identify all of the fungi species in two bags of sliced and dried mushrooms. Although
we worked with a very limited samples set, our results clearly showed that DNA barcoding was a
powerful tool for citizen scientists to identify the dried mushroom samples that may have exhibited
an unclear phenotype. Uncovering potential food fraud or identifying a new species was the major
draw for the student to this project. However, all of the samples matched the existing database entries
and there was no case of mislabeling in our 10 tested samples. Within our limited sample set, 22.2%
of the samples were potentially identified to the genus level and 77.8% to the species level. While
this showed the potential of the chosen DNA barcoding workflow for species identification, these
results would have needed to be tested within a much larger sample set. We also found that for a
more rigorous sequence analysis, DNA Subway needed to be supplemented by web-based BLAST
sequence comparison and phylogenetic analyses, which would output advanced node/clade support.
This became apparent as sample S8 (Korean Black) matched Auricularia heimuer as well as Auricularia
auricula-judae with 100% on the DNA Subway local database, and we found the same ambiguity on
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UNITE. The taxonomic identification of S8 based on the DNA Subway or UNITE BLAST searches
would have supported a resolution to the genus level only—Auricularia sp. A direct GenBank BLAST
search and selection of an authenticated reference sequence, however, supported the identification as
Auricularia heimuer (99% match to KM396796; see supplementary materials, Figure S1). Additional
markers like the intergenetic spacer (IGS) region could have been added to further discriminate
between the Auricularia species in future citizen science projects [36,37].

We did not use the established Barcode of Life Data System (BOLD) identification system [38], as
we expected that their employed BLAST algorithm for ITS sequences, instead of the standard BOLD
identification engine, would not have returned any supplementary identification. In addition, it was
not recommended to submit queries to BOLD at the moment, because there were too few ITS records
on BOLD to return a successful match. A UNITE Ver. 7.1 serial BLAST search was utilized in addition
to NCBI-GenBank BLASTn, because it was found that 27% of the fungal ITS sequences that were
entered into GenBank were inadequately identified and that 20% were incorrectly labeled [39,40].
UNITE provided the identification of the ITS sequence as a species hypothesis, based on sequence
similarity, and we found that, while it allowed for a more reliable identification of fungal sequences,
the taxonomic identification still needed to be verified through alignment with the authenticated
GenBank sequences. Online searches led to the recently launched Faces of Fungi website [41,42],
which announced easy deposition of taxonomic data plus phenotypic details and other metadata to
enhance current taxonomic understanding. Future studies would benefit greatly from such a curated,
centralized, and open access ITS reference database that would allow annotation in a more rapid
manner and could serve as a solid foundation for the traditional research as well as the emerging
citizen science community.

5. Conclusions

In a time where the number of traditional taxonomists, including fungal taxonomists, is on the
decline, citizen scientists can help to rapidly fill this gap. However, the limitations in terms of budget,
time, and laboratory space are a significant problem for citizen science projects, specifically if they
involve youth citizen scientists, like high school students. Firstly, it would have been beneficial if the
costs that were associated with obtaining samples could have been included into the project budget so
as to increase the sample set. Alternatively, samples may have been collected in advance and provided
to the citizen scientists for their own, potentially small-scale, projects and the generated data could
then be reported back and incorporated into larger targeted and curated projects. Secondly, the youth
citizen scientist had very limited availability to spend time in the lab to complete the project because
of other after-school commitments. The youth citizen scientist also underestimated the time that was
needed to finish all of the steps of the project. While the time to complete a DNA barcoding project
using an established workflow and with a limited amount of samples seemed to be a relatively small
commitment for a professional scientist, this could pose a significant challenge for participants new
to science. In addition to weekly three hour long sessions after school, we would suggest adding
more sessions. If the time commitment of the citizen scientist volunteer allowed for it, longer lab
hours would have enabled the completion of more steps in the same session. Another challenge
remains the in depth-analysis of obtained DNA sequences. Reliable identification of species through
DNA barcoding greatly relied on the representation of relevant taxa in the reference database. We
recommend supplementing pedagogical open-access software, such as DNA Subway, with web-based
BLAST sequence comparison and additional phylogenetic analyses.

This study was inspired by a youth citizen scientist who aimed to uncover potential food
mislabeling in commercially available fungi. The fact that we did not find food mislabeling with
our limited samples does not mean that food fraud is not conducted. However, we hope that this
study inspires many more citizen scientists to help with expanding the sample set. Accessible DNA
barcoding can offer an effective method to help provide more accurate ingredient labels to consumers,
thereby improving food safety. This method also has shown great potential to give back control to the
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consumers. We conclude that DNA barcoding empowers citizen scientists to identify fungi species
and make discoveries that are meaningful both personally and for the scientific community.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/7/6/87/s1,
Table S1: Identification and consensus sequence information of all samples. Figure S1: A Clustal Omega alignment
of samples S1 (Cloud Ear) and S8 (Korean Black), and two GenBank reference sequences (KM396796 (Auricularia
heimuer) and KX621135 (Auricularia auricula-judae)).
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8. Fišer Pečnikar, Ž.; Buzan, E.V. 20 years since the introduction of DNA barcoding: From theory to application.
J. Appl. Genet. 2014, 55, 43–52. [CrossRef] [PubMed]

9. Dentinger, B.T.M.; Suz, L.M. What’s for dinner? Undescribed species of porcini in a commercial packet.
Peer J. 2014, 2, e570. [CrossRef] [PubMed]

10. Bonney, R.; Cooper, C.B.; Dickinson, J.L.; Kelling, S.; Phillips, T.B.; Rosenberg, K. V; Shirk, J.L. Citizen Science:
A Developing Tool for Expanding Science Knowledge and Scientific Literacy. BioScience 2009, 59, 977–984.
[CrossRef]

11. Xu, J. Fungal DNA barcoding. Genome 2016, 59, 913–932. [CrossRef] [PubMed]
12. Jackson, C.J.; Barton, R.C.; Evans, E.G. Species identification and strain differentiation of dermatophyte fungi

by analysis of ribosomal-DNA intergenic spacer regions. J. Clin. Microbiol. 1999, 37, 931–936. [PubMed]
13. Eberhardt, U. Methods for DNA barcoding of fungi. Methods Mol. Biol. 2012, 858, 183–205. [CrossRef]

[PubMed]
14. Seifert, K.A. Progress towards DNA barcoding of fungi. Mol. Ecol. Resour. 2009, 9, 83–89. [CrossRef]

[PubMed]
15. Hebert, P.D.N.; Cywinska, A.; Ball, S.L.; DeWaard, J.R. Biological identifications through DNA barcodes.

Proc. R. Soc. B Biol. Sci. 2003, 270, 313–321. [CrossRef] [PubMed]

http://www.mdpi.com/2304-8158/7/6/87/s1
https://www.cbp.gov/sites/default/files/assets/documents/2016-Apr/icp007r2_3.pdf
http://dx.doi.org/10.1098/rstb.2015.0336
http://www.ncbi.nlm.nih.gov/pubmed/27481788
http://dx.doi.org/10.1038/nature05110
http://www.ncbi.nlm.nih.gov/pubmed/17051209
http://dx.doi.org/10.1038/s41598-017-06336-3
http://www.ncbi.nlm.nih.gov/pubmed/28798349
http://dx.doi.org/10.1016/j.foodcont.2016.07.015
https://www.nytimes.com/2008/08/22/world/americas/22iht-fish.1.15539112.html
https://www.nytimes.com/2008/08/22/world/americas/22iht-fish.1.15539112.html
http://dx.doi.org/10.1139/gen-2014-0130
http://www.ncbi.nlm.nih.gov/pubmed/25495290
http://dx.doi.org/10.1007/s13353-013-0180-y
http://www.ncbi.nlm.nih.gov/pubmed/24203863
http://dx.doi.org/10.7717/peerj.570
http://www.ncbi.nlm.nih.gov/pubmed/25279259
http://dx.doi.org/10.1525/bio.2009.59.11.9
http://dx.doi.org/10.1139/gen-2016-0046
http://www.ncbi.nlm.nih.gov/pubmed/27829306
http://www.ncbi.nlm.nih.gov/pubmed/10074504
http://dx.doi.org/10.1007/978-1-61779-591-6_9
http://www.ncbi.nlm.nih.gov/pubmed/22684957
http://dx.doi.org/10.1111/j.1755-0998.2009.02635.x
http://www.ncbi.nlm.nih.gov/pubmed/21564968
http://dx.doi.org/10.1098/rspb.2002.2218
http://www.ncbi.nlm.nih.gov/pubmed/12614582


Foods 2018, 7, 87 11 of 12

16. Hollingsworth, P.M.; Graham, S.W.; Little, D.P. Choosing and Using a Plant DNA Barcode. PLoS ONE 2011,
6, e19254. [CrossRef] [PubMed]

17. Hollingsworth, P.M.; Forrest, L.L.; Spouge, J.L.; Hajibabaei, M.; Ratnasingham, S.; van der Bank, M.;
Chase, M.W.; Cowan, R.S.; Erickson, D.L.; Fazekas, A.J.; et al. A DNA barcode for land plants. Proc. Natl.
Acad. Sci. USA 2009, 106, 12794–12797. [CrossRef]

18. Gardes, M.; Bruns, T.D. ITS primers with enhanced specificity for basidiomycetes—Application to the
identification of mycorrhizae and rusts. Mol. Ecol. 1993, 2, 113–118. [CrossRef] [PubMed]

19. Schoch, C.L.; Robbertse, B.; Robert, V.; Vu, D.; Cardinali, G.; Irinyi, L.; Meyer, W.; Nilsson, R.H.; Hughes, K.;
Miller, A.N.; et al. Finding needles in haystacks: Linking scientific names, reference specimens and molecular
data for Fungi. Database 2014, 2014. [CrossRef] [PubMed]

20. Schoch, C.L.; Seifert, K. a.; Huhndorf, S.; Robert, V.; Spouge, J.L.; Levesque, C. a.; Chen, W.; Consortium, F.B.;
Bolchacova, E.; Voigt, K.; et al. Nuclear ribosomal internal transcribed spacer (ITS) region as a universal
DNA barcode marker for Fungi. Proc. Natl. Acad. Sci. USA. 2012, 109, 1–6. [CrossRef] [PubMed]

21. Lukyanenko, R.; Parsons, J.; Wiersma, Y.F. Emerging problems of data quality in citizen science. Conservation
Bio. 2016, 30, 447–449. [CrossRef] [PubMed]

22. DNA Learning Center. The Urban Barcode Project. Available online: www.dnabarcoding101.org (accessed on
14 May 2017).

23. Messing, J. New M13 Vectors For Cloning. Methods Enzymol. 1983, 101, 20–78. [CrossRef] [PubMed]
24. Cyverse. DNA Subway. Available online: https://dnasubway.cyverse.org/ (accessed on 14 May 2017).
25. Merchant, N.; Lyons, E.; Goff, S.; Vaughn, M.; Ware, D.; Micklos, D.; Antin, P. The iPlant Collaborative:

Cyberinfrastructure for Enabling Data to Discovery for the Life Sciences. PLoS Biol. 2016, 14, e1002342.
[CrossRef] [PubMed]

26. Goff, S.A.; Vaughn, M.; McKay, S.; Lyons, E.; Stapleton, A.E.; Gessler, D.; Matasci, N.; Wang, L.; Hanlon, M.;
Lenards, A.; et al. The iPlant Collaborative: Cyberinfrastructure for Plant Biology. Front. Plant Sci. 2011, 2,
1–16. [CrossRef] [PubMed]

27. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. J. Mol. Biol.
1990, 215, 403–410. [CrossRef]

28. UNITE. User-Friendly Nordic ITS Ectomycorrhiza Database, Ver. 7.1. Available online: https://unite.ut.ee/
cite.php (accessed on 14 May 2017).

29. Kõljalg, U.; Larsson, K.H.; Abarenkov, K.; Nilsson, R.H.; Alexander, I.J.; Eberhardt, U.; Erland, S.; Høiland, K.;
Kjøller, R.; Larsson, E.; Pennanen, T.; Sen, R.; Taylor, A.F.S.; et al. UNITE: A database providing web-based
methods for the molecular identification of ectomycorrhizal fungi. New Phytol. 2005, 166, 1063–1068.
[CrossRef] [PubMed]

30. Abarenkov, K.; Nilsson, R.H.; Larsson, K.H.; Alexander, I.J.; Eberhardt, U.; Erland, S.; Høiland, K.; Kjøller, R.;
Larsson, E.; Pennanen, T.; Sen, R.; Taylor, A.F.S.; et al. The UNITE database for molecular identification of
fungi—Recent updates and future perspectives. New Phytol. 2010, 186, 281–285. [CrossRef] [PubMed]

31. MUSCLE. Multiple Sequence Alignment Program, Version 3.8.31. Available online: http://www.drive5.
com/muscle (accessed on 14 May 2017).

32. PHILYP. Phylogeny Inference Package, Version 3.69. Available online: http://evolution.genetics.washington.
edu/phylip.html (accessed on 14 May 2017).

33. FigTree (v1.3.1). Available online: http://tree.bio.ed.ac.uk/software/figtree/ (accessed on 14 May 2017).
34. Chung, D.T.; Drábek, J.; Opel, K.L.; Butler, J.M.; McCord, B.R. A study on the effects of degradation and

template concentration on the amplification efficiency of the STR Miniplex primer sets. J. Forensic Sci. 2004,
49, 733–740. [CrossRef] [PubMed]

35. Opel, K.L.; Chung, D.T.; Drábek, J.; Tatarek, N.E.; Jantz, L.M.; McCord, B.R. The application of miniplex
primer sets in the analysis of degraded DNA from human skeletal remains. J. Forensic Sci. 2006, 51, 351–356.
[CrossRef] [PubMed]

36. Chase, M.W.; Fay, M.F. Barcoding of plants and fungi. Science 2009, 325, 682–683. [CrossRef] [PubMed]
37. Begerow, D.; Nilsson, H.; Unterseher, M.; Maier, W. Current state and perspectives of fungal DNA barcoding

and rapid identification procedures. Appl. Microbiol. Biotechnol. 2010, 87, 99–108. [CrossRef] [PubMed]
38. Ratnasingham, S.; Hebert, P.D.N. BOLD: The Barcode of Life Data System: Barcoding. Mol. Ecol. Notes 2007,

7, 355–364. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0019254
http://www.ncbi.nlm.nih.gov/pubmed/21637336
http://dx.doi.org/10.1073/pnas.0905845106
http://dx.doi.org/10.1111/j.1365-294X.1993.tb00005.x
http://www.ncbi.nlm.nih.gov/pubmed/8180733
http://dx.doi.org/10.1093/database/bau061
http://www.ncbi.nlm.nih.gov/pubmed/24980130
http://dx.doi.org/10.1073/pnas.1117018109
http://www.ncbi.nlm.nih.gov/pubmed/22454494
http://dx.doi.org/10.1111/cobi.12706
http://www.ncbi.nlm.nih.gov/pubmed/26892841
www.dnabarcoding101.org
http://dx.doi.org/10.1016/0076-6879(83)01005-8
http://www.ncbi.nlm.nih.gov/pubmed/6310323
https://dnasubway.cyverse.org/
http://dx.doi.org/10.1371/journal.pbio.1002342
http://www.ncbi.nlm.nih.gov/pubmed/26752627
http://dx.doi.org/10.3389/fpls.2011.00034
http://www.ncbi.nlm.nih.gov/pubmed/22645531
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
https://unite.ut.ee/cite.php
https://unite.ut.ee/cite.php
http://dx.doi.org/10.1111/j.1469-8137.2005.01376.x
http://www.ncbi.nlm.nih.gov/pubmed/15869663
http://dx.doi.org/10.1111/j.1469-8137.2009.03160.x
http://www.ncbi.nlm.nih.gov/pubmed/20409185
http://www.drive5.com/muscle
http://www.drive5.com/muscle
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://tree.bio.ed.ac.uk/software/figtree/
http://dx.doi.org/10.1520/JFS2003269
http://www.ncbi.nlm.nih.gov/pubmed/15317187
http://dx.doi.org/10.1111/j.1556-4029.2006.00077.x
http://www.ncbi.nlm.nih.gov/pubmed/16566770
http://dx.doi.org/10.1126/science.1176906
http://www.ncbi.nlm.nih.gov/pubmed/19644072
http://dx.doi.org/10.1007/s00253-010-2585-4
http://www.ncbi.nlm.nih.gov/pubmed/20405123
http://dx.doi.org/10.1111/j.1471-8286.2007.01678.x
http://www.ncbi.nlm.nih.gov/pubmed/18784790


Foods 2018, 7, 87 12 of 12

39. Raja, H.A.; Baker, T.R.; Little, J.G.; Oberlies, N.H. DNA barcoding for identification of consumer-relevant
mushrooms: A partial solution for product certification? Food Chem. 2017, 214, 383–392. [CrossRef] [PubMed]

40. Nilsson, R.H.; Ryberg, M.; Kristiansson, E.; Abarenkov, K.; Larsson, K.H.; Köljalg, U. Taxonomic reliability
of DNA sequences in public sequences databases: A fungal perspective. PLoS ONE 2006, 1. [CrossRef]
[PubMed]

41. The Faces of Fungi Database. Available online: http://www.facesoffungi.org/ (accessed on 15 May 2017).
42. Jayasiri, S.C.; Hyde, K.D.; Ariyawansa, H.A.; Bhat, J.; Buyck, B.; Cai, L.; Dai, Y.C.; Abd-Elsalam, K.A.; Ertz, D.;

Hidayat, I.; et al. The Faces of Fungi database: Fungal names linked with morphology, phylogeny and
human impacts. Fungal Divers. 2015, 74, 3–18. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.foodchem.2016.07.052
http://www.ncbi.nlm.nih.gov/pubmed/27507489
http://dx.doi.org/10.1371/journal.pone.0000059
http://www.ncbi.nlm.nih.gov/pubmed/17183689
http://www.facesoffungi.org/
http://dx.doi.org/10.1007/s13225-015-0351-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Limitations in Time, Funding, and Lab Access 
	Sample Collection 
	Generating DNA Barcodes 
	In Silico Species Identification 

	Results 
	Discussion 
	Conclusions 
	References

