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Abstract: We present a series of key issues, chal-
lenges, and solutions associated with a classroom
model of citizen science that engages a nationally
distributed network of high school students (and
other non-experts) in contributing professional
quality biodiversity genomics data to the Interna-
tional Barcode of Life (iBOL) project. The success-
ful implementation of this research-based educa-
tional model was significantly aided by the crea-
tion of the BOLD Student Data Portal (BOLD-
SDP), an open-access interface to the Barcode of
Life Data Systems (BOLD) platform utilized by
iBOL practitioners to create a digital genetic reg-
istry of Earth’s plants with DNA barcodes. By
eliminating barriers associated with class man-
agement, data record assembly, data validation,
and data publication, BOLD-SDP has created a
remarkably effective pathway for secondary and
postsecondary students to not only contribute to
the landmark iBOL effort, but to engage in a con-
stellation of 21" century science practices centered
on data literacy and big data science.

1. Introduction

BOLD-SDP forms a central component of a teach-
er professional development and curriculum model
that organizes teaching and learning around big da-
ta science practices and student participation in the
International Barcode of Life (iBOL) project [1,2].
iBOL is a global scientific initiative that aims to
create a digital genetic registry of Earth’s multicel-
lular life using a DNA barcode system. At the core
of this system are reference DNA barcode records
that link detailed forms of information (metadata)
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about an organism and where it was collected (e.g.
taxonomic and geospatial data) with a short, stand-
ardized genomic sequence or DNA barcode that
discriminates species groups in much the same
way that UPC barcodes distinguish retail products
[3,4]. Approximately SM reference barcode rec-
ords from ~500K species are currently stored in the
Barcode of Life Data Systems (BOLD Systems),
an open-access, enterprise-scale data collection and
analysis workbench, data repository, and data re-
trieval environment. Although these records ac-
count for only a small fraction of Earth’s multicel-
lular life, the information they contain is enabling
scientists to discover previously unknown species
[5-7], expose the illegal trade of endangered spe-
cies [8,9], detect instances of market fraud [10-12],
improve forensic science [13-15], assess environ-
mental water quality [16-19], identify the arrival of
agricultural pests [20-22] and disease-carrying in-
sects [23.24], explore the role of climate change on
ecological communities [25], and inform sustaina-
ble land management decisions [26].

1.1 The Student DNA Barcoding Pipeline

Students generate reference DNA barcode rec-
ords by following a well-defined and modular
pipeline (Fig. 1) that begins in the field with: 1) the
collection of target specimens; 2) the acquisition of
specimen images and metadata using a free utility
application for iPhone and Android smartphones
[27] that we developed to streamline and standard-
ize the collection of field data; and 3) the execution
of simple protocols to appropriately preserve and
process specimen tissue. For teachers who lack the
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time and/or funds to coordinate field collections,
tissue from target specimens (along with corre-
sponding metadata files) are provided free-of-
charge to classrooms by the lead organization,
which receives and archives specimens from pri-
vate collectors, commercial and recreational fish-
ing operators, public aquaria, museums, tissue
banks, field stations, universities, and governmen-
tal agencies.

During the laboratory segment of the barcoding
pipeline, students extract genomic DNA from
specimen tissue, copy and amplify a 650 base pair
region of the mitochondrial barcoding gene using
polymerase chain reaction (PCR), purify the result-
ing amplicon using a silica-based separation meth-
od, confirm the predicted size of the amplicon us-
ing gel electrophoresis, and submit a small aliquot
of purified product for automated DNA sequenc-
ing. This hands-on laboratory work is guided by a
visually engaging bench manual containing stand-
ardized protocols (with professionally illustrated
procedural overviews) that were optimized over
the last 6 years to maximize the probability of stu-
dent success in generating high-yield amplicons of
the barcode gene region. Reagents, supplies, and
consumables necessary for students to perform
each lab protocol are distributed to teachers free-
of-charge. Equipment loans are reserved through,
or coordinated by, the lead organization for teach-
ers with ill-equipped science labs.

The informatics segment of the barcoding pipe-
line involves the assembly of reference DNA bar-
code records using metadata obtained in the field
and sequence data generated in the science lab.
Barcode record assembly is performed online with-
in BOLD-SDP. Through a four-step record assem-
bly protocol, students begin by creating a digital
record for each specimen targeted for DNA bar-
coding, which involves assigning a unique identifi-
er to the specimen and entering various forms of
data about the specimen and where it was collected
(e.g. taxonomy, life stage, sex, mode of reproduc-
tion, date of collection, name of collector, the spec-
imen’s country and region of origin, the name and
GPS coordinates of the collection site, and the ele-
vation or depth at which the specimen was collect-
ed). One or more high-resolution digital image
files of the specimen are then uploaded and inte-
grated into the newly created record, along with
the appropriate caption information and the name

Fig. 1. The three primary segments of the student
DNA barcoding pipeline. See text for technical
details.

of the photographer. During the third step of the
record assembly workflow, students specify the
primers used to amplify and sequence the barcode
gene region, and upload trace files containing the
raw sequence data generated from their amplicons.



The fourth and final step of the record assembly
process engages students in the use of an integrated
sequence editing tool and graphical interface that
we developed for students to: 1) assemble a contig
or consensus sequence from their forward and re-
verse trace files; 2) edit low-quality or ambiguous
base calls found in their contigs; 3) detect the pres-
ence of stop codons in their sequence (which indi-
cates an editing error requiring correction); 4) trim
primers from the edited barcode sequence; and 5)
screen the sequence for common lab contaminants.

1.2 Key Challenges

The engagement of a nationally distributed net-
work of students in the generation and publication
of biodiversity genomics data presented our team
with a number of unique challenges. Because the
BOLD Systems parent workbench was specifically
designed to accommodate professional end-users
within the scientific community, the online proto-
cols and user-interfaces designed to estab-
lish/manage projects, assemble barcode records,
inspect them for accuracy and required data ele-
ments, and publish associated data in interoperable
genetic databases were ill-suited to inexperienced
users operating in educational settings. In an effort
to overcome these challenges and enhance the edu-
cative value of the experience, we developed an
administrative console for educators to register
their class/course, compile a roster of student con-
tributors, create a destination folder for specimen
and sequence data, and monitor student progress
via a real-time activity pane. We also developed a
simplified, modular workflow for students to as-
semble reference DNA barcode records, and a hi-
erarchical, 3-tier data validation and publication
protocol through which teachers (Tier-1), project
staff (Tier-2), and professional data managers at
BOLD Systems (Tier-3) share in the responsibility
of inspecting student barcode records for compli-
ance with data standards and the inclusion of re-
quired data elements [1]. In addition to creating a
streamlined pathway for the publication of student
generated barcode records (which maintains conti-
nuity of the learning progression), the validation
system ensures the fidelity of data that students
share with the scientific community through
BOLD Systems, GenBank, and other databases.
Furthermore, given the highly iterative nature of
the data vetting process, the direct involvement of
teachers and instructors in Tier-1 data validation

underscores the importance of data standards and
imparts an element of accountability and sense of
ownership in this important facet of the project
workflow.

To support meaningful, inquiry-centered anal-
yses of student-generated barcode data, BOLD-
SDP also contains a suite of onboard analytic tools
for students to visualize the relatedness of speci-
mens by building genetic distance-based pheno-
grams or trees (Taxon ID Tree tool), verify their
species identifications by comparing sequence data
obtained from their specimens against published
barcode records (ID Engine tool), calculate the dif-
ferences among nucleotide sequences generated
from their specimens (from species to class levels;
Alignment Browser tool), estimate biodiversity and
sampling efficiency at specific geographic loca-
tions by plotting accumulation curves (Accumula-
tion Curve tool), examine genetic distances to
nearest neighbors for groups of specimens (Bar-
code Gap Analysis tool), view the collection sites
of their specimens on a single map in Google Earth
(Map Collection Sites tool), and compare the digi-
tal images of their specimens and inspect anatomi-
cal features used for their morphological IDs
(Specimen Image tool).

The availability of these and other tools availa-
ble through BOLD-SDP presents exciting new op-
portunities for educators to engage students in 21%
century science practices centered on data discov-
ery, mining, annotation, attribution, validation,
visualization, analysis, sharing, and publication.

1.3 Outcomes and Uptake

Operating through BOLD-SDP, students and
teachers comprising our participant pool have con-
tributed over 1600 validated barcode records to
BOLD Systems and iBOL. These include 113 ma-
rine species of bony and cartilaginous fishes, mol-
luscs, echinoderms and cnidarians. Many of these
records are associated with marine biodiversity in-
ventories conducted by the Channel Islands Na-
tional Park, the Cabrillo Aquarium, Moss Landing
Marine Laboratory and the Alaska Fisheries Sci-
ence Center. Apart from active project participants,
BOLD-SDP also serves bona fide student data con-
tributors from nearly 200 high schools, two- and
four-year colleges and technical schools, universi-
ties, botanical gardens, gene banks, and science
centers (in over 11 US states and 8 countries).
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