[image: image1]Bioinformatic Teaching Resources – For Educators, by Educators – Using KBase, a Free, User-Friendly, Open Source Platform

		ORIGINAL RESEARCH
published: 29 October 2021
doi: 10.3389/feduc.2021.711535


[image: image2]
Bioinformatic Teaching Resources – For Educators, by Educators – Using KBase, a Free, User-Friendly, Open Source Platform
Ellen G. Dow1*, Elisha M. Wood-Charlson1*, Steven J. Biller2, Timothy Paustian3, Aaron Schirmer4, Cody S. Sheik5, Jason M. Whitham6, Rose Krebs7, Carlos C. Goller7,8, Benjamin Allen9, Zachary Crockett9 and Adam P. Arkin1,10
1Environmental Genomics and Systems Biology Division, E.O. Lawrence Berkeley National Laboratory, Berkeley, CA, United States
2Department of Biological Sciences, Wellesley College, Wellesley, MA, United States
3Department of Bacteriology, University of Wisconsin Madison, Madison, WI, United States
4Department of Biology, Northeastern Illinois University, Chicago, IL, United States
5Department of Biology and the Large Lakes Observatory, University of Minnesota Duluth, Duluth, MN, United States
6Department of Plant and Microbial Biology, North Carolina State University, Raleigh, NC, United States
7Department of Biological Sciences, North Carolina State University, Raleigh, NC, United States
8Biotechnology Program (BIT), North Carolina State University, Raleigh, NC, United States
9Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, TN, United States
10Department of Bioengineering, University of California, Berkeley, Berkeley, CA, United States
Edited by:
Hugo Verli, Federal University of Rio Grande do Sul, Brazil
Reviewed by:
Dhananjaya Pratap Singh, National Bureau of Agriculturally Important Microorganisms (ICAR), India
Manuel Corpas, Cambridge Precision Medicine, United Kingdom
* Correspondence: Ellen G. Dow, egdow@lbl.gov; Elisha M. Wood-Charlson, elishawc@lbl.gov
Specialty section: This article was submitted to STEM Education, a section of the journal Frontiers in Education
Received: 18 May 2021
Accepted: 02 September 2021
Published: 29 October 2021
Citation: Dow EG, Wood-Charlson EM, Biller SJ, Paustian T, Schirmer A, Sheik CS, Whitham JM, Krebs R, Goller CC, Allen B, Crockett Z and Arkin AP (2021) Bioinformatic Teaching Resources – For Educators, by Educators – Using KBase, a Free, User-Friendly, Open Source Platform. Front. Educ. 6:711535. doi: 10.3389/feduc.2021.711535

Over the past year, biology educators and staff at the U.S. Department of Energy Systems Biology Knowledgebase (KBase) initiated a collaborative effort to develop a curriculum for bioinformatics education. KBase is a free web-based platform where anyone can conduct sophisticated and reproducible bioinformatic analyses via a graphical user interface. Here, we demonstrate the utility of KBase as a platform for bioinformatics education, and present a set of modular, adaptable, and customizable instructional units for teaching concepts in Genomics, Metagenomics, Pangenomics, and Phylogenetics. Each module contains teaching resources, publicly available data, analysis tools, and Markdown capability, enabling instructors to modify the lesson as appropriate for their specific course. We present initial student survey data on the effectiveness of using KBase for teaching bioinformatic concepts, provide an example case study, and detail the utility of the platform from an instructor’s perspective. Even as in-person teaching returns, KBase will continue to work with instructors, supporting the development of new active learning curriculum modules. For anyone utilizing the platform, the growing KBase Educators Organization provides an educators network, accompanied by community-sourced guidelines, instructional templates, and peer support, for instructors wishing to use KBase within a classroom at any educational level–whether virtual or in-person.
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INTRODUCTION
Modern biology is becoming more reliant on “big data” to answer a range of questions. The ability to generate or re-analyze large data sets is quickly becoming a mainstay in many areas, from cellular biology to ecosystem ecology. This is especially true for the field of genomics and molecular biology, where large data sets are now commonplace. With the rapid growth and free online availability of biological data derived from DNA sequencing technologies, the need for skilled researchers to analyze these data is growing as well (Kodama et al., 2012; Koboldt et al., 2013). Topics in bioinformatics have therefore become a key feature of biology curriculum development in recent years (Maloney et al., 2010; Machluf et al., 2017). When the 2020 global pandemic drastically increased the need for virtual, learn-from-home coursework, bioinformatics also provided an attractive option for hands-on experience outside of a traditional wet lab. However, bioinformatics and the techniques used to analyze data advance quickly, and it can be difficult to incorporate the most cutting edge resources into the classroom.
One of the core challenges of teaching data analysis courses is that many students may not have access to a computer outside of their school’s computer labs. During the pandemic, many schools did what they could to provide computer access for students at home, but school-loaned laptops are likely unable to support many of the bioinformatics software programs necessary to run analyses locally. For those students with more sophisticated computers at home, instructors still have the challenge of helping them troubleshoot integration of bioinformatics software across a variety of operating systems (e.g., Windows, macOS, Chrome OS, or Unix-based systems) (Cummings and Temple, 2010). In addition, many bioinformatics programs or pipelines are coded in languages such as Java or R, or rely heavily on Perl (Perl Programming Language, RRID:SCR_018313), Python (Python Programming Language, RRID:SCR_008394), Ruby or Julia programming languages that require an understanding of command-line interfaces to operate (Ken Arnold et al., 2000; Wall et al., 2000; Flanagan and Matsumoto, 2008; Van Rossum and Drake, 2009; Bezanson et al., 2017; R Core Team, 2021). These tools and resources advance quickly, with new versions becoming available regularly, requiring updates or deprecation, depending on whether a different tool is adopted by the community as the new standard. Finally, some of the most powerful bioinformatic programs require vast amounts of memory or processing power, and larger data sets often require more computing power than is available on a personal computer. High-performance computing (HPC) clusters are often available at large research centers, which may offer these resources to students, but are relatively uncommon at teaching colleges or high schools. While cloud resources, such as Azure through Microsoft or AWS through Amazon, are more readily available, the monetary costs and time and resources to set up the workflows may still impede adoption by schools and institutions (Raj et al., 2020).
To date, acquiring a depth of knowledge in bioinformatics has largely been contingent on prerequisite computational knowledge about scripting, programming, data typology, and database management, alongside statistics and of course biology (Wilson Sayres et al., 2018). Although fundamental to research development work in bioinformatics, students and faculty are often missing one or more of these skill sets. From the lack of training and access to adequate computing resources for faculty, to the constantly changing software ecosystem, these problems can seem insurmountable for teaching and create significant challenges to the effective instruction of practical data science knowledge (Cummings and Temple, 2010; Williams et al., 2019).
For students and educators looking to improve their command of the command line, the Bioinformatics Virtual Coordination Network provides peer-support and resources (BVCN, https://biovcnet.github.io), or they can turn to training portals like the Global Organisation for Bioinformatics Learning (Corpas et al., 2015). For everyone else, online or graphic user interfaces (GUI) platforms [i.e., KBase, Nephele (Nephele, RRID:SCR_016595], Galaxy (Galaxy, RRID:SCR_006281), PATRIC (Pathosystems Resource Integration Center, RRID:SCR_004154), CLC Genomics (CLC Genomics Workbench, RRID:SCR_011853), or Geneious (Geneious, RRID:SCR_010519) may address some of these challenges by facilitating greater access to bioinformatic tools and data (Afgan et al., 2018; Arkin et al., 2018; Weber et al., 2018; Davis et al., 2019; Kearse et al., 2012; QIAGEN CLC Workbench, 2013). While some of these services are provided for free, several require the purchase of a software license, which can be expensive for faculty and students already struggling with the costs of education. Thus, as the community seeks to bring modern bioinformatic approaches to students in the classroom, the community should leverage resources that address many of the barriers to entry and strive to empower students.
The U.S. Department of Energy (DOE) Systems Biology Knowledgebase (KBase) is a free knowledge creation and discovery environment designed for both biologists and bioinformaticians (Arkin et al., 2018). KBase integrates a variety of data and analysis tools, from DOE and other public services, into an easy-to-use platform that employs scalable computing infrastructure to perform sophisticated systems biology analyses. KBase uses a dynamic GUI based on the Jupyter Notebooks framework (Kluyver et al., 2016) to provide documentable, shareable, and reproducible analysis workflows called Narratives. This integration allows for hosting code and programs outside of a traditional command-line interface. Data brought into KBase are transformed into a unique data model, with specifications for each type of biological data (reads, genomes, metabolic models, etc.), structured around the FAIR–findable, accessible, interoperable, and reusable–data principles (Wilkinson et al., 2016) to facilitate discovery, access, and interoperability throughout the system. Data from different sources or file formats can be used interchangeably and downloaded in standard formats, and data workflows can be directly copied to reproduce the data provenance. All the data, tools, commentary, and code used for analysis are stored as KBase Narratives on the KBase servers, for easy, persistent access with minimal requirements for the user (more information at: https://docs.kbase.us/getting-started/browsers).
While many biologists have taken advantage of KBase for academic and industry-related research, there is a growing cohort of educators using KBase in the classroom to demonstrate fundamental content knowledge for bioinformatics. Narratives are well-suited to use in educational settings as they can be shared with other individuals, groups, or made public. Educators can leverage Narrative features to re-run workflows, modify a workflow with new data or tools, extend workflows to incorporate new analyses, and add contextual information ranging from simple text to embedded videos and images, using Markdown or HyperText Markup Language (HTML). The visual display of provenance for data objects allows instructors to see connections between data, which can be used to supplement lectures describing the workflows. For example, due to the immediate relevance of the SARS-CoV-2 pandemic, one instructor created a Narrative to show students how to obtain sequencing data from public repositories, trim the reads, assess quality, and align to a reference genome (Pasqualoni, 2020).
Over the past year, KBase staff have worked with educators to identify how the platform could support their classroom goals. The need for tools and resources that enable virtual, interactive bioinformatics courses was a common request from each instructor. Therefore, as a community, we developed a modular curriculum framework with a variety of resources to empower students (and educators) to grow their bioinformatics content knowledge across a range of instructional levels, including high school, undergraduate, and graduate courses.
MATERIALS AND METHODS
Creating FAIR, Reproducible, and Shareable Community Resources
The KBase Narrative platform was used to modularize several complete and complex bioinformatic workflows (Dow et al., 2021). Each larger concept was divided into smaller parts to ensure that students could understand the scalability of the content while retaining the ability to answer biological questions. Working groups of instructors and the KBase team developed example teaching workflows by assembling a set of Narratives for a variety of bioinformatics concepts: genome assembly, annotation, and analysis; metagenomics; phylogenetics; and metabolic pathway analysis. The Narratives include a range of the tools available within KBase that are wrapped as applications, referred to as KBase Apps. Each workflow was centered around creating engaging content that met core curriculum concepts using backward design to address learning goals within individual modules that connected to form the complete concept (McTighe and Wiggins, 1998). Alongside FAIR data principles, these Narratives can be used directly as teaching tools, be modified by individual instructors to fit their student population and class focus, or simply serve as inspiration.
The resources developed over the summer were used in a pilot program during Fall 2020 to gather and implement instructor and student feedback, and to develop supporting guidelines that included best practices for educators (https://doi.org/10.25982/1668075). Program resources, including modularized workflows, guiding documentation, the KBase Educators Organization, and KBase User Slack workspace for support and networking were made available in December of 2020 for all educators interested in using KBase and joining the community (see KBase for Educators Webinar: https://youtu.be/K9FxPc_2jzI).
Assessing Resources During the Pilot
To evaluate the use of KBase in the classroom, a subset of the KBase Educators Working Group developed a post-course student survey (Supplementary Materials). The survey was a student self-assessment that focused on how effective the piloted KBase learning modules were at achieving common learning objectives, the approachability of the KBase platform, and changes in student perceptions and self-confidence in the field of computational biology after completing the modules. The survey used a Likert scale to quantify student responses through self-assessment on awareness of content and growth post-course, confidence around concepts and using tools, and using KBase. The survey study was reviewed and approved by the Human Subjects Committee Institutional Review Board at Lawrence Berkeley National Lab (LBNL) (339NR001-2AP22).
The survey data was used to create frequency distributions of student responses using histograms to gauge student reception for introducing KBase into curriculum and how students measured their own self-efficacy. Likert scale data was converted to numerical equivalents to measure distribution of the data and run Wilcoxon signed rank test with continuity correction between student responses using R v3.1 (R Project for Statistical Computing, RRID:SCR_001905) (R Core Team, 2021).
Members of the KBase Educators Working Group also informally assessed how effective KBase was at addressing the challenges of teaching data science in a virtual classroom mentioned in the introduction, ranging from totally solved (5) to not solved at all (1).
A Case Study: KBase Utilization in the NC State Metagenomics Course
An example of tailoring these resources to a course was provided by the Biotechnology Program (BIT) 477/577 Metagenomics class at North Carolina State University (NC State), which adapted the Metagenomics modules workflow along with additional analyses using Phylogenetics and Metabolic Modeling tools. The goal of these activities was to provide hands-on experience with computational tools to study relationships between microbial communities and ecosystems.
Fall 2020 was the first semester BIT 477/577 students used KBase. Students also had weekly topic modules with graded activities in Nephele (Nephele, RRID:SCR_016595) (Weber et al., 2018) and QIIME2 (QIIME, RRID:SCR_008249) (Caporaso et al., 2010; Bolyen et al., 2019), as well as social annotation and collaborative note-taking assignments with Hypothes.is (Goller et al., 2021), video lectures, interviews of bioinformaticians, creation of podcasts, and a group data analysis project. The course was taught asynchronously online due to the pandemic.
Two KBase Narratives were created for this course, Gold (https://doi.org/10.25982/67335.259/1773074) and Silver (https://doi.org/10.25982/68579.143/1766297), based on frameworks from the KBase Educators Organization and adapted for specific research and course objectives. The Gold Narrative focused on genome assembly and evaluation, through an exploration of available high-throughput metagenomic sequencing data sets, to identify Delftia acidovorans sequences (a bacterium capable of precipitating liquid gold into nanoparticles). In the Silver Narrative, students binned a high-quality metagenome-assembled genome (MAG) from a Silvergrass hybrid soil metagenome, determined its near relatives with a phylogenomic tree, and generated metabolic models to identify the media components required to isolate this potentially important microbiome member. This provided students with the opportunity to learn skills often used by applied scientists leveraging metagenomics. The concepts of MAGs, binning, and metabolic modeling were new to the course. Therefore, a week-long module was designed to introduce key definitions and procedures through videos, a reading assignment, and slides before engaging students in KBase activities. The KBase module addressed the learning objectives listed in Table 1.
TABLE 1 | Module Learning Objectives (MO) and instructional materials (resources linked within text).
[image: Table 1]Prior to the beginning of the course, students were sent information about the study and the approved informed consent form. Thirteen of the 14 students agreed to participate in the study, including five undergraduates and eight graduate students from various programs. The study was approved by the NC State Institutional Review Board (IRB, # 20309). Pre- and post-course quizzes were used to assess the students’ familiarity with various general concepts and ideas in bioinformatics prior to using the Narratives. The results of the pre- and post-course knowledge surveys were analyzed using Fisher’s exact test and t-test to compare averages and variance. An open response section afforded students the opportunity to provide anonymous feedback on aspects of their experience, such as where they had the most difficulty, providing a basis for determining where future improvements to lessons could be most effectively targeted. Quiz questions are included in the Supplementary Data Sheet 1.
Building a Community of Practice to Address Challenges
The KBase Educators program was initiated to gather information from educators teaching bioinformatics on how KBase could support the community of users with the pandemic shifting classrooms from in-person to online. KBase advertised an open call to instructors to hold a discussion of their needs and speculate around how KBase, as a research platform, could be applied to course curriculum. In late Spring 2020, a kick-off community meeting was held for instructors that expressed the shared need for tools and resources that enable interactive bioinformatic experiences and transferable analytical skills. From the initial conversation, about a dozen educators began the KBase Educators Working Group to develop workflows that connect across basic bioinformatic concepts. Working Group members with classes in the Fall of 2020 participated in the pilot program, which prompted the creation of best practices and supporting guidelines for the community as it grows. Alongside guidelines, KBase implemented infrastructure to support members and promote collaboration and networking within the broader KBase Educator community. Many of the Working Group members co-authored this manuscript.
RESULTS
Resources to Support Educators Using KBase
The KBase teaching Narratives are organized as a series of interconnected workflows, illustrated by the Educators Concept Overview (https://doi.org/10.25982/1668075). This Narrative provides a centralized landing page for the modules and allows educators and students to choose the analysis pipelines they wish to perform. It also contains links to resources and suggestions for teaching fundamental concepts, and is easily extensible so educators can collect and share example data with others in the community or expand existing analyses. The overview Narrative contains a flow diagram that shows the connections between concepts and modules with links to each module (Figure 1). The concepts include broad bioinformatics topics: Genomics, Metagenomics, Phylogenetics, Pangenomes, and Metabolic Modeling (Table 2, with complete overview in Supplementary Table S1). For each concept there are one or more modules to demonstrate the roadmap of analysis within that concept. From there, educators can copy any of the module Narratives and modify the learning concepts and example questions, populate the Narrative with new data related to a topic of interest to the class, or add text to create an explanatory Narrative.
[image: Figure 1]FIGURE 1 | KBase Educators Concept Workflows and their modules, including Genomics, Metagenomics, Phylogenetics, Pangenomes, and Metabolic Modeling.
TABLE 2 | Example Concept Workflow in KBase using the Narrative on Metagenomics, including module topics and corresponding Learning Objectives.
[image: Table 2]Narratives are connected to each other through HTML or Markdown hyperlinks (see resources linked in Dow et al., 2021) so that related workflows can be separated into modular components. By breaking complex analysis pipelines into smaller, distinct units, this structure allows students to focus on understanding the inputs, outputs, and rationale behind each step in the process. This also enables educators to more easily pick and choose the aspects most relevant to their particular course learning goals, or to fit analyses into particular timeframes, while ensuring students understand how each step connects to the larger concept and analytical goals.
The primary tutorial Narratives are designed for instructors and contain teaching notes that include explanations and alternatives or suggestions. For each tutorial Narrative there is a paired student version, which maintains the framework of the original Narrative in nascent App workflows without data products or results. Questions are embedded within the Narratives for students to answer as they explore the workflow and data, prompting them to perform the analysis on their own. Narratives can be shared with data and analysis results preloaded, inviting students to focus on interpreting results, or empty of data and analyses, allowing students to explore data and workflow options on their own. Student versions may also provide additional resources, such as links to literature, data sources, and guides to using the tools. To create new student Narratives, educators simply copy an existing Narrative and edit the data and Apps included within the Narrative. Because of this feature, educators can place students at the beginning of a particular workflow or at any point within it, and have the ability to combine workflows for students to follow longer analyses.
Assessment of Resources During the KBase Educators Pilot (Fall 2020-Winter/Spring 2021)
Instructors from the Working Group implemented KBase resources in a variety of settings and educational contexts during the 2020–2021 academic year. Contributors represented about a dozen institutions, with six institutions piloting KBase in the classroom in 2020–2021. For example, students at Boca Raton Community High School (Boca Raton, FL), Northeastern Illinois University (Chicago, IL), and graduate students participating in the 2020 Multiscale Microbial Dynamics Modeling course (hosted by the Environmental Molecular Sciences Laboratory (EMSL) and Pacific Northwest National Laboratory (PNNL) Subsurface Biogeochemical Research group) all simultaneously used KBase to reach different learning objectives and educational goals. At Boca Raton Community High School, students used KBase as a “one-stop shop” to explore genomic data. Undergraduate Genomic and Proteomics students at Northeastern Illinois University (Chicago, IL) used KBase as part of a flexible set of semester-long assignments focused on using real-world data to learn about genome assembly, annotation, and comparison. Graduate students and early career researchers participating in the 2020 Multiscale Microbial Dynamics Modeling course (https://www.kbase.us/multiscale-microbial-dynamics-modeling/) used newly implemented Apps, such as DRAM (Shaffer et al., 2020), in KBase for metagenomic data processing and analysis. This range of contexts and approaches highlights the scalability, accessibility, and versatility of the KBase platform.
Several undergraduate courses participated in a student survey to assess student perception of learning with KBase. So far, the survey has received 156 responses (excluding one response that only provided the course name) from students in courses covering Genomics, Metagenomics, Microbiology, and Molecular Biology (Figure 2).
[image: Figure 2]FIGURE 2 | Distribution of undergraduate course subjects using KBase within the curriculum across 156 responses. The courses included Genomics, Metagenomics, Microbiology, and Molecular Biology.
Students were asked to assess their own experience and knowledge after the course. Coming into the course, 87% of students reported that the concepts covered were “extremely or moderately new” to them (Figure 3A). After the course, familiarity with bioinformatics concepts and workflows improved for around 96% of responses, with the majority of students responding that they now felt “somewhat or moderately familiar” with the concepts covered (Figure 3B). The change in student perception of course knowledge from pre to post-course was significant (Figures 3A,B; Wilcoxon test p < 0.001). At the end of their courses, approximately 39% of students felt they were able to describe the steps of a bioinformatics workflow, 34% were uncertain, and 27% did not feel that they were able. However, students’ confidence in their ability to use bioinformatics analysis and tools to answer research questions improved in 68% of responses (Figure 3C). Approximately 90% of students described at least some confidence in their ability to continue to use KBase to analyze data and find answers (Figure 4A), with the majority of students agreeing that overall they were able to use KBase effectively (Figure 4B). Student responses describing their change in confidence reflected a similar pattern to their perceived ability to use KBase (Figure 3C, Figure 4B; Wilcoxon test p = 0.649). Overall, approximately 30% of the students reported that KBase was easy to use, 41% had no strong opinion, and 30% had some difficulty using KBase.
[image: Figure 3]FIGURE 3 | Frequency distributions of student responses to survey questions comparing (A) pre-course to (B) post-course knowledge and (C) self-assessed confidence. There were 155–157 responses per question as each question was optional for students to answer.
[image: Figure 4]FIGURE 4 | Frequency distributions of 156 student responses to their (A) confidence and (B) ability to use KBase post-course.
From an Educator’s perspective (n = 6, working group members), KBase was able to address many of the challenges facing data science in a virtual classroom for undergraduate courses. During the pilot, the platform and available resources were mostly able to address challenges (5 = totally solved, 1 = not solved at all) related to: working across different operating systems (4.3), access to and accessibility of consistent bioinformatic tools and resources (4.8), access to computational resources (4.5), and providing bioinformatics options for students without coding experience (5). Success at granting students access to computers was variable and likely dependent on pre-existing circumstances. Specifically, the education-based co-authors appreciated the ability to easily share Narratives with students; the option to gradually reduce the scaffolding as student knowledge of the platform, data, and analyses increased; and how the platform allowed students to focus on why they were learning bioinformatic concepts, instead of spending time on setup and maintenance of the tools and resources.
Results of North Carolina State University Biotechnology Course Case Study
At the beginning of the metagenomics course, students (n = 13) had different knowledge gaps related to the instructional concepts. For example, Figure 5A shows students 2, 7, and 11 each had three incorrect answers in the pre-course quiz, but only one of those overlapped. Likewise, students 3 and 8 had five and four incorrect answers, respectively, and only one overlapped. Knowledge gaps were mostly filled by the end of the course based on comparison of pre- and post-course question scores (Figure 5B). The highest number of students that answered correctly on any one question was 11 out of 13 on the pre-test. In contrast, three questions were 100% correctly answered in the post-test. Correct answers increased by as many as six students in the post-test for some questions. On a per question basis, there was a higher frequency of pre/post-quiz questions incorrectly then correctly answered (36) compared to incorrect/incorrect (12) and correct/incorrect (4) answers. A significant imbalance of these ratios (Fisher’s test, p-value = 0.0024) supports student learning during the course. Furthermore, statistical differences in pre and post-course quiz averages and variance (Figure 5C, t-test, p-value = 0.0004, F-test, p-value = 0.0091) indicated significant improvement in students’ understanding of the concepts. While sample size was limited during this pilot study, student responses and feedback were encouraging.
[image: Figure 5]FIGURE 5 | Pre- and post-course knowledge survey of 13 students in NC State’s Biotechnology (BIT) 477/577 Fall 2020 course. (A) Pre-quiz scores arranged by students and questions to highlight diversity in pre-knowledge. Responses are sorted to visually show pattern and clustering of correct and incorrect responses. 1 = correct, 0 = incorrect responses, n = 13 students. (B) Correct and incorrect pre- and post-course quiz questions. Questions can be found in the Supplemental Materials. Questions were sorted to show greatest improvement in correct answers. (C) Pre- and post-course quiz grade distributions. Student scores transitioned from nearly normal with a wide variance in the pre-quiz to highly skewed left with low variance in post-quiz.
At the end of the course, students completed their own projects by applying data analysis methods to another data set. Students chose between KBase or QIIME2 (run on a local HPC cluster) to complete their final project. Of the 13 students, seven chose to complete their project through KBase, some actually expressing an aversion to using the command-line and terminal interfaces during office hours. Some students explained that they would have chosen the KBase option for their data analysis project if they had managed their time better. The KBase assignment would take more time to complete because it was more open-ended, and involved analyzing a set of data in a novel way, whereas the QIIME assignment had specific questions to answer and a prepared script that needed minimal additions from the student to work properly.
Open-ended student responses indicated new knowledge and understanding of computational pipelines for metagenomics analysis (Table 3). Overall, testimonials were telling about the impact of KBase. Six out of 13 students used the word “comfort” in describing their familiarity with KBase and other tools taught in the course (Table 3).
TABLE 3 | Select student responses to the question “List and describe your familiarity with computational pipelines for metagenomic analyses.”
[image: Table 3]Crowd-Sourced Suggestions and Guidelines for Utilizing KBase Narratives in the Classroom
To facilitate the use of KBase Narratives, the Working Group developed a set of guidelines and resources associated with the Educators organization. An educator’s “Standard Operating Procedures” document (SOP) includes crowd-sourced suggestions for best practices and detailed logistics for using KBase Narratives in the classroom setting. This guide includes suggestions for organizing classes within KBase, guidelines for registering student accounts, and other key details. Guidance is also provided on estimated time requirements for running different modules with students at different educational levels to help educators plan their initial rollout. These represent “living documents” which can be continually improved with feedback from the community of users.
A number of open resources are provided that educators can adopt directly to their curriculum, reducing the barriers associated with incorporating new material into a class. Examples include links to videos and specific step-by-step instructions, which can be provided to students to support their use of KBase. Guidance within the SOP describes common problems encountered in creating, modifying, and using Narratives including links to the KBase documentation site (http://docs.kbase.us). Some Narratives have associated introductory slides which can be used directly or customized by an instructor to introduce the concepts and tools utilized. Examples of student assessment questions, along with model answers, are also available. Educators interested in sharing additional or modified materials associated with the use of these Narratives in different classroom settings are encouraged to contribute these within the KBase Educators Organization, described below.
Providing Support, Networking, and Collaboration via Slack
The KBase Educators Organization is a community of educators, representing diverse types of educational institutions and levels, who are interested in using KBase to teach bioinformatics concepts (Figure 6). To provide a common location where educational Narratives could be freely shared, the “Organization” framework within KBase was used to create a central homepage for the KBase Educators Organization. This Educators Organization represents a space where conceptual tutorial Narratives, student Narratives, or other resources can be shared in a moderated fashion. The Educators Organization homepage (https://narrative.kbase.us/#/orgs/kbase-educators) has open resources from educator guides to using the Narrative and Markdown language to instructional Narratives that can be accessed by anyone, but contributions to more detailed resources come from members of the community.
[image: Figure 6]FIGURE 6 | KBase Educators Community: The community includes instructors that teach at High School and college levels. Resources are developed by the community, including teaching Narratives using bioinformatics tools wrapped as KBase Apps and supporting documentation. Working groups have developed workflows across common topics. From student and community feedback, resources including teaching Narratives, are improved and added to the KBase Educators Organization.
KBase Organizations can also be created for individual classes. Educators can provide both informative and evaluative Narratives to their own organization, which students can copy, and then add their assigned projects to the organization or share with their instructor. Access to these organizations can be restricted, or not, as any instructor chooses.
The KBase team also supports educators and scientists to create working groups focused on specific topics. For example, the KBase Educators Working Group developed the existing resources (Figure 6). A subset of the Working Group recently developed a workflow for Metabolic Modeling (Supplementary Table S1), and other members have an interest in working on RNAseq. These collaborations are invaluable at providing ideas, exploring questions that arise during the implementation, and novel ways to use KBase Apps and Narratives.
Communication between instructors and KBase staff is a central feature of the KBase Educators Organization. To facilitate these interactions, KBase hosts a Slack workspace open to KBase users which includes a specific channel for education purposes. This Slack workspace is monitored by KBase staff and represents an important avenue for users to obtain technical support with any aspect of the KBase website, Narrative questions, or issues with specific tools. Importantly, it also serves as a venue for educators to seek advice from other educators and to serve as a meeting space for individuals with shared interests, facilitating collaborative development of new teaching modules.
DISCUSSION
KBase provides a free, streamlined entry point for students (and educators) to explore and perform sophisticated bioinformatics analyses (Dow, et al., 2021). The KBase Narrative interface allows instructors to break down complex real-world data sets and create analyses that are approachable and easily digested by students. From the students’ perspective, their familiarity with the concepts and confidence increased from the start of the courses surveyed. Most students began the course with little to no knowledge of the bioinformatics concepts covered. By the end, students gained confidence and familiarity with bioinformatics workflows overall, and in their ability to do bioinformatics analysis within KBase. By lowering many of the barriers students face when getting started in bioinformatics, it is possible to successfully increase students’ confidence in bioinformatics within a single course offering. Overall, students using KBase appreciated the workflow architecture and visualizations available within the Narrative. They especially appreciated being able to complete an entire sequencing analysis process in a relatively short amount of time. Beyond the ease of using a streamlined GUI (as compared to command line), students were able to perform research using the same tools as world-class researchers in a framework that aligns the learning process with applicable experience to empower students to get excited about their own education. The web-based nature of KBase also reduced the “barriers to entry” for instructors by minimizing the time spent on setup and maintenance of resources.
KBase provides a standardized framework for the integration of tools, resulting in a modular, yet interoperable and easy-to-follow interface that connects analyses and data to results and visualizations. KBase, and the network of community developers that contribute to the platform, continually strive to update software and Apps, incorporate new resources as they are developed, and ensure computational requirements are met for each App. The KBase servers include over 6,500 total cores, which run over 660,000 central processing unit hours per month, and over 400 terabytes of storage (and growing). Students only need a computer that can run a browser and an internet connection to access the resources behind KBase. This democratization of hardware enables a greater diversity of students to explore data science and bioinformatics, to run computationally demanding programs, and to open up much deeper analysis questions than previously possible.
In the case study at NC State, KBase was introduced as a course module component, as well as an option for the students’ final data analysis project. One key difference with using KBase for the course was that the Narratives enabled text and pictures to be incorporated within the analysis workflow. Students were introduced to Narratives through instructor-created videos, and then asked to copy the example Narratives for their own exploration. Embedded challenge questions allowed students to investigate publicly available data and encouraged them to be creative, while still providing scaffolding and structure via tutorial Narratives. Future course adaptations and modifications could expand the assignment by including similar individual or group challenges that require students to develop their own Narrative workflows to demonstrate an appropriate application and sequence of tools.
KBase was a favored tool for case study students. Where tools were mentioned in the post-course open-response questions, students most frequently referenced KBase by name, often first within lists, and articulated their comfort using the platform for bioinformatics analyses. Students indicated more confidence with using KBase over other tools used in the course during office hours. Notably, KBase was chosen for final projects more frequently than the HPC option by students with less coding experience.
The pivot towards confidence and comfort when using data science tools was an encouraging discovery. The perception of coding or using a computer for data analysis outside of basic spreadsheets may elicit feelings of inadequacy in the students (Cline and Prokop, 2019). These deep-seated feelings could translate into the students disregarding the assignment or not fully understanding the greater concepts of the exercise, so it is important to provide an accessible and inclusive framework that focuses on knowledge generation (Wright et al., 2020).
The interactive nature of KBase Narratives reduces the cognitive load placed on students learning bioinformatics, which allows students to focus on learning biology. Therefore, the emphasis shifts to biological concepts and the process of biological data analysis using a GUI, that provides exposure to bioinformatic tools without requiring students to become proficient with coding or command line tools. Students can run high-memory, computationally intensive applications on KBase that would not be possible on their own computers, or even in computer labs at many institutions. Access to institutional HPC resources that can handle applications requiring higher computational power may also be restricted to prevent large numbers of inexperienced users from degrading the performance for more senior researchers.
KBase is also versatile. The Narrative workflow format, where data and Apps can be easily added or removed, allows KBase to be implemented in a variety of educational environments ranging from the high school general biology classroom to advanced graduate courses in bioinformatics. For example, each App has detailed explanations describing its purpose and links to research articles appropriate for advanced courses that need to explore the design and logic behind each analysis. In addition, students can view and analyze publicly available data sets, or they can conduct de novo analyses using novel data sets. In support of novel analyses, KBase is scalable–both in the size or number of data sets, as well as the functional areas available for instruction. This provides faculty members with the ability to incorporate a single platform at multiple levels and in multiple contexts within their curriculum. This flexibility and scalability provides the opportunity for a variety of both formative and summative assessments in the classroom and laboratory. Taken together, feedback from the pilot was extremely positive and demonstrated that KBase can be a powerful educational tool that can be easily applied to a variety of educational contexts.
Joining the Educators Organization and Community
The KBase Educators program is an on-going effort supported by the KBase team. All biological sciences instructors, with any experience level in bioinformatics, are welcome to join. Joining is easy and includes: 1) access to the KBase Educators Organization, which has a plethora of resources and pre-built teaching Narratives, and 2) an invite to the KBase Users Slack workspace, which has a dedicated channel for educators to converse, ask questions of the community, or get asynchronous support from KBase staff. To join, create a KBase user account at www.kbase.us, then submit a “request to join” to the KBase Educators Org (https://narrative.kbase.us/#org/kbase-educators). Send a follow up email to engage@kbase.us to introduce yourself. Please include what institution you are affiliated with and what courses you are hoping to teach using KBase. The KBase team will approve your join request and send you an invite to the Slack group.
One of the major benefits of joining the KBase Educators program is the community that has rallied around virtual learning using a GUI. The existing resources are free for use under a Creative Commons by 4.0 license, with attribution by citing this manuscript and (Arkin et al., 2018). As your instructional needs evolve and diversify, the teaching Narratives can be easily adapted and expanded. All work in KBase is backed by free large-scale computing resources and access to the KBase Help Desk (https://kbase-jira.atlassian.net/). KBase also supports the FAIR data principles (Wilkinson et al., 2016) by providing a mechanism to publish reproducible research. Static Narratives are snapshots of the current Narrative analysis that are made visible to anyone on the internet (including search engines) without a KBase account. If your class is working on a publication, it is also possible to request a DOI for a static Narrative(s) for inclusion in the manuscript’s data availability statement and reference section.
Finally, for those of you that are feeling a bit more adventurous and want to also teach your students how to code, the Bioinformatics Virtual Coordination Network (BVCN, https://biovcnet.github.io) is another great pandemic-inspired program led by Dr. Ben Tully (Tully et al., 2021).
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Pre-course

| have used Galaxy and other genome browsers

|took BIT 495 (RNA World) with Dr. feci] in the beginning of this semester, so we just
used a Shape-MaP computational pipeline to study reactiities and secondary
structure of RNA molecules. Other than that, though, it's il pretty new ground for me

| am ot familiar with using pipelines for metagenomic analyses and | chose this course
because | am really interested to learn new computational tools. | am only familiar with
analyzing genome sequences from pure isolates (assembly, annotation)

Maybe alittle experience with MEGA from 6 + years ago, but | can't remember them

I've used DADA2 in R and danced around using gjime but haven't actually done it

No experience

| am not at all familiar with computational pipeiines

Post-course
Al of the ones used in the course (KBase, Nephele, HPC) would be comfortable using
on my own with my own data set.

I became much more comfortable with KBase during the data analysis project, and
began to better understand using the HPC and Nephele during the course

Ifeel comfortable with using KBase and Nephele. | need to work more on my own on
analysis with QIIME2

I'm mildly familiar with KBase and Nephele now

KBase (comfortable), Nephele (comfortabie), QIME/HPC (not comfortable), R
packages (comfortable)

Nephele- basic understanding, KBase- intermediate understanding, HPC- basic
understanding

This class has helped me learn about KBase, Nephele, and HPG which | was
completely unfamiliar with before
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MO 2.1. Perform quality control of read lioraries

MO 2.2, Predict taxonomic popuiation structure of environmental
shotgun reads

MO 2.3, Identify high-quality bins to extract and annotate

MO 2.4. Annotate genes of extracted MAGs

MO 2.5. Place MAGs into a species tree
MO 2.6. Build metabolic models

Instructional Materials

1. Background reading and discussion, *Purifying the Impure: Sequencing Metagenomes and
Metatranscriptomes from Complex Animal-associated Samples.” (Lim et al., 2014)MO 2.1-2.6)
2. Module 2. Video Overview: What are MAGs? (3:54 min) (MO 2.1, 2.2)

3. KBase assignment videos (MO 2.1-2.6)
a. Silver Narrative Part 1 (6:06 min) and Part 2 (10:39 min)
b. Gold Narrative (2:42 min)

4. KBase Silver Narrative (MO 2.1-2.6)

5. KBase Gold Narrative (MO 2.1-2.5)
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Metagenomics

Module

M1. Data Import and QC

M2. Assembly
M3. Read-based Taxonomy
M. Binning

MS. Bin-based Taxonomy
M. Taxonomy and Evolution

Learning Objectives

M1.1 Evaluate read quality based on FastQC reports

M1.2 Perform read trimming with Trimmomatic

M1.3 Explain in your own words how adapter contamination can

M1.3a affect read quality

M1.3b be addressed with Trimmomatic

M2.1 Define assembly and contig

M2.2 Compare and contrast the output of different assemblers

M3.1 Understand the mechanisms behind taxonormic profiing

M3.2 Compare the outpus of two applications

M4.1 Understand how binning works to group contigs of metagenomic assemblies

MS5.1 Explain another method of how to measurre taxonomic diversity through binned assemblies

M6.1 Understand how MAGs generated in a metagenomic study can be placed into a phylogenetic tree
M6.2 Understand how ANI can be used to determine relatedness

M6.3 Understand how to estimate refative abundance of a MAG within a metagenomic sample

M6.4 Learn how to use apps and tools within KBase to buld upon foundational concepts and promote exploration
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