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Abstract
This research examines the integration of genomics databases, specifically NCBI (National Center for Biotechnology Information) and ENCODE (Encyclopedia of DNA Elements), into undergraduate biology curricula. We propose two primary hypotheses: (1) structured engagement with genomics databases might enhances student comprehension of molecular biology concepts and computational thinking skills, and (2) pedagogical frameworks incorporating authentic research datasets might improve student self-efficacy in bioinformatics applications. Through mixed-methods analysis of classroom implementations across three academic terms, we evaluate learning outcomes, engagement metrics, and pedagogical effectiveness. Our findings suggest that database-driven pedagogy significantly improves student performance in genomics literacy whilst identifying critical bottlenecks in implementation, including inadequate computational infrastructure, insufficient instructor training, and curriculum time constraints. This research contributes to educational scholarship by demonstrating evidence-based strategies for big data integration in biology education, particularly relevant as artificial intelligence transforms biological research paradigms.
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INTRODUCTION
The exponential growth of biological data represents a fundamental transformation in life sciences research and education. Since the completion of the Human Genome Project in 2003 (OMOTOSO, Olabode Ebenezer, TEIBO, John Oluwafemi, ATIBA, Festus Adebayo, et al., 2022), genomics databases have expanded from gigabytes to petabytes of information (DE ALMEIDA, Bernardo P., DALLA-TORRE, Hugo, RICHARD, Guillaume, et al., 2025), fundamentally altering how biological questions are formulated and investigated (Clough, E., & Barrett, T., 2016). Nowadays the students whose main interest is biology, enter a professional landscape where computational literacy is no longer optional but essential. The National Center for Biotechnology Information maintains over 40 distinct databases containing sequence, structure, and functional genomics data from millions of organisms, whilst the ENCODE project has catalogued functional elements across the human genome with unprecedented resolution (ENCODE Project Consortium, 2016). Despite this wealth of publicly accessible data, substantial gaps persist between available resources and their effective integration into undergraduate curricula.
Traditional biology education emphasized laboratory techniques and theoretical frameworks developed during the pre-genomic era (RECHARLA, Mahesh, CHAKILAM, Chaitran, KANNAN, Sathya, et al., 2025). Students learned molecular biology through restriction mapping exercises, PCR amplifications of known sequences, and memorization of metabolic pathways. Whilst these foundational skills remain valuable, they inadequately prepare students for research environments dominated by high-throughput sequencing, transcriptomic analysis, and systems biology approaches (CARRILLO-CARRASCO, Vanessa Polet, HERNANDEZ-GARCIA, Jorge, GIROU, Camille, et al. , 2025). The disconnect between educational practice and professional reality creates a critical bottleneck in workforce preparation. Universities worldwide struggle to modernize curricula whilst balancing content coverage requirements, resource limitations, and diverse student populations with varying computational backgrounds (RABBI, 2015).
Recent educational research demonstrates that authentic scientific practices, when appropriately scaffolded, enhance student learning outcomes across cognitive domains (SINGH, Bhupinder et KAUNERT, Christian, 2025). The actual learning theory suggests that knowledge acquisition occurs most effectively when embedded within realistic contexts that mirror professional practice. Genomics databases offer unprecedented opportunities for authentic inquiry, allowing students to pose genuine research questions and analyze real experimental data (LI, 2025). A student investigating gene expression patterns in cancer tissues can access the same ENCODE datasets that professional researchers utilize, transforming passive content consumption into active knowledge construction. This pedagogical shift from demonstration to discovery represents more than methodological innovation; it fundamentally reconceptualises the student role from information recipient to knowledge generator (OGAR, Austin Olom, NOAH, Akande Oluwatobi, ABAH, Joshua, et al., 2025). The integration of big data resources into biology classrooms faces multiple implementation challenges. Technical barriers include inadequate computational infrastructure, unreliable internet connectivity, and insufficient technical support for database navigation (PARKER, Luke, LOPER, A. Jane, HAYES, Josh, et al., 2925). 
Pedagogical obstacles encompass instructor unfamiliarity with bioinformatics tools, curriculum overcrowding, and assessment design difficulties. Cognitive challenges involve the steep learning curve associated with database interfaces, statistical analysis requirements, and the complexity of interpreting large-scale datasets. Additionally, equity concerns emerge when students possess unequal prior exposure to computational thinking or differential access to technology outside formal learning environments (WAJEED, 2926). Despite these challenges, compelling rationales support genomics database integration (PASI, Bhaveshkumar Nandanram et DHAMAK, Pallavi, 2026).  
First, biological research increasingly requires interdisciplinary competencies spanning wet-laboratory techniques, computational analysis, and statistical interpretation. Students lacking these integrated skill sets face limited career prospects in academia, industry, and clinical settings (JIANG, Shujun et RAFEEQ, Ali, 2021). Second, genomics databases democratize access to cutting-edge research, allowing institutions with modest laboratory budgets to engage students in frontier investigations (TOBIAS, Alexander V. et WAHAB, Adam., 2025). A rural university lacking proteomics facilities can nonetheless provide students meaningful experiences analyzing mass spectrometry data deposited in public repositories (WEISKIRCHEN, Ralf, 2026). Third, database-driven pedagogy cultivates critical thinking skills transferable beyond biology, including data literacy, evidence evaluation, and quantitative reasoning applicable across scientific and societal contexts.
Our research addresses two interrelated questions central to biology education reform (GOYAL, 2025).  First, how does structured engagement with NCBI and ENCODE databases influence student understanding of molecular biology concepts and development of computational skills?  Second, what pedagogical frameworks most effectively support student learning when working with authentic genomics data? 

These questions generate two testable hypotheses. The first hypothesis posits that students receiving explicit instruction in genomics database navigation and analysis demonstrate significantly greater improvement in molecular biology concept mastery and computational thinking scores compared to students receiving traditional instruction. The second hypothesis predicts that implementing scaffolded, inquiry-based activities using authentic datasets significantly increases student self-efficacy in bioinformatics applications and intention to pursue computationally intensive research experiences. The theoretical framework guiding this investigation draws upon constructivist learning theory, cognitive load theory, and self-efficacy research (CHAVA, 2025) (CHAND, 2026). 
Genomics databases provide rich environments for constructivist pedagogy, offering multiple entry points for exploration and diverse pathways for investigation (Shahini, 2026). Cognitive load theory suggests that learning effectiveness depends upon managing intrinsic, extraneous, and germane cognitive demands (RAHAYU, Oktaviani et YULIANA, Setyawati, 2025). Database complexity generates substantial intrinsic load; therefore, instructional design must minimise extraneous load through clear interfaces and strategic scaffolding whilst promoting germane load through activities encouraging deep processing and schema construction. 
Self-efficacy theory posits that individuals' beliefs about their capabilities influence motivation, effort persistence, and achievement. Successfully navigating genomics databases may enhance student self-efficacy, creating positive feedback loops that sustain engagement with challenging material (WIYONO, Bambang Budi, IMRON, Ali, SUMARSONO, Raden Bambang, et al., 2025). Contemporary educational contexts increasingly incorporate artificial intelligence tools that can query databases, analyse sequences, and generate hypotheses (SHITTU, Muhammed et ALEX, Jogymol Kalariparampil, 2025). This technological landscape raises fundamental questions about appropriate learning objectives. Should students master specific database query syntax that AI tools might execute more efficiently? Or should education emphasise higher-order skills including experimental design, critical evaluation of computational outputs, and biological interpretation that integrate human expertise with artificial intelligence capabilities? 
This research explicitly addresses these questions by examining how students develop both technical proficiency and conceptual understanding through database engagement. The authors argue that effective biology education in the artificial intelligence era requires students to understand database architecture, recognize appropriate analytical approaches, and critically evaluate computational results rather than merely execute pre-specified workflows. This research might contributes to educational scholarship through several novel elements. The authors present empirical evidence regarding learning outcomes from authentic genomics database integration across diverse student populations (SABUNA, Erna Sefriani, KOESWANTI, Henny Dewi, et RELMASIRA, Stefanus Christian, 2025). 
The authors identify specific pedagogical strategies that successfully mitigate implementation barriers whilst enhancing learning effectiveness. The authors propose assessment frameworks appropriate for evaluating computational competencies alongside traditional biology knowledge. Finally, the authors offer practical recommendations for instructors, curriculum developers, and institutional administrators seeking to modernise biology education in alignment with contemporary research practices. Our findings hold particular relevance as universities worldwide confront similar challenges integrating big data resources into traditional disciplinary structures whilst preparing students for rapidly evolving professional landscapes.

RESEARCH
Research Design and Theoretical Framework
This assessment employed a convergent parallel mixed-methods design, simultaneously collecting quantitative performance data and qualitative experiential data to provide comprehensive understanding of database integration outcomes. The quantitative component utilised a quasi-experimental approach comparing student cohorts receiving database-enhanced instruction against historical controls receiving traditional curriculum content. The qualitative component employed phenomenological methods exploring student experiences, perceptions, and meaning-making processes during database engagement. This methodological triangulation strengthens validity by corroborating findings across data sources and analytical approaches whilst capturing both measurable outcomes and nuanced experiential dimensions that quantitative metrics alone cannot adequately represent.
Our theoretical framework integrated three complementary perspectives. Constructivist epistemology guided pedagogical design, emphasising active learning, authentic contexts, and social knowledge construction. Cognitive load theory informed instructional sequencing and scaffolding strategies to optimise learning efficiency. Social cognitive theory, particularly self-efficacy constructs, framed our investigation of motivational outcomes and persistence. These frameworks collectively suggest that effective database integration requires carefully designed learning environments balancing challenge and support whilst providing authentic experiences that build both competence and confidence.
Participants and Setting
Participants comprised 247 undergraduate students enrolled in molecular biology courses at a mid-sized public mediterranean universities across three consecutive academic terms (Spring 2023, Autumn 2023, Spring 2024). The intervention cohort included 134 students (54.3% of total) experiencing database-enhanced curriculum, whilst the comparison cohort included 113 students (45.7%) receiving traditional instruction during the preceding academic year. Demographic composition reflected institutional diversity, with 58% female students, 42% male students, 31% first-generation university attendees, and 27% students from groups historically underrepresented in science, technology, engineering and mathematics disciplines. Students ranged from second-year to fourth-year undergraduates, with 68% biological sciences majors, 22% pre-health professions students, and 10% other science majors.
The institutional context provided moderate computational resources including a 30-workstation computer laboratory with high-speed internet connectivity and campus-wide wireless network access. All students possessed personal computing devices, although hardware capabilities varied substantially. The universities subscribed to standard bioinformatics software suites but lacked specialised genomics analysis packages requiring substantial computational infrastructure. This resource profile typifies many undergraduate institutions, making our findings broadly applicable across similar educational contexts.
Curricular Intervention Design
The database-enhanced curriculum integrated NCBI and ENCODE resources throughout a 15-week molecular biology course meeting twice weekly for 75-minute sessions. Rather than isolated bioinformatics modules, database engagement was distributed across six thematic units: genome organisation and structure, gene expression regulation, transcriptomics and functional genomics, comparative genomics and evolution, disease genomics and personalised medicine, and ethical dimensions of genomic data. Each unit incorporated scaffolded activities progressing from guided exploration to independent investigation.

Week one introduced database architecture and navigation through structured tutorials. Students learned NCBI interface components including search strategies, database selection, and result filtering. Instructors demonstrated query construction for retrieving specific sequence types, organism data, and publication information. Students completed guided exercises locating genes of interest, examining sequence features, and accessing associated literature. These foundational sessions established technical competencies whilst familiarising students with database organisation and terminology.  

Weeks three through five addressed genome organisation using NCBI Genome and Gene databases alongside ENCODE chromatin state data. Students investigated chromosomal location, gene structure, regulatory elements, and evolutionary conservation of assigned genes. Activities required extracting information across multiple databases, synthesising disparate data types, and constructing comprehensive gene reports.  For instance, students examining the TP53 tumour suppressor gene retrieved genomic sequence, identified coding exons and regulatory regions, examined chromatin accessibility patterns from ENCODE, and investigated conservation across vertebrate species. This integration demonstrated how multiple data types collectively illuminate gene function whilst developing skills in multi-database navigation and information synthesis. Weeks six through nine focused on gene expression using ENCODE RNA-sequencing datasets and NCBI Gene Expression Omnibus (GEO) resources. Students analysed tissue-specific expression patterns, compared expression levels across developmental stages, and investigated disease-associated expression changes. These activities introduced quantitative analysis including expression level interpretation, statistical significance evaluation, and graphical data representation.

Students calculated log-fold changes using the formula:



This metric quantifies expression differences between conditions on a logarithmic scale, where positive values indicate upregulation and negative values indicate downregulation. Students interpreted biological significance considering both statistical thresholds and magnitude of change.

Weeks ten through twelve incorporated comparative genomics using NCBI HomoloGene and Conserved Domain Database. Students investigated protein family evolution, identified conserved functional domains, and inferred evolutionary relationships through sequence alignment. Activities required retrieving orthologous sequences, performing multiple sequence alignments using NCBI tools, and interpreting conservation patterns. 

Students calculated sequence identity percentages using:


This quantitative metric allowed students to compare evolutionary conservation across species and infer functional constraints on protein evolution.

The final weeks addressed disease genomics using NCBI ClinVar, dbSNP, and published genome-wide association studies deposited in GEO. Students investigated genetic variants associated with complex diseases, evaluated pathogenicity classifications, and explored pharmacogenomic implications. These culminating activities integrated previously developed skills whilst introducing clinically relevant applications and ethical considerations surrounding genetic data interpretation and utilisation. Throughout the term, weekly reflection assignments prompted students to articulate learning processes, identify challenges, and connect database activities to broader course concepts. These metacognitive exercises encouraged students to monitor their developing competencies whilst providing instructors formative feedback for pedagogical adjustments.
Comparison Cohort Curriculum
The comparison cohort received high-quality traditional instruction covering identical conceptual content through lectures, textbook readings, and conventional laboratory exercises. Rather than database exploration, students learned molecular biology concepts through instructor presentations incorporating published research findings, completed problem sets applying theoretical knowledge, and conducted hands-on experiments including DNA extraction, PCR amplification, and gel electrophoresis. This curriculum represented standard practice at similar institutions and provided rigorous molecular biology education. The comparison enabled evaluating added value from database integration rather than absolute learning outcomes.
Data Collection Instruments
Multiple instruments captured diverse outcome dimensions. The Molecular Biology Concept Inventory (MBCI), a validated 25-item assessment, measured conceptual understanding of gene structure, expression regulation, and genetic variation. Students completed the MBCI at course beginning and conclusion, enabling pre-post comparison. Questions employed multiple-choice format with distractors representing common misconceptions. Reliability analysis indicated strong internal consistency ().
The Computational Thinking in Biology Assessment (CTBA), a novel 20-item instrument, evaluated abilities to formulate computational questions, select appropriate analytical approaches, interpret quantitative results, and recognise limitations of computational analyses. Items presented scenarios requiring students to propose database queries, evaluate analytical strategies, or interpret bioinformatics outputs. Psychometric validation established acceptable reliability () and construct validity through expert review and factor analysis.
The Bioinformatics Self-Efficacy Scale (BSES) measured student confidence in database navigation, sequence analysis, data interpretation, and troubleshooting technical challenges. This 15-item instrument employed seven-point Likert scales ranging from "not at all confident" to "completely confident." Students rated confidence at multiple timepoints, enabling examination of self-efficacy trajectories. Reliability exceeded acceptable thresholds ().
Student reflections provided qualitative data regarding experiences, challenges, and perceived learning. Prompts asked students to describe successful learning moments, identify persistent difficulties, explain connections between database activities and course concepts, and evaluate pedagogical approaches. Reflections generated rich narrative data complementing quantitative metrics.
Semi-structured interviews with 24 purposively selected students explored experiences in greater depth. Interview protocols addressed motivation, engagement, skill development, conceptual learning, and recommendations for pedagogical improvement. Interviews lasted 45-60 minutes, were audio-recorded with participant consent, and were transcribed verbatim for analysis.
Data Analysis Procedures
Quantitative data underwent several analytical approaches. Descriptive statistics characterised distributions and identified outliers. Independent samples t-tests compared intervention and comparison cohorts on pre-test scores, confirming initial equivalence. Paired samples t-tests evaluated pre-post changes within each cohort. Analysis of covariance (ANCOVA) compared post-test scores between cohorts whilst controlling for pre-test performance, mitigating potential pre-existing differences. 
Effect sizes were calculated using Cohen's d to quantify practical significance beyond statistical significance. Self-efficacy trajectories were examined through repeated measures analysis of variance (ANOVA) comparing confidence ratings across timepoints. Within-subjects contrasts identified when significant changes occurred. Between-subjects analyses compared intervention and comparison cohorts on final self-efficacy levels.
Qualitative data analysis followed iterative, systematic procedures. Transcripts and reflection documents were imported into qualitative analysis software. Initial coding employed open, inductive approaches identifying emergent themes without predetermined categories. Subsequent focused coding refined themes, examining relationships and patterns. Constant comparison methods ensured thematic consistency across data sources. 
Two researchers independently coded subsets of data, comparing results to establish inter-rater reliability (). Discrepancies were resolved through discussion until consensus emerged. Analytic memos documented interpretive decisions and emerging insights throughout the process. Integration of quantitative and qualitative findings occurred during interpretation. Quantitative results identified what outcomes occurred, whilst qualitative data illuminated how and why these outcomes emerged. Convergent findings where both data types supported similar conclusions strengthened validity. Divergent findings where data types suggested different conclusions prompted deeper investigation and more nuanced interpretation.

Ethical Considerations
This research had institutional review board approval prior to data collection. Student participated voluntarily, with clear communication that decisions regarding participation would not influence course grades. All students completed course activities regardless of research participation; consent determined only whether data could be analyzed for research purposes. Students had the possibility to withdraw consent at any time without penalty. Data were de-identified prior to analysis, with identifying information stored separately from research data. Findings have been reported in aggregate form protecting individual privacy.
Pedagogical equity considerations guided intervention design. All students received equivalent instructional time and instructor attention. Database activities replaced rather than supplemented existing requirements, preventing increased workload. Technical support has been readily available for students encountering difficulties. Alternative assignments accommodated students with limited technology access, ensuring equitable learning opportunities regardless of resource availability.
Methodological Limitations and Mitigation Strategies
Several limitations warrant acknowledgement. The quasi-experimental design lacked random assignment, potentially introducing selection bias. We mitigated this through careful pre-test equivalence verification and statistical control of baseline differences. Single-institution implementation limits generalizability; replication across diverse contexts would strengthen conclusions. We addressed this partially by recruiting participants from varied demographic backgrounds approximating national diversity.
Instructor effects represent another potential confound, as the same instructor taught both cohorts. Enthusiasm for innovative pedagogy might have influenced outcomes beyond database integration per se. The authors attempted to maintain equivalent engagement across cohorts and explicitly solicited student perceptions of instructor enthusiasm, finding no significant differences between cohorts. Assessment instruments, particularly the novel CTBA, require further validation across contexts. The authors conducted thorough psychometric evaluation and expert review, but broader validation would strengthen confidence in findings. Self-report measures including self-efficacy scales are subject to response biases; we triangulated these with performance data providing objective learning indicators.
Despite limitations, this rigorous mixed-methods investigation provides robust evidence regarding database integration outcomes whilst identifying promising pedagogical approaches and persistent implementation challenges requiring attention in future research and educational practice.
RESULTS
Quantitative Learning Outcomes: Conceptual Understanding
Analysis of Molecular Biology Concept Inventory scores revealed significant learning gains in both cohorts, with the intervention cohort demonstrating superior improvement. Pre-test scores showed no significant difference between cohorts (intervention , ; comparison , ; , ), confirming initial equivalence. Post-test scores differed substantially (intervention , ; comparison , ; , ). Both cohorts showed significant pre-post improvement (intervention: , , ; comparison: , , ), but intervention students gained more points on average (6.5 vs 4.5 points). ANCOVA controlling for pre-test scores confirmed that intervention students significantly outperformed comparison students (, , partial ).
Item-level analysis illuminated specific conceptual domains where database integration proved particularly beneficial. Questions addressing gene regulation mechanisms showed the largest intervention advantages. One item presented RNA-sequencing data showing differential expression across tissues, asking students to infer regulatory mechanisms. Intervention students answered correctly at 78% compared to 54% for comparison students (, ). This pattern recurred across items requiring data interpretation, suggesting that authentic database engagement enhanced students' ability to connect molecular mechanisms with empirical evidence.
Conversely, items assessing factual recall showed minimal differences between cohorts. Questions requiring students to identify DNA polymerase functions or list components of transcription initiation complexes showed equivalent performance (intervention 82% vs comparison 79%, , ). This finding suggests that database integration does not compromise foundational knowledge acquisition whilst potentially enhancing higher-order thinking skills.
Computational Thinking Development
The Computational Thinking in Biology Assessment revealed striking differences between cohorts. Pre-test scores were low for both groups (intervention , ; comparison , ; , ), reflecting students' limited prior exposure to computational approaches. Post-test scores diverged substantially (intervention , ; comparison , ; , ). Intervention students gained an average of 6.9 points, representing 69% improvement, whilst comparison students improved by only 1.3 points ( improvement). Effect size for the intervention was exceptionally large (), suggesting profound impact on computational competencies.
Examination of CTBA subscales provided granular insight into skill development trajectories. The database navigation subscale, assessing abilities to formulate appropriate search strategies and access relevant information, showed the most dramatic improvement. Intervention students' mean scores increased from 2.1 to 4.6 on a five-point scale (, , ), whilst comparison students showed negligible change ( to , , ). This finding validates that structured database engagement effectively develops navigational competencies unlikely to emerge from traditional instruction.
The data interpretation subscale, evaluating abilities to extract biological meaning from quantitative results, also favoured intervention students but with more modest effects. Intervention students improved from  to  (, , ), whilst comparison students showed slight improvement from 2.7 to 3.2 (, ). Both cohorts gained interpretive skills, likely reflecting general course emphasis on data reasoning, but intervention students developed significantly greater proficiency. Qualitative data suggested that repeated exposure to diverse data types in authentic contexts accelerated interpretive skill development.
The analytical strategy selection subscale, measuring abilities to identify appropriate computational approaches for biological questions, presented intermediate results. Intervention students improved from 2.5 to 3.8 (, , ), whilst comparison students changed minimally from 2.4 to 2.7 (, , ). These findings suggest that students benefit from explicit exposure to multiple analytical approaches applied in varied contexts, enabling pattern recognition regarding method-question alignment.
Self-Efficacy Trajectories
Bioinformatics Self-Efficacy Scale data revealed evolving confidence patterns throughout the term. At baseline, both cohorts reported low confidence (intervention , comparison  on seven-point scale; , ). Mid-term assessments showed diverging trajectories, with intervention students reporting increased confidence () whilst comparison students remained stable (). By term conclusion, intervention students reported substantially higher self-efficacy () compared to comparison students (M = 3.1). Repeated measures ANOVA confirmed significant time-by-cohort interaction (, , partial ), indicating that confidence trajectories differed significantly between groups.
Within the intervention cohort, self-efficacy growth was non-linear. Confidence remained relatively stable during the first four weeks despite technical skill development, then increased sharply between weeks five and nine before plateauing at elevated levels. This pattern suggests a threshold effect where accumulated competencies reached a critical mass enabling students to recognise their developing capabilities. Qualitative data supported this interpretation, with students frequently describing "breakthrough moments" during mid-term weeks when previously confusing interfaces suddenly became navigable and intimidating databases transformed into accessible resources.
Self-efficacy gains showed moderate correlation with performance outcomes. Within the intervention cohort, final BSES scores correlated with CTBA post-test scores (, ) and MBCI post-test scores (, ). These correlations suggest that confidence and competence develop in tandem, with each potentially reinforcing the other. Students who believed they could successfully navigate databases persisted through challenges, leading to skill development that validated their confidence. Conversely, students struggling with database tasks reported diminished confidence, potentially creating negative spirals of avoidance and continued difficulty.
Demographic subgroup analyses revealed equitable self-efficacy gains across student populations. Female and male students showed statistically equivalent self-efficacy trajectories within the intervention cohort (, ). First-generation university students and continuing-generation students demonstrated similar patterns (, ). Students from historically underrepresented groups showed self-efficacy gains parallel to majority students (, ). These findings suggest that well-designed database pedagogy can promote equitable confidence development across diverse populations, contrasting with documented disparities in computing self-efficacy in some educational contexts.
Qualitative Findings: Student Experiences and Meaning-Making
Thematic analysis of reflections and interviews identified five major themes characterising student experiences with database integration: initial disorientation and gradual acclimation, authentic learning and professional relevance, cognitive integration of computation and biology, persistent technical frustrations, and appreciation for pedagogical scaffolding.
Initial Disorientation and Gradual Acclimation: Students universally described substantial initial confusion when first encountering genomics databases. One student reflected, "The first time I opened NCBI, I had no idea what I was looking at. There were so many buttons and menus and terms I'd never heard. I felt completely lost and honestly pretty stupid." Another student noted, "Everything was overwhelming. I didn't know where to start or what information I actually needed." These experiences highlighted the steep learning curve associated with complex interfaces designed for expert users rather than novice learners.
Despite initial struggles, most students described gradual improvement and eventual comfort with database navigation. A typical trajectory involved several weeks of frustration followed by increasing confidence. As one student explained, "Around week six, something clicked. I realised that even though databases look different, they have similar logic. Once I understood the basic organisation, I could figure out new databases more easily." Another student emphasised repetition's importance: "The first three assignments took me forever. By the fifth one, I could find information much faster. Practice really mattered." These accounts validate pedagogical approaches emphasising sustained engagement rather than brief exposure.
Authentic Learning and Professional Relevance: Students frequently expressed enthusiasm about working with real research data rather than textbook examples. One student remarked, "It felt like we were doing actual science, not just learning about science. Looking at the same data that researchers use made everything more meaningful." Another student appreciated connecting classroom activities to current events: "When we analysed COVID spike protein sequences, I could see how our class work related to vaccine development happening in real time. That connection made me care more about understanding the details."
Many students explicitly connected database experiences to career preparation. A pre-medical student noted, "As precision medicine becomes more common, doctors need to understand genetic data. Learning to navigate these databases now will help me later in my career." A student planning graduate study explained, "Every research lab I've looked at uses bioinformatics. These skills aren't optional anymore if you want to do molecular biology research." These reflections suggest that students recognised authentic activities' vocational value beyond immediate course requirements.
Cognitive Integration of Computation and Biology: Students described developing integrated understanding that transcended traditional disciplinary boundaries. One student reflected, "Before this class, I thought biology and computer science were completely separate. Now I see them as connected. You can't really understand modern biology without computational approaches." Another student noted conceptual shifts: "Working with expression data changed how I think about genes. They're not just static sequences in textbooks but dynamic entities with activity levels that vary across tissues and conditions."
Several students articulated sophisticated understanding of complementary relationships between experimental and computational approaches. As one student explained, "Experiments generate data, but you need computational analysis to make sense of it. They're two sides of the same research process." Another student recognised method limitations: "Databases have amazing information, but you have to think critically about what experiments generated that data and what assumptions went into the analysis. Just because something is published doesn't make it perfect." These metacognitive insights suggest that database engagement promoted epistemological sophistication regarding scientific knowledge production.
Persistent Technical Frustrations: Despite overall positive experiences, students identified ongoing technical challenges. Interface complexity remained problematic for some students throughout the term. One student wrote, "Even at the end, I never felt completely comfortable with all the options and settings. There's just so much there, and I'm never sure if I'm using the best search strategy." Server reliability issues generated frustration: "Sometimes the website would be really slow or crash entirely. When you're trying to finish an assignment and the database won't load, it's incredibly frustrating."
Students also noted that different databases have inconsistent interfaces requiring relearning navigation strategies. A student observed, "Just when you get comfortable with one database, you have to learn a different one with totally different organisation. It would be easier if they all worked the same way." These challenges highlight opportunities for improved instructional resources and potentially for database designers to consider educational use cases when developing interfaces.
Appreciation for Pedagogical Scaffolding: Students consistently praised structured support provided throughout the course. Guided tutorials received particular appreciation. One student commented, "The step-by-step instructions for early assignments were really helpful. I could focus on understanding what information meant rather than struggling just to find it." Another student valued incremental challenge progression: "Each assignment built on previous ones. By the time we did independent projects, I had the skills to figure things out on my own."
Students also valued instructor accessibility and peer collaboration opportunities. One student noted, "Being able to ask questions when I got stuck made a huge difference. Sometimes I just needed a little hint to get unstuck." Another emphasised collaborative learning: "Working with classmates helped because we could share strategies and troubleshoot problems together. Teaching someone else also helped me understand better." These reflections underscore the importance of comprehensive pedagogical support systems when implementing complex technical activities.
Implementation Challenges: Instructor Perspectives
Instructor observations and reflections identified several persistent implementation challenges beyond student-level factors. Preparation time substantially exceeded initial estimates. Creating scaffolded activities, developing assessment rubrics, and troubleshooting technical issues required extensive effort. One instructor noted, "I probably spent three times longer preparing database activities compared to traditional lectures covering the same content. The first time teaching this way was especially demanding."
Classroom time allocation presented ongoing tension. Database activities required more class time than anticipated, creating pressure to reduce coverage of other topics. Instructors grappled with difficult decisions about content prioritisation and trade-offs between breadth and depth. Technical difficulties during class sessions disrupted lesson flow and consumed valuable time. Despite thorough preparation, unexpected issues regularly emerged, including database server slowdowns, authentication problems, and interface changes implemented without notice.
Assessment design proved particularly challenging. Traditional examinations inadequately capture computational competencies developed through database work. Creating authentic performance assessments that fairly evaluate diverse skill levels whilst maintaining reasonable grading workload required substantial creativity and iteration. Instructors also noted difficulty distinguishing technical proficiency from conceptual understanding, as poor database navigation skills could mask solid biological reasoning.
Hypothesis Testing Outcomes
Formal hypothesis testing provided clear conclusions regarding both primary research questions. Hypothesis One predicted that students receiving explicit instruction in genomics database navigation and analysis would demonstrate significantly greater improvement in molecular biology concept mastery and computational thinking scores compared to students receiving traditional instruction. Results strongly supported this hypothesis. Intervention students showed superior gains on both the MBCI () and CTBA (). ANCOVA controlling for baseline differences confirmed statistically significant intervention effects for both outcomes ( for each). Effect sizes exceeded conventional thresholds for educationally meaningful impacts, suggesting that database integration produces substantial learning benefits beyond statistical artifacts.
Hypothesis Two predicted that implementing scaffolded, inquiry-based activities using authentic datasets would significantly increase student self-efficacy in bioinformatics applications and intention to pursue computationally intensive research experiences. Results partially supported this hypothesis. Self-efficacy data strongly confirmed predicted effects, with intervention students demonstrating significantly greater confidence gains (final  on seven-point scale, ). Repeated measures ANOVA confirmed significant time-by-cohort interaction (p < 0.001), validating that intervention specifically influenced self-efficacy trajectories.
Research intention outcomes showed more nuanced patterns. Post-course surveys assessed students' interest in pursuing computational research experiences, rated on seven-point scales. Intervention students reported significantly higher interest () compared to comparison students (, , , ). However, actual enrolment in subsequent bioinformatics courses or computational research experiences showed smaller differences. Among intervention students,  enrolled in advanced bioinformatics coursework during the following year, compared to 14% of comparison students (, ). Whilst statistically significant, this represents modest practical impact, suggesting that intention-behaviour relationships are complex and influenced by multiple factors beyond course experiences.
DISCUSSION
Interpretation of Learning Outcomes
Our findings demonstrate that structured integration of genomics databases significantly enhances both conceptual understanding and computational competencies in undergraduate biology students (JIANG, Shujun et RAFEEQ, Ali, 2021). The superior MBCI performance among intervention students suggests that engaging with authentic data strengthens conceptual learning, particularly for topics requiring integration of mechanistic knowledge with empirical evidence (GOYAL, 2025). This outcome aligns with constructivist learning theory predictions that knowledge construction proceeds most effectively through active engagement with realistic problems rather than passive information reception (CHAND, 2026).
Particularly striking was the intervention's impact on computational thinking skills, with effect sizes () exceeding those typically observed in educational interventions. This substantial impact likely reflects the novelty and relevance of these competencies. Most students entered the course with minimal computational experience, creating opportunity for dramatic growth. Additionally, computational skills may be particularly amenable to explicit instruction combined with deliberate practice (OGAR, Austin Olom, NOAH, Akande Oluwatobi, ABAH, Joshua, et al., 2025), as they involve learnable strategies rather than requiring conceptual reorganisation of deeply-held prior beliefs (Clough, E., & Barrett, T., 2016).
The relative modest intervention effect on factual knowledge (items requiring recall rather than application) merits consideration. This pattern suggests that database integration enhances certain cognitive outcomes more than others. Rather than viewing this as limitation, we interpret it as evidence of targeted effectiveness. Biology education should cultivate both foundational knowledge and higher-order competencies. Database pedagogy complements rather than replaces traditional instruction, suggesting that optimal curricula integrate multiple pedagogical approaches matched to specific learning objectives (Shahini, 2026).
Self-Efficacy Development and Motivational Outcomes
The substantial self-efficacy gains observed among intervention students have important implications beyond immediate confidence levels. Self-efficacy theory predicts that confidence influences subsequent academic choices, effort investment, and persistence through challenges. Students who believe they can successfully navigate bioinformatics tools are more likely to attempt computational research projects, persist through difficulties, and ultimately develop genuine expertise (PARKER, Luke, LOPER, A. Jane, HAYES, Josh, et al., 2925). Conversely, students lacking confidence may avoid computational opportunities regardless of actual competence, creating self-fulfilling prophecies of limitation (WEISKIRCHEN, Ralf, 2026).
The non-linear self-efficacy trajectory observed among intervention students, with mid-term acceleration following initial stability, suggests important temporal dynamics in confidence development. Students required sufficient experience to recognise their developing capabilities (SABUNA, Erna Sefriani, KOESWANTI, Henny Dewi, et RELMASIRA, Stefanus Christian, 2025). Early-term activities built skills that students did not yet recognise as competence. Mid-term breakthrough moments occurred when accumulated abilities reached thresholds enabling successful independent problem-solving (WAJEED, 2926). This pattern has pedagogical implications, suggesting that sustained engagement spanning multiple weeks is necessary for confidence consolidation. Brief database exposure, common in many curricula, may prove insufficient for self-efficacy development even if technical skills improve (GOYAL, 2025).
The equitable self-efficacy gains across demographic subgroups represent encouraging findings given documented disparities in computing confidence in many educational contexts (SHITTU, Muhammed et ALEX, Jogymol Kalariparampil, 2025). Female students in particular often report lower computing self-efficacy than male students, potentially contributing to gender disparities in computational fields (OMOTOSO, Olabode Ebenezer, TEIBO, John Oluwafemi, ATIBA, Festus Adebayo, et al., 2022). Our intervention showed no gender differences in self-efficacy trajectories, suggesting that biology-contextualised computational instruction may mitigate stereotype threat effects sometimes observed in standalone computing courses (SHITTU, Muhammed et ALEX, Jogymol Kalariparampil, 2025). Embedding computation within disciplinary contexts relevant to diverse students may provide more inclusive pathways to computational competency than traditional computing curriculum structures (GOYAL, 2025) (PASI, Bhaveshkumar Nandanram et DHAMAK, Pallavi, 2026).
Pedagogical Insights and Effective Practice Characteristics
Analysis of implementation processes alongside outcome data illuminates effective practice characteristics. Successful database integration requires carefully designed scaffolding that gradually transfers responsibility from instructor to students. Initial guided tutorials establishing technical foundations proved essential, as students couldn't engage meaningfully with complex tools they could not navigate. However, extended scaffolding periods risked creating procedural rigidity without conceptual understanding. Our progression from structured guidance to supported independence to autonomous application appears appropriately balanced, though optimal scaffolding duration likely varies across student populations and institutional contexts (SINGH, Bhupinder et KAUNERT, Christian, 2025).
Authentic inquiry activities generated high engagement and perceived relevance, but authenticity alone proved insufficient. Students required explicit instruction connecting specific database features to biological concepts (DE ALMEIDA, Bernardo P., DALLA-TORRE, Hugo, RICHARD, Guillaume, et al., 2025). Simply assigning students to "explore" databases without structured objectives produced confusion rather than learning (CARRILLO-CARRASCO, Vanessa Polet, HERNANDEZ-GARCIA, Jorge, GIROU, Camille, et al. , 2025). Effective activities balanced authenticity with clarity, presenting realistic problems while providing sufficient structure to focus student attention on intended learning targets (GOYAL, 2025). This finding resonates with broader research on inquiry-based learning, which demonstrates that guided inquiry typically outperforms unstructured exploration for novice learners.
The importance of iterative practice emerged clearly from both quantitative skill development trajectories and qualitative student reflections (SABUNA, Erna Sefriani, KOESWANTI, Henny Dewi, et RELMASIRA, Stefanus Christian, 2025). Database competencies developed gradually through repeated engagement with diverse problems rather than sudden insight from single experiences. This finding challenges common curricular approaches treating bioinformatics as isolated units rather than integrated threads. Effective database pedagogy requires distributed practice throughout courses rather than concentrated modules, allowing skill consolidation and transfer across varied contexts (GOYAL, 2025).
Instructor accessibility and responsiveness proved critical for managing student frustration and maintaining engagement. Technical difficulties inevitably arise when working with complex online resources; student persistence depends substantially on timely support availability (LI, 2025). Institutions implementing database pedagogy should ensure adequate instructional support including responsive instructors, knowledgeable teaching assistants, and peer collaboration opportunities. Technology without corresponding human support infrastructure risks creating barriers rather than opportunities (RAHAYU, Oktaviani et YULIANA, Setyawati, 2025).
Theoretical Contributions and Conceptual Advances
Our findings contribute to educational theory in several ways. First, they provide empirical support for situated learning theory in science education contexts. Students learning computational skills through authentic biological problems demonstrated superior outcomes compared to those learning biology through traditional methods (Christensen, 2025). This suggests that situating learning within realistic disciplinary practices enhances both domain knowledge and associated competencies (Gupta, Yash Munnalal, Satwika Nindya Kirana, and Somjit Homchan, 2025). However, our results also highlight the necessity of instructional scaffolding within authentic contexts, extending situated learning theory by emphasising guided participation (Qin, M., Kouyoumdjian, H., Schroeder, J., Zhang, L. Y., & Atallah, J., 2025) rather than immersion alone.
Second, our research illuminates cognitive load management in complex learning environments. Genomics databases present substantial intrinsic complexity (Gu, Jiqing, Jing Hu, Ju Huang, and Hui Yang, 2025) given information density and interface sophistication. Our pedagogical approach reduced extraneous load through explicit navigation instruction and structured activities whilst promoting germane load through conceptual synthesis requirements (Zha, S., Bragdon, M. M., Gong, N., Wang, J., Leavesley, S., Eaton, R., & Bosarge, E., 2025). This balance appeared effective for most students, though some continued experiencing cognitive overload throughout the term (Chang, C. Y., Setiani, I., & Yang, J. C, 2026). Future research should investigate individual differences in cognitive processing and how instruction might adapt to varied capacities.
Third, our research advances understanding of self-efficacy development in computational contexts. The delayed confidence gains despite early skill development (Baker, 2025) suggest that self-efficacy requires not only competence but also metacognitive awareness of that competence (Gilbert, W., Eltanoukhi, R., Morin, A. J., & Salmela-Aro, K., 2025). Students needed sufficient experience to recognise their capabilities, highlighting the importance of reflection activities and explicit competency feedback (Saleh, Shoeb, and Abdullah Ibrahim Alsubhi., 2025). This finding suggests that effective pedagogy should include opportunities for students to recognise and articulate their developing abilities rather than assuming confidence automatically emerges from performance success.
Implementation Bottlenecks and Practical Barriers
Our research identified several persistent barriers limiting widespread database integration. Technical infrastructure requirements present challenges (Humbel, Marco, Julianne Nyhan, Nina Pearlman, Andreas Vlachidis, J. D. Hill, and Andrew Flinn, 2025) for resource-constrained institutions. 
The genomics databases themselves are freely accessible, but their effective use requires reliable high-speed internet, adequate computing hardware, and technical support for troubleshooting (Nwakoby, Chidimma Stella, and Patricia Chinwe Iloka., 2025). Many institutions lack these resources, particularly community colleges and universities in developing regions. This creates equity concerns, as students at well-resourced institutions gain computational experiences unavailable to peers elsewhere (Madanchian M, Taherdoost H, 2025).
Instructor preparation represents another significant bottleneck. Most biology faculty received training before bioinformatics became central to research practice and consequently lack personal database expertise (Caliskan, Aylin, Sanem Eryilmaz, and Yucel Ozturkoglu., 2025). Developing pedagogical competency requires substantial professional development investment (Zafar, 2025). Faculty must learn database navigation, stay current with evolving tools, understand appropriate pedagogical approaches, and develop assessment strategies. Many institutions provide insufficient support for this professional learning, expecting faculty to self-educate whilst maintaining existing teaching responsibilities.
Curriculum overcrowding presents persistent challenges. Biology curricula already struggle to cover expanding content within fixed contact hours. Adding database activities requires removing other material, forcing difficult decisions about prioritisation (Christensen, 2025). Faculty face pressure from multiple stakeholders to maintain traditional content coverage whilst incorporating contemporary approaches (Gu, Jiqing, Jing Hu, Ju Huang, and Hui Yang, 2025). Without consensus regarding curricular priorities and willingness to reduce content breadth, meaningful database integration remains difficult (SINGH, Bhupinder et KAUNERT, Christian, 2025).
Assessment design challenges require attention (Rolando, Benediktus, Chelsea Kimberly Chandra, and Andrea Faustine Widjaja, 2025). Traditional examinations inadequately evaluate computational competencies developed through database work. Performance-based assessments better capture authentic abilities but require substantially more time to evaluate. Developing rubrics that fairly assess diverse skill levels whilst maintaining reliability across raters presents ongoing difficulties (Shahini, 2026). Additionally, distinguishing technical proficiency from conceptual understanding remains challenging, as database navigation difficulties can obscure solid biological reasoning (WEISKIRCHEN, Ralf, 2026).
Integration of Big Data and Artificial Intelligence in Future Biology Education
The intersection of big data resources, artificial intelligence tools, and biology education presents profound opportunities and challenges for future curriculum development. Contemporary artificial intelligence systems can query databases, identify patterns in complex datasets, generate hypotheses, and even suggest experimental designs. As these capabilities advance, fundamental questions emerge regarding appropriate educational objectives and optimal human-artificial intelligence collaboration models.
The authors propose that effective biology education in the artificial intelligence era requires developing complementary human capabilities that augment rather than duplicate artificial intelligence functions. Students should understand database architecture and query logic without necessarily mastering syntax details that AI assistants can execute. They should develop critical evaluation skills assessing computational outputs' validity, recognising algorithm limitations, and identifying biological insights that quantitative analyses alone might miss. They should cultivate higher-order reasoning about experimental design, causal inference, and mechanistic explanation that integrate computational results with broader biological knowledge.
This vision suggests evolving pedagogical focus from procedural skill mastery toward conceptual understanding and critical thinking. Rather than extensive practice constructing complex database queries, students might spend more time interpreting query results, evaluating analysis appropriateness, and generating biological insights from data patterns. Rather than manual sequence alignment execution, students might focus on understanding alignment algorithm principles, recognising when different approaches are appropriate, and interpreting alignment significance for evolutionary inference.
However, this evolution requires careful balance. Students must possess sufficient technical understanding to use artificial intelligence tools effectively, recognise when tools produce questionable outputs, and troubleshoot failures. Complete abstraction from technical details risks creating users unable to evaluate computational results critically or recognise artificial intelligence limitations. Determining appropriate technical knowledge depth represents an ongoing challenge requiring continued research and pedagogical experimentation.
Ethical Considerations in Genomics Database Education
Our research surfaced important ethical dimensions requiring explicit curricular attention. Genomics databases contain human genetic information with profound implications for privacy, discrimination, consent, and social justice. Students working with such data must understand ethical responsibilities accompanying data access and analysis. Yet traditional biology curricula rarely address data ethics comprehensively, treating technical skills and ethical reasoning as separate domains.
The authors advocate for integrated approaches addressing ethical considerations throughout database instruction rather than in isolated units. When students analyse disease-associated genetic variants, discussions should include implications for genetic testing, insurance discrimination, and informed consent. When examining population genomics data, conversations should address participation disparities, benefit-sharing with communities contributing data, and risks of reinforcing biological racial categories. When using clinical databases, reflections should consider patient privacy, secondary data use, and tensions between research advancement and individual rights.
These ethical discussions serve multiple educational objectives. They enhance student engagement by highlighting societal relevance and real-world implications. They develop ethical reasoning capacities essential for responsible research conduct. They prepare students for professional contexts where they will confront similar ethical challenges. Most fundamentally, they cultivate recognition that biological data always exists within social contexts and that technical competence without ethical wisdom proves insufficient for truly educated scientists.
Synthesis and Concluding Implications
This research demonstrates that intentional, scaffolded integration of genomics databases into undergraduate biology curricula significantly enhances both conceptual learning and computational competency development. Effect sizes observed across multiple outcomes suggest educationally meaningful impacts that justify the substantial effort required for effective implementation. Beyond measurable learning gains, database engagement appears to cultivate self-efficacy, professional identity development, and recognition of computation's centrality to contemporary biology. These outcomes collectively suggest that database integration represents more than pedagogical innovation; it constitutes necessary curriculum modernization aligning education with professional practice.
This research also illuminates persistent challenges requiring continued attention. Implementation demands substantial resources including technical infrastructure, instructor expertise, and curricular time that many institutions struggle to provide. Pedagogical approaches require careful design balancing authenticity with accessibility, challenge with support, and technical skill development with conceptual understanding. Not all students thrive with database activities; some continue experiencing cognitive overload and frustration despite instructional scaffolding. These realities temper enthusiasm with pragmatism, suggesting that effective database integration requires sustained institutional commitment rather than superficial adoption.
Looking forward, the authors envision biology education increasingly characterized by integration of computational and experimental perspectives, explicit attention to ethical dimensions of biological data, and intentional development of competencies enabling productive human-artificial intelligence collaboration. Our research contributes initial evidence and practical guidance whilst highlighting substantial work remaining to fully transform biology education for contemporary contexts
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