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Abstract. The purpose of the study is to develop and theoretically substantiate aconceptual model of bioinformatics training for pre-service biology teachers that integratesclassroom learning, computational analysis of biological data, independent research, research-project design, and the transfer of acquired competencies to the supervision of student researchand project-based activities. The study has a theoretical and conceptual character and is basedon competence-based, inquiry-oriented, research-based, and systems approaches. Theresearch methods included a structured literature search and purposive selection of relevant



Ця робота ліцензується відповідно до Creative Commons Attribution 4.0 International Licensee-ISSN: 2786-586X

АКАДЕМІЧНІ ВІЗІІ Випуск 59/2026
publications, conceptual, comparative, and structural-functional analysis, classification andsystematization of educational practices, and conceptualmodelling. The source base comprisedscientific publications and international policy documents addressing bioinformaticscompetencies, computational thinking in life science education, inquiry- and research-basedbioinformatics learning, teacher preparation, secondary-school bioinformatics, sustainableeducation, and open science.The study substantiates a professional continuum of bioinformatics training comprising fiveinterconnected functional roles: classroom learner, guided computational investigator,independent researcher, research-project designer, and research mentor. Their progression isdetermined primarily by increasing research autonomy and responsibility for biological problemformulation, data selection, analytical decision-making, interpretation, and research design ratherthan by increasing computational complexity. The model integrates four interrelated componentsof professional preparation: biological, computational and data, research, and pedagogical.Experimental and computational approaches are treated as complementary components ofbiological inquiry, while programming languages, biological databases, and analyticalenvironments are selected according to the biological question, data characteristics, educationalobjectives, and learner preparation. The transition from independent researcher to projectdesigner and research mentor represents a qualitative change in professional development:personal research autonomybecomes a resource for supporting the research autonomyof anotherlearner.The scientific novelty of the study lies in conceptualizing bioinformatics training as acontinuous professional trajectory connecting classroom learning, guided computationalinquiry, independent biological research, research-project design, and student researchmentoring. The proposed model identifies research autonomy and responsibility for decision-making, rather than computational complexity, as its principal developmental axis and specifiesthe transition from acquiring personal research autonomy to creating conditions for theresearch autonomy of school students.The practical significance of the findings lies in the possibility of applying the proposedframework to the design of bioinformatics training for pre-service biology teachers and to theorganization of school-level research and project-based activities. It can guide the selection ofcomputational tools and biological data according to research questions and learnerpreparation, support the progressive transfer of research responsibility from instructor tolearner, and facilitate the design and mentoring of feasible student projects. The frameworkmay be particularly applicable to research competitions and work with gifted or highlymotivated students, including educational settings where open biological data andcomputational resources can complement limited experimental infrastructure.Keywords: digitalization, digital transformation, pre-service biology teachers, criticalthinking, computational thinking, data analysis, research-based learning, research autonomy,project-based learning, student research, research mentoring, gifted students.



Ця робота ліцензується відповідно до Creative Commons Attribution 4.0 International Licensee-ISSN: 2786-586X

АКАДЕМІЧНІ ВІЗІІ Випуск 59/2026
Біоінформатичнапідготовкамаи бутніхучителівбіології : відаудиторногонавчаннядодослідницької тапроєктної діяльності

Москальов Віталіи БорисовичДоктор філософії з біології ,КЗ «Харківська гуманітарно-педагогічна академія»Харківської обласної ради, Харків, Украї наe-mail: vitmoskalov93@gmail.comhttps://orcid.org/0000-0002-9831-3173
Широких Олена Олександрівнакандидат біологічних наук, доцент,КЗ «Харківська гуманітарно-педагогічна академія»Харківської обласної ради, Харків, Украї наe-mail: elena.dekhtiarova@hgpakh.ukr.educationhttps://orcid.org/0000-0001-9617-3333

Упатова Ірина Петрівнадоктор педагогічних наук, професор,КЗ «Харківська гуманітарно-педагогічна академія»Харківської обласної ради, Харків, Украї наe-mail: handiy63@hgpakh.ukr.educationhttps://orcid.org/0000-0002-0060-1186
Каденко Ірина Валерії внакандидат педагогічних наук, доцент,КЗ «Харківська гуманітарно-педагогічна академія»Харківської обласної ради, Харків, Украї наe-mail: kadenko19@ukr.nethttps://orcid.org/0000-0002-6525-3485
Мухін Андріи Миколаи овичМагістрант за спеціальністю А4.05 Біологія та здоров'я людини,КЗ «Харківська гуманітарно-педагогічна академія»Харківської обласної ради, Харків, Украї наe-mail: andrey380959316511@gmail.comhttps://orcid.org/0009-0006-1694-6492

Анотація. Метою дослідження є розроблення та теоретичне обґрунтуванняконцептуальної моделі біоінформатичної підготовки маи бутніх учителів біології , якаінтегрує аудиторне навчання, обчислювальнии аналіз біологічних даних, самостіи нудослідницьку діяльність, проєктування дослідницьких робіт і перенесення набутихкомпетентностеи у керівництво учнівськими дослідженнями та проєктною діяльністю.Дослідження має теоретико-концептуальнии характер і ґрунтується на компетентнісному,дослідницько-орієнтованому, науково-дослідницькому та системному підходах. Методидослідження охоплювали структуровании пошук і цілеспрямовании добір релевантнихпублікаціи , концептуальнии , порівняльнии і структурно-функціональнии аналіз,класифікацію та систематизацію освітніх практик і концептуальне моделювання.Джерельну базу становили наукові публікації та міжнародні програмні документи,присвячені біоінформатичним компетентностям, обчислювальному мисленню вприродничіи освіті, дослідницько-орієнтованому навчанню біоінформатики, підготовцівчителів, біоінформатиці в середніи освіті, освіті для сталого розвитку та відкритіи науці.У дослідженні обґрунтовано професіи нии континуум біоінформатичної підготовки,що охоплюєп’ять взаємопов’язанихфункціональних ролеи : здобувач освіти в аудиторномунавчанні, дослідник під керівництвом із використанням обчислювальних методів,самостіи нии дослідник, розробник дослідницького проєкту та наставник дослідницької 
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діяльності. Перехід між цими ролями визначається насамперед зростанням дослідницької автономії та відповідальності за формулювання біологічної проблеми, добір даних,прии няття аналітичних рішень, інтерпретацію результатів і проєктування дослідження, ане підвищенням обчислювальної складності. Модель інтегрує чотири взаємопов’язанікомпоненти професіи ної підготовки: біологічнии , обчислювально-інформаціи нии ,дослідницькии і педагогічнии . Експериментальні таобчислювальні підходирозглядаютьсяяк взаємодоповнювальні складові біологічного дослідження, а мови програмування,біологічні бази даних та аналітичні середовища добираються відповідно до біологічногопитання, характеристик даних, освітніх цілеи і рівня підготовки здобувачів освіти. Перехідвід самостіи ного дослідника до розробника дослідницького проєкту та наставникадослідницької діяльності становить якісну зміну професіи ного розвитку: особистадослідницька автономія стає ресурсом для підтримки дослідницької автономії іншогоздобувача освіти.Наукова новизна дослідження полягає в концептуалізації біоінформатичної підготовки як безперервної професіи ної траєкторії , що поєднує аудиторне навчання,кероване дослідження із застосуванням обчислювальних методів, самостіи не біологічнедослідження, проєктуваннядослідницькихробіт і наставництвовучнівськіи дослідницькіи діяльності. У запропонованіи моделі головною віссю професіи ного розвитку визначенодослідницьку автономію та відповідальність за прии няття рішень, а не обчислювальнускладність; конкретизовано перехід від набуття власної дослідницької автономії достворення умов для дослідницької автономії учнів.Практичне значення одержаних результатів полягає в можливості застосуваннязапропонованої моделі для проєктування біоінформатичної підготовки маи бутніх учителівбіології та організації дослідницької і проєктної діяльності учнів. Модель може слугуватиорієнтиром для добору обчислювальних інструментів і біологічних даних відповідно додослідницьких питань та рівня підготовки здобувачів освіти, забезпечувати поступовепередавання відповідальності за дослідження від викладача до здобувача освіти, а такожсприяти проєктуванню та наставницькому супроводу здіи сненних учнівських дослідницькихпроєктів. Запропоновании підхід може бути особливо доцільним для підготовки учнівськихробіт до дослідницьких конкурсів і роботи з обдарованими або високомотивованими учнями,зокрема в освітніх умовах, де відкриті біологічні дані та обчислювальні ресурси можутьдоповнюватиобмежену експериментальну інфраструктуру.Ключові слова: цифровізація, цифрова трансформація, маи бутні вчителі біології ,критичне мислення, обчислювальне мислення, аналіз даних, дослідницько-орієнтованенавчання, дослідницька автономія, проєктне навчання, учнівські дослідження,дослідницьке наставництво, обдаровані учні.

IntroductionRelevance of the Problem. The increasing integration of computational approaches into the lifesciences has changed the ways in which biological questions are formulated, investigated, andinterpreted. Modern biological research increasingly combines experimental observations with theacquisition, processing, visualization, and computational analysis of biological data. Consequently,the ability toworkwithbiological data is becomingan important component of life science educationrather thana competence restricted toprofessional bioinformaticians. This transitionhas stimulatedefforts to define core bioinformatics competencies for different categories of users and incorporatethem into undergraduate life science curricula [1–3].From an educational perspective, however, computational competence should not bereduced to learning a programming language or mechanically applying ready-made software.Computational thinking requires students to formalize biological problems, identify relevantvariables and data, select analytical procedures, evaluate outputs, and relate computationalresults to the original biological question. Rubinstein and Chor [4] emphasized computational
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thinking as a distinct component of life science education, with programming serving as ameans of developing algorithmic and logical reasoning rather than an end in itself.Bioinformatics provides a suitable environment for integrating these processes within aresearch workflow in which students formulate biological questions, obtain or generate data,analyse and visualize them, and interpret the resulting patterns biologically. Open databasesand computational environments further allow such activities to be organized around the logicof biological data analysis rather than mastery of particular software products.This approach has specific implications for the preparation of pre-service biologyteachers. Their bioinformatics training has a dual purpose: future teachers need sufficientdisciplinary and computational competence to understand how contemporary biologicalevidence is generated and analysed, but they must also be able to transform this knowledgeinto learning and research activities appropriate for school students.This educational trajectory also intersects with broader objectives of sustainable andopen education. Sustainable Development Goal 4 emphasizes inclusive and equitable qualityeducation, relevant skills, and education for sustainable development, including its integrationinto teacher education [5]. Bioinformatics can contribute to these objectives by developingcompetencies in problem formulation, critical work with data, evidence evaluation, andcontemporary research methods. At the same time, the UNESCO Recommendation on OpenScience emphasizes access to scientific knowledge, methods, infrastructures, and opportunitiesfor scientific education and capacity development [6]. Open biological databases and open-source computational environments can reduce some resource-related barriers to authenticdata-based research, although their educational use still depends on hardware, connectivity,teacher competence, and methodological support.Analysis of Recent Research and Publications. Previous studies have demonstrated boththe perceived need to incorporate bioinformatics into biology teacher education and thefeasibility of dedicated learning environments for pre-service teachers [7, 8]. Such preparationcan include work with biological databases, sequence analysis, phylogenetic reconstruction,and computational tools while simultaneously addressing their subsequent application insecondary-school biology education [8].Exposure to bioinformatics tools, however, represents only one stage of professionalpreparation. A more consequential transition occurs when students move from followingpredefined analytical procedures to using computational methods to answer biological questions.Inquiry-based approaches facilitate this transition by organizing learning around questions,evidence, analysis, and interpretation. Bioinformatics has been incorporated into inquiry-orientedlaboratory education in which computational analysis complements experimental work and realbiological datasets are used to address research questions [9]. Experimental and computationalapproaches can therefore be treated as complementary: experimental observations may generatedata and hypotheses for computational analysis, while computational results may reveal patterns,generate hypotheses, or guide subsequent experiments.This progression also connects classroom learning with increasingly independentresearch. Structured tasks can initially introduce the logic of biological data analysis underinstructor guidance and subsequently provide greater autonomy in selecting data, analyticalprocedures, visualization, and interpretation. Ultimately, computational approaches canbecome part of an independent biological investigation rather than remain isolated exercises.Inquiry-based modules and course-based research experiences demonstrate that students canprogress towards authentic research practices involving biological data analysis,interpretation, and communication of results [10–12].For pre-service teachers, this progression has an additional professional dimension:experience acquired as learners and researchers can subsequently be transformed into thecapacity to design feasible research tasks and supervise their implementation by schoolstudents. Bioinformatics has already been introduced at the secondary-school level [13],
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including sequence analysis and phylogenetic reconstruction in programmes for gifted high-school students [14]. Such approaches are relevant to research competitions and project-basedactivities because access to authentic biological data can extend the range of feasible researchquestions beyond those determined solely by locally available experimental infrastructure.Unresolved Aspects of the Problem. Existing research therefore establishes the principalcomponents required for bioinformatics-oriented teacher preparation. Bioinformaticscompetencies have been systematized for life science education [1–3], computational thinkinghas been conceptualized within life science education [4], and inquiry-oriented and course-based models demonstrate the integration of bioinformatics with authentic research [9–12].Bioinformatics instruction has also been developed specifically for pre-service biology teachers[7, 8], while secondary-school applications demonstrate its feasibility for younger learners [13,14]. These strands, however, have predominantly been considered as separate educationalcontexts or transitions. In particular, the progression from learning bioinformatics methods,through their application in independent biological research, to designing andmentoring researchprojects for school students remains insufficiently conceptualized as a continuous component ofpre-service biology teacher education. A conceptual framework is therefore needed that connectsthe acquisition of bioinformatics competence with increasing research autonomy and itssubsequent transformation into the capacity to organize andmentor student research.Purpose of the Study. Accordingly, this study aims to develop and theoreticallysubstantiate a conceptual model of bioinformatics training for pre-service biology teachersthat integrates classroom learning, computational analysis of biological data, independentresearch, research-project design, and the transfer of acquired competencies to the supervisionof student research and project-based activities.Scientific Novelty. The scientific novelty of the study lies not in introducing bioinformaticsinto biology teacher education or advocating particular programming languages, softwareenvironments, or databases, but in conceptualizing its development as a professionalcontinuum linking classroom learning, guided computational inquiry, independent research,research-project design, and student research mentoring. Within this continuum, the futureteacher progresses from learner to computational investigator, independent researcher,project designer, and research mentor. The framework places biological problem formulationand interpretation at the center of bioinformatics training, treats experimental andcomputational approaches as complementary components of biological inquiry, andconceptualizes the transition from personal research autonomy to the capacity to support theresearch autonomy of another learner.Practical Significance. The practical significance of the proposed framework lies in itsapplicability to the design of bioinformatics training within pre-service biology teacher educationand to the organization of research- and project-based student activities. It provides a basis forselecting computational activities according to biological questions and learner preparation ratherthan the complexity of particular software tools; for progressively transferring responsibility fordata selection, analysis, interpretation, and research design from instructor to learner; and forpreparing future teachers to design and mentor feasible school-level research projects. Theframeworkmay be particularly applicable to research competitions andworkwith gifted or highlymotivated students, including settings in which access to laboratory infrastructure is limited butopen biological data and computational resources are available.

MethodologyResearch Methods. This study employed a theoretical-conceptual research design aimed atdeveloping a structured model of bioinformatics training for pre-service biology teachers. Themethodological approach combined a structured literature search and purposive selection ofrelevant publications with conceptual, comparative, and structural-functional analysis,
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classification and systematization of educational practices, and conceptual modelling. Frameworkdevelopment followed the general logic of conceptual analysis and synthesis, in which conceptsidentified across heterogeneous bodies of literature are compared, grouped, and integratedaccording to their relationships and functions within the phenomenon under investigation [15].Conceptual synthesis focused on recurrent educational functions, relationships, andtransitions identified across the selected studies. The resulting elements were organizedaccording to changes in learner autonomy and professional responsibility. This analysisprovided the basis for constructing a developmental continuum linking classroombioinformatics learning, guided computational inquiry, independent research, research-projectdesign, and pedagogical transfer to the supervision of student research. The resultingframework was subsequently examined for internal coherence by mapping each stage to itsdominant educational purpose, characteristic learning activities, expected competencies, andthe changing professional role of the pre-service biology teacher.Data Sources. The source base comprised peer-reviewed scientific publications and relevantinternational policy documents. The literature search addressed six interconnected areas: (1)bioinformatics education and bioinformatics competencies; (2) bioinformatics in the preparationof pre-service biology and science teachers; (3) computational thinking, programming, andbiological data analysis in life science education; (4) inquiry-, research-, and project-basedapproaches to biology and bioinformatics education; (5) bioinformatics in secondary education,including research activities involving gifted students; and (6) open science and sustainable-development principles relevant to access to contemporary scientific and educational resources.Methodological publications concerning conceptual framework development and literaturesynthesis were considered separately.Relevant publications were identified using combinations of the terms: bioinformaticseducation, bioinformatics competencies, pre-servicebiology teachers, pre-service science teachers,computational thinking, biology education, biological data analysis, inquiry-based learning,research-based learning, course-based undergraduate research experience, project-basedlearning, secondary school bioinformatics, gifted students, and related terms. Searches prioritizedpublications indexed in major scholarly databases and available through publishers' platforms orestablished bibliographic repositories. Recent studies were prioritized to represent currentapproaches, while earlier publications were retained when they represented foundationalcompetency frameworks, conceptual approaches, or established educational models. OfficialUnited Nations and UNESCO documents provided the sustainable-development and open-sciencecontext.Publications were included when they contributed directly to at least one component ofthe proposed educational trajectory: defining bioinformatics competencies; integratingcomputational methods with biological learning; supporting inquiry or independent research;preparing future biology teachers; transferring bioinformatics approaches to secondaryeducation; or supporting student research and project activities. Studies focused primarily onadvanced omics training, specialist bioinformatics degree programmes, or computationalmethod development without a relevant educational component were excluded from theconceptual synthesis. This delimitation reflected the focus on bioinformatics as a componentof biology teacher preparation rather than specialist training for professionalbioinformaticians.Analytical Tools. The selected literature was analysed using an analytical matrixcomprising nine dimensions: target learner group; educational context; type of biological dataor problem; degree of learner autonomy; function of computational tools; relationship betweencomputational and experimental activities; type of research activity; expected competencies orlearning outcomes; and opportunities for transferring acquired competencies to teaching orstudent research supervision. Particular attention was paid to transitions between educationalroles and activities rather than to individual software environments.
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Comparative analysis was used to identify common and divergent characteristics of theeducational approaches represented in the literature; classification and systematizationwere usedto organize recurrent functions and forms of bioinformatics training; and structural-functionalanalysis was used to examine relationships among biological, computational/data, research, andpedagogical components. Conceptual modelling was then applied to integrate these elements intoa coherent professional trajectory. The principal analytical criterion for differentiating successiveroles was the redistribution of autonomy and responsibility for biological problem formulation,data selection, analytical decision-making, interpretation, research design, and subsequentmentoring of student research.Study Limitations. The study is theoretical and conceptual rather than experimental, and theproposedmodel represents a theoretically substantiated framework derived from the analysis andsynthesis of published research rather than an empirically validated progression of competencedevelopment. Its stages should therefore be interpreted as functional components ofbioinformatics teacher preparation rather than as rigid or universally sequential levels.The literature selection was designed to support conceptual framework development andwas not intended as an exhaustive systematic review or bibliometric analysis. The resultingsynthesis is consequently dependent on the scope of the selected literature and the analyticalcategoriesused to interpret it. In addition, the frameworkdeliberately excludes advanced specialistand omics-oriented bioinformatics training and focuses on approaches potentially applicable tobiology teacher education and subsequent school-level research activities. Empirical validation ofthe proposed continuum, including operationalization of assessment criteria and evaluation inpre-service teacher education, remains a task for subsequent research.

ResultsConceptual Structure of Bioinformatics Training. The analysis of the selected literatureindicates that bioinformatics training for pre-service biology teachers cannot be adequatelyrepresented as the acquisition of a discrete set of software skills. Existing competency frameworksdistinguish between different profiles and levels of bioinformatics users, while educational studiesdemonstrate that computational methods acquire educational value when they are embedded inbiological problem solving, inquiry, and research activities. On this basis, bioinformatics training inthe present model is conceptualized as the interaction of four functional components: biological,computational and data, research, and pedagogical ones (Fig. 1).The biological component provides the disciplinary basis of the model. It includes theability to formulate biologically meaningful questions, identify appropriate biological objectsand variables, understand the origin and limitations of biological data, and interpretcomputational results in relation to biological processes. This component determines thepurpose of computational activity: analytical methods are selected in response to a biologicalquestion rather than introduced as isolated technical procedures. Consequently, programmingproficiency alone is not treated as an indicator of bioinformatics competence within theproposed framework.The computational and data component comprises the ability to obtain, structure, process,analyse, visualize, and document biological data using appropriate computational environments.Its scope depends on the biological problem and may range from basic manipulation andvisualization of experimental datasets to retrieval and analysis of nucleotide or protein sequences.The model therefore does not prescribe mastery of a single programming language or softwarepackage. Python, Biopython, and R represent complementary tools that can support differentstages of the analytical workflow: general data processing and automation, operations withbiological sequences and database records, and statistical analysis and visualization, respectively.Their educational function is defined by the biological task to be solved.
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Figure 1. Conceptual structure and developmental continuum of bioinformatics trainingfor pre-service biology teachers
The research component transforms computational skills into instruments of scientificinquiry. At this level, students are expected not only to reproduce a demonstrated analyticalprocedure but also to formulate a research question, select or obtain suitable data, justify ananalytical strategy, evaluate the reliability and limitations of the resulting evidence, andformulate biologicallymeaningful conclusions. Computational analysis may be based on openlyavailable biological data, data obtained during laboratory or field activities, or a combinationof both. This creates a methodological connection between experimental and computationalapproaches rather than treating them as separate forms of biological investigation.The pedagogical component distinguishes the proposed framework from bioinformaticstraining designed for life science students in general. For a pre-service biology teacher, successfulcompletion of a bioinformatics analysis is not the final professional outcome. The acquireddisciplinary, computational, and research experience must subsequently be transformed into theability to select age-appropriate biological problems, adjust the complexity of data and analyticalprocedures, design feasible research tasks, provide methodological support, and supervise studentinterpretation of results. Bioinformatics competence therefore acquires a second function: itbecomes a resource for organizing research-oriented biology education.These four components are not considered consecutive levels. They interact throughouttraining, while their relative contribution changes as learner autonomy and professionalresponsibility increase. A classroom exercise may predominantly develop biological andcomputational understanding; guided inquiry adds elements of research decision-making;independent research requires integration of biological, computational, and researchcompetencies; and the design and supervision of a school-level research project additionallyrequires pedagogical transformation of this experience.Accordingly, the proposed model describes bioinformatics training as a developmentalcontinuum of professional roles rather than as a sequence of increasingly complex softwareskills. Five functional stages can be distinguished: (1) classroom learner, (2) guided
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computational investigator, (3) independent researcher, (4) research-project designer, and (5)research mentor. Movement along this continuum is characterized by increasing autonomy inbiological problem formulation and analytical decision-making and, at the later stages, by atransition from solving a research problem personally to designing conditions under whichanother learner can investigate it.This distinction is important because the highest level of computational complexity doesnot necessarily correspond to the highest level of professional preparation for a future teacher.A technically sophisticated analysis performed according to a predefined protocol may requireless research autonomy than a comparatively simple analysis independently selected andjustified for answering a biological question. Similarly, adapting a technically modestbioinformatics task for a school research project may require substantial biological,methodological, and pedagogical judgement. The progression proposed here is thereforedefined primarily by autonomy, integration of competencies, and professional responsibility,rather than by the complexity of programming or computational methods.Integration of Computational and Experimental Approaches in Biological Inquiry. Withinthe proposed framework, computational and experimental approaches are consideredcomplementary components of biological inquiry rather than separate educational trajectories.Their integration is organized around a biological problem and the iterative relationshipbetween hypothesis formulation, data acquisition, computational analysis, and biologicalinterpretation. This principle allows bioinformatics training to remain biologically orientedwhile introducing computational methods as functional instruments of research (Fig. 2).

Figure 2. Integration of experimental and computational approaches within an iterativebiological research workflow
The starting point of the workflow is a biological question rather than a computationaltechnique. Students first identify the biological phenomenon or relationship to be investigatedand formulate a hypothesis that can be examined using appropriate evidence. The requireddata may originate from two principal sources. The first is experimentally generated data,
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including measurements obtained in laboratory, field, or educational experiments. The secondis open biological data, such as nucleotide or protein sequences, annotated database records,taxonomic information, or other publicly accessible datasets. These sources can be usedindependently or combined within a single research project.When students workwith experimentally generated data, computational methods extendthe analytical stage of the experiment. Raw observations can be organized, checked,transformed, statistically analysed, and visualized before biological interpretation. In thiscontext, the computational component does not replace the experiment but increases the rangeand reproducibility of analytical procedures that can be applied to its results. R and Python cansupport data organization, exploratory analysis, statistical testing, visualization, andreproducible processing workflows. The choice between environments should be determinedby the structure of the data and the analytical objective rather than by the requirement tomaster a particular programming language (Table 1).

Table 1. Examples of computational activities integrating biological questions, data sources,and research-oriented learning
Biological problem /activity Data source Computationalapproach Appropriate tools Expectedoutput

Possibleresearchextension

Analysis of anexperimental biologicalresponse

Measurements obtained inlaboratory,field, oreducationalexperiments

Datacleaningandstructuring;descriptiveandinferentialstatistics;visualization;comparisonofexperimentalgroups

R, Python
Statisticalestimates,plots,identificationof responsepatterns

Formulationof additionalhypotheses;extension ofexperimentaldesign;analysis ofadditionalfactors ortime points

Quantitativecharacterization ofnucleotide or proteinsequences

FASTAsequencesobtained frompublicdatabases orselectedrecords

Sequenceparsing;calculation oflength,nucleotide/amino-acidcomposition, GCcontent andother basicsequencecharacteristics

Python,Biopython

Reproduciblequantitativedescriptionandcomparisonof sequences

Comparisonamong genes,proteins,species, orfunctionalgroups;formulationofhypothesesconcerningsequencevariation

Comparative sequenceanalysis

Homologousnucleotide orproteinsequencesfrom publicdatabases

Sequenceretrieval andprocessing;pairwise ormultiplecomparison;identification ofconserved andvariable regions

Biopython,Python;externalalignmenttools whereappropriate

Alignment-derivedcharacteristics;identificationandvisualizationofsequencesimilaritiesanddifferences

Comparativeanalysis ofrelated taxaor sequencevariants;selection ofregions forfurtherfunctional orexperimentalinvestigation

Phylogeneticreconstruction based onsequence data
Homologoussequencesrepresentingselected taxa

Sequencepreparation andalignment;calculation orimport ofevolutionaryrelationships;

Biopython,Python, R;specializedphylogenetic toolswhererequired

Phylogenetictree andbiologicallyreasonedinterpretation ofrelationships

Testingalternativetaxon sets,genes, ormarkers;comparisonof molecular
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tree constructionand visualization relationshipswithtaxonomic orphenotypicinformation

Database-driven biologicalinvestigation
GenBank/NCBI, UniProt, orother curatedbiologicalresources

Retrieval andfiltering ofrecords;extraction ofannotations andselected features;comparisonacross records

Biopython,Python

Structureddatasetderived frombiologicaldatabaserecords

Generationof a testablehypothesis;selectionofbiologicalobjects forsubsequentcomputational orexperimentalanalysis

Integratedexperimental–computational project

Student-generatedexperimentaldata combinedwith relevantopenbiological orreference data

Statisticalanalysis andvisualization ofexperimentalresults; retrievaland analysis ofcomplementarydatabaseinformation;integratedbiologicalinterpretation

R, Python,Biopythonas requiredby theresearchquestion

Combinedevidencefromexperimentalandcomputational analyses

Independentresearchproject;refinement ofthehypothesis;design offollow-upexperimentor adaptationinto a school-levelresearchprojectA second pathway begins with biological information available in public databases. Here,computational analysis may itself constitute a substantial part of the investigation. Students canretrieve biological records, extract selected features, compare nucleotide or amino acid sequences,calculate sequence characteristics, identify similarities and differences among biological objects,or use sequence data as a basis for phylogenetic inference. Biopython is particularly suitable forintroducing this type of workflow because it connects Python-based computation with commonbiological data formats, sequence operations, and access to bioinformatics resources. Importantly,the educational outcome is not the execution of individual functions but the ability to connect eachcomputational operationwith a biologically interpretable question.These two pathways can interact in both directions. Experiment-to-computation workflowsbegin with observations or measurements and use computational analysis to identify patterns, testhypotheses, andquantify relationships. Conversely, computation-to-experimentworkflowsmaybeginwith database-derived information or preliminary computational analysis, from which studentsformulate predictions that can subsequently be examined experimentally. A third, hybrid formcombines experimentally generated and publicly available data, for example by interpreting anobserved biological response in relation to sequence, taxonomic, or reference information obtainedfrom external resources. Thus, computational analysis can function as an analytical continuation of anexperiment, a source of hypotheses for further experimentation, or an independent mode ofinvestigationwhen the researchquestion canbe addressedusing existing biological data.This reciprocal relationship is represented in the proposed framework as an iterative researchcycle: biological problem → hypothesis → data acquisition → computational analysis → biologicalinterpretation→hypothesis refinement→ further experimental or computational investigation.The cycle is deliberately non-linear. An unexpected analytical result may require verificationof data quality,modification of the analytical procedure, reconsideration of the original hypothesis,acquisition of additional data, or formulation of a new biological question. Such iteration is
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educationally important because it shifts attention from obtaining a predetermined “correct”output towards evaluating evidence andmaking justified research decisions.The functional roles of Python, Biopython, and R can therefore be differentiated withoutconstructing separate instructional trajectories for each tool. Python provides a generalenvironment for data processing, automation, reproducible calculations, and implementationof relatively simple analytical procedures. Biopython extends this environment towardsbiological sequences, standard bioinformatics formats, and database-oriented operations. R isparticularly useful for statistical analysis, data exploration, and graphical representation ofexperimental and other structured biological datasets. Their functions partly overlap, and theproposed framework does not require all three environments to be used within every learningtask or research project. Instead, students should progressively learn to select the leastunnecessarily complex toolset that adequately addresses the biological question.This principle is especially important in pre-service teacher education. Excessivecomputational complexity can shift cognitive attention from biological reasoning towards syntaxand software troubleshooting, whereas excessive simplification may reduce bioinformatics tomechanical execution of predefined commands. The proposed model therefore places biologicalinterpretability, methodological transparency, and reproducibility above computationalsophistication. A comparatively simple script or statistical analysis that students can explain,reproduce, critically evaluate, and relate to a biological hypothesis is educationally more valuablethan a technically advancedworkflowwhose logic remains opaque to them.Accordingly, the integration of experimental and computational approaches serves twofunctions within bioinformatics training. First, it expands the methodological repertoire availablefor investigating biological problems. Second, it demonstrates that biological evidence can begenerated and evaluated through interconnected experimental and computational procedures.This integrated research logic provides the methodological basis for the subsequent transitionfrom guided classroom activities to increasingly independent research and project-basedwork.Developmental Continuum from Classroom Learning to Independent Research. Thetransition from classroom bioinformatics learning to independent research in the proposedmodel is based on a progressive increase in learner autonomy and responsibility for researchdecisions. Computational complexity alone does not define this progression. Instead, theprincipal distinction between its stages concerns who formulates the biological question, selectsthe data and analytical strategy, evaluates intermediate results, and determines how theinvestigation should proceed. Three successive roles can therefore be distinguished within theresearch-oriented part of the continuum: classroom learner, guided computational investigator,and independent researcher (Table 2).

Table 2. Progression of research autonomy
Dimension Classroom learner Guided computationalinvestigator Independent researcher

Biological question Instructor-defined Partly defined /selected
Formulated orsubstantially refined bystudent

Data Provided Choice amongalternatives / partlyselected
Independently selectedor generated

Analytical strategy Predetermined Choice andmodification Independently justified
Interpretation Guided Increasinglyindependent Independent and critical
Response tounexpected results Instructor-supported Selects amongalternatives Revises analysis/design
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Instructor role Instruction Scaffolding Research supervisionStudentresponsibility Execution andunderstanding Analytical decision-making Complete researchdesign

At the classroom learner stage, the principal objective is to establish a connection betweenbiological reasoning and computational operations. The biological problem, dataset, analyticalprocedure, and expected type of output are largely defined by the instructor. Students learn howbiological information is represented as data, how appropriate computational procedurestransform these data, and how analytical outputs should be interpreted biologically. Tasks at thisstagemay include processing a small experimental dataset, retrieving and examining a biologicalsequence, calculating basic sequence characteristics, or producing and interpreting a statisticalvisualization. The emphasis is placed on transparency of the workflow and understanding whyeach analytical step is performed rather than on programming complexity.At the guided computational investigator stage, instructional support is retained but someresearch decisions are transferred to the student. The instructor may define the general biologicalproblem while students select among alternative datasets, variables, analytical procedures, orvisualization strategies. Alternatively, a common dataset may be providedwhile students formulatedifferent questions that can be addressed using it. Importantly, the analytical pathway is no longercompletely predetermined. Students may encounter missing or heterogeneous data, alternativeanalytical options, unexpected patterns, or results that do not support the initial hypothesis. Theyare therefore required to justify methodological choices and distinguish between a computationaloutput and the biological evidence that can legitimately be inferred from it.The transition between these first two stages requires progressive reduction ofinstructional scaffolding. Support can initially include prepared datasets, partially completedcode, templates for data processing, explicit analytical sequences, or predefined interpretationquestions. These elements are gradually reduced as students become capable of performing thecorresponding decisions independently. The purpose of scaffolding is therefore not to simplifythe biological problem indefinitely but to make a complex research workflow accessible whilepreserving its internal logic. A successful transition occurs when students no longer depend ona fixed sequence of commands and can explain, modify, and justify the analytical workflow.At the independent researcher stage, responsibility shifts fromcompleting an analytical task todesigning and conducting a coherent investigation. Students formulate or substantially refine theresearch question, determine what evidence is required, select appropriate experimental or opendata, choose computationalmethods, document theworkflow, and interpret results in relation to theoriginal hypothesis. They must also recognize methodological limitations and determine whetheradditional analysis, new data, or modification of the research design is required. Depending on theproblem, an independent project may be computational, experimental–computational, or based onthe integration of student-generated and publicly available biological data.Research autonomy does not imply the absence of instructor support. Rather, the functionof support changes from prescribing analytical steps to providing research supervision. Theinstructor may discuss feasibility, methodological validity, data quality, interpretation, or ethicaland reproducibility issues without determining every analytical decision. This distinction isimportant in pre-service teacher education because students simultaneously experience twoperspectives: conducting research under supervision and observing how effective researchsupervision can be organized. Their own progression towards autonomy thus providesexperience that can subsequently be transferred to mentoring school-level projects.The model consequently treats independence as a multidimensional characteristic. Astudent may demonstrate autonomy in data processing while still requiring substantialassistance in formulating a biologically meaningful question; conversely, a strong biologicalhypothesis may be investigated using relatively simple computational procedures. Progressionshould therefore be evaluated across several dimensions: problem formulation, data selection,
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analytical decision-making, biological interpretation, evaluation of limitations, reproducibility,and responsibility for the overall research design. These dimensions provide amore appropriatebasis for assessing development than the technical sophistication of the software or codeemployed.The first three stages of the continuum thus transform bioinformatics from a classroomsubject into a research instrument. The classroom learner acquires the logic of biological dataanalysis; the guided computational investigator begins to make and justify analytical decisions;and the independent researcher integrates biological, computational, and methodologicalreasoning within a complete investigation. This transition establishes the prerequisite for thefinal professional transformation addressed in the model: moving from conducting researchpersonally to designing research opportunities for others andmentoring their implementation.Pedagogical Transfer: From Researcher to Project Designer andMentor. The final stage of theproposed continuum involves a qualitative change in the function of bioinformatics competence.Whereas theprecedingstages focusprimarilyontheabilityofpre-servicebiologyteachers toconducttheir own computational or integrated biological investigations, pedagogical transfer requires themto use this experience to design research opportunities for other learners. The central professionaltransition can therefore be expressed as a shift from “Howcan I investigate this biological problem?”to “How can I enable a student to investigate ameaningful biological problem?”The first role within this transition is that of a research-project designer. At this stage, pre-service teachers select a biologically meaningful problem and transform it into a feasible studentresearch project. This transformation requires more than simplification of a university-levelanalytical workflow. The biological question, data requirements, computational procedures,expected degree of autonomy, duration of the project, and criteria for interpretation must bealigned with the learner’s prior knowledge and available educational resources. The resultingproject should preserve the essential logic of scientific inquiry while reducing technicalcomplexity that does not contribute directly to answering the biological question.Bioinformatics provides considerable flexibility for such project design. A research projectmay be based entirely on open biological data, combine publicly available information withobservations or measurements generated by students, or extend a conventional experimentalproject through computational analysis. Examples include comparative characterization ofnucleotide or protein sequences, analysis of sequence variation among taxa, reconstruction andinterpretation of phylogenetic relationships, quantitative analysis of experimental biologicalresponses, and integration of experimental observations with information retrieved frombiological databases. The appropriate level of computational complexity can therefore beadjusted without necessarily reducing the conceptual significance of the biological problem.A critical design principle is methodological feasibility. A technically sophisticatedworkflow is not inherently more appropriate for student research than a simpler one. Theselectedmethods should allow the learner to understand the relationship between the biologicalquestion, the data, the analytical procedure, and the resulting evidence. For this reason, a projectbased on relatively simple sequence comparisons or statistical analysis may provide greaterresearch value than an advanced computational pipeline that the student can execute but cannotexplain or critically evaluate. The pre-service teacher must therefore distinguish betweencomplexity that supports inquiry and complexity that merely increases the technical burden ofthe project.The subsequent role of research mentor shifts responsibility from designing the project tosupporting another learner’s increasingly independent investigation. Effective mentoring doesnot imply performing difficult analytical steps on behalf of the student or predetermining thedesired result. Instead, the mentor helps the learner refine the research question, evaluate thesuitability and quality of data, consider alternative analytical decisions, identify methodologicallimitations, interpret unexpected findings, and determine whether the available evidence
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supports the conclusions. The same principle of progressive scaffolding used in the pre-serviceteacher’s own training can thus be transferred to the supervision of student research.This distinction is particularly important when working with gifted or highly motivatedstudents and preparing research projects for competitions. Such students may be capable ofworking with more complex biological questions or computational procedures, but increasingtechnical difficulty should not substitute for research independence. Thementor’s task is to createconditions in which the student retains intellectual ownership of the project: understanding theorigin of the data, justifying methodological decisions, reproducing the analysis, interpreting theresults, and defending the conclusions. Bioinformatics is particularly suitable for differentiatedresearch activity because the depth of analysis can be adjustedwhile the learner continues toworkwith authentic biological data and scientifically meaningful questions.The use of open biological databases and open-source computational environments alsoallows project design to be adapted to different institutional conditions. Where laboratoryresources are available, computational analysis can extend experimental work and provideadditional levels of interpretation. Where access to laboratory infrastructure is limited, carefullydesigned data-driven projects can still provide experience in hypothesis formulation, evidenceevaluation, reproducible analysis, and scientific communication. Computational projects shouldnot therefore be regardedmerely as substitutes for laboratory work, but as an additional form ofbiological investigation with its ownmethodological possibilities and limitations.Pedagogical transfer also requires explicit attention to reproducibility and researchintegrity. A student project should retain information about data provenance, selection criteria,analytical procedures, software or computational environments, and transformations applied tothe original data. Code or analytical scripts, where used, should be sufficiently documented toallow the procedure to be repeated. At the same time, conclusions should remain proportional tothe evidence generated by the project. These requirements are particularly important ineducational research activities because they shift assessment from the visual attractiveness orapparent sophistication of a final product towards transparency of the research process anddefensibility of the biological interpretation.The transition from independent researcher to project designer and research mentorcompletes the professional continuum proposed in this study. Bioinformatics competence isthereby transformed from an individual research capability into a pedagogical resource. The pre-service biology teacher first experiences the progression from structured learning toindependent inquiry and subsequently applies the same principles when creating andsupervising research opportunities for school students. The complete trajectory can therefore berepresented as learner → computational investigator → independent researcher → research-project designer → research mentor, with increasing autonomy during the first part of thecontinuum followed by increasing responsibility for enabling the autonomy of another learner.Generalization of the Results. The proposed model integrates bioinformatics training ofpre-service biology teachers into a continuous professional trajectory rather than treating it asa separate set of computational skills. It combines biological, computational and data, research,and pedagogical components and represents their development through five functional roles:classroom learner → guided computational investigator → independent researcher → research-project designer → research mentor. Progression through the first three roles is characterizedprimarily by increasing autonomy in formulating biological questions, selecting and analysingdata, choosing appropriate methods, interpreting results, and making research decisions.Computational complexity is therefore treated as a variable characteristic of particular tasksrather than as the principal criterion of professional development.The subsequent transition from independent researcher to project designer and researchmentor changes the direction of this development: personal research competence becomes aresource for creating conditions for the research autonomy of another learner. Within thistrajectory, experimental and computational approaches can function reciprocally, while the
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choice of Python, Biopython, R, databases, or other analytical resources is determined by thebiological question and educational purpose. Thus, the model connects bioinformatics learning,independent biological research, and the design and mentoring of student research projectswithin a single framework for pre-service biology teacher education.

DiscussionInterpretation of the Results. The proposed framework indicates that bioinformaticscompetence in pre-service biology teacher education should be understood more broadly thantechnical proficiency in particular programming languages or computational environments. Itscentral organizing element is the biological problem: computational tools are selectedaccording to the question being addressed, the characteristics of the available data, and therequired analytical procedure. Biological, computational/data, research, and pedagogicalcomponents therefore function as interrelated dimensions of professional competence ratherthan as separate areas of training.This interpretationalso changes the criterionbywhichprogression inbioinformatics trainingis assessed. Computational complexity alone does not adequately represent professionaldevelopment. A learner who independently formulates a relatively simple biological question,selects appropriate data and methods, evaluates limitations, and interprets the resulting evidencemay demonstrate greater research competence than one who executes a technically sophisticatedbut predefined analytical pipeline. The five roles identified in the proposed continuum shouldtherefore be interpretedprimarily through changes in research autonomy, integration of biologicaland computational reasoning, and responsibility for decision-making.The progression from classroom learner to guided computational investigator andindependent researcher reflects a gradual transfer of responsibility from instructor to learner.This includes responsibility for problem formulation, data selection, analytical decisions,interpretation, and, ultimately, research design. Scaffolding remains important during thistransition but changes in function: rather than permanently simplifying the analytical process,it progressively enables the learner to make and justify research decisions independently.Experimental and computational approaches occupy complementary positions withinthis process. Experimental observations may generate data and hypotheses for computationalanalysis, whereas computational analysis may reveal patterns, refine hypotheses, or guidesubsequent experimentation. At the same time, their integration does not require everyresearch activity to contain both components. Open biological data may provide a sufficientbasis for some investigations, whereas other projects may combine experimentally generateddata with computational or statistical analysis. Thus, methodological configuration should bedetermined by the biological question and educational objective rather than by an expectationof maximum computational complexity.For pre-service biology teachers, independent research is not the endpoint of this trajectory.The transition from independent researcher to research-project designer and research mentorchanges the direction of professional development: personal research autonomy becomes aresource for supporting the research autonomy of another learner. Project design requires thetransformation of a biological problem into a feasible educational investigation without losing itsscientific logic, whereas mentoring requires decisions about when support is necessary and whenanalytical and interpretative responsibility should remainwith the student.Comparison with Previous Studies. This interpretation is consistent with existingbioinformatics competency frameworks while extending them towards the specificprofessional functions of future biology teachers. Bioinformatics competencies haveincreasingly been differentiated according to user roles and educational needs. Mulder et al.[2] distinguished different categories of bioinformatics users, Wilson Sayres et al. [1] definedcore competencies for undergraduate life science education, and the updated ISCB frameworkdifferentiated knowledge, skills, and attitudes across educational and professional contexts [3].
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These approaches support the view that pre-service biology teachers do not require specialistpreparation equivalent to professional bioinformaticians but need a competency profileappropriate to biological inquiry and subsequent educational practice.The priority given in the proposed framework to biological problems rather thanindividual software tools is also consistent with previous educational approaches.Computational thinking in life science education should not be equated with programmingitself; programming can instead function as a means of formalizing and investigating biologicalproblems [4]. Bioinformatics instruction similarly requires integration of biological andcomputational reasoning rather than technical operations in isolation [16]. Project-basedbioinformatics training further emphasizes authentic problems, learner initiative andindependence, accompanied by a transition of the instructor towards an advisory role [17].Previous inquiry- and research-oriented studies also support the transition fromstructured learning towards increasing research autonomy. Brown [10] demonstrated astudent-led inquiry model in which undergraduates selected research targets and appliedscientific research processes within a structured framework. Course-based researchexperiences have incorporated bioinformatics analysis and visualization into authenticinvestigations [11], while classroom preparation has been connected with subsequentindependent bioinformatics research [12]. These studies support individual elements of theproposed progression, whereas the present model makes the transfer of responsibility forresearch decisions an explicit organizing dimension.The complementary relationship between computational and experimental investigationis supported by Goller et al. [9], who incorporated bioinformatics tools and real datasetsalongside wet-laboratory experiments within inquiry-based molecular biology modules. Theirapproach demonstrates that computational analysis can participate directly in biologicalinvestigation rather than function as an isolated digital addition to laboratory education. Thepresent framework extends this principle by explicitly allowing reciprocal transitions betweenexperimental and computational investigation as well as projects based predominantly oneither type of evidence.Evidence from teacher and secondary education further supports the feasibility of thepedagogical-transfer component. Bioinformatics has been introduced at the secondary-schoollevel using authentic biological questions and contemporary scientific resources [13]. Machlufet al. [18] demonstrated that its integration into a high-school science curriculum can provideaccess to authentic scientific practices while also revealing pedagogical and implementationchallenges relevant to teacher education. Bioinformatics preparation of pre-service biologyteachers has likewise been connected explicitly with subsequent school biology teaching [8],while sequence alignment and phylogenetic reconstruction have been implementedwith giftedhigh-school students [14]. Existing studies therefore support the principal components of theproposed framework, but predominantly address them as separate educational contexts. Thepresent model connects these components within a continuous trajectory from bioinformaticslearning through independent research to project design and research mentoring.Scientific Novelty. The scientific novelty of the proposed framework can be specified at threeinterrelated levels. First, it integrates processes that have commonly been consideredseparately–bioinformatics learning, inquiry-based computational activity, independent biologicalresearch, and pedagogical application—within a single professional continuum: classroom learner→ guided computational investigator → independent researcher → research-project designer →research mentor. Bioinformatics competence is thereby conceptualized not as mastery of a fixedset of tools but as a developing capacity to select and apply computational approaches withinbiological inquiry and subsequently transfer this experience to educational practice.Second, the model identifies research autonomy and responsibility for decision-making,rather than computational complexity, as the principal developmental axis. This allowstechnically different activities to occupy comparable positions in the framework when they
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require similar levels of independence in problem formulation, data selection, methodologicalchoice, interpretation, and evaluation of limitations.Third, the model identifies a qualitative change after the stage of independent research.During the initial stages, development involves increasing autonomy of the pre-service teacher;during pedagogical transfer, professional competence is increasingly expressed through thecapacity to create conditions for the autonomy of another learner. This transition fromacquiring research autonomy to enabling research autonomy provides the conceptual linkbetween personal bioinformatics competence and the professional functions of research-project design and mentoring.Practical Significance. The proposed framework can be used to organize bioinformaticstraining in pre-service biology teacher education without making particular programminglanguages or software environments the primary curricular objective. Python, Biopython, R,biological databases, and other computational resources can be selected according to biologicalquestions, data types, learner preparation, and the degree of research autonomy expected at aparticular stage. The same principle permits flexible combinations of computational,experimental, and integrated research activities.The framework also provides a basis for designing and mentoring school-level researchprojects. This is particularly relevant to gifted or highly motivated students and competition-based activities, for which greater analytical depth may be appropriate but should notsubstitute for genuine student participation in research. Project quality can instead beconsidered in terms of the defensibility of the biological question, transparency of dataprovenance, methodological justification, reproducibility, critical interpretation, andcorrespondence between evidence and conclusions. The practical objective is therefore notmaximum computational sophistication but increasing student responsibility for meaningfulresearch decisions.Open biological databases and open-source computational environments can broadenopportunities for such activities. This is consistent with the UNESCO Recommendation on OpenScience, which emphasizes access to scientific knowledge, methods, infrastructures, andopportunities for scientific education [6]. Data-driven projects may reduce dependence onspecialized laboratory infrastructure and expand the range of feasible investigations. However,open access does not eliminate barriers associatedwith hardware, connectivity, digital literacy,teacher expertise, and methodological support.These practical implications should be considered in light of the limitations of the presentstudy. The proposed framework is a conceptual model rather than an empirically validateddevelopmental sequence, and its five roles should be regarded as functional transitions ratherthan rigid stages. It deliberately prioritizes accessible biological data analysis over advancedspecialist and omics-oriented workflows, increasing its relevance to teacher education whilelimiting its applicability as a general model of professional bioinformatics training.Implementation will also depend on curriculum structure, prior computational preparation,institutional resources, and educational context.Empirical validation is therefore the principal next step. Assessment criteria shouldoperationalize biological problem formulation, data selection, analytical decision-making,reproducibility, interpretation, research design, and mentoring competence. Future studiesshould determine whether research-oriented bioinformatics training improves not only futureteachers’ computational competence but also their capacity to design feasible studentinvestigations and support learner autonomy. In this sense, the practical potential of theproposed continuum lies in connecting learning bioinformatics, conducting biological research,and enabling student research within a coherent model of pre-service biology teachereducation.



Ця робота ліцензується відповідно до Creative Commons Attribution 4.0 International Licensee-ISSN: 2786-586X

АКАДЕМІЧНІ ВІЗІІ Випуск 59/2026
ConclusionsThis study developed a conceptual model of bioinformatics training for pre-service biologyteachers that connects classroom learningwith research and subsequent pedagogical practice. Themodel positions bioinformatics not as a discrete set of digital or programming skills, but as amethodological component of contemporary biological inquiry in which computational tools areselected according to the biological question, data characteristics, and analytical purpose.Accordingly, biological reasoning and interpretation remain central, while Python, Biopython, R,biological databases, andother computational resourcesperformcomplementary functional roles.The proposed framework integrates four interrelated components of professionalpreparation: biological, computational and data, research, and pedagogical competence. Theirdevelopment is represented through a continuum of five functional roles: classroom learner→ guided computational investigator → independent researcher → research-project designer→ research mentor. Progression through the first three roles is primarily characterized byincreasing autonomy in formulating biological questions, selecting data and analyticalapproaches, interpreting results, and making research decisions. The subsequent transition toproject designer and mentor changes the direction of professional responsibility: competenceis expressed increasingly through the ability to design feasible research opportunities andsupport the research autonomy of another learner.The model also integrates experimental and computational approaches within a commoniterative logic of biological inquiry. Computational analysis may extend experimental work, openbiological data may provide an independent basis for investigation or generate hypotheses forsubsequent experiments, and both sources of evidence may be combined within integratedresearch projects. Such flexibility makes it possible to adjust the methodological complexity oflearning and researchactivitieswhile preserving authentic biological questions and research logic.For teacher education, this approach provides a basis for connecting university-levelbioinformatics training with research- and project-based activities in school biology. It may beparticularly useful for supervising research projects and competition-oriented activitiesinvolving gifted or highly motivated students, because analytical depth and computationalcomplexity can be adapted to learner preparation and available resources. The principalcriterion should not be technical sophistication, but the learner’s meaningful participation informulating the problem, obtaining or selecting data, making analytical decisions, ensuringreproducibility, and interpreting biological evidence.The proposed continuum is theoretical and should not be interpreted as an empiricallyestablished sequence of competence development. Its further application requires operationalcriteria for assessing research autonomy and mentoring competence, followed by empiricalevaluation in pre-service biology teacher education. Such validation would make it possible todetermine howeffectively the transition from learning bioinformatics, through conducting research,to enabling student research contributes to the professional preparation of future biology teachers.
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