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Abstract. The purpose of the study is to develop and theoretically substantiate a
conceptual model of bioinformatics training for pre-service biology teachers that integrates
classroom learning, computational analysis of biological data, independent research, research-
project design, and the transfer of acquired competencies to the supervision of student research
and project-based activities. The study has a theoretical and conceptual character and is based
on competence-based, inquiry-oriented, research-based, and systems approaches. The
research methods included a structured literature search and purposive selection of relevant
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publications, conceptual, comparative, and structural-functional analysis, classification and
systematization of educational practices, and conceptual modelling. The source base comprised
scientific publications and international policy documents addressing bioinformatics
competencies, computational thinking in life science education, inquiry- and research-based
bioinformatics learning, teacher preparation, secondary-school bioinformatics, sustainable
education, and open science.

The study substantiates a professional continuum of bioinformatics training comprising five
interconnected functional roles: classroom learner, guided computational investigator,
independent researcher, research-project designer, and research mentor. Their progression is
determined primarily by increasing research autonomy and responsibility for biological problem
formulation, data selection, analytical decision-making, interpretation, and research design rather
than by increasing computational complexity. The model integrates four interrelated components
of professional preparation: biological, computational and data, research, and pedagogical.
Experimental and computational approaches are treated as complementary components of
biological inquiry, while programming languages, biological databases, and analytical
environments are selected according to the biological question, data characteristics, educational
objectives, and learner preparation. The transition from independent researcher to project
designer and research mentor represents a qualitative change in professional development:
personal research autonomy becomes a resource for supporting the research autonomy of another
learner.

The scientific novelty of the study lies in conceptualizing bioinformatics training as a
continuous professional trajectory connecting classroom learning, guided computational
inquiry, independent biological research, research-project design, and student research
mentoring. The proposed model identifies research autonomy and responsibility for decision-
making, rather than computational complexity, as its principal developmental axis and specifies
the transition from acquiring personal research autonomy to creating conditions for the
research autonomy of school students.

The practical significance of the findings lies in the possibility of applying the proposed
framework to the design of bioinformatics training for pre-service biology teachers and to the
organization of school-level research and project-based activities. It can guide the selection of
computational tools and biological data according to research questions and learner
preparation, support the progressive transfer of research responsibility from instructor to
learner, and facilitate the design and mentoring of feasible student projects. The framework
may be particularly applicable to research competitions and work with gifted or highly
motivated students, including educational settings where open biological data and
computational resources can complement limited experimental infrastructure.

Keywords: digitalization, digital transformation, pre-service biology teachers, critical
thinking, computational thinking, data analysis, research-based learning, research autonomy,
project-based learning, student research, research mentoring, gifted students.
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AHoTanisg. MeTow JocaikeHH1 € po3po06JieHHs Ta TeOpeTUYHe OOIPYHTYBaHHS
KOHIIENTYyaJbHOI MoJeJi 6ioiHpopMaTU4HOI MiArOTOBKM MaWOyTHIX yddTesiiB OioJsoril, sika
iHTerpye ayAuTOpHe HaBYaHHS, OGYMC/IIOBaJIbHUWA aHasli3 6ioJIOTIYHUX [JAHUX, CaMOCTiIHHY
JIOCTIAHULIBKY [iJIbHICTh, MPOEKTYBAaHHA JOCAIIHULBbKUX POOGIT i mepeHeceHHS HaOyTHUX
KOMIIETEHTHOCTEH y KepiBHULTBO YYHIBCbKUMH JOC/Ii/PKEHHSAMU Ta NPOEKTHOIO AiAJIBHICTIO.
JlocnimkeHHA Ma€e TeOPEeTUKO-KOHLENTYaJIbHUM XapaKTep 1 IPYHTYEThCA Ha KOMIIETEHTHICHOMY,
JOC/AHULIbKO-OPIEHTOBAHOMY, HAyKOBO-AOCJAIJHUIIBKOMY Ta CHUCTEMHOMY Iifgxojax. Mertoau
JIOCJIi/PKEHHSI OXOILJIIOBA/IM CTPYKTYPOBaHUM MOLIYK i LiijlecnpsAMOBaHUM [06ip pesieBaHTHHUX
nyO6siKauii, KOHLENTyaJbHUM, MOPIBHAJIBHUN 1 CTPYyKTYpHO-QYHKLIOHAJIbHUM aHaJi3,
k1acudikallito Ta CUCTeMaTH3allil0 OCBiTHIX MpPAaKTUK 1 KOHLENTyaJlbHE MO/IeJI0BaHHS.
JbxepesibHy 06a3y CTAHOBWJIM HayKoBi ny6Jikanii Ta MiXHapoAHI HporpaMHi [JOKYMEHTH,
NpUCBAYeHi 6ioiHGOPpMAaTUYHUM KOMIETEHTHOCTSIM, OOYUC/IIOBaJIbHOMY MMCJIEHHIO B
NPUPOAHUYIN OCBITI, JOCAIAHUIbKO-OPIEHTOBAHOMY HaBYaHHIO 6i0iHGOpPMATHKH, MiArOTOBL
BYMTEJIiB, 6i0iHPOpMaTHLi B cepeJiHil OCBITi, OCBITi /1J151 CTaJIOro pO3BUTKY Ta BiIKPUTIN Hay1Li.

Y mocnigxeHHi 06IpyHTOBaHO NPOodeciiHUi KOHTUHYYM 6i0iHPOpMAaTHUYHOI MiATOTOBKH,
1110 OXOILJIIO€ I'SITh B3aEMOIIOB's1I3aHUX QYHKILIOHAJbHUX POJIel: 3[00yBay OCBITH B ayIUTOPHOMY
HaBYaHHi, JOC/HIIHUK TiJi KEPiBHULTBOM i3 BUKOPUCTAHHSIM OOYMC/IIOBAJIbHUX METO/IIB,
CaMOCTIMHHUM JOCIIHUK, PO3POOHUK JOCAIAHULBKOIO MPOEKTY Ta HACTABHUK JOCJiJHULIbKOI

L5 po6oTa JiLleH3yeThCs BiAnoBigHo Ao Creative Commons Attribution 4.0 International License
e-ISSN: 2786-586X



AKAJIEMIYHI BI3II

Bunyck 59/2026

JisIbHOCTI. [lepexig Mi>K LIMMHU pPOJISIMU BU3HAYAETHCA HacaMIiepe, 3pOCTaHHAM JOC/IiIHUALbKOI
aBTOHOMIi Ta BifmoBifjasbHOCTI 3a QopMyJsioBaHHA 6ioJsioriyHOl Npo6JieMu, A06Ip [AaHUX,
NPUMHATTSA aHAIITUYHUX PillleHb, iIHTepIpeTalilo pe3y/bTaTiB | IPOEKTYBAaHHA JOC/IKEHHS, a
He MiABUIIEHHAM OOYHMC/IIOBAJIbHOI CKJIAJAHOCTI. Mojenb iHTerpye 4OoTUpPU B3AEMOIOB'sI3aHi
KOMIIOHEHTH mnpodeciiHOl MiArOTOBKMU: 6ioJIOTiYHME, 064MCAOBaNbHO-iHGOPMaLidHUMH,
JOCJiIHULIbKWM i nearorivHui. EkcneprMeHTa/IbHi Ta 064U C/II0BaJIbHI i AX0AW PO3TJIS a0 ThCs
sIK B3a€EMO/IONOBHIOBA/IbHI CKJIaZIOBi 6ioJIOriyHOrO JOC/IPKEHHS, a MOBM NpPOrpaMyBaHHS,
6ioJioriuHi 6a3u JJaHUX Ta aHAJIITUYHI cepe/loBUIIA AOOHUPAIOTHLCA BiANOBIAHO A0 GiosioriyHOrO
NUTAHHS, XapaKTEPUCTHK JaHHUX, OCBITHIX Liijied i piBHSA MiAroTOBKU 3/106yBayiB oCcBiTH. [lepexizn
BiJl caMocCTiliHOro AOCHiHMKA [0 PO3POOHMKA JOCAiIJHUIBKOrO MPOEKTY Ta HACTaBHHUKaA
JOCTiAHULIBKOL [iSIIbHOCTI CTAaHOBUTH $SIKiICHy 3MiHy Mpo¢deciiHOTO PpPO3BUTKY: 0COOUCTA
JOCJIJHULIbBKA aBTOHOMIAA CTa€ pecypcoM Jid MiATPUMKHA AOCAIAHULBKOI aBTOHOMIl iHIIOro
37100yBaya OCBITH.

HaykoBa HOBHM3HA [JOC/Hi[KEHHS TOJIATa€E B KOHUeNTYyasisanii 6ioiHpopMaTUYHOI
HiZIrOTOBKK sIK Oe3nepepBHOI MpodeciiHoi TpaeKkTopii, 1[0 MOEAHYE ayJUTOPHE HABYAHHS,
KepoBaHe JIOC/iPKeHH i3 3aCTOCYBaHHSIM OOYUC/AIOBAJIbHUX METO/IB, CaMOCTiliHe 6ioJioriuHe
JlOCJIi/IPDKeHHS, MPOEKTYBAHHSA IOCiIHULIbKHX POOIT i HACTABHUIITBO B YYHIBCHKIM AOC/IIAHULIbKIN
JliSIIbHOCTI. Y 3amponoHOBaHiM Mo/iesi ToJIOBHOIO BicClo mpodeciiHOro po3BUTKY BU3HAYEHO
JIOCTiAHULIBKY aBTOHOMIIO Ta Bi/[IOBiA/IbHICTh 32 MPUMHATTS pillleHb, 3 He 00YMC/IIOBAIbHY
CKJIAJIHICTb; KOHKPETU30BaHO IepexiJi BiJ, HAOYTTs BJACHOI JOCHiHULBKOI aBTOHOMIl A0
CTBOPEHHS YMOB /11 JOC/TIJHULBKOI aBTOHOMII y4HiB.

[lpakTHYHe 3HAYeHHS OJEepPKaHUX pe3yJbTaTiB IMOJIATAE B MOMJIMBOCTI 3aCTOCYBaHHS
3aMpoNOHOBAHOI MoJesi /ISl NPOEKTYBaHHA 6i0iHPOpPMATHYHOI MirOTOBKU MalOYyTHIX YYUTEIB
6iosiorii Ta opranizauii JocCAiAHUIBKOI i MPOEKTHOI Ai/IbHOCTI y4HiB. Mogenb Moxe cIyryBaTh
OpPIEHTHPOM AJis1 A060PYy OOYMC/IIOBAJIbHUX IHCTPYMEHTIB i 6i0JIOTIYHMX JaHUX BiAMNOBiAHO 0
JIOCTJTHALbKUX MWUTaHb Ta PIiBHA MiATOTOBKM 3700yBayiB OCBITH, 3abe3nedyyBaTU IOCTYIIOBE
nepefaBaHHS BiANOBIJAJIBHOCTI 3a JOC/APKEHHS Bij, BUK/IaJadya A0 3/100yBavya OCBITH, a TaKOX
CIPUATH NPOEKTYBAHHIO Ta HACTaBHUIbKOMY CYyITPOBOAY 3/IiIMCHEHHUX YYHIBCbKUX JOCTIIHULBKUAX
NPOEKTIB. 3aMpornoHOBaHUM MiAXiJ| MOXe OYTH 0COOJIMBO AOLIbHUM /i MiZITOTOBKK YYHIBCbKHX
POOGIT 10 AOCTIIHULILKUX KOHKYPCIB i p0O0TH 3 06/JapOBaHMMU a60 BUCOKOMOTHBOBAaHUMHM YUHSIMH,
30KpeMa B OCBITHIX yMoOBax, Jie BiIKpUTI 6ioJIOriuHi AaHi Ta OOGYMC/IIOBAJIbHI PECYPCU MOXKYTb
JIOTIOBHIOBATH 0OMeXKeHY eKCiepUMeEHTA/IbHY iIHQpacTpyKTypy.

KirouoBi cnoBa: nudposisanisa, uudpoa TpaHchopmallis, MaubyTHI BuMTesi 6ioJorii,
KPUTUYHE MUCJEHHS, 00YUC/IIOBAJIbHE MHUC/IEHHS, aHali3 JIaHUX, JOCIiHUIIbKO-OpiEHTOBAHE
HaBYaHH{A, [JOCJAIAHULIBKA aBTOHOMId, TIPOEKTHE HaBYaHHHA, YYHIBCbKI [JOCJiKEHHS,
JloCTiAHUIIbKE HACTAaBHUIITBO, 061apOBaHi y4Hi.

Introduction

Relevance of the Problem. The increasing integration of computational approaches into the life
sciences has changed the ways in which biological questions are formulated, investigated, and
interpreted. Modern biological research increasingly combines experimental observations with the
acquisition, processing, visualization, and computational analysis of biological data. Consequently,
the ability to work with biological data is becoming an important component of life science education
rather than a competence restricted to professional bioinformaticians. This transition has stimulated
efforts to define core bioinformatics competencies for different categories of users and incorporate
them into undergraduate life science curricula [1-3].

From an educational perspective, however, computational competence should not be
reduced to learning a programming language or mechanically applying ready-made software.
Computational thinking requires students to formalize biological problems, identify relevant
variables and data, select analytical procedures, evaluate outputs, and relate computational
results 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 a
means of developing algorithmic and logical reasoning rather than an end in itself.
Bioinformatics provides a suitable environment for integrating these processes within a
research workflow in which students formulate biological questions, obtain or generate data,
analyse and visualize them, and interpret the resulting patterns biologically. Open databases
and computational environments further allow such activities to be organized around the logic
of biological data analysis rather than mastery of particular software products.

This approach has specific implications for the preparation of pre-service biology
teachers. Their bioinformatics training has a dual purpose: future teachers need sufficient
disciplinary and computational competence to understand how contemporary biological
evidence is generated and analysed, but they must also be able to transform this knowledge
into learning and research activities appropriate for school students.

This educational trajectory also intersects with broader objectives of sustainable and
open education. Sustainable Development Goal 4 emphasizes inclusive and equitable quality
education, relevant skills, and education for sustainable development, including its integration
into teacher education [5]. Bioinformatics can contribute to these objectives by developing
competencies in problem formulation, critical work with data, evidence evaluation, and
contemporary research methods. At the same time, the UNESCO Recommendation on Open
Science emphasizes access to scientific knowledge, methods, infrastructures, and opportunities
for scientific education and capacity development [6]. Open biological databases and open-
source computational environments can reduce some resource-related barriers to authentic
data-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 both
the perceived need to incorporate bioinformatics into biology teacher education and the
feasibility of dedicated learning environments for pre-service teachers [7, 8]. Such preparation
can include work with biological databases, sequence analysis, phylogenetic reconstruction,
and computational tools while simultaneously addressing their subsequent application in
secondary-school biology education [8].

Exposure to bioinformatics tools, however, represents only one stage of professional
preparation. A more consequential transition occurs when students move from following
predefined 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-oriented
laboratory education in which computational analysis complements experimental work and real
biological datasets are used to address research questions [9]. Experimental and computational
approaches can therefore be treated as complementary: experimental observations may generate
data 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 independent
research. Structured tasks can initially introduce the logic of biological data analysis under
instructor guidance and subsequently provide greater autonomy in selecting data, analytical
procedures, visualization, and interpretation. Ultimately, computational approaches can
become part of an independent biological investigation rather than remain isolated exercises.
Inquiry-based modules and course-based research experiences demonstrate that students can
progress 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 the
capacity to design feasible research tasks and supervise their implementation by school
students. 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-based
activities because access to authentic biological data can extend the range of feasible research
questions beyond those determined solely by locally available experimental infrastructure.

Unresolved Aspects of the Problem. Existing research therefore establishes the principal
components required for bioinformatics-oriented teacher preparation. Bioinformatics
competencies have been systematized for life science education [1-3], computational thinking
has 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 educational
contexts or transitions. In particular, the progression from learning bioinformatics methods,
through their application in independent biological research, to designing and mentoring research
projects for school students remains insufficiently conceptualized as a continuous component of
pre-service biology teacher education. A conceptual framework is therefore needed that connects
the acquisition of bioinformatics competence with increasing research autonomy and its
subsequent transformation into the capacity to organize and mentor student research.

Purpose of the Study. Accordingly, this study aims to develop and theoretically
substantiate a conceptual model of bioinformatics training for pre-service biology teachers
that integrates classroom learning, computational analysis of biological data, independent
research, research-project design, and the transfer of acquired competencies to the supervision
of student research and project-based activities.

Scientific Novelty. The scientific novelty of the study lies not in introducing bioinformatics
into biology teacher education or advocating particular programming languages, software
environments, or databases, but in conceptualizing its development as a professional
continuum linking classroom learning, guided computational inquiry, independent research,
research-project design, and student research mentoring. Within this continuum, the future
teacher progresses from learner to computational investigator, independent researcher,
project designer, and research mentor. The framework places biological problem formulation
and interpretation at the center of bioinformatics training, treats experimental and
computational approaches as complementary components of biological inquiry, and
conceptualizes the transition from personal research autonomy to the capacity to support the
research autonomy of another learner.

Practical Significance. The practical significance of the proposed framework lies in its
applicability to the design of bioinformatics training within pre-service biology teacher education
and to the organization of research- and project-based student activities. It provides a basis for
selecting computational activities according to biological questions and learner preparation rather
than the complexity of particular software tools; for progressively transferring responsibility for
data selection, analysis, interpretation, and research design from instructor to learner; and for
preparing future teachers to design and mentor feasible school-level research projects. The
framework may be particularly applicable to research competitions and work with gifted or highly
motivated students, including settings in which access to laboratory infrastructure is limited but
open biological data and computational resources are available.

Methodology
Research Methods. This study employed a theoretical-conceptual research design aimed at
developing a structured model of bioinformatics training for pre-service biology teachers. The
methodological approach combined a structured literature search and purposive selection of
relevant publications with conceptual, comparative, and structural-functional analysis,
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classification and systematization of educational practices, and conceptual modelling. Framework
development followed the general logic of conceptual analysis and synthesis, in which concepts
identified across heterogeneous bodies of literature are compared, grouped, and integrated
according to their relationships and functions within the phenomenon under investigation [15].

Conceptual synthesis focused on recurrent educational functions, relationships, and
transitions identified across the selected studies. The resulting elements were organized
according to changes in learner autonomy and professional responsibility. This analysis
provided the basis for constructing a developmental continuum linking classroom
bioinformatics learning, guided computational inquiry, independent research, research-project
design, and pedagogical transfer to the supervision of student research. The resulting
framework was subsequently examined for internal coherence by mapping each stage to its
dominant educational purpose, characteristic learning activities, expected competencies, and
the changing professional role of the pre-service biology teacher.

Data Sources. The source base comprised peer-reviewed scientific publications and relevant
international policy documents. The literature search addressed six interconnected areas: (1)
bioinformatics education and bioinformatics competencies; (2) bioinformatics in the preparation
of pre-service biology and science teachers; (3) computational thinking, programming, and
biological data analysis in life science education; (4) inquiry-, research-, and project-based
approaches 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 literature
synthesis were considered separately.

Relevant publications were identified using combinations of the terms: bioinformatics
education, bioinformatics competencies, pre-service biology teachers, pre-service science teachers,
computational thinking, biology education, biological data analysis, inquiry-based learning,
research-based learning, course-based undergraduate research experience, project-based
learning, secondary school bioinformatics, gifted students, and related terms. Searches prioritized
publications indexed in major scholarly databases and available through publishers' platforms or
established bibliographic repositories. Recent studies were prioritized to represent current
approaches, while earlier publications were retained when they represented foundational
competency frameworks, conceptual approaches, or established educational models. Official
United Nations and UNESCO documents provided the sustainable-development and open-science
context.

Publications were included when they contributed directly to at least one component of
the proposed educational trajectory: defining bioinformatics competencies; integrating
computational methods with biological learning; supporting inquiry or independent research;
preparing future biology teachers; transferring bioinformatics approaches to secondary
education; or supporting student research and project activities. Studies focused primarily on
advanced omics training, specialist bioinformatics degree programmes, or computational
method development without a relevant educational component were excluded from the
conceptual synthesis. This delimitation reflected the focus on bioinformatics as a component
of biology teacher preparation rather than specialist training for professional
bioinformaticians.

Analytical Tools. The selected literature was analysed using an analytical matrix
comprising nine dimensions: target learner group; educational context; type of biological data
or problem; degree of learner autonomy; function of computational tools; relationship between
computational and experimental activities; type of research activity; expected competencies or
learning outcomes; and opportunities for transferring acquired competencies to teaching or
student research supervision. Particular attention was paid to transitions between educational
roles and activities rather than to individual software environments.
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Comparative analysis was used to identify common and divergent characteristics of the
educational approaches represented in the literature; classification and systematization were used
to organize recurrent functions and forms of bioinformatics training; and structural-functional
analysis was used to examine relationships among biological, computational/data, research, and
pedagogical components. Conceptual modelling was then applied to integrate these elements into
a coherent professional trajectory. The principal analytical criterion for differentiating successive
roles was the redistribution of autonomy and responsibility for biological problem formulation,
data selection, analytical decision-making, interpretation, research design, and subsequent
mentoring of student research.

Study Limitations. The study is theoretical and conceptual rather than experimental, and the
proposed model represents a theoretically substantiated framework derived from the analysis and
synthesis of published research rather than an empirically validated progression of competence
development. Its stages should therefore be interpreted as functional components of
bioinformatics teacher preparation rather than as rigid or universally sequential levels.

The literature selection was designed to support conceptual framework development and
was not intended as an exhaustive systematic review or bibliometric analysis. The resulting
synthesis is consequently dependent on the scope of the selected literature and the analytical
categories used to interpret it. In addition, the framework deliberately excludes advanced specialist
and omics-oriented bioinformatics training and focuses on approaches potentially applicable to
biology teacher education and subsequent school-level research activities. Empirical validation of
the proposed continuum, including operationalization of assessment criteria and evaluation in
pre-service teacher education, remains a task for subsequent research.

Results

Conceptual Structure of Bioinformatics Training. The analysis of the selected literature
indicates that bioinformatics training for pre-service biology teachers cannot be adequately
represented as the acquisition of a discrete set of software skills. Existing competency frameworks
distinguish between different profiles and levels of bioinformatics users, while educational studies
demonstrate that computational methods acquire educational value when they are embedded in
biological problem solving, inquiry, and research activities. On this basis, bioinformatics training in
the 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 the
ability to formulate biologically meaningful questions, identify appropriate biological objects
and variables, understand the origin and limitations of biological data, and interpret
computational results in relation to biological processes. This component determines the
purpose of computational activity: analytical methods are selected in response to a biological
question rather than introduced as isolated technical procedures. Consequently, programming
proficiency alone is not treated as an indicator of bioinformatics competence within the
proposed 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 and
visualization 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 software
package. Python, Biopython, and R represent complementary tools that can support different
stages of the analytical workflow: general data processing and automation, operations with
biological 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 training
for pre-service biology teachers

The research component transforms computational skills into instruments of scientific
inquiry. At this level, students are expected not only to reproduce a demonstrated analytical
procedure but also to formulate a research question, select or obtain suitable data, justify an
analytical strategy, evaluate the reliability and limitations of the resulting evidence, and
formulate biologically meaningful conclusions. Computational analysis may be based on openly
available biological data, data obtained during laboratory or field activities, or a combination
of both. This creates a methodological connection between experimental and computational
approaches rather than treating them as separate forms of biological investigation.

The pedagogical component distinguishes the proposed framework from bioinformatics
training designed for life science students in general. For a pre-service biology teacher, successful
completion of a bioinformatics analysis is not the final professional outcome. The acquired
disciplinary, computational, and research experience must subsequently be transformed into the
ability to select age-appropriate biological problems, adjust the complexity of data and analytical
procedures, design feasible research tasks, provide methodological support, and supervise student
interpretation of results. Bioinformatics competence therefore acquires a second function: it
becomes a resource for organizing research-oriented biology education.

These four components are not considered consecutive levels. They interact throughout
training, while their relative contribution changes as learner autonomy and professional
responsibility increase. A classroom exercise may predominantly develop biological and
computational understanding; guided inquiry adds elements of research decision-making;
independent research requires integration of biological, computational, and research
competencies; and the design and supervision of a school-level research project additionally
requires pedagogical transformation of this experience.

Accordingly, the proposed model describes bioinformatics training as a developmental
continuum of professional roles rather than as a sequence of increasingly complex software
skills. 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 in
biological problem formulation and analytical decision-making and, at the later stages, by a
transition from solving a research problem personally to designing conditions under which
another learner can investigate it.

This distinction is important because the highest level of computational complexity does
not necessarily correspond to the highest level of professional preparation for a future teacher.
A technically sophisticated analysis performed according to a predefined protocol may require
less research autonomy than a comparatively simple analysis independently selected and
justified for answering a biological question. Similarly, adapting a technically modest
bioinformatics task for a school research project may require substantial biological,
methodological, and pedagogical judgement. The progression proposed here is therefore
defined 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. Within
the proposed framework, computational and experimental approaches are considered
complementary components of biological inquiry rather than separate educational trajectories.
Their integration is organized around a biological problem and the iterative relationship
between hypothesis formulation, data acquisition, computational analysis, and biological
interpretation. This principle allows bioinformatics training to remain biologically oriented
while introducing computational methods as functional instruments of research (Fig. 2).

1. Biological problem
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Background knowledge
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Figure 2. Integration of experimental and computational approaches within an iterative
biological research workflow

The starting point of the workflow is a biological question rather than a computational
technique. Students first identify the biological phenomenon or relationship to be investigated
and formulate a hypothesis that can be examined using appropriate evidence. The required
data 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 second
is open biological data, such as nucleotide or protein sequences, annotated database records,
taxonomic information, or other publicly accessible datasets. These sources can be used
independently or combined within a single research project.

When students work with experimentally generated data, computational methods extend
the analytical stage of the experiment. Raw observations can be organized, checked,
transformed, statistically analysed, and visualized before biological interpretation. In this
context, the computational component does not replace the experiment but increases the range
and reproducibility of analytical procedures that can be applied to its results. R and Python can
support data organization, exploratory analysis, statistical testing, visualization, and
reproducible processing workflows. The choice between environments should be determined
by the structure of the data and the analytical objective rather than by the requirement to
master a particular programming language (Table 1).

Table 1. Examples of computational activities integrating biological questions, data sources,

and research-oriented learning
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A second pathway begins with biological information available in public databases. Here,
computational analysis may itself constitute a substantial part of the investigation. Students can
retrieve 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 for
introducing this type of workflow because it connects Python-based computation with common
biological 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 each
computational operation with a biologically interpretable question.

These two pathways can interact in both directions. Experiment-to-computation workflows
begin with observations or measurements and use computational analysis to identify patterns, test
hypotheses, and quantify relationships. Conversely, computation-to-experiment workflows may begin
with database-derived information or preliminary computational analysis, from which students
formulate predictions that can subsequently be examined experimentally. A third, hybrid form
combines experimentally generated and publicly available data, for example by interpreting an
observed biological response in relation to sequence, taxonomic, or reference information obtained
from external resources. Thus, computational analysis can function as an analytical continuation of an
experiment, a source of hypotheses for further experimentation, or an independent mode of
investigation when the research question can be addressed using existing biological data.

This reciprocal relationship is represented in the proposed framework as an iterative research
cycle: biological problem — hypothesis — data acquisition — computational analysis — biological
interpretation — hypothesis refinement — further experimental or computational investigation.

The cycle is deliberately non-linear. An unexpected analytical result may require verification
of 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 and making justified research decisions.

The functional roles of Python, Biopython, and R can therefore be differentiated without
constructing separate instructional trajectories for each tool. Python provides a general
environment for data processing, automation, reproducible calculations, and implementation
of relatively simple analytical procedures. Biopython extends this environment towards
biological sequences, standard bioinformatics formats, and database-oriented operations. R is
particularly useful for statistical analysis, data exploration, and graphical representation of
experimental and other structured biological datasets. Their functions partly overlap, and the
proposed framework does not require all three environments to be used within every learning
task or research project. Instead, students should progressively learn to select the least
unnecessarily complex toolset that adequately addresses the biological question.

This principle is especially important in pre-service teacher education. Excessive
computational complexity can shift cognitive attention from biological reasoning towards syntax
and software troubleshooting, whereas excessive simplification may reduce bioinformatics to
mechanical execution of predefined commands. The proposed model therefore places biological
interpretability, methodological transparency, and reproducibility above computational
sophistication. A comparatively simple script or statistical analysis that students can explain,
reproduce, critically evaluate, and relate to a biological hypothesis is educationally more valuable
than a technically advanced workflow whose logic remains opaque to them.

Accordingly, the integration of experimental and computational approaches serves two
functions within bioinformatics training. First, it expands the methodological repertoire available
for investigating biological problems. Second, it demonstrates that biological evidence can be
generated and evaluated through interconnected experimental and computational procedures.
This integrated research logic provides the methodological basis for the subsequent transition
from guided classroom activities to increasingly independent research and project-based work.

Developmental Continuum from Classroom Learning to Independent Research. The
transition from classroom bioinformatics learning to independent research in the proposed
model is based on a progressive increase in learner autonomy and responsibility for research
decisions. Computational complexity alone does not define this progression. Instead, the
principal distinction between its stages concerns who formulates the biological question, selects
the data and analytical strategy, evaluates intermediate results, and determines how the
investigation should proceed. Three successive roles can therefore be distinguished within the
research-oriented part of the continuum: classroom learner, guided computational investigator,
and independent researcher (Table 2).

Table 2. Progression of research autonomy
Guided computational
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. Formulated or
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Student Execution and Analytical decision- Complete research
responsibility understanding making design

At the classroom learner stage, the principal objective is to establish a connection between
biological reasoning and computational operations. The biological problem, dataset, analytical
procedure, and expected type of output are largely defined by the instructor. Students learn how
biological information is represented as data, how appropriate computational procedures
transform these data, and how analytical outputs should be interpreted biologically. Tasks at this
stage may include processing a small experimental dataset, retrieving and examining a biological
sequence, calculating basic sequence characteristics, or producing and interpreting a statistical
visualization. The emphasis is placed on transparency of the workflow and understanding why
each analytical step is performed rather than on programming complexity.

At the guided computational investigator stage, instructional support is retained but some
research decisions are transferred to the student. The instructor may define the general biological
problem while students select among alternative datasets, variables, analytical procedures, or
visualization strategies. Alternatively, a common dataset may be provided while students formulate
different questions that can be addressed using it. Importantly, the analytical pathway is no longer
completely predetermined. Students may encounter missing or heterogeneous data, alternative
analytical options, unexpected patterns, or results that do not support the initial hypothesis. They
are therefore required to justify methodological choices and distinguish between a computational
output and the biological evidence that can legitimately be inferred from it.

The transition between these first two stages requires progressive reduction of
instructional scaffolding. Support can initially include prepared datasets, partially completed
code, templates for data processing, explicit analytical sequences, or predefined interpretation
questions. These elements are gradually reduced as students become capable of performing the
corresponding decisions independently. The purpose of scaffolding is therefore not to simplify
the biological problem indefinitely but to make a complex research workflow accessible while
preserving its internal logic. A successful transition occurs when students no longer depend on
a fixed sequence of commands and can explain, modify, and justify the analytical workflow.

At the independent researcher stage, responsibility shifts from completing an analytical task to
designing and conducting a coherent investigation. Students formulate or substantially refine the
research question, determine what evidence is required, select appropriate experimental or open
data, choose computational methods, document the workflow, and interpret results in relation to the
original hypothesis. They must also recognize methodological limitations and determine whether
additional analysis, new data, or modification of the research design is required. Depending on the
problem, an independent project may be computational, experimental-computational, or based on
the integration of student-generated and publicly available biological data.

Research autonomy does not imply the absence of instructor support. Rather, the function
of support changes from prescribing analytical steps to providing research supervision. The
instructor may discuss feasibility, methodological validity, data quality, interpretation, or ethical
and reproducibility issues without determining every analytical decision. This distinction is
important in pre-service teacher education because students simultaneously experience two
perspectives: conducting research under supervision and observing how effective research
supervision can be organized. Their own progression towards autonomy thus provides
experience that can subsequently be transferred to mentoring school-level projects.

The model consequently treats independence as a multidimensional characteristic. A
student may demonstrate autonomy in data processing while still requiring substantial
assistance in formulating a biologically meaningful question; conversely, a strong biological
hypothesis may be investigated using relatively simple computational procedures. Progression
should 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 a more appropriate
basis for assessing development than the technical sophistication of the software or code
employed.

The first three stages of the continuum thus transform bioinformatics from a classroom
subject into a research instrument. The classroom learner acquires the logic of biological data
analysis; the guided computational investigator begins to make and justify analytical decisions;
and the independent researcher integrates biological, computational, and methodological
reasoning within a complete investigation. This transition establishes the prerequisite for the
final professional transformation addressed in the model: moving from conducting research
personally to designing research opportunities for others and mentoring their implementation.

Pedagogical Transfer: From Researcher to Project Designer and Mentor. The final stage of the
proposed continuum involves a qualitative change in the function of bioinformatics competence.
Whereas the preceding stages focus primarily on the ability of pre-service biology teachers to conduct
their own computational or integrated biological investigations, pedagogical transfer requires them
to use this experience to design research opportunities for other learners. The central professional
transition can therefore be expressed as a shift from “How can I investigate this biological problem?”
to “How can I enable a student to investigate a meaningtul 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 student
research project. This transformation requires more than simplification of a university-level
analytical workflow. The biological question, data requirements, computational procedures,
expected degree of autonomy, duration of the project, and criteria for interpretation must be
aligned with the learner’s prior knowledge and available educational resources. The resulting
project should preserve the essential logic of scientific inquiry while reducing technical
complexity that does not contribute directly to answering the biological question.

Bioinformatics provides considerable flexibility for such project design. A research project
may be based entirely on open biological data, combine publicly available information with
observations or measurements generated by students, or extend a conventional experimental
project through computational analysis. Examples include comparative characterization of
nucleotide or protein sequences, analysis of sequence variation among taxa, reconstruction and
interpretation of phylogenetic relationships, quantitative analysis of experimental biological
responses, and integration of experimental observations with information retrieved from
biological databases. The appropriate level of computational complexity can therefore be
adjusted without necessarily reducing the conceptual significance of the biological problem.

A critical design principle is methodological feasibility. A technically sophisticated
workflow is not inherently more appropriate for student research than a simpler one. The
selected methods should allow the learner to understand the relationship between the biological
question, the data, the analytical procedure, and the resulting evidence. For this reason, a project
based on relatively simple sequence comparisons or statistical analysis may provide greater
research value than an advanced computational pipeline that the student can execute but cannot
explain or critically evaluate. The pre-service teacher must therefore distinguish between
complexity that supports inquiry and complexity that merely increases the technical burden of
the project.

The subsequent role of research mentor shifts responsibility from designing the project to
supporting another learner’s increasingly independent investigation. Effective mentoring does
not imply performing difficult analytical steps on behalf of the student or predetermining the
desired result. Instead, the mentor helps the learner refine the research question, evaluate the
suitability and quality of data, consider alternative analytical decisions, identify methodological
limitations, 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-service
teacher’s own training can thus be transferred to the supervision of student research.

This distinction is particularly important when working with gifted or highly motivated
students and preparing research projects for competitions. Such students may be capable of
working with more complex biological questions or computational procedures, but increasing
technical difficulty should not substitute for research independence. The mentor’s task is to create
conditions in which the student retains intellectual ownership of the project: understanding the
origin of the data, justifying methodological decisions, reproducing the analysis, interpreting the
results, and defending the conclusions. Bioinformatics is particularly suitable for differentiated
research activity because the depth of analysis can be adjusted while the learner continues to work
with authentic biological data and scientifically meaningful questions.

The use of open biological databases and open-source computational environments also
allows project design to be adapted to different institutional conditions. Where laboratory
resources are available, computational analysis can extend experimental work and provide
additional levels of interpretation. Where access to laboratory infrastructure is limited, carefully
designed data-driven projects can still provide experience in hypothesis formulation, evidence
evaluation, reproducible analysis, and scientific communication. Computational projects should
not therefore be regarded merely as substitutes for laboratory work, but as an additional form of
biological investigation with its own methodological possibilities and limitations.

Pedagogical transfer also requires explicit attention to reproducibility and research
integrity. A student project should retain information about data provenance, selection criteria,
analytical procedures, software or computational environments, and transformations applied to
the original data. Code or analytical scripts, where used, should be sufficiently documented to
allow the procedure to be repeated. At the same time, conclusions should remain proportional to
the evidence generated by the project. These requirements are particularly important in
educational research activities because they shift assessment from the visual attractiveness or
apparent sophistication of a final product towards transparency of the research process and
defensibility of the biological interpretation.

The transition from independent researcher to project designer and research mentor
completes the professional continuum proposed in this study. Bioinformatics competence is
thereby transformed from an individual research capability into a pedagogical resource. The pre-
service biology teacher first experiences the progression from structured learning to
independent inquiry and subsequently applies the same principles when creating and
supervising research opportunities for school students. The complete trajectory can therefore be
represented as learner — computational investigator — independent researcher — research-
project designer — research mentor, with increasing autonomy during the first part of the
continuum followed by increasing responsibility for enabling the autonomy of another learner.

Generalization of the Results. The proposed model integrates bioinformatics training of
pre-service biology teachers into a continuous professional trajectory rather than treating it as
a 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 characterized
primarily by increasing autonomy in formulating biological questions, selecting and analysing
data, choosing appropriate methods, interpreting results, and making research decisions.
Computational complexity is therefore treated as a variable characteristic of particular tasks
rather than as the principal criterion of professional development.

The subsequent transition from independent researcher to project designer and research
mentor changes the direction of this development: personal research competence becomes a
resource for creating conditions for the research autonomy of another learner. Within this
trajectory, 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 the
biological question and educational purpose. Thus, the model connects bioinformatics learning,
independent biological research, and the design and mentoring of student research projects
within a single framework for pre-service biology teacher education.

Discussion

Interpretation of the Results. The proposed framework indicates that bioinformatics
competence in pre-service biology teacher education should be understood more broadly than
technical proficiency in particular programming languages or computational environments. Its
central organizing element is the biological problem: computational tools are selected
according to the question being addressed, the characteristics of the available data, and the
required analytical procedure. Biological, computational/data, research, and pedagogical
components therefore function as interrelated dimensions of professional competence rather
than as separate areas of training.

This interpretation also changes the criterion by which progression in bioinformatics training
is assessed. Computational complexity alone does not adequately represent professional
development. A learner who independently formulates a relatively simple biological question,
selects appropriate data and methods, evaluates limitations, and interprets the resulting evidence
may demonstrate greater research competence than one who executes a technically sophisticated
but predefined analytical pipeline. The five roles identified in the proposed continuum should
therefore be interpreted primarily through changes in research autonomy, integration of biological
and computational reasoning, and responsibility for decision-making.

The progression from classroom learner to guided computational investigator and
independent 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 this
transition 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 within
this process. Experimental observations may generate data and hypotheses for computational
analysis, whereas computational analysis may reveal patterns, refine hypotheses, or guide
subsequent experimentation. At the same time, their integration does not require every
research activity to contain both components. Open biological data may provide a sufficient
basis for some investigations, whereas other projects may combine experimentally generated
data with computational or statistical analysis. Thus, methodological configuration should be
determined by the biological question and educational objective rather than by an expectation
of 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 mentor
changes the direction of professional development: personal research autonomy becomes a
resource for supporting the research autonomy of another learner. Project design requires the
transformation of a biological problem into a feasible educational investigation without losing its
scientific logic, whereas mentoring requires decisions about when support is necessary and when
analytical and interpretative responsibility should remain with the student.

Comparison with Previous Studies. This interpretation is consistent with existing
bioinformatics competency frameworks while extending them towards the specific
professional functions of future biology teachers. Bioinformatics competencies have
increasingly been differentiated according to user roles and educational needs. Mulder et al.
[2] distinguished different categories of bioinformatics users, Wilson Sayres et al. [1] defined
core competencies for undergraduate life science education, and the updated ISCB framework
differentiated 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 specialist
preparation equivalent to professional bioinformaticians but need a competency profile
appropriate to biological inquiry and subsequent educational practice.

The priority given in the proposed framework to biological problems rather than
individual software tools is also consistent with previous educational approaches.
Computational thinking in life science education should not be equated with programming
itself; programming can instead function as a means of formalizing and investigating biological
problems [4]. Bioinformatics instruction similarly requires integration of biological and
computational reasoning rather than technical operations in isolation [16]. Project-based
bioinformatics training further emphasizes authentic problems, learner initiative and
independence, accompanied by a transition of the instructor towards an advisory role [17].

Previous inquiry- and research-oriented studies also support the transition from
structured learning towards increasing research autonomy. Brown [10] demonstrated a
student-led inquiry model in which undergraduates selected research targets and applied
scientific research processes within a structured framework. Course-based research
experiences have incorporated bioinformatics analysis and visualization into authentic
investigations [11], while classroom preparation has been connected with subsequent
independent bioinformatics research [12]. These studies support individual elements of the
proposed progression, whereas the present model makes the transfer of responsibility for
research decisions an explicit organizing dimension.

The complementary relationship between computational and experimental investigation
is supported by Goller et al. [9], who incorporated bioinformatics tools and real datasets
alongside wet-laboratory experiments within inquiry-based molecular biology modules. Their
approach demonstrates that computational analysis can participate directly in biological
investigation rather than function as an isolated digital addition to laboratory education. The
present framework extends this principle by explicitly allowing reciprocal transitions between
experimental and computational investigation as well as projects based predominantly on
either type of evidence.

Evidence from teacher and secondary education further supports the feasibility of the
pedagogical-transfer component. Bioinformatics has been introduced at the secondary-school
level using authentic biological questions and contemporary scientific resources [13]. Machluf
et al. [18] demonstrated that its integration into a high-school science curriculum can provide
access to authentic scientific practices while also revealing pedagogical and implementation
challenges relevant to teacher education. Bioinformatics preparation of pre-service biology
teachers has likewise been connected explicitly with subsequent school biology teaching [8],
while sequence alignment and phylogenetic reconstruction have been implemented with gifted
high-school students [14]. Existing studies therefore support the principal components of the
proposed framework, but predominantly address them as separate educational contexts. The
present model connects these components within a continuous trajectory from bioinformatics
learning through independent research to project design and research mentoring.

Scientific Novelty. The scientific novelty of the proposed framework can be specified at three
interrelated levels. First, it integrates processes that have commonly been considered
separately-bioinformatics learning, inquiry-based computational activity, independent biological
research, 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 fixed
set of tools but as a developing capacity to select and apply computational approaches within
biological 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 allows
technically 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, methodological
choice, 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 the
capacity to create conditions for the autonomy of another learner. This transition from
acquiring research autonomy to enabling research autonomy provides the conceptual link
between personal bioinformatics competence and the professional functions of research-
project design and mentoring.

Practical Significance. The proposed framework can be used to organize bioinformatics
training in pre-service biology teacher education without making particular programming
languages or software environments the primary curricular objective. Python, Biopython, R,
biological databases, and other computational resources can be selected according to biological
questions, data types, learner preparation, and the degree of research autonomy expected at a
particular 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 research
projects. This is particularly relevant to gifted or highly motivated students and competition-
based activities, for which greater analytical depth may be appropriate but should not
substitute for genuine student participation in research. Project quality can instead be
considered in terms of the defensibility of the biological question, transparency of data
provenance, methodological justification, reproducibility, critical interpretation, and
correspondence between evidence and conclusions. The practical objective is therefore not
maximum computational sophistication but increasing student responsibility for meaningful
research decisions.

Open biological databases and open-source computational environments can broaden
opportunities for such activities. This is consistent with the UNESCO Recommendation on Open
Science, which emphasizes access to scientific knowledge, methods, infrastructures, and
opportunities for scientific education [6]. Data-driven projects may reduce dependence on
specialized laboratory infrastructure and expand the range of feasible investigations. However,
open access does not eliminate barriers associated with hardware, connectivity, digital literacy,
teacher expertise, and methodological support.

These practical implications should be considered in light of the limitations of the present
study. The proposed framework is a conceptual model rather than an empirically validated
developmental sequence, and its five roles should be regarded as functional transitions rather
than rigid stages. It deliberately prioritizes accessible biological data analysis over advanced
specialist and omics-oriented workflows, increasing its relevance to teacher education while
limiting 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 should
operationalize biological problem formulation, data selection, analytical decision-making,
reproducibility, interpretation, research design, and mentoring competence. Future studies
should determine whether research-oriented bioinformatics training improves not only future
teachers’ computational competence but also their capacity to design feasible student
investigations and support learner autonomy. In this sense, the practical potential of the
proposed continuum lies in connecting learning bioinformatics, conducting biological research,
and enabling student research within a coherent model of pre-service biology teacher
education.
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Conclusions

This study developed a conceptual model of bioinformatics training for pre-service biology
teachers that connects classroom learning with research and subsequent pedagogical practice. The
model positions bioinformatics not as a discrete set of digital or programming skills, but as a
methodological component of contemporary biological inquiry in which computational tools are
selected according to the biological question, data characteristics, and analytical purpose.
Accordingly, biological reasoning and interpretation remain central, while Python, Biopython, R,
biological databases, and other computational resources perform complementary functional roles.

The proposed framework integrates four interrelated components of professional
preparation: biological, computational and data, research, and pedagogical competence. Their
development 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 by
increasing autonomy in formulating biological questions, selecting data and analytical
approaches, interpreting results, and making research decisions. The subsequent transition to
project designer and mentor changes the direction of professional responsibility: competence
is expressed increasingly through the ability to design feasible research opportunities and
support the research autonomy of another learner.

The model also integrates experimental and computational approaches within a common
iterative logic of biological inquiry. Computational analysis may extend experimental work, open
biological data may provide an independent basis for investigation or generate hypotheses for
subsequent experiments, and both sources of evidence may be combined within integrated
research projects. Such flexibility makes it possible to adjust the methodological complexity of
learning and research activities while preserving authentic biological questions and research logic.

For teacher education, this approach provides a basis for connecting university-level
bioinformatics training with research- and project-based activities in school biology. It may be
particularly useful for supervising research projects and competition-oriented activities
involving gifted or highly motivated students, because analytical depth and computational
complexity can be adapted to learner preparation and available resources. The principal
criterion should not be technical sophistication, but the learner’s meaningful participation in
formulating the problem, obtaining or selecting data, making analytical decisions, ensuring
reproducibility, and interpreting biological evidence.

The proposed continuum is theoretical and should not be interpreted as an empirically
established sequence of competence development. Its further application requires operational
criteria for assessing research autonomy and mentoring competence, followed by empirical
evaluation in pre-service biology teacher education. Such validation would make it possible to
determine how effectively 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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