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Hinweis auf Geschlechtsneutralitat

Im Sinne eines guten Leseflusses wird in der folgenden Arbeit auf Doppelnennungen
verzichtet (z.B. Schuler und Schulerinnen) und im Text nur die Form ,Schiler® verwendet.
Wenn nicht anders dargestellt, ist keine spezifische Zuordnung zu einem Geschlecht gemeint.
In Abschnitten, die sich explizit mit Geschlechterunterschieden befassen, werden die

geschlechtsspezifischen Bezeichnungen der Personengruppen verwendet.



SUMMARY

1 SUMMARY

Models and modelling occupy a key position in research processes as they may help to explain
experimental observations by extracting essential parameters and bridging theoretical
knowledge to provide a basis for further scientific predictions. Within the framework of sound
scientific education, models and modelling contribute significantly to illustrate abstract
phenomena, to reduce complex molecular processes or to test certain hypotheses in biology
lessons. Genetics, in particular, is a topic characterized by high complexity that typically can
lead to misconceptions and learning difficulties due to invisible molecular structures and
processes. In addition to the application of models and modelling, previous studies have shown
benefits of student-centred learning in outreach labs. By performing experiments on their own,
students can achieve a deeper understanding of genetic concepts. As modelling and
experimental investigations go hand in hand in the scientific research process, suitable

educational programs should also combine both aspects.

The present study integrates these two methods on learning about DNA structure within an
inquiry-based, out-of-school laboratory module for secondary school students (study A).
Herein, hands-on experiments were combined with model-based learning in order to promote
cognitive achievement and students’ understanding of scientific models. The sample was
divided in order to allow comparison of the effectiveness of two different model-based
approaches: while all participants were subjected to the experimental part of the module, only
the ‘modellers’ (I) were required to creatively generate a DNA-model using assorted
handcrafting materials, whereas the ‘model viewers’ (II) worked with a commercially available

school model of the DNA structure.

All further substudies are based on data from about 290 ninth graders (highest secondary
school level) who participated in the laboratory module with different methodological model-
based approaches (I: modelling; Il: model viewing). Initially, the focus was on the evaluation of
the modelling approach (I), where cognitive achievement, creativity, and model quality was
assessed (study B). As a major result, girls were shown to produce significantly better
structured models and were able to close prior knowledge deficits. Additionally, significant
positive correlations were unveiled between girls’ cognitive achievement and the model quality
as well as the creativity subscale ‘flow’. In contrast, neither creativity nor model quality were
decisive for boys’ cognitive achievement. However, no relations were found between individual

creativity levels and model quality for both genders.

Due to the fact that teachers can use models for different purposes in science lessons, another
major aim was to observe the instructional efficiency (i.e., the standardized difference between
mental effort and performance) of the implemented approaches (study C). Both approaches

showed similar results with regard to cognitive load during the different model phases.
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However, the 'model viewers' (Il) achieved a significant higher mid-term knowledge increase
than the 'modellers' (I). This means that with comparable mental effort of the implemented
approaches, the 'model viewers' (Il) achieved a higher performance. Subsequently, model

viewing (ll) can be evaluated as an instructionally more efficient learning method.

As effective methods to foster students’ understanding of models in science education are
needed, increased reflection on thinking about models is regarded as a relevant competence
associated with scientific literacy. Therefore, another main objective of the study was to
investigate the impact of both model-based approaches on students’ understanding of models
(study D). Three subsections of the construct were examined: (1) students’ reasoning about
multiple models in science, (2) students’ understanding of models as exact replicas, and (3)
students’ understanding of the changing nature of models. Students’ argumentations about
‘multiple models’ provided a typical cross-section for the age group surveyed and showed that
a majority justified model differences with varying properties of the original (DNA) or referred
to the model design. This corresponds to a lower understanding and emphasizes the common
interpretation of models mainly regarded as teaching tools. Despite the lack of differences
between the two approaches, a positive impact of model-based learning on students'
understanding of scientific models was observed. This was associated with a reduced
understanding of ‘models as exact replicas’ and an increased perception of ‘the changing

nature of scientific models’.

In summary, the combination of model-based learning with experimental observations had a
significant positive effect on knowledge acquisition and model understanding. Although model
viewing was found to be more instructionally efficient, creative modelling offered female
students the opportunity to close knowledge gaps through successful model building and 'flow'
experiences. In attempting to attract girls to science, model elaboration may further support
hands-on experimentation and thus balance gender differences. In addition, the implemented
learning methods are not limited to the use in out-of-school laboratories but can also enrich

conventional science classrooms.
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2 ZUSAMMENFASSUNG

Modelle und Modellbildung nehmen eine zentrale Position im naturwissenschaftlichen
Forschungsprozess ein: Sie prazisieren wesentliche Aussagen experimenteller
Beobachtungen und verknlpfen theoretische Hintergriinde miteinander, um so eine Grundlage
fur wissenschaftliche Vorhersagen zu bilden. Im Rahmen einer fundierten
naturwissenschaftlichen Ausbildung tragen Modelle und Modellierung mafgeblich zur
Veranschaulichung abstrakter Phanomene, zur didaktischen Reduktion komplexer Vorgéange
und zur Hypothesenuberprifung im Biologieunterricht bei. Gerade der Fachbereich Genetik
weist eine hohe Komplexitat auf und fuhrt aufgrund unsichtbarer Strukturen
molekulargenetischer Ablaufe typischerweise zu Fehlvorstellungen und Lernschwierigkeiten
bei Schilern. Neben dem Einsatz von Modellen und Modellbildung zum Verstandnis
genetischer Fachinhalte zeigten friihere Studien, dass schilerzentriertes Experimentieren in
authentischen Lernumgebungen zu einem langfristigen Wissenszuwachs fihren kann. Im
naturwissenschaftlichen Forschungsprozess gehen Modellentwicklung und die Deutung
experimenteller Untersuchungen Hand in Hand, daher sollten auch geeignete

Unterrichtsprogramme beide Aspekte vereinen.

Vor diesem Hintergrund integriert die vorliegende Studie beide naturwissenschaftlichen
Arbeitsmethoden in einem schulerzentrierten, forschend-entdeckenden Unterrichtsmodul fir
die Sekundarstufe am auf3erschulischen Lernort Labor im Kontext der Erarbeitung der DNA-
Struktur (Teilstudie A). Die Kombination von Hands-on Experimenten mit modellbasiertem
Lernen hatte zum Ziel, den Aufbau von Fachwissen zu fordern und das Modellverstandnis der
Schiler zu steigern. Es wurden zwei unterschiedliche Unterrichtsanséatze implementiert und
bezuglich ihrer Effektivitat verglichen: Wahrend die experimentellen Einheiten fir alle Schiler
identisch waren, arbeiteten in der Modell-Phase die ,Modellierer (1) kreativ und konstruierten
selbststandig ein DNA-Modell, wohingegen die ,Modellbetrachter' (Il) Bausteine der DNA

anhand eines herkdmmlichen Schulmodells untersuchten und identifizierten.

Das Unterrichtsmodul mit den beiden beschriebenen modellgestitzten Ansatzen bildete die
Grundlage fir drei Teilstudien, an denen insgesamt rund 290 Schiler der neunten
Jahrgangsstufe (Gymnasium) teilnahmen. Zunachst lag der Fokus auf der Evaluation des
Ansatzes zum Modellieren (1), wobei Wissen, Kreativitdt und Modellqualitat erfasst wurden
(Teilstudie B). Im Hinblick auf geschlechtsspezifische Wissensunterschiede konnte gezeigt
werden, dass die Madchen Vorwissensdefizite gegentiber den Jungen nach dem Unterricht
ausgleichen konnten und der Wissenszuwachs der Schilerinnen positiv mit einer héheren
Modellqualitat und kreativen ,Flow‘-Erfahrungen einherging. Allerdings wurden fur beide
Geschlechter keine Zusammenhédnge zwischen der individuellen Kreativitdt und der

Modellqualitat festgestellt.
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Vor dem Hintergrund unterschiedlicher Einsatzmdglichkeiten von Modellarbeit im Unterricht
sollten die implementierten Ansatze hinsichtlich ihrer instruktionalen Effizienz, d.h. der
standardisierten Differenz von geistiger Anstrengung und der Lernleistung, Uberprift werden
(Teilstudie C). Beide Unterrichtsanséatze zeigten ahnliche Ergebnisse bezogen auf die
kognitive Belastung wahrend der verschiedenen Modell-Phasen. Jedoch erreichten die
,Modellbetrachter (Il) mittelfristig einen hodheren Wissenszuwachs gegenliber den
,Modellierern‘ (I). Das bedeutet, dass bei vergleichbarer geistiger Anstrengung im Unterricht
die ,Modellbetrachter’ (Il) eine héhere Lernleistung erreichten. In der Folge lasst sich das

untersuchende Modellbetrachten (II) als instruktional effizientere Lernmethode bewerten.

Effektive Methoden zur Férderung des Modellverstandnisses sind gefragt, da eine verstarkte
Reflexion Uber die Bedeutung von Modellen als ein relevanter Bestandteil
naturwissenschaftlicher Grundbildung angesehen wird. Deshalb war ein weiteres Ziel der
Studie, Einflisse beider modellbasierter Ansétze auf das Modellverstandnis der Schiler zu
vergleichen (Teilstudie D). Drei Teilaspekte des Konstrukts wurden erfasst: (1) alternative
Modelle, (2) Modelle als exakte Nachbildungen und (3) veranderlicher Charakter
naturwissenschaftlicher Modelle. Die Argumentationen der Schiler Uber ,alternative Modelle*
(1) lieferten einen typischen Querschnitt zum Modellverstandnis der untersuchten
Altersgruppe. Die Mehrheit der Schiler begrindete Modellunterschiede mit variierenden
Eigenschaften des Originals (DNA) oder bezog sich auf das gewéhlte Modelldesign. Dies
entspricht einem niedrigeren Verstandnisniveau und stitzt die gelaufige Auffassung von
Modellen als Lehrmittel. Im Gegensatz dazu konnte kurz- und mittelfristig sowohl durch das
kreative Modellieren (I), als auch durch das untersuchende Modellbetrachten (II) eine
Anndherung an ein naturwissenschaftlich anerkanntes Modellverstandnis erreicht werden.
Damit verbunden war die verringerte Auffassung von Modellen als ,exakte Nachbildungen
eines Originals* und die gesteigerte Wahrnehmung vom ,veranderlichen Charakter

naturwissenschaftlicher Modelle'.

Zusammengefasst zeigte die Kombination von modellgestitztem Lernen mit experimentellen
Untersuchungen signifikant positiven Einfluss auf Wissenserwerb und Modellverstandnis.
Obwonhl das untersuchende Modellbetrachten (ll) als instruktional effizienter bewertet wurde,
bot der Zugang des kreativen Modellierens den Schilerinnen die Mdglichkeit, durch
erfolgreiche Modellbildung und ,Flow‘-Erfahrungen, Licken im Vorwissen zu schlieen und
somit Geschlechterunterschiede auszugleichen. Dariiber hinaus sind die implementierten
Lernmethoden nicht auf den isolierten Einsatz am auf3erschulischen Lernort Labor beschréankt

und lassen sich fachertbergreifend in den naturwissenschaftlichen Unterricht integrieren.
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3 SYNOPSIS
3.1 Einleitung

In der modernen Biologie nimmt die Genetik eine Schliisselposition ein, sie bietet Zugang zu
vielen Arbeitsbereichen wie der Zellbiologie, der Systematik, der Verhaltensbiologie oder der
Medizin und Pharmazie (Graw 2015). Seitim Rahmen des Humangenomprojekts (1990-2003)
die Abfolge der Basenpaare der menschlichen DNA durch Sequenzierung vollstéandig
entschlisselt wurde, konnten besonders in der Molekulargenetik mit zunehmender
Geschwindigkeit Fortschritte erzielt werden (Collins et al. 2003). Folgeprojekte ermdglichen
nun neue Wege bei der Erforschung komplexer biologischer Zusammenhange, so werden
beispielsweise im ,Krebsatlas’, die fur bestimmte Krebsarten verantwortlichen Mutationen
einzeln kartiert (Green et al. 2015). Ausgel6st durch Forschungsergebnisse lber genetische
Einflisse auf Lernvorgange, Gedachtnisleistungen und Intelligenz (Matynia et al. 2002;
Roubertoux et al. 2017), wurden darlber hinaus Diskussionen Uber Veranderungen in der
Bildung bei Psychologen und Padagogen angestofRen (Plomin & Walker 2003; Plucker &
Shelton 2015). So konnten bereits zahlreiche Zusammenhange zwischen Lernschwierigkeiten
und genetischen Veranderungen, besonders im Bereich der Leseentwicklung, beschrieben
werden (Plomin & Walker 2003; Plomin et al. 2007).

Eine aktuelle Forschungsstudie zeigte, dass Lehrer im Allgemeinen ein geringes Wissen Uber
Genetik besitzen. Dennoch schatzen sie fir die kognitive Entwicklung angeborene und
umweltbedingte Faktoren als gleichermal3en bedeutsam ein (Crosswaite & Asbury 2019).
Dabei decken sich Lehreransichten mit Ergebnissen der Zwillingsforschung, die ebenfalls von
einem ausgewogenen Verhdltnis von Genotyp- und Umwelteinflissen auf die Entwicklung
kognitiver Fahigkeiten berichten (Polderman et al. 2015). In der Folge ergeben sich wichtige
Erkenntnisse fur bildungspolitische Anstdl3e. Das Wissen um genetisch bedingte individuelle
Unterschiede der Schiler hilft individualisierte Bildungsangebote zu schaffen und
Lernschwierigkeiten zu begegnen (Asbury 2015). Neben einer sensiblen und kompetenten
Lehrtétigkeit und einem Unterricht, der Kreativitat und individuelle Entwicklung férdert, ist die
Kenntnis Uber genetische Einflisse auf Lernen und Verhalten der Schliissel flr personalisierte
Lernangebote (Asbury & Plomin 2013; Asbury 2015).

Aus Schulerperspektive ist der Erwerb von genetischem Fachwissen ebenfalls von hohem
Stellenwert und eine wichtige Komponente zum Aufbau naturwissenschaftlicher Grundbildung.
,Genetische Grundbildung® soll junge Menschen dazu beféhigen, ihre Meinung und
Entscheidungsfindung mit wissenschaftlich fundierten Argumentationen stiitzen zu kénnen,
um an bedeutsamen gesellschaftlichen Diskussionen aktiv teilhaben zu kdnnen (Bowling et al.

2008; Boerwinkel et al. 2017). Im Hinblick auf die personliche Gesundheit der Schiler
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kristallisieren sich schon heute medizinische Standards zur friihzeitigen Diagnose von
Krankheiten durch Gentests heraus, deren Verwendung mit bioethischen Fragestellungen
verbunden sein kann (Abrams et al. 2015). Nationale wie internationale Richtlinien fir den
naturwissenschaftlichen Unterricht verweisen daher auf die Verankerung der Genetik in den
Lehrplanen, wobei das Verstandnis von Struktur und Funktion der DNA einen der wichtigsten
Bausteine genetischer Grundbildung ausmacht (KMK 2005; NGSS Lead States 2013).

Genetische Konzepte gelten jedoch aufgrund zahlreicher zellularer und molekularer
Charakteristika und Prozesse als besonders schwer zu vermitteln (Marbach-Ad & Stavy 2000;
Lewis & Kattmann 2004). Frihere Studien berichten Uber Lernerfolge durch schilerzentrierten
und experimentell gestitzten Unterricht am auferschulischen Lernort Labor, in dem diese
Lernschwierigkeiten  verringern und  Schilerfehlvorstellungen  korrigieren  kdnnen
(Scharfenberg et al. 2007; Langheinrich & Bogner 2015). Damit einhergehend bietet der
Einsatz von Modellen und Modellbildung im Unterricht einen praxisorientierten und
forschungsnahen Zugang zum anschaulichen Verstandnis molekulargenetischer Inhalte
(Rotbain et al. 2006).

Vor dem Hintergrund authentischer Priméarerfahrungen im Biologieunterricht soll in der
vorliegenden Studie untersucht werden, in wie weit die Kopplung von Experimenten und
kreativem Modellieren im Schulerlabor einen geeigneten Zugang zur effektiven Vermittlung
von Genetik haben konnte.

3.2 Theoretischer Hintergrund

3.2.1 Lernen am aulRerschulischen Lernort Schulerlabor

Das Angebot im naturwissenschaftlichen Unterricht gilt viel zu haufig als langweilig, irrelevant
oder gar als veraltet. Dabei sollte im Vordergrund die Vermittlung einer wissenschaftlichen
Grundbildung und einem ebensolchen Weltverstandnis stehen, um mindige Blrger mit
eigenstandiger Urteilskraft heranzuziehen (Osborne & Collins 2001; Rennie et al. 2001; Lyons
2006). Um diesen typisch anhaftenden Stigmen angemessen begegnen zu kénnen, untersucht
die fachdidaktische Forschung seit vielen Jahren die Effektivitat aul3erschulischer Lernorte und
charakterisiert diese als besonders authentische und schilerzentrierte Lernumgebungen
(Bryce & Robertson 1985; Franke & Bogner 2011). Die Verbindung von neu erworbenem
Wissen mit autonomen, praxisbezogenen Lernerfahrungen wurde wiederholt erforscht und mit
traditionellen lehrerzentrierten Unterrichtsansatzen verglichen (Randler & Bogner 2006;
Gerstner & Bogner 2010). Das Erleben der Naturwissenschaft und die Art und Weise, wie Uber
sie an Orten aulRerhalb der Schulen kommuniziert wird (z.B. Nationalparks, Museen, Zoos,

botanische Garten) wird oft als aufregend, herausfordernd und inspirierend empfunden
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(Braund & Reiss 2006). Dartber hinaus konnte ein positiver Effekt auf das Wohlbefinden der

Schuler bestéatigt werden (Meissner & Bogner 2011).

Im Schulalltag fuhren zeitiche Engpasse haufig dazu, dass das Erlernen
naturwissenschaftlicher Arbeitspraktiken, z.B. das selbststandige Experimentieren, gegenuber
der lehrerzentrierten Vermittlung theoretischen Fachwissens zurticktreten muss (Euler 2004).
Um dem entgegenzuwirken bieten Schilerlabore realistische Lernumgebungen, in denen
Schiler die Rolle junger Wissenschaftler einnehmen und durch Hands-on Experimente
Bezlige zu aktuellen Forschungsthemen herstellen kénnen (Scharfenberg et al. 2007;
Goldschmidt et al. 2016). Speziell zu molekularbiologischen und gentechnologischen Inhalten
ermdglicht der Lernort Labor besondere Primarerfahrungen. Die Lernenden kdénnen
spezifische praktische Kompetenzen erwerben (z.B. Umgang mit Mikropipetten) und haben
Zugang zu Geraten (z.B. Thermocycler), die in Schulen nicht verfigbar sind (Scharfenberg et
al. 2007). Die Kopplung von autonomen praktischem Arbeiten mit positiven Auswirkungen auf
den Wissenserwerb und auf das konzeptuelle Verstandnis konnten mehrfach belegt werden
(Franke & Bogner 2011; Scharfenberg & Bogner 2013; Langheinrich & Bogner 2016).
Erganzend zeigte die Arbeit von Ben-Nun und Yarden (2009), dass praktische
molekularbiologische Experimente am Lernort Labor zu einer Verbesserung der mentalen
Modelle der DNA sowie zu einem gesteigerten prozeduralen Verstandnis von DNA-

Manipulationen fuhren kénnen.

3.2.2 Modelle und Modellbildung im naturwissenschaftlichen Unterricht

Modelle und Modellbildung sind als weiterer Ansatzpunkt fir authentische
naturwissenschaftliche Bildung Forschungsgegenstand zahlreicher Studien (Buckley 2000;
Gilbert 2004; Chittleborough & Treagust 2009). Grosslight und Kollegen (1991) definierten
Modelle als konstruierte Reprasentationen mit variierenden theoretischen Fokussen zu
verschiedenen Aspekten eines Originals, um komplexe oder unbekannte Zusammenhénge zu
erklaren. Erganzend wurden Modelle als externe Reprasentationen mentaler Konzepte
charakterisiert (Krajcik & Merritt  2012). Ausgehend von der Beobachtung
naturwissenschaftlicher Phanomene wurde die Modellbildung als Konstruktionsprozess
konkreter Reprasentationen abstrakter Ideen unter Berlcksichtigung zugrundeliegender
theoretischer Mechanismen beschrieben (Windschitl et al. 2008; Sins et al. 2009).

Im Unterricht sind Modelle und Modellierungen unerlasslich fur die Vermittlung von
Fachwissen und die Entwicklung eines naturwissenschaftlichen Verstéandnisses (Giere 1988;
Henze & van Driel 2011). Als Briicke zwischen experimentellen Beobachtungen und abstrakter
naturwissenschaftlicher Theorie helfen sie komplexe Zusammenhéange zu erklaren und zu

vereinfachen sowie die Grundlage fir wissenschaftliche Prognosen zu bilden (Gilbert et al.
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1998). Um im Biologieunterricht eine anregende Lernumgebung in der Genetik zu schaffen,
empfehlen mehrere Studien dringend das Einbeziehen von Modellen (Malacinski 1996;
Templin & Fetters 2002). Rotbain und Kollegen (2006) verglichen bei der Vermittlung
molekulargenetischer Inhalte die Anwendung von zwei Arten von Modellen: einer lllustration
und einem Kugelmodell. Obwohl beide den individuellen Wissensstand verbesserten, war die

Verwendung des dreidimensionalen Kugelmodells deutlich effektiver.

Als ergédnzende Strategie verweisen mehrere Studien auf das grof3e Potential von
Modellierungen zur Verbesserung des naturwissenschaftlichen Lehrens und Lernens (z.B.
Barab et al. 2000; Maia & Justi 2009). Louca und Zacharia (2012) beschrieben die
Modellbildung als unterstiitzende Methode, um ein tieferes Verstandnis eines beobachteten
wissenschaftlichen Phanomens zu erreichen. Die Konstruktion einer anschaulichen
Darstellung erleichtert hierbei das Begreifen des abstrakten und unbekannten Mechanismus.
Eine rein mentale Verdnderung und Anpassung neuerworbener Konzepte wirde zu einer
geistigen (Uber-)Beanspruchung fithren (van Merriénboer & Ayers 2005). Hierbei helfen
Modelle und Modellierungen wichtige Informationen zu erlernen, zu organisieren und in das
Vorwissen zu integrieren (Stull & Hegarty 2016). Aktuelle Ergebnisse zur Vermittlung
molekularchemischer Inhalte zeigten aul3erdem, dass der aktive Umgang und die Manipulation
dreidimensionaler Molekilmodelle durch Schiiler zu einer verringerten kognitiven Belastung
fuhrt gegentber Schilern, die passiv der modellgestitzten Demonstration einer Lehrkraft
folgten (Stull et al. 2018).

Ein Paradigma erfolgreicher Modellbildung in der Forschung lieferte die Entschlisselung der
Doppelhelixstruktur der DNA (Watson & Crick 1953): James Watson und Francis Crick
interpretierten als erste Wissenschaftler vorliegende experimentelle Daten korrekt zu einem
geeigneten Modell. Auf Basis empirischer réntgenspektrographischer Untersuchungen der
DNA von Rosalind Franklin und Raymond Gosling konstruierten sie zusammen ein adaquates
Modell, das alle damalige experimentelle Befunde vereinte (Watson 1968). Wie die historische
Entdeckung der DNA-Struktur deutlich macht, nimmt die Fahigkeit zu kreativem Denken einen
einzigartigen Platz als Triebkraft flr Innovationen in der Wissenschaft ein (Braben 2004).
Besonders wahrend Modellierungsprozessen scheint die individuelle Kreativitat als
Schlisselfaktor zu fungieren (van Driel & Verloop 1999). Holm-Hadulla (2010) definierte
Kreativitat als eine Kombination aus Talent, Wissen, Koénnen, Eigenmotivation und
Personlichkeitsmerkmalen, zusatzlich gepragt durch Umwelteinfliisse. Darlber hinaus wird ein
psychischer Zustand namens ,Flow’ oft mit kreativem Schaffen verbunden. Dieser ist dadurch
gekennzeichnet, dass eine beteiligte Person vollstédndig in eine Aktivitdt versinkt sowie
fokussierte und enthusiastische Gefiihle empfindet (Csikszentmihalyi 2000). In der Bildung

kann eine Forderung individueller Kreativitat zu einem tieferen Verstandnis von Lerninhalten
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beitragen, indem dadurch zielstrebiger Wissensliicken und Lernprobleme identifiziert und in

der Folge Losungswege gesucht werden (Chow 2010).

3.2.3 Modellverstandnis als Teil naturwissenschaftlicher Grundbildung

Da Modelle und Modellbildung eine Schlusselrolle in der naturwissenschaftlichen Forschung
und Kommunikation spielen, fordern bildungspolitische Richtlinien den Einbezug einer
Metaebene des Denkens Uber Modelle in den Lehrplanen (KMK 2005; NGSS Lead States
2013). Ziel ist dabei, als Bestandteil naturwissenschatftlicher Grundbildung, den Aufbau von

Modellverstandnis nachhaltig zu férdern (Halloun 2007).

Im Unterricht Uberwiegt haufig die Verwendung von Modellen als Medium fiir den Erwerb
konzeptionellen und theoretischen Wissens, was die Rolle von Modellen und Modellbildung
als Teil naturwissenschaftlicher Denk- und Arbeitsweisen vernachlassigt (Treagust et al.
2002). Weitere Studien bestéatigten, dass sowohl Lehrer als auch Schiler Modelle
hauptséchlich mit deskriptiven Eigenschaften und ihrer Rolle als Lehrmittel zur Visualisierung
abstrakter Konzepte assoziieren (Grosslight et al. 1991; Justi & Gilbert 2003). In der Folge ist
die Auffassung von Modellen bei Schulern h&ufig begrenzt und als naiv zu werten, wenn sie
Modelle als physische Kopien beschreiben und ihre Rolle als Vermittler zwischen Theorie und
Beobachtung nicht verstehen (Grosslight et al. 1991; Grinkorn et al. 2014). Aus
wissenschaftspropadeutischer Sicht sollten die Lernenden Modelle schon frihzeitig als
Werkzeuge zur Interpretation und Vorhersage wissenschaftlicher Phdnomene begreifen. Dazu
sollte der passive, lehrerzentrierte Modelleinsatz zuriicktreten gegentber der aktiven und
schulerzentrierten Handhabung von Modellen und Modellbildung im Unterricht (Chittleborough
& Treagust 2009; Stull et al. 2018). Ergadnzend forderten Krell und Kollegen (2012) eine
exaktere Untersuchung des Modellversténdnisses in Abhangigkeit von der Jahrgangsstufe
und spezifischen biologischen Kontexten. Um das Metawissen der Schiiler Gber Modelle und
Modellbildung gezielt foérdern zu koénnen, sollten daher spezifische Unterrichtsansatze

entwickelt und begleitend das Modellverstandnis der Schiiler erfasst werden.

Die empirische Forschung zum Modellverstandnis ist weitgefachert und bietet verschiedene
Rahmenkonzepte und Evaluationsinstrumente (z.B. Treagust et al. 2002; Krell et al. 2014;
Wen-Yu Lee et al. 2017). Dabei gilt die Studie von Grosslight und Kollegen (1991) als
Grundlage fur die Erforschung des Verstandnisses von Modellen und ihrer Anwendung in der
Wissenschatt. Sie eruierten funf Aspekte (Arten von Modellen, mehrere Modelle fir die gleiche
Sache, Zweck der Modelle, Design und Erstellung von Modellen, und die Anderung eines
Modells) und beschrieben drei allgemeine Verstandnislevel von Modellen (Niveau | bis 1) und

ihre Verwendung in der Wissenschatft.
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Eine Forderung des Modellverstandnisses kann im Hinblick auf drei Perspektiven erreicht
werden: Aus der Betrachtungsperspektive sollten Modelle als Trager von Wissen und Ideen
von dem ihm zugrundeliegenden Denkmodell abgegrenzt werden (Upmeier zu Belzen 2013).
Die Herstellungsperspektive (Modell von etwas) bericksichtigt die Beziehung zwischen dem
Denkmodell und dem Original bezlglich subjektiv ausgewéahlter Bereiche der Realitat. Die
Anwendungsperspektive (Modell fur etwas) macht deutlich, dass durch Falsifizierung oder
Verifizierung einer zu prifenden Hypothese das Denkmodell abgeldst oder verandert werden

kann (Upmeier zu Belzen & Kriiger 2010; Upmeier zu Belzen 2013).

3.3 Ziele und Fragestellungen der Teilarbeiten

Die vorliegende Arbeit befasst sich mit modell-gestiitztem Lernen zum Thema ,DNA-Struktur®
im aul3erschulischen Lernort Labor mit der Intention im Rahmen eines exemplarischen
Unterrichtsmoduls fur die Sekundarstufe das Wissen und das Modellverstandnis der Schiler
zu steigern. Es werden hierbei zwei unterschiedliche methodische Anséatze hinsichtlich ihrer
Effektivitat untersucht. Das kreative und selbststandige Entwickeln eines DNA-Modells
gegeniber dem Betrachten und Untersuchen eines handelsiblichen DNA-Schulmodells.
Anhand des Vergleichs von Wissenserwerb und kognitiver Belastung lasst sich die
instruktionale Effizienz beider Lernmethoden bestimmen. Zur Evaluation des eigenstandigen

Modellierens werden Kreativitdt und Modellqualitat erfasst (s. Abb 1).

Teilstudie A Teilstudie B Teilstudie C Teilstudie D

Modellieren Modellieren Modellieren Modellieren
im im VS. VS.
Schilerlabor Schilerlabor Modell- Modell-
betrachten betrachten
) Instruktionale
) W.rs.se__n ! Effizienz: Modell-
Intervention Kreativitat und , .. ,
delavalitit ijs.?en & verstdndnis
Modelq Cognitive Load

Abb. 1 Ubersicht zu den Teilarbeiten der Gesamtstudie.
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Teilstudie A: Unterrichtsmodul zum kreativen Modellieren im Schilerlabor

Der Fokus von Teilstudie A liegt auf der Entwicklung eines schulerzentrierten
Unterrichtsmoduls fir die 9. Jahrgangsstufe am auf3erschulischen Lernort Labor, welches an
Inhalte des bayerischen Lehrplans ankniipft und diese vertieft behandelt (ISB 2007). Neben
der Vermittlung von fachlichem Wissen zum Thema DNA-Struktur, filhren die Schiler
Experimente in einem authentischen Lernsetting durch, erstellen selbststandig
Versuchsprotokolle und entwickeln mit Hilfe verschiedenster Materialien eigene Modelle der
DNA-Struktur. Dabei soll die Verknipfung experimenteller Beobachtungen mit theoretischem
Fachwissen zum Aufbau der DNA Uber eine kreative Modellierungsphase einen wesentlichen
Ansatzpunkt bieten, um Lernschwierigkeiten aus dem Fachbereich Genetik
entgegenzuwirken. So ist bekannt, dass mangelndes Grundwissen uber die Strukturen der
verschiedenen Organisationsebenen (Gen, Chromosom, Zelle) zu Missverstandnissen Uber
die Prozesse zur Weitergabe genetischer Informationen fuhren kénnen (Lewis & Wood-
Robinson 2000). Weitere relevante Fehlvorstellungen sind aus dem Fach Chemie zu nennen:
Schuler kdnnen Schwierigkeiten haben, Atome und Molekile voneinander zu unterscheiden
oder sie betrachten Atome grundsatzlich als gruppierte Einheiten (Harrison & Treagust 1996;
Griffiths & Preston 1992). Die Kombination von experimentellen Untersuchungen und der
Entwicklung eines Modells bietet dabei eine geeignete Mdglichkeit, verschiedene
Organisationsebenen zu verknipfen sowie den naturwissenschaftlichen Weg der
Erkenntnisgewinnung nachzuvollziehen. Dabei soll eine Wissenssteigerung und eine
Forderung des Modellverstandnisses erreicht werden. Positive Effekte auf den Wissenserwerb
konnten bereits (Langheinrich & Bogner 2016) mit einem elearning-gestitztem

Unterrichtsmodul zur DNA fur die 11.Jahrgangsstufe zeigen.

Teilstudie B: Wissen, Kreativitat und Modellqualitat beim Hands-on Modellieren

Die Modellbildung als typische naturwissenschaftliche Arbeitsweise nimmt bei der Forderung
nach authentischen Zugangen in der naturwissenschaftlichen Ausbildung eine besondere
Stellung ein (Gilbert 2004). Im Fachbereich Genetik bietet die Entwicklung von Modellen im
Unterricht eine anspruchsvolle und effektive Moglichkeit um abstrakte Prozesse zu
veranschaulichen und verstehen zu konnen (Rotbain et al. 2006). Nach Meinung von
naturwissenschaftlichen Lehrern ist erfolgreiches Modellieren gepragt von Kreativitat und
Kommunikation (van Driel & Verloop 1999). Ausgehend von einem schulerzentrierten
Lernsetting, dass Hands-on Experimente mit Modellierung verknipft, befasst sich Teilstudie B
mit der Rolle der Kreativitat auf den Wissenserwerb sowie auf die Modellgualitat. Zum Erfassen
des komplexen Konstruktes der Kreativitat wird eine Skala fur Jugendliche verwendet, die

zwischen den kreativen Teilaspekten ,act’ (bewusste und trainierbare kognitive Prozesse) und
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,Flow* (energiegeladene, fokussierte und enthusiastische Gefuihle) unterscheidet (Conradty &
Bogner 2018). Da Geschlechterunterschiede hinsichtlich kreativer Leistungen in der Literatur
kontrovers diskutiert werden (Shin et al. 2002; Besancon & Lubart 2008), sollen auch diese

untersucht werden.
Die konkreten Fragestellungen der Teilstudie B sind:

(1) Inwieweit beeinflusst selbststandiges Modellieren in einem experimentellen Hands-on
Modul die kurz- und mittelfristigen kognitive Leistung der Schiler?

(2) Gibt es Zusammenhdnge zwischen dem individuellen Kreativitatsniveau und der
kognitiven Leistung, wenn Modelle in einem Hands-on Modul konstruiert werden?

(3) Wie hangt die Modellqualitdit mit dem individuellen Kreativitatsniveau und der
kognitiven Leistung zusammen?

(4) Bestehen geschlechtsspezifische Unterschiede hinsichtlich der untersuchten Variablen

(Wissen, Kreativitat, Modellqualitat)?

Teilstudie C: Vergleich der instruktionalen Effizienz

Modelle und Modellbildung nehmen eine wichtige Schlusselrolle im Prozess der
naturwissenschaftlichen Erkenntnisgewinnung ein, nationale Bildungsstandards
unterstreichen ihre Bedeutung als feste Bestandteile in Lehrplanen zur Entwicklung von
naturwissenschaftlicher Kompetenz (KMK 2005; NGSS Lead States 2013). Als geeignete
Strategie fur das Lehren und Lernen durch Modellierungsaktivitaten verweisen mehrere
Studien auf das grol3e Potential modellierungsbasierter Lernansatze, um ein tieferes
Verstandnis eines beobachteten wissenschaftlichen Phanomens zu erlangen (Barab et al.
2000; Maia & Justi 2009). Dennoch favorisieren viele Lehrer den unkomplizierten Einsatz von
Modellen als reine Anschauungsobjekte, hauptsédchlich um bestimmte Aspekte zu
veranschaulichen und inhaltliches Wissen zu vermitteln (Gilbert et al. 2000; Upmeier zu Belzen
2013). Ziel von Teilstudie C ist der Vergleich von Wissenserwerb und kognitiver Belastung
zwischen eigenstandigem Modellieren und untersuchendem Modellbetrachten als
Lernmethoden in einem experimentellen Unterrichtsmodul im Schiilerlabor. Ausgehend von
den erfassten Daten lassen sich die instruktionale Effizienz als standardisierte Differenz von
geistiger Anstrengung und der Lernleistung fir beiden Methoden ermitteln sowie

Empfehlungen fur die Arbeit mit Modellen im Biologieunterricht ableiten.
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Die konkreten Fragestellungen der Teilstudie C sind:

(1) Wie beeinflussen modellbasierte Ansétze kurz- und mittelfristige kognitive Leistungen
von Schulern, wenn selbststdndiges Modellieren oder Modellbetrachtung in einem
experimentellen Hands-on Modul angewendet werden?

(2) Inwiefern wirken sich die beiden modellbasierten Ansétze auf die kognitive Belastung
der Schiler aus?

(3) Welchen Einfluss haben die beiden implementierten Lernmethoden hinsichtlich ihrer
instruktionalen Effizienz, d.h. dem standardisierten Unterschied zwischen mentaler

Anstrengung und (Wissens-)Leistung?

Teilstudie D: Vergleich des geforderten Modellverstandnisses

Der Schwerpunkt der Teilarbeit D liegt auf der vergleichenden Untersuchung von Einflissen
auf das Modellverstandnis der Schiler durch implementierte Lernmethoden. Die
Wertschatzung der Schiler fir Modelle ist oft begrenzt und kann haufig als naiv bewertet
werden, wenn sie Modelle als physische Kopien eines biologischen Originals beschreiben
(Grosslight et al. 1991). Dartber hinaus sind sich Schiler kaum Uber die Bedeutung der
Modellbildung als wissenschaftliche Methode zum Verknipfen theoretischen Wissens mit
praktischen Beobachtungen bewusst (Grunkorn et al. 2014). Inwieweit modellbasierte
Lernmethoden zu einer Férderung des Modellverstandnisses beitragen kénnen, soll durch den
Einsatz geeigneter qualitativer und quantitativer Methoden hinsichtlich der Aspekte ,Alternative
Modelle’, ,Modelle als exakte Nachbildungen® und ,Veranderlicher Charakter

wissenschaftlicher Modelle* evaluiert werden.
Die konkreten Fragestellungen der Teilstudie D sind:

(1) Welchen Einfluss haben die beiden modellbasierten Ansétze auf die Argumentation
der Schiiler im Hinblick auf alternative Modelle in der Wissenschaft?

(2) Inwieweit kann durch die beiden Ansatze das Verstdndnis der Schiler von
wissenschaftlichen Modellen als exakte Nachbildungen korrigiert werden?

(3) Lasst sich durch modellbasierte Aktivitaten das Verstandnis der Schiler vom sich

verandernden Charakter wissenschaftlicher Modelle férdern?
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3.4 Methoden
3.4.1 Teilnehmer und Studiendesign

Im Frihjahr 2017 besuchten zwolf 9.Klassen aus acht bayerischen Gymnasien das
Schilerlabor der Universitat Bayreuth und nahmen am eintagigen Unterrichtsmodul ,Einfach
GENial'! Die DNA als Trager der Erbinformation® teil. Die Schiler wurden als Novizen
betrachtet, da der Fachbereich Genetik erstmalig in der 9.Jahrgangsstufe im bayerischen
Gymnasiallehrplan verankert ist (ISB 2007). Die betreuenden Lehrkrafte waren zusatzlich
aufgefordert, vor und wahrend des gesamten Zeitraums der Datenaufnahme keine fachlichen
Inhalte zum Thema DNA-Struktur im Unterricht zu behandeln. Ausgehend von den
unterschiedlichen Fragestellungen und Zielen der Teilstudien variiert die Anzahl der
Studienteilnehmer sowie das Design innerhalb der Gesamtstudie. Geringfligige
Abweichungen der Stichprobengrol3e bei der Beantwortung einzelner Fragestellungen der
Teilarbeiten sind mit der unterschiedlichen Anzahl von vollstandig ausgefiliten Instrumenten

innerhalb der Gesamttests zu begrinden.

Teilstudie A befasst sich mit der Konzeption des experimentellen Unterrichtsmoduls in
Kombination mit kreativem Modellieren (s. 3.4.3) und bildet die Basis fir die
Folgeuntersuchungen von Teilstudie B: In der Teilstichprobe der ,Modellierer’ (n= 114; Alter
M + SD=14,45 + 0,69; 40.87% weiblich) konstruierten die Schiler in der Modell-Phase
selbststandig mit Hilfe einer Modellierungsbox ein eigenes Modell der DNA-Struktur.

Fir die Teilstudie C und die Teilstudie D wurden in der Gesamtstichprobe insgesamt Daten
von 254 Schilern erhoben (Alter M £ SD= 14,48 + 0,70; 52,8% weiblich). Diese wurden nach
Klassen zufallig auf zwei Treatments aufgeteilt: 120 Schiler wurden der bereits genannten
Gruppe der ,Modellierer zugeordnet, wohingegen in der Gruppe der ,Modellbetrachter’ 134

Schiler ein handelstibliches Schulmodell der DNA-Struktur untersuchten.

Uber einen ,Mixed-method‘ Ansatz werden in Teilstudie B und Teilstudie D qualitative und
guantitative Methoden kombiniert. Teilstudien C weist ein rein quantitatives Messdesign auf.
Die Datenerhebung erfolgte im Rahmen eines quasi-experimentelle Studiendesigns Uber drei
Testzeitpunkte mittels eines schriftlichen Testbogens (,paper-and-pencil’): Die Schuler fullten
die Fragebdgen zwei Wochen vor dem Besuch des Schilerlabors aus (TO), direkt im
Anschluss an das Unterrichtsmodul (T1) und sechs Wochen spéter (T2). Damit die Testbégen
untereinander zugeordnet werden kénnen, kennzeichneten die Schiler diese mit einem
vertraulichen Code, der sich aus Geschlecht, Geburtsmonat und —jahr, dem Vornamen der

Mutter und der Hausnummer zusammensetzt.

Zur Kontrolle von Effekten wiederholter Messungen beantworteten zwei weitere 9.Klassen am

Gymnasium als Test-Retest-Gruppe die eingesetzten Fragebdgen ohne Teilnahme am
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Unterricht (n=39; Alter M + SD= 14,69 + 0,57; 100.0% weiblich). Die Test-Retest-Gruppe wurde

ebenfalls zu drei Testzeitpunkten befragt.

3.4.2 Erhebungsinstrumente und Datenauswertung

Die Genehmigung zur Befragung der Schiler wurde am 16.02.2017 erteilt (X.7-
B0O5106/149/10). Die eingesetzten Fragebdgen umfassten mehrere Messinstrumente, die
nach den Fragestellungen der einzelnen Teilarbeiten spezifisch untersucht wurden. Die
zufallige Rotation von Items und Antwortoptionen wurden genutzt, um Reihenstellungseffekten
zu begegnen, wenn die Instrumente von den Schilern wiederholt iiber mehrere Testzeitpunkte

beantwortet wurden (Rost 2004).

Die statistische Datenauswertung erfolgt Gber das Programm IBM SPSS Statistics (Versionen
23.0 und 24.0), soweit nicht anders angegeben. Teilstudie A beschreibt die Entwicklung und
den Aufbau des Unterrichtsmoduls, der Einsatz von Erhebungsinstrumenten zur Uberprifung
der Effektivitat der implementierten Lernmethode erfolgte Uber die Teilstudien B bis D. In den
Teilstudien B und C wurden aufgrund von nicht-normalverteilten Werten einiger Variablen
nicht-parametrische Analysemethoden zur Hypothesentberprifung verwendet. In der
Teilstudie D wurde ausgehend von normalverteilten Daten parametrische Tests durchgefuhrt
(Field 2013).

Teilstudie B konzentrierte sich auf die Teilstichprobe der ,Modellierer’ und evaluierte den
Wissenserwerb, die individuelle Kreativitat und die Qualitat der konstruierten DNA-Modelle.
Weitere Ziele waren die Erforschung der Abhangigkeiten dieser Variablen untereinander sowie
die Untersuchung von Geschlechterunterschieden. Zur Erfassung des Wissensstandes zu den
drei Testzeitpunkten wurde ein Multiple-Choice-Wissenstest verwendet (in Teilen adaptiert von
(Langheinrich & Bogner 2016). Der Fragebogen umfasste drei3ig Items von variierendem
Schwierigkeitsgrad, wobei zw0lf Items das projektorientierte Wissen uber die Laboraktivitaten
und achtzehn Items das inhaltliche Wissen der Modellphase untersuchten (s. Anhang V). Den
Schiler wurden vier Antwortméglichkeiten geboten, von den jeweils nur eine korrekt war. Zur
statistischen Auswertung wurden richtige Antworten mit ,1° und falsche Antworten mit ,0°
gewertet, maximal konnten 30 Punkte erreicht werden. Zusatzlich wurde die Kreativitat im
Vortest (TO) mit dem modifizierten Fragebogen von Conradty und Bogner (2018) Uber eine
vierstufige Likert-Skala von ,1' (nie) bis ,4‘ (sehr h&aufig) gemessen (s. Anhang IX). Dabei
untersuchte das Messinstrument zwei Subskalen: ,act’ umfasst bewusste und trainierbare
kognitive Prozesse und ,Flow‘ beschreibt Elemente von Flow-Erfahrungen, einem mentalen
Zustand der Kreativitat. Zur Bewertung der Qualitat der DNA-Modelle wurde das bestehende
Kategoriensystem von (Langheinrich & Bogner 2015) fur die 9. Jahrgangsstufe im Hinblick auf

die erwartete Leistung und den Inhalt des Unterrichtsmoduls angepasst. Ausgehend von den
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DNA-Modellen und dazugehorigen, beschrifteten Skizzen konnten funf Kategorien analysiert
werden (z.B. Kategorie BA1 ,Basen’). Die DNA-Modelle und Zeichnungen wurden mit Hilfe
eines Punktesystems (max. 19 Punkte) entsprechend den dargestellten strukturellen
Eigenschaften der DNA bewertet (z.B. Kategorie BA1 ,Basen‘: symbolisierte Basen - 1 Punkt,
symbolisierte und beschriftete Basen - 2 Punkte, symbolisierte Basenpaare - 3 Punkte,
symbolisierte und beschriftete Basenpaare - 4 Punkte). Die Objektivitdt des Kategorien-
systems wurde durch Intra- und Interraterreliabilitdt Gberprift und eine substantielle
Ubereinstimmung festgestellt (Cohens kappa > 0,693; (Landis & Koch 1977). Die ermittelten
Werte fUr den Wissenserwerb, die Kreativitat und die Modellqualitat bildeten die Grundlage flr
den Geschlechtervergleich und die Berechnung von Korrelationen. Die Anderungen des
Wissens innerhalb der drei Testpunkte wurden mithilfe von Friedmans ANOVA und Wilcoxons
post-hoc-Tests analysiert. Um Geschlechterunterschiede zu testen, wurden Mann-Whitney-U-
Tests (MWU) durchgefihrt. Abhangigkeiten der Variablen untereinander wurden durch

Spearman’s Rho Korrelationen untersucht.

Der Fokus von Teilstudie C lag auf dem Vergleich der instruktionalen Effizienz der beiden
Lernmethoden, ermittelt aus der kognitiven Leistung (Wissenszuwachs) und der geistigen
Anstrengung. Zur Bestimmung des kurz- und mittelfristigen Wissenserwerbs wurde der bereits
beschriebene Multiple-Choice-Wissenstest Uber drei Testzeitpunkte eingesetzt und
Unterschiede zwischen den Treatmentgruppen untersucht. Die statistischen Analysen zum
Wissenserwerb waren vergleichbar mit denen zu Teilstudie B. Dartber hinaus wurde die
kognitive Belastung (Cognitive Load; Paas et al. 2003) durch Messung der mentalen
Anstrengung als Index des Cognitive Loads gemessen (van Gog & Paas 2008). Basierend auf
einer eindimensionalen neunstufigen Likert-Skala gaben die Schiiler ihre geistige Anstrengung
wahrend des Unterrichtsmoduls tber acht Zeitpunkte an (s. Anhang Xl). Fir die vier Phasen
des Unterrichtsmoduls (PreLab-Phase, experimentelle Phasen, Modell-Phase, Interpretations-
Phase) wurde jeweils ein Wert erfasst, basierend auf einer Skala von ,1° (sehr, sehr geringe
geistige Anstrengung mentaler Aufwand) bis ,9° (sehr, sehr hohe geistige Anstrengung). Der
Mittelpunkt der Skala wurde definiert als durchschnittliche geistige Anstrengung im regularen
Biologieunterricht, um mdgliche individuelle Abweichungen zu minimieren (Scharfenberg &
Bogner 2011). Die instruktionale Effizienz ist definiert als standardisierter Unterschied
zwischen mentaler Anstrengung und (Wissens-)Leistung (s. Abb. 2). Zur Berechnung der
instruktionalen Effizienz der beiden modellgestiitzten Lernsettings wurden die Daten der
mittelfristigen Wissenssteigerung in der Modell-Phase (T2-T1; achtzehn Items) mit den Daten
zur geistigen Anstrengung bei der Arbeit mit den Modellen kombiniert. Dabei wurden die Daten
auf z-Werte normiert und in zwei orthogonalen Achsen dargestellt (Sweller et al. 2011).

Zusatzlich wurden die Erfahrungen mit Modellen und mit der Entwicklung eigener Modelle im
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naturwissenschaftlichen Unterricht Uber eine funfstufige Likert-Skala von ,1‘ (niemals) bis ,5°

(immer) erfasst (s. Anhang X).
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Abb. 2 Durch die Berechnung der instruktionale Effizienz (IE) ist es mdglich, Aussagen Uber die
relative Effizienz (E = (Zperformance — Zmental effor))/N2; (Paas & van Merriénboer 1993)
verschiedener Unterrichtsbedingungen einzuholen. IE ist der berechnete senkrechte
Abstand zur Referenzlinie (E= 0), der die durchschnittliche IE darstellt, d.h. ein Gleichgewicht
zwischen mentaler Anstrengung und (Wissens-) Leistung liegt vor.

IE flr drei exemplarische Lernsettings: I-A: durchschnittlich; 1-B: niedrig; I-C: hoch

In Teilstudie C wurde die Entwicklung des Modellverstandnisses unter dem Einfluss der
beiden Unterrichtsbedingungen verglichen. Zur qualitativen Evaluation des Verstandnisses
Uber alternative Modelle beantworteten die Schiler eine offene Frage direkt nach dem
Unterrichtsmodul (T1) und sollten dabei erklaren, warum es zu einem biologischen Original
(wie der DNA-Struktur) verschiedene Modelle geben kann (s. Anhang Xll). Die
Schilerantworten wurden mittels der qualitativen Inhaltsanalyse induktiv kategorisiert
(Mayring 2015). Das entwickelte System umfasste funf verschiedene Kategorien (MM1:
unterschiedliche Ideen und Konzepte, MM2: Individualitdt der DNA; MM3: unterschiedliches
Modeldesign; MM4: unterschiedlicher Fokus und MM5: unterschiedliche Forschungsstande).
Die Objektivitatsprufung durch Intra- und Interraterreliabilitdt bestatigte eine substantielle
Ubereinstimmung des Kategoriensystems (Cohens kappa > 0,651; Landis & Koch 1977). In
der Folge wurden die Antworthaufigkeiten zwischen den Treatmentgruppen verglichen, d.h.
die relativen Haufigkeiten bei der Nennung der Kategorien. Zur quantitativen Untersuchung

des Modellverstandnisses uber drei Testzeitpunkte wurden die beiden Subskalen ,Modelle als
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exakte Nachbildungen’ (ER) und ,Veranderlicher Charakter wissenschaftlicher Modelle* (CNM)
des SUMS Fragebogens eingesetzt (Students’ understanding of models; (Treagust et al.
2002). Die Schuler konnten aus einer funfstufigen Likert-Skala Antwortmaoglichkeiten von 1
(stimme absolut nicht zu) bis ,5° (stimme stark zu) wahlen (s. Anhang VIII). Zur Bestatigung
der Skala als geeignetes Messinstrument wurden die sieben Items beider Subskalen einer
Faktorenanalyse unterzogen (Hauptachsenanalyse, Varimax-Rotation). Fur den Vergleich der
beiden Subskalen zwischen den Treatmentgruppen wurde jeweils eine Varianzanalyse
(ANOVA) mit anschlieRendem post-hoc-Tests mit Bonferroni-Korrektur fiir jeden Testzeitpunkt
durchgefuhrt. Die Analysen innerhalb einer Gruppe Uber verschiedene Testzeitpunkt hinweg

wurden mit einer ANOVA mit Messwiederholung untersucht.

3.4.3 Unterrichtsmodul

Das eintdgige Unterrichtsmodul ,Einfach GENial! Die DNA als Trager der Erbinformationen®
(270 min 2 6 Schulstunden) wurde am aufRerschulischen Lernort Labor an der Universitat
Bayreuth flr Schiler der 9.Jahrgangsstufe angeboten. Die Inhalte des Moduls kniipfen eng an
den bayerischen Lehrplan des Gymnasiums an und bieten durch schilerzentrierte Hands-on
Erfahrungen im Schilerlabor einen besonderen Zugang zum Thema DNA-Struktur (ISB 2007).
Das Unterrichtsmaterial und der Ablauf der Hands-on Phasen wurden zuvor in einer Pilotstudie
getestet und optimiert. Die entwickelten Lernmaterialien bauen auf der Arbeit von Langheinrich

(2015) auf und wurden fur die 9.Jahrgangsstufe adaptiert (s. Anhang Unterrichtsmaterialien).

Der Labortag war in funf Phasen gegliedert: eine PreLab-Phase, zwei experimentelle Phasen,
eine Modell-Phase und eine Interpretations-Phase (s. Tab. 1). Wahrend der gesamten
Intervention leitete die selbe Lehrkraft die schileraktiven Unterrichtsabschnitte jeweils Uber
eine kurze theoretische Hinfihrung an und diskutierte im Anschluss die entsprechenden
Teilergebnisse im Plenum. Die Schiler arbeiteten grof3tenteils selbststandig in Partnerarbeit
und wurden anhand ein speziell konzipierten Arbeitshefts mit Informationen zu
Arbeitstechniken, Versuchsanleitungen und Aufgabenstellungen durch die einzelnen Phasen

des Projekttages geftihrt.
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Tab. 1. Ablauf, Unterrichtsinhalte und ausgewahlte Schileraktivitdten der einzelnen Phasen
des Hands-on Moduls ,Einfach GENial! Die DNA als Trager der Erbinformationen”.
Zeit . : y . —_
(min] Phase Unterrichtsinhalt ausgewahlte Schuleraktivitaten
50 PreLab-Phase  Seid vorbereitet! Umgang mit der Mikropipette
So arbeiten Forscher im Bedienen einer Zentrifuge
Genlabor Dekantieren
60 experimentelle  Spinnt eure DNA! Hypothesenbildung zur Uberfiihrung
Phase 1 Der stoffliche Charakter eines Straftaters mittels DNA-Spur
der DNA Isolierung eigener DNA aus
Mundschleimhautzellen
Unterscheidung zwischen Stoff- und
Teilchenebene am Beispiel der DNA
60 experimentelle  Macht das Unsichtbare Einfiihrung in die Methode der
Phase 2.1 sichtbar! (Teil 1) Agarose-Gelelektrophorese
Die Agarose- Aufarbeiten der Probe der eigens
Gelelektrophorese — eine isolierten DNA
wichtige Methode im
Genlabor
60 Modell-Phase  Auf den Ful3spuren zweier Beantworten von Verstandnisfragen
GENies! zum Informationstext
So lésten Watson & Crick Entwicklung eines eigenen DNA-
das molekulare Puzzle der Modells (Modellierer)
DNA-Struktur oder
Uberprufen der beantworteten Fragen
anhand eines DNA-Schulmodells
(Modellbetrachter)
Anfertigen einer beschrifteten Skizze
der DNA-Struktur
25 experimentelle  Macht das Unsichtbare Betrachten und Analysieren der
Phase 2.2 sichtbar! (Teil 2) Ergebnisse der Agarose-
Ergebnisse der Agarose- Gelelektrophorese
Gelelektrophorese
15 Interpretations- DNA — Ein Makromolekdl Gruppendiskussion zu den

Phase

des Lebens:

Zusammenfassung des
Projekttages

experimentellen Ergebnissen
Verknipfung mit den gebauten DNA-
Modellen bzw. dem Schulmodell der
DNA-Struktur.

Um Lernschwierigkeiten aufgrund fehlender experimenteller F&higkeiten vorzubeugen,

begann das Unterrichtsmodul mit einer einflhrenden PreLab-Phase, in der die Schiler mit

wichtigen Geraten und Arbeitstechniken

im Schulerlabor vertraut gemacht wurden

(Scharfenberg & Bogner 2011). Ausgehend von der Fahndungsmeldung zu einem ungeklarten

Mordfall bildeten die Schiler im Anschluss Hypothesen, wie ein Tater einwandfrei anhand
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seiner DNA-Spuren uberfiihrt werden kdnnte. Die Lehrkraft leitete anhand der verschiedenen
genetischen Organisationsebenen (Chromosom, DNA, Gen) zum ersten Versuch Uber, in
welchem die Schiler ihre eigene DNA aus Mundschleimhautzellen isolierten. Um die DNA auf
molekularer Ebene sichtbar zu machen, fiihrten die Schiler in der zweiten experimentellen
Phase eine Agarose-Gelelektrophorese mit der aufgearbeiteten Probe ihrer zuvor isolierten,

eigenen DNA durch.

Die Modell-Phase nahm eine Schlisselrolle im Unterrichtsmodul ein, indem sie den Schiilern
wichtige theoretischen Informationen zum Aufbau der DNA-Struktur vermittelte und die beiden
experimentellen Phasen hinsichtlich der Stoff- und Teilchenebene der DNA inhaltlich
verknupfte (z.B. ,Welche Komponente ist fur die Migration der DNA im elektrischen Feld
verantwortlich?"). Dabei folgten die Schiler den Spuren von Watson und Crick beim Ldsen
des molekularen Puzzles anhand eines didaktisch reduzierten Informationstextes. Dieser
bezog sich auf einen originalen Brief, den Francis Crick 1953 seinem damals zwdlf Jahre alten
Sohn geschrieben hatte. Als zentrale Bestandteile des DNA-Molekiils wurden im Text u.a. die
Phosphat-Zuckerketten als DNA-Rickgrat, Namen und Anordnung der Basen, mdogliche
Basenpaarungen und die rechtshandige Doppelhelix-Struktur genannt. Nach dem Lesen
beantworteten die Schiler Verstandnisfragen im Arbeitsheft (z.B. ,Benenne die Basen der
DNA und gib moégliche Basenpaarungen an!*). Bei der Formulierung ihrer Antworten sollten
sie sich wesentliche Hintergrundinformationen zur DNA-Struktur bewusstmachen und mit der

Entwicklung eines gedanklichen Modells beginnen.

In der Folge wurden die beiden unterschiedlichen Ansatze zur Arbeit mit Modellen im
Unterricht realisiert: Die ,Modellierer* konstruierten selbststdndig mit Hilfe von DNA-
Modellierungsboxen, die eine Vielzahl von Materialien enthalten (z.B. Klebstoff, Schere,
Strohhalme, Pfeifenreiniger, Perlen, Pappkartchen, Filzstifte), ein eigenes Modell der DNA.
Wohingegen die ,Modellbetrachter’ ein handelsibliches Schulmodell der DNA-Struktur
betrachteten und untersuchten, indem sie die Substrukturen des Modells ihren mentalen
Modellbildern gegenlberstellten. AbschlieRend mussten sowohl ,Modellierer’ als auch
,Modellbetrachter’ eine beschriftete Skizze der DNA-Struktur erstellen und in einer
Modellevaluation die Grenzen der Modelle analysieren. In beiden Treatmentgruppen sollte die
Arbeit in Tandems die Kommunikations- und Problemlésefahigkeiten der Schiiler starken, die
auch von den Bildungsstandards im Fach Biologie neben der bloRen Vermittlung von
Fachwissen gefordert werden (KMK 2005).

In der abschlieRenden Interpretations-Phase wurden die experimentellen Ergebnisse unter zu
Hilfenahme der DNA-Modelle diskutiert und mit den eingangs formulierten Hypothesen

verglichen. Zusatzlich wurde eine Fotografie des originalen Modells von Watson und Crick
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prasentiert, um Unterschiede und Gemeinsamkeiten mit den gebauten DNA-Modellen bzw.

den DNA-Schulmodellen im Plenum zu erarbeiten und zu diskutieren.

3.5 Ergebnisse und Diskussion

Der Leitgedanke der Gesamtstudie basiert auf einer erfolgreichen Implementierung von
Hands-on Experimenten mit modellbasiertem Lernen. Im authentischen Lernsetting eines
Schilerlabors sollen die Schiler den naturwissenschaftlichen Weg der Erkenntnisgewinnung
anhand eines Zusammenspiels von experimentellen Beobachtungen und modellgestiitztem
Lernen zum Thema ,DNA-Struktur® erfahren. Dazu beschéftigte sich Teilstudie A mit der
Entwicklung eines Unterrichtsmoduls zum kreativen Modellieren im Lernort Labor. Die
Uberprufung hinsichtlich der Effektivitait sowie die Erforschung von Geschlechter-
unterschieden erfolgte in Teilstudie B unter den Aspekten Wissen, Kreativitdt und
Modellqualitat. In Teilstudie C wurden die instruktionale Effizienz von ,Modellieren* und
,Modellbetrachten‘ gegentuibergestellt und in Teilstudie D ausgewahlte Aspekte zur Steigerung
des Modellverstandnisses zwischen den Gruppen verglichen.

3.5.1 Teilstudie A

Zeitgemaler Biologie-Unterricht sollte neben dem blof3en Erwerb von fachlichen Inhalten
verstarkt diverse naturwissenschaftliche Kompetenzen fordern (KMK 2005): Im
Kompetenzbereich Erkenntnisgewinnung sollen Schiler u.a. das eigenstandige Formulieren
von Fragen und Hypothesen zu naturwissenschaftlichen Phanomenen lernen, Experimente
durchfiihren und deuten oder die Entwicklung und den Umgang mit Modellen lernen. Im
Kompetenzbereich Kommunikation ist die Darstellung von Methoden und die Argumentation
Uber Ergebnisse biologischer Untersuchungen zu nennen. Darliber hinaus ist in den letzten
Jahren verstarkt die Nachfrage an sogenannten STEAM-Ansatzen gestiegen (STEAM:
Science, Technology, Engineering, Arts, Math) mit dem Ziel durch die Integration kiinstlerisch-
kreativer Elemente in den naturwissenschaftlichen Unterricht Enthusiasmus zu vermitteln,
Selbststandigkeit zu fordern und dadurch kreative, problemlésende Denkweisen anzustofR3en
(Henriksen 2014). Um der Vielfalt dieser Forderungen nachzukommen, wurde ein
entsprechendes Unterrichtsmodul entwickelt, das kreatives Modellieren mit Hands-on
Experimenten in einem schuilerzentrierten Lernsetting im Schulerlabor zum Thema ,DNA-
Struktur® vereint. Die einzelnen Phasen und Schuleraktivtaten fir die 9.Jahrgangsstufe
(Gymnasium) werden detailliert unter 3.4.3 beschrieben. Die Intervention bildete die Basis flr
die Untersuchungen der Teilstudien B bis D, welche u.a. die Effektivitat der Lernmethodik
hinsichtlich Wissenserwerb und Modellverstandnis bestéatigten. Eine Realisierbarkeit

ausgewadhlter Inhalte des aufRerschulischen Moduls im reguléren Biologieunterricht war
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besonders im Hinblick auf die DNA-Modellierung angestrebtes Ziel von Teilstudie A. Dartber
hinaus wurden Mdglichkeiten fur eine Adaption in héheren Jahrgangsstufen aufgezeigt, z.B.

durch eine Fokussierung auf die atomare Ebene des DNA-Molekdls.

3.5.2 Teilstudie B

Teilstudie B beschéftigte sich mit dem kurz- und mittelfristen Wissenserwerb durch das
experimentelle Unterrichtsmodul mit kreativer Modellierungs-Phase. Die Untersuchung der
Qualitat des Messinstruments ergab ein akzeptable bis gute Item-Reliabilitdt fur die
Gesamtskala (T1/T2/T3: 0,74/0,87/0,86) sowie fir die Items der Modell-Phase (T1/T2/T3:
0,74/0,85/0,84) (Kline 2000). Eine Wissensanderung konnte Uber alle drei Testzeitpunkte
festgestellt werden, wobei der niedrigste Wissenstand im Vortest (TO) gemessen wurde,
gefolgt von einem Wissensanstieg im Nachtest (T1). Im Behaltenstest (T2) erfolgt eine
Wissensabnahme, jedoch lagen die ermittelten Werte signifikant héher als das Vortestlevel.
Demgegenuber zeigten die konstant niedrigen Wissensstéande fir die Test-Retest-Gruppe
Uber den gesamten Testzeitraum keinen Lerneffekt allein durch das Beantworten der
Wissensfragebogen. Die Reliabilitat des Messinstrumentes fur die drei Testzeitpunkte war
akzeptabel bis gut. Die Ergebnisse friiherer Studien bestatigen einen positiven Effekt auf die
kognitive Leistung durch den Besuch von Schilerlaboren im Fachbereich Genetik (Franke &
Bogner 2011; Goldschmidt et al. 2016; Langheinrich & Bogner 2016). Rotbain und Kollegen
(2006) konnten durch den Einsatz dreidimensionaler Modelle gegeniiber von Abbildungen

ebenfalls einen Wissenszuwachs bei der Vermittlung genetischer Fachinhalte feststellen.

Die Untersuchung von Geschlechterunterschieden beim Erwerb von Wissen ergab einen
signifikant niedrigeren Wissenstand der Madchen im Vortest, wohingegen keine
Abweichungen hinsichtlich der Nach- und Behaltenstestlevel zwischen den Geschlechtern
festzustellen waren. Folglich gab es einen geschlechtsabhéngigen Unterschied im
Wissenszuwachs (T1-TO) gegeniber einer geschlechtsunabhéngigen Wissensabnahme

sechs Wochen nach Besuch des Unterrichtsmoduls (T2-T1).

Die Reliabilitat der Skala zur Bestimmung der Kreativitat war hinreichend gut (0,74; Kline
2000). Die im Vortest gemessenen individuellen Kreativitatslevel fur die Subskalen ,Act’ und
,Flow' wiesen keine Unterschiede zwischen Schilerinnen und Schulern auf. In der Literatur
wird die Abhangigkeit der Kreativitdt vom Geschlecht kontrovers diskutiert; wahrend einige
Studien Frauen als kreativer einschatzen (Ulger & Morsiinbiil 2016), geben andere dies fiir
Manner an (Shin et al. 2002) oder es werden keinerlei geschlechtsspezifische Unterschiede
identifiziert (Besancon & Lubart 2008).

Die DNA-Modellierung fand in Partnerarbeit statt, weshalb die Geschlechteraufteilung sowie

die Vorwissensunterschiede in den Tandems als mdgliche Einflussfaktoren auf die
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Modellqualitdt und den Wissenserwerb wahrend der Modell-Phase geprift wurden. Die
Mehrheit der Schiler und Schilerinnen arbeitete in gleichgeschlechtlichen Paaren zusammen
(89,6%), was eine geschlechtsspezifische Untersuchung der Modellqualitét rechtfertigte.
Darlber hinaus waren die Vorwissensdifferenzen zwischen Schiler- und Schilerinnenpaaren

in der Gesamtheit vergleichbar.

Als Ergebnis der Modellierungs-Phase konstruierten die Teilnehmer vielfaltige DNA-Modelle
unterschiedlicher Qualitat mit beschrifteten Skizzen. Die Bewertung der Modellqualitat zeigte,
dass Madchen und gemischtgeschlechtliche Tandems (10,4%) signifikant besser strukturierte

DNA-Modelle erstellten als die Jungen.

In weiteren Analysen wurden Zusammenhénge von Wissen, Kreativitat und Modellqualitét
untersucht: Fir Schiler ergaben sich keine Korrelationen der Wissenslevel zu den drei
Testzeitpunkten mit den beiden Kreativitatssubskalen ,act' (bewusste und trainierbare
kognitive Prozesse) und ,Flow‘ (mentaler kreativer Zustand: energiegeladene, fokussierte und
enthusiastische Geflihle). Im Gegensatz dazu konnten bei Schiilerinnen positive Beziehungen
zwischen der Kreativitatssubskala ,Flow* mit dem kurz- und mittelfristigen Wissensniveaus
festgestellt werden (Spearman’s correlation coefficient r, = ,34**). Zusatzlich korrelierten die
Wissensstande in Nach- und Behaltenstests bei Madchen deutlich positiv mit der
Modellqualitat, was bei Jungen nicht der Fall war. Aufgrund vergleichbarer Wissenslevel
zwischen den Geschlechtern lag die Vermutung nahe, dass bei den Jungen andere Faktoren
zur Wissenssteigerung beitragen, z.B. der Zugang zu einem naturwissenschaftlichen
Arbeitsbereich in einem Universitatslabor oder die praktische Durchflihrung von Experimenten.
Damit stellte die kreative und kinstlerisch inspirierte Modellierungs-Phase ein geeignetes
Beispiel fur eine erfolgreichen STEAM-Ansatz dar, der eine erganzende Férderung der
Madchen im experimentellen Lernsetting gewahrleistete und die Gleichstellung der

Geschlechter unterstiitzte (Burkam et al. 1997).

Van Driel und Verloop (1999) berichten von einer Schlisselrolle der Kreativitat und der
Kommunikation bei der Modellbildung, da Modelle als Produkte menschlicher Gedanken
haufig in inspirierendem sozialen Austausch entstehen. Entgegen der Vermutung, dass
kreativere Schulerinnen und Schiler eine hohere Modellqualitat erreichen kénnten, lieen sich
in Teilstudie B fur beide Geschlechter keine Korrelationen zwischen der individuellen
Kreativitat und der Modellqualitdt beobachten. Genetik als abstraktes Thema kdnnte zu einer
hohen Belastung des Arbeitsgedachtnisses gefiuihrt haben und in der Folge zu einer
Einschrankung von Lernprozessen (Kirschner et al. 2006): Die Modellierer mussten sich
insbesondere auf die korrekte Ubertragung der Informationen aus dem Text in ein adaquates
DNA-Modell konzentrieren, wobei ihre individuelle Kreativitat durch Perfektionismus und strikte

Zielorientierung blockiert gewesen sein konnte (Grant et al. 2012).
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3.5.3 Teilstudie C

Ausgehend vom erworbenen Wissen und der kognitiven Belastung wurde in Teilstudie C die
instruktionale Effizienz der zwei modellbasierten Lernansatze (Modellieren vs. Modell-

betrachtung) verglichen.

In der Gesamtstichprobe war eine signifikante Anderung des Wissens Uber die drei
Testzeitpunkte festzustellen: Der Vorwissensstand (TO) lag niedriger als die erfassten
Wissenslevel direkt bzw. sechs Wochen nach dem Unterrichtsmodul. Der Wissenszuwachs
liel3 sich aufgrund steigender Werte im Nachtest (T1) bestatigen, gefolgt von einer leichten
Wissensabnahme im Behaltenstest (T2). In der Literatur finden sich ahnliche positive Effekte
auf den Wissenserwerb sowohl durch modellbasierte Lernanséatze als auch durch den Besuch
von Schillerlaboren (Henze & van Driel 2011; Scharfenberg & Bogner 2013). Demgegeniber

war keine Anderung der Wissensstande fur die Test-Retest-Gruppe festzustellen (vgl. 3.5.2).

Zwischengruppenanalysen untersuchten Unterschiede im Wissen Uber den Testzeitraum in
Abhangigkeit vom Treatment: Das Vorwissen und der kurzfristige Wissenserwerb der
Modellierer und der Modellbetrachter waren vergleichbar, jedoch wurden Abweichungen beim
mittelfristigen Wissenserwerb beobachtet. Im Behaltenstest erreichten die Modellbetrachter
signifikant hohere Werte, wobei der Unterschied zu den Modellierern noch deutlicher ausfiel,
wenn das Wissen zur Modell-Phase isoliert betrachtet wurden. Demnach lernten Modellierer
wider Erwarten weniger nachhaltig, obwohl das selbststandige Entwickeln von Modellen in der
Literatur als fruchtbare Methode im Naturwissenschaftlichen Unterricht beschrieben und ihr
Einsatz bildungspolitisch gefordert wird (Louca & Zacharia 2012; KMK 2005). Nach einer
Studie von Svoboda und Passmore (2013) erméglicht die Modellbildung das Erkennen von
Wissensliicken durch Hypothesenbildung und —tberprifung, welche wiederum zur Anpassung

und Optimierung eines entwickelten Modells fihren kdénnen.

Die erfassten Daten Uber die individuelle mentale Anstrengung in den einzelnen Phasen des
Unterrichtsmoduls variierten nicht wesentlich zwischen den Treatmentgruppen. Die
Vermutung, dass die Modellierer eine hdhere kognitive Belastung wahrnehmen oder eine
Uberlastung des Arbeitsgedéchtnisses durch die komplexen Anforderungen der Modellbildung
vorlag, musste zuriickgewiesen werden (Baddeley 1992). Vielmehr schienen beide Gruppen
gleichermal3en geeignete kognitive Schemata zu erstellen, um die neu erworbenen,
unorganisierten Informationen zum Thema DNA zu strukturieren und zu verarbeiten. (van
Merriénboer & Ayers 2005). Zuséatzlich konnte beobachtet werden, dass die kunstlerische
Komponente der Lernmethode und die freie Materialwahl die Modellierer positiv motiviert,

wodurch die mentale Anstrengung ebenfalls verringert worden sein kdnnte (Runco et al. 2017).

30



SYNOPSIS

Die instruktionale Effizienz beider Treatments wurde auf Basis der mittelfristigen
Wissenswerten und der erfassten kognitiven Belastung bezogen auf die Modell-Phase
ermittelt. Dabei war eine ahnliche mentale Anstrengung der implementierten Methoden
gekoppelt an unterschiedliche Wissensleistungen: Die Modellbetrachter wiesen eine geringere
Vergessens-Rate auf als die Modellierer, d.h. innerhalb der Modell-Phase war die
Wissensabnahme signifikant niedriger (T2-T1). Dieses Ergebnis bestatigt eine hohere
instruktionale Effizienz der Modellbetrachtung im Unterrichtsmodul gegeniber dem
Modellieren und deutet zundchst auf ein tieferes Verstandnis des theoretischen
naturwissenschaftlichen Hintergrundes fur die Modellbetrachter hin (Kirschner et al. 2006).

Eine plausible Erklarung fir die mittelfristigen Wissensunterschiede liefert die in Teilstudie B
erfasste variierende Modellqualitat der Modellierer. Wahrend die Modelbetrachter anhand
eines didaktisch aufbereiteten einpragsamen DNA-Modells lernten, mussten die Modellierer
die zur Verfigung stehenden Informationen selbststédndig in ein geeignetes Modell
transferieren. Bei dieser anspruchsvollen Aufgabe gelang es nur wenigen Schilern, ein
vollstandiges und korrektes Modell der DNA-Struktur zu konstruieren, was in der Folge zu
Fehlvorstellungen gefihrt haben koénnte. Die Anderung der Organisationsebenen zwischen
den Experimenten und der Modellphase als typische Schwierigkeit beim Verstandnis
genetischer Konzepte deckt sich mit der Literatur (Lewis & Wood-Robinson 2000;
Langheinrich & Bogner 2015). Daruber hinaus gaben die Schiiler an, sehr geringe Erfahrungen
bei der Entwicklung eigener Modelle im naturwissenschaftlichen Unterricht zu haben, was eine

erfolgreiche Modellierung zusatzlich erschwert haben kénnte.

3.5.4 Teilstudie D

Der Fokus der Teilstudie D lag auf der Forderung des Modellverstandnisses durch die
modellbasierten Lernansatze und untersuchte drei Teilaspekte (alternative Modelle, Modelle

als exakte Nachbildungen, veranderlicher Charakter wissenschaftlicher Modelle).

Die Schulerantworten auf die Frage nach alternativen Modelle zu einem biologischen Original
gaben Einblick uber das Modellverstandnis zu diesem Teilaspekt: In beiden Treatmentgruppen
begriindete die Mehrheit der Schiiler die Vielfalt an DNA-Modellen mit der Individualitat der
DNA-Struktur (Beispielantwort fir MM2: ,Jeder Mensch ist anders, also sind auch die Basen
in jedem Menschen anders angeordnet®). Solche Schilerantworten waren direkt verkniipft mit
spezifischen Inhalten des Unterrichtmoduls und nahmen daher eine Sonderstellung zur

Erklarung alternativer Modelle ein (Grunkorn et al. 2014; Krell et al. 2012).

An zweiter Stelle gaben die Schiler ein variierendes Modelldesign (MM3) als Erklarung an,
z.B. die Wahl des fir den Modellbau verwendeten Materials oder die Entscheidung, ob die

DNA in 2D oder 3D préasentiert wurde. In der Literatur deuten solche Argumentationen auf ein
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niedriges Verstandnisniveau hin, da sie sich ausschlieRlich auf Material- und
Designeigenschaften von Modellobjekten beziehen und Modelle als Lehrmittel betrachten

(Upmeier zu Belzen & Kriuiger 2010).

Am dritthaufigsten nannten die Schiler den Fokus des Modells als Grund fiir unterschiedliche
Darstellungsformen (Beispielantwort fir MM4: ,Um verschiedene Eigenschaften zu erklaren,
gibt es z.B. Modelle, bei denen man nur die Basenpaarungen sehen kann und andere, bei
denen die rechtshéndige Doppelhelixstruktur dargestellt ist, etc.”). Solche Begrindung

entsprechen einem mittleren Verstandnislevel (Grinkorn et al. 2014).

An vierter Stelle argumentierten die Schuler auf dem hochsten ,Level® und rechtfertigten die
Existenz alternativer Modelle mit unterschiedlichen Vorstellungen vom Original, die zu
verschiedenen Darstellungen eines Phanomens flihrten (Griinkorn et al. 2014). Einige gaben
auch an, dass all diese Modelle gleichzeitig gtiltig sein kbnnen. Nur eine geringe Anzahl an
Schilern zeigte ebenfalls ein vertieftes Verstandnis, wenn neue Forschungsergebnisse (MM5)
als Begriindung angegeben wurden. Die statistischen Analysen ergaben keine signifikanten
Unterschiede zwischen der Haufigkeitsverteilung der Kategorien in Abhangigkeit von der

Treatmentgruppe.

Fiur die quantitative Auswertung wurde zunéchst die Eignung des SUMS Fragebogens
Uberpruft (Students’ understanding of models; Treagust et al. 2002) und Uber
Faktorenanalysen bestatigt. Die Kaiser-Meyer-Olkin-Tests bestétigten die Stichprobeneignung
(KMO= 0,67), die deutlich Uber der akzeptablen Grenze von 0,5 lag. Der Bartlett-Test fiel
hochsignifikant aus, wodurch eine ausreichend hohe Korrelation zwischen den Items gegeben
war, um eine Hauptkomponentenanalyse durchzufiihren (Field 2013). Die explorative
Faktorenanalyse lieferte eine Zwei-Faktoren-Lésung, die die Faktorenstruktur der

Originalarbeit bestatigte.

Fir die Subskala ,Modelle als exakte Nachbildungen' (ER) wurde der hdchste Wert im Vortest
beobachtet, im Nachtest sank der Wert signifikant und nahm im Behaltenstest wieder zu. Die
empirischen Daten bestétigen die gangige Wahrnehmung von Modellen als einfache Kopien
im Vortest (Grosslight et al. 1991). Dieses Verstandnis gilt als naiv, da es Modelle in erster
Linie durch Genauigkeit und tbereinstimmende Details mit einer daraus resultierenden hohen
Ahnlichkeit zum Original beschreibt (Griinkorn et al. 2014). Eine mogliche Begriindung liegt
darin, dass Modelle hauptséachlich als Anschauungsobjekte im Unterricht Verwendung finden,
z.B. ein anatomisches Herzmodell, und weniger als naturwissenschaftliche Arbeitsmethode
eingesetzt werden (Oh & Oh 2011).

Ein gegenlaufiger Trend zeigt sich in der Subskala ,Veranderlicher Charakter

wissenschatftlicher Modelle* (CNM). Der niedrigste erfasste Stand wurde im Vortest gemessen,
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gefolgt von einem signifikanten Anstieg im Nachtest und einem Absinken im Behaltenstest.
Die beobachteten Vortestlevels deuten bereits auf eine Zustimmung mit dem sich &ndernden
Charakter von Modellen aufgrund neuer Erkenntnisse oder fortschrittlicher Technologien hin
und bestatigen die Originaldaten in der Literatur (Treagust et al. 2002). Dartiber hinaus kann
das Modellverstandnis der Schiler weiter gesteigert werden. Das Ergebnis lasst vermuten,
dass den Schilern der veranderliche Charakter von Modellen noch deutlicher bewusstwurde,
wahrend sie selbst den naturwissenschaftlichen Weg der Erkenntnisgewinnung mit Hilfe von

Modellen am Beispiel der DNA-Struktur im Unterricht nachvollzogen.

Die Zwischengruppenanalysen fir beide Subskalen des SUMS zeigten keine Unterschiede
zwischen den Modellierern und Modellbetrachtern zu allen Testzeitpunkten. Bisher wurden
selten Effekte modellbasierter Lernmethoden auf das Modellverstandnis untersucht, und kaum
Entwicklungen tiber mehrere Testzeitpunkte beschrieben (Dori & Barak 2001; Gobert & Pallant
2004). Die Ergebnisse von Teilstudie D sind im Einklang mit diesen friiheren Studien und
zeigen, dass die Arbeit mit Modellen im Unterricht neben der Vertiefung von fachlichem Wissen
auch dazu beitragen kann die Bedeutung und den Einsatz von Modellen in der Wissenschaft

Zu verstehen.

3.6 Schlussfolgerung und Ausblick

Fur den Vergleich der Effektivitdt zweier modellbasierter Lernanséatze in Kombination mit
experimentellen Hands-on Erfahrungen im Lernort Labor bildete die Konzeption eines
schulerzentrierten Unterrichtsmoduls den zentralen Ausgangspunkt fir weiterfihrende
Untersuchungen. Die Kopplung von Modellarbeit mit Experimenten zum Thema DNA-Struktur
erwies sich als A&uRerst effektiv hinsichtlich des Wissenserwerbs und des
Modellverstandnisses sowohl fur diejenigen Schiler, die kreativ und selbststandig ein DNA-
Modell entwickelten als auch fir solche die stattdessen ein handelstibliches DNA-Schulmodell
betrachteten und untersuchten. Dabei sind die modellbasierten Lernaktivitdten sowie
ausgewahlte Versuche des Moduls keinesfalls an den isolierten Einsatz im Schilerlabor
gebunden, sondern kdénnten mit angemessenem Aufwand auch in den Biologieunterricht in

der Schule integriert werden.

Genauere Analysen Uber die instruktionale Effizienz beider Lernsettings offenbarten jedoch,
dass die ,Modellbetrachter’ verglichen mit den ,Modellierern‘ bei ahnlicher kognitiver Belastung
einen geringeren mittelfristigen Wissensverlust aufwiesen. In der Folge bestatigte dieses
Ergebnis die hohere Effizienz des untersuchenden Modellbetrachtens gegeniber dem
kreativen Modellieren. Entwicklung, Uberpriifung und Anpassung von Modellen zéhlen zu den
elementaren Bausteinen der naturwissenschaftlichen Grundbildung (scientific literacy) und

sollen aus bildungspolitischer  Perspektive im Rahmen eines innovativen
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naturwissenschaftlichen Unterrichts gefordert werden. Demnach sollten zukinftige Arbeiten
geeignete Mallnahmen evaluieren, die zu einer Steigerung der instruktionalen Effizienz
solcher Unterrichtsansétze beitragen kénnen. Durch die Studie konnte aufgezeigt werden,
dass wahrend der komplexen und anspruchsvollen Modellierung auch fehlerhafte und/oder
unvollstandige Modelle konstruiert wurden, die wiederum zu Fehlvorstellungen tber die DNA-
Struktur fuhren koénnten. Die Erforschung zielfihrender MaRBnahmen fir eine fruchtbare
Modellevaluation stellt damit einen geeigneten Ansatzpunkt dar, die Modellbildung langfristig
als erfolgreiche Lernmethode im Biologieunterricht zu etablieren. Hierbei sollte auch die Rolle
der Lehrkraft als beeinflussende Variable bericksichtigt werden. Vor dem Hintergrund geringer
Erfahrungen mit der Entwicklung eigener Modelle im Unterricht, sollten zukiinftige Ansatze
verstarkt Gber den theoretischen Prozess der Modellbildung informieren, damit Schiller dieses
Metawissen auf konkrete biologische Sachverhalte oder beobachtete Ph&nomene erfolgreich

Ubertragen und anwenden kénnen.

Die Studie belegte weiterhin positive Auswirkungen auf mehrere Teilaspekte zur Anndherung
an ein naturwissenschattlich anerkanntes Modellverstéandnis. Argumentationen zu alternativen
Modellen in der Wissenschatft lieferten zunachst einen typischen Querschnitt fur die befragte
Altersgruppe und zeigten, dass eine Mehrheit Modellunterschiede mit variierenden
Eigenschaften des Originals (DNA) oder hinsichtlich des Designs begriindeten. Dies entspricht
eher einer Wahrnehmung von Modellen als Anschauungsobjekten und weniger als subjektiv
konstruierte Reprasentation eines Originals mit bestimmtem Fokus. Eine Foérderung des
Modellverstandnisses durch die Kombination von Experimenten mit Modellaktivitaten lie3 sich
schlie3lich eindeutig hinsichtlich einer verringerten Wahrnehmung von Modellen als exakte
Nachbildungen feststellen. Zusétzlich konnte die Uberzeugung der Schiler vom

veranderlichen Charakter von Modellen weiter gesteigert werden.

Mit der Evaluation des kreativen, selbststandigen Modellierens konnten sowohl
Geschlechtereffekte identifiziert, als auch interessante Einblicke Uber Zusammenhange
zwischen Wissen, Kreativitdt und Modellqualitat offengelegt werden. Obwohl Auswirkungen
der individuellen Kreativitat auf die Modellqualitdt nicht bestatigt werden konnten, so
profitierten besonders Schiilerinnen von der implementierten Modellierung: Sie bauten nicht
nur wesentlich exaktere Modelle, sondern ihre hohere Modellqualitat korrelierte auch positiv
mit dem Wissenserwerb und ermdglichte den Ausgleich von Vorwissensdefiziten gegenuber
den Schilern. Daruber hinaus wurden positive Beziehungen zwischen dem Wissenszuwachs
und kreativen ,Flow'-Erfahrungen fir Madchen gefunden. Der implementierte Unterricht stellte
damit ein gelungenes Beispiel fur die in den letzten Jahren geforderten STEAM-Ansatze dar
(STEAM: Science, Technology, Engineering, Arts, Math). Diese wollen bestehenden

Geschlechterunterschieden in den Naturwissenschaften entgegenwirken, indem die
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Begeisterung von Madchen durch die Integration kinstlerisch-kreativer Elemente bereits
wahrend der naturwissenschaftlichen Ausbildung in der Schule gesteigert werden soll. Gerade
die Modellbildung zeigt hierbei Potential, da es sich um eine facheribergreifende
naturwissenschaftliche Arbeitsweise handelt, die auch im Physik- und besonders im
Chemieunterricht eine bedeutsame Rolle einnimmt. Dies bestétigte auch die erfolgreiche

Implementierung der Studie im Kontext des molekularen Aufbaus der DNA.

In  Zukunft bietet die Evaluation von Lernansatzen zur Modellbildung im
naturwissenschaftlichen Unterricht weiterhin ein spannendes Forschungsfeld. Den Aufbau von
Modellkompetenz konsequent zu fordern sowie dem technischen Fortschritt zu folgen sind
aktuelle Herausforderungen. Verbunden mit dem Aufkommen innovativer digitaler
Methodenwerkzeuge, wird es schon bald problemlos méglich sein mit geringem Material- und
Vorbereitungsaufwand Modelle schnell und komfortabel auf Smartphones, interaktiven
Whiteboards oder Laptops im Klassenzimmer zu entwickeln. Dabei sollte nicht vergessen
werden, dass neben den in dieser Studie aufgezeigten Ansatzpunkten zusatzliche Fahigkeiten
von Schilern und Lehrkraften no6tig sind, um die Modellbildung als elementare

naturwissenschaftliche Methode zielfiihrend in einen innovativen Unterricht zu integrieren.
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5.2 Darstellung des Eigenanteils

Das Unterrichtsmodul in Teilstudie A wurde von mir eigenstandig entwickelt und
zusammengestellt. Die Ideen zu den verwendeten Arbeitsmaterialien (Experimente,
Versuchsanleitungen, Informationstexte, Arbeitsauftrage) wurden teilweise aus Quellen
entnommen und von mir adressatengerecht adaptiert oder selbststandig entworfen und
angefertigt. Der Unterricht bildete die Basis flr eine Interventionsstudie im

Demonstrationslabor Bio-/Gentechnik der Universitat Bayreuth.

Die Erhebung aller empirischen Daten, die Entwicklung der Fragestellungen, die statistischen

Analysen sowie die Interpretation der Ergebnisse erfolgte durch mich.

Die in den Teilarbeiten B bis D verwendeten Skalen wurden der Literatur entnommen und in
einigen Fallen gemalR den Fragestellungen adaptiert. Der Fragenkatalog zur Erfassung des
Schilerwissens wurde ebenfalls in Teilen der Literatur entnommen, von mir mit den Inhalten
und Anforderungen des Unterrichtsmoduls abgestimmt und ergéanzt (Teilstudie B und C). Fir
die Evaluation der Modellqualitdt (Teilstudie B) wurde ebenfalls auf ein bestehendes
Kategoriensystem aus der Literatur zuriickgegriffen und dieses von mir an die Fragestellung
angepasst. Das Kategoriensystem zur qualitativen Auswertung des Modellverstandnisses
(Teilstudie D) wurde induktiv von mir selbst erstellt.

Alle Teilarbeiten wurden von mir als Erstautorin eigenstandig konzipiert, verfasst und in

Zusammenarbeit mit meinem Mitautor Herrn Prof. Dr. Franz X. Bogner Uberarbeitet.
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Simply iInGEN(E)ious! How creative DNA-modeling can enrich classic
hands-on experimentation

Abstract

Innovative 21st-century methods for teaching biology should provide both content knowledge and
diverse scientific competencies. The Curriculum Guidelines of the American Society for Microbiology
highlight the importance of developing scientific thinking skills, which include the abilities to formulate
hypotheses, to communicate fundamental concepts effectively, and to analyze and interpret
experimental results. Additionally, contemporary science education should enhance creativity and
collaboration as key student assets in its bid to overcome negative perceptions and learning difficulties.
In recent years, the expanding movement for so-called “STEAM” approaches (science, technology,
engineering, arts, and math) has increased in STEM curricula. The movement seeks to integrate the arts
into science classes to transfer enthusiasm, support individual self-sufficiency, and encourage creative
solutions. To meet all these demands, we developed an inquiry-based approach that actively engages
students in hands- and minds-on activities on the topic of “decoding the DNA structure” in an outreach
laboratory. Since teaching abstract molecular phenomena is a challenge in biology classes, we combine
classical experimental tasks (DNA isolation, gel electrophoresis) with creative modeling. The
experiments are linked by the modeling phase: immersed in the story of the discovery of the DNA
structure, our participants independently construct a DNA model from a box filled with inexpensive
craft supplies (e.g., glue, straws, pipe cleaners, beads). After initial pilot testing, the implementation of
our approach clearly produced short- and mid-term learning effects among the students, providing a

successful example of a STEAM-based approach in a laboratory setting.

Keywords

genetics, DNA, models and modeling, creativity, outreach learning, hands-on learning, laboratory

exercise
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Introduction

The transmission of genetic information from DNA to gene actions within an organism, within
families, and within populations of organisms over many generations is a frequent subject of classroom
lessons. The broad and dynamic field of genetics can even be considered a form of information science,
in which discoveries are continually advancing our understanding of many other life sciences as well
D).

The discovery of DNA structure in 1953 was an important milestone for molecular genetics, as
two young researchers, James Watson and Francis Crick, won the race against other groups in
successfully decoding DNA’s double helix (2). Without completing their own experiments, they
managed to correctly interpret the complex X-ray crystallography work pioneered by Rosalind Franklin
and Maurice Wilkins (3). After discussion and mental modeling based on Watson and Crick’s suspicions
regarding a helical DNA structure, they built a physical DNA model. Built from simple shining metal
plates to weld together the atoms, the scientists conceived a model which connected the X-ray data with
the laws of stereochemistry (4). The groundbreaking work of Watson, Crick, and Wilkins was honored
by the awarding of the Nobel Prize in Physiology or Medicine in 1962.

The importance of the topic for fundamental knowledge acquisition in genetics and biology in
general is indisputable. However, a common problem seems to be transmitting a proper understanding
of the three genetics concepts - DNA, gene, and chromosome - in the classroom (5). As visual
presentation is assumed to be essential in this setting, model-based learning may provide a bridge
between abstract scientific theory and real-world experience, especially when direct observation is
difficult (6, 7). A key factor for successful model construction is individual creativity, incorporating a
process of sensitization and development of innovative solutions (8). It is further expected that
cultivating creativity in science as an auxiliary skill might help the development of individual self-
efficacy and foster greater motivation in science education (9).

We designed a student-centered laboratory activity that combines creative modeling with
experimental work, offering an innovative way to link abstract scientific theory and practical
experiences. Our hands-on approach provides scaffolds that actively involve students and support them
to independently conduct experiments, create a protocol using their observations, and build a DNA
model. The recently published research used to accompany our approach confirms that students
demonstrate significant short-term (directly after participation) and mid-term (6 weeks after
participation) gains in knowledge compared with a test-retest group. Correlating the quality of the
models built to the cognitive achievement and creativity of the tested students, we found that female

students in particular tend to benefit from this new artistically inspired laboratory activity (10).
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Intended audience

The laboratory activities outlined in this paper are intended for high school students (ninth
graders) in biology in the context of genetics. The hands-on modeling phase itself may be extended or
modified for use in higher grades in molecular biology with the addition of focused material regarding

molecular interactions.

Learning time

Our inquiry-based laboratory module requires 4.5 hours consisting of five phases (maximum of
60 min each). The time required for the individual learning activities is shown in Figure 1. The DNA

modeling can also be done independently within a classroom session.

PreLab Experimental | Modeling Experimental | Interpre-

phase phase 1 phase phase 2 tation
phase

Be Spin your DNA! | Following in the | Visualize the Review of

prepared! footsteps of two | invisible! the module

GEN(E)iuses!

How to work | Explore the How Watson & Agarose gel DNA -

like a gene material character | Crick solved the electrophoresis- | A macro-

technology of DNA molecular puzzle an essential molecule of

scientist of DNA-structure gene technology life

procedure

Ti?;:;r ; Student-centered TZ?;:;F

g Hands-on & Minds-on g :

Hands-on Minds-on

0 50 110 170 230 270

Schedule and learning activities of the laboratory module “Simply inGEN(E)ious! DNA as a carrier
of genetic information”.

Figure 1.

Prerequisite student knowledge

The activities presented here are suitable for beginners in genetics. Nonetheless, some general
skills from science classes are helpful in managing content and practical tasks. For the experiments,
students should be capable of using basic laboratory materials (e.g., pipettes, beakers, test tubes).
Furthermore, students should be able to make experimental observations appropriately and to derive
substantiated interpretations from experimental observations. The workbook supplied (Appendix 2)
provides them with templates according to the standard formatting of a scientific report. Successful

DNA modeling can benefit from previous student experiences in developing scientific models, e.g.,
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students have been introduced and guided by the teacher in other molecular contexts (model of a cell or
a protein, etc.). Additionally, basic craft skills could be helpful for an appealing implementation of

students’ ideas.

Learning objectives

Upon completion of this activity, students should be able to:

1. Perform and describe selected gene technology laboratory techniques, as well as understand

their purpose (e.g., micropipetting, agarose gel electrophoresis)

2. Name, describe, and explain selected aspects of DNA structure (e.g., possible base pairings,
components of the DNA backbone, electrophoretic separation of DNA molecules based on
phosphate [5])

3. Engage actively in class sessions by collaborating with classmates to elaborate, draw, evaluate,
and/ or critique models of their creative work and identify, describe, and reorganize key
elements of DNA structure during modeling (e.g., cohesion of the two DNA strands by
hydrogen bonds, spatial structure of DNA as a right-handed double-helix)

4. Evaluate the importance of creativity in the scientific process using the example of the discovery
of the DNA structure

5. Be familiar with the safe handling of human samples at biosafety level 2 (BSL2) using Biosafety
in Microbiological and Biomedical Laboratories (BMBL) safety guidelines

The content-oriented learning objectives can be assessed with the cognitive knowledge questionnaire

(laboratory activities and learning content of the model phase; Appendix 1), and the models can be
evaluated by a category system to assess the model quality with regard to key elements of DNA structure
(10). In order to evaluate students’ ideas on the importance of creativity in the scientific process, students
can write short reflections after completing the activity. For assessment of the BMBL safety guidelines,
the teacher should check orally that the students have understood them, before performing the

experiments.

Procedure

Materials

The materials needed for the experiments (outlined in Appendix 2) are to be provided on the
laboratory benches, and DNA modeling kits are to be distributed to the participants after the first

experiment (Fig. 2). A separate gel station with two electrophoresis chambers sufficient for a maximum
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of eight DNA samples is recommended (e.g., ThermoScientific Owl EasyCast B1A mini gel

electrophoresis systems). Larger laboratory devices (centrifuge, water bath) can be used by several

groups of students. We developed and implemented the activity with two students per group. In small

classes it would be possible for students to work on their own.

info text
(Appendix 4)

drinking
straw pieces
felt-tip pens

beads

glue stick

scotch tape

short pipe cleaners

Figure 2. Example of a DNA-modeling box with various inexpensive craft supplies.

Notes for instructor preparation

long pipe cleaners

wooden skewers
paper cards

scissors

plasticine

paperclips

The preparation of this learning activity takes about 2 hours. It is advisable to set up the

laboratory benches beforehand with the necessary equipment. Table 1 gives details of the materials

required for the experiments. Other general equipment used by the entire class during this activity is

summarized in Table 2. Table 3 shows the preparation and quantities of the required reagents and

chemicals and gives information about recipes and storage conditions where necessary.

Table 1.  Preparation for students’ laboratory benches (each bench is prepared for 4 students, or 2 pairs).

Quantity

(Shared) Equipment and Source

NN NN NN R R W RN

Signs with group number

Discard/waste jar (lettered)

Boxes with rubber gloves (size S, M, L)
Stack of paper towels

Plastic tub for devices to be rinsed after laboratory activities
Waterproof pens

Pens

(Digital) chronometers (e.g., Fisher brand)
Student workbooks (Appendix 2)
DNA-modeling boxes (see Fig. 2)
One-way drinking cups (foodsafe)
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Water bottle (foodsafe) with distilled water

Small beakers with color solution (e.g., water with blue food coloring or ink) and empty

white Eppendorf tube

Plastic Pasteur pipettes (3 ml; sterile sealed)

Pipette pumps (e.g., Karter Scientific Labware Manufacturing)

Snap-cap vials (20 ml; clean and dry) (e.g., Resch Glas)

Tweezers (clean and dry)

Black placemats (e.g., laminated color paper)

Centrifuge

Linear pipettor stand with 6 micropipettes (2 x by 1000 pl, 2 x by 200 pl, 2 x 20 pl) (e.g.,
Eppendorf)

Racks with pipette tips in two sizes (sterilized; e.g., blue and yellow)

Rack filled with Eppendorf tubes (all sterilized; filled with adequate reagents: 2 white, 2

green, 2 blue, 2 red; and 6 closed, empty Eppendorf tubes marked with “1, 2, 3” for each
group) (see Table 3 for filling)

Styrofoam box with ice cubes (ice bath) for storing the isopropyl alcohol snap-cap vial

(P) and 2 Eppendorf tubes with isopropyl alcohol (yellow)

Table 2.  General preparation in the laboratory for one class in the required order.

Quantity

Shared Equipment for One Class (up to 30 Students)

15

P P, NN P DD RN

Standard water baths filled with distilled water (50°C)

Chilled, graduated pipettes

(volume min. 10 ml; stored in the freezer until students need them)
Magnetic board

(for the instruction poster “Gel electrophoresis” with removable magnet applications
Standard heating plates

Scales

Heat-resistant gloves

Roll of aluminum foil

Erlenmeyer flasks to prepare the agarose gel

Electrophoresis chambers with gel combs

Power supply for electrophoresis with 4 suitable power cables
Erlenmeyer flask with TBE electrophoresis buffer solution

(1 L, to flood both electrophoresis chambers)
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Preparation and quantities of reagents and chemicals for the experiments.

Reagents and Chemicals (with recipes and storage

conditions if necessary)

Unit Quantity (per
student pair)

Total Quantity Per
Class (for 15 student

pairs)
Water with blue food coloring or ink 3ml 45 ml
Lysis buffer 2 ml 30 ml
(Recipe:
27 ml H,O
* 3 ml dish soap or detergent
* 0.9 g NaCl
Mix ingredients by stirring and store at room temperature.
Standard mild detergent (e.g., Woolite Gentle Cycle Five drops with the 10 ml
Liquid Laundry Detergent) (purchased) Pasteur pipette
Isopropy! alcohol (2-propanol; Bio Reagent for 5 ml 75 ml
molecular biglogy, >_ 99.5%); for better experimental 100 pl 1500 pl
results store in the fridge and for DNA sample
processing (store in yellow Eppendorf tubes on ice)
Certified™ Molecular Biology Agarose 35049 700 g

Electrophoresis buffer (TBE: Tris-Borate-EDTA buffer;
BioReagent, suitable for electrophoresis; 1%
concentrate) (e.g., Sigma-Aldrich) and for DNA-Sample
processing (store in blue Eppendorf tubes)

SYBR® Green | (Nucleic acid gel stain; 10 000 x in
DMSO; store in freezer and let thaw just before boiling
agarose solution; wear rubber gloves) (Sigma-Aldrich)

5x Nucleic acid sample loading buffer for DNA-sample
processing (store in red Eppendorf tubes)

DNA size standard

(Recipe:

* 2 uL EZ Load™ 1 kB Molecular Ruler (80 mg/ml)

* 2 uL 5x Nucleic acid sample loading buffer

* 6 uL H>0 (PCR Reagent)

Mix solution by pipetting up and down and then
centrifuge the solution shortly (14.5 rpm)

50 ml (for agarose
suspension) + 450 ml
(for flooding the
electrophoresis
chambers) 150 pl

5l

5l

10l

(two groups prepare
this for the entire
class)

1 L (for two agarose
gel preparations)

3000 pl

10l

(for two agarose gel
preparations)

75 pl

40 ul

(in the two outer wells
per each agarose
plate)
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Student instructions and sample models

A workbook (Appendix 2) allows students to work independently throughout the hands-on
activities, with information, instructions for the experiment, and upcoming challenges. In order to foster
comprehension of the individual steps and the roles of the applied chemicals, participants should answer
the relevant questions in the workbook during the experimentation. Based on the students’ initial
hypotheses that DNA seems invisible to the naked eye after a short introduction by the teacher about a
real crime case, they isolate DNA threads from oral mucosal membrane cells in the first classic
experiment, a process leading to the rejection of their earlier assumption. The second experiment
demonstrates the molecular character of the DNA structure during gel electrophoresis.

The creative modeling phase is the key activity of our module. It connects the two experiments
and provides the theoretical basis for further understanding of the experimental findings. According to
the students’ level of understanding, they follow the footsteps of Watson and Crick in solving the
molecular puzzle of DNA structure. In preparation, our participants read an abridged version of the
original letter Francis Crick wrote to his 12-year-old son in 1953 (Appendix 3). After reading, students
are to answer comprehension questions in the workbook. In the process of formulating their answers,
they internalize essential background information as they mentally begin their model building. DNA
modeling kits containing a variety of craft materials (e.g., glue, scissors, straws, pipe cleaners, beads,
cardboard, and markers) to help them construct a physical model. To foster problem-solving as well as
communication skills, students work collaboratively. To consider the scope and limitations of their
models, students have to compare their models’ elements with the previously answered comprehension
guestions by making a labeled sketch. Finally, they compare their work with an unlabeled commercially

available school model of the DNA structure and evaluate similarities and differences (Appendix 4).

Impressions of the modeling phase are shown in Figure 3.

Figure 3. Impressions of the modeling phase: A) Students working on their models. B) Examples of
constructed DNA models.
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Faculty instructions

In this activity, short teacher-guided instructions connect the student-centered experimental
subunits with the hands-on DNA modeling. The teacher supervises from the background, provides
guidance during the hands-on components, and answers students’ questions on request.

The first experimental phase can be introduced with the report of a hypothetical crime. In this
context the teacher emphasizes the organization levels of genetic material (cell, chromosome, DNA,
gene) and explains important experimental steps for the isolation of DNA from oral mucosal cells. After
the teacher has given a brief historical summary of pioneering discoveries around DNA (e.g., Proving
That DNA Is the Substance That Contains the Genetic Information, by Oswald T. Avery, in 1944), the
participants read a text on the history of DNA research, following which they begin working on their
models. After the students complete their model work, the teacher presents a poster with step-by-step
information on the workings of gel electrophoresis. Different sections on the poster give short
summaries on important theoretical background information, as well as practical instructions to
successfully conduct the second experiment (Appendix 5). Leading questions are discussed with the
students to emphasize the most relevant steps. During the interpretation phase, the teacher presents the
experimental results of the gel electrophoresis to the class using a slide or poster as the findings, and
possible sources of error are analyzed and discussed (e.g., Describe and compare the experimental
results for the different DNA samples; Specify possible sources of error that led to deviations in the
experimental results). The results can then be compared with the conclusions drawn from the first
experiment, as well as with the finished models. Finally, the teacher gives a conclusive summary on

DNA, presented as a macromolecule of life encoding the genetic information of all species.

Suggestions for determining student learning

Formative assessment during the lab day includes teacher-guided in-class discussions, a review
of the completed workbooks (Appendix 2; for suggested solutions see Appendix 4), and monitoring by
the teacher during the lab work. For the self-evaluation of the DNA models, a comparison of students’
models with an adequate commercial school model is recommended (see Appendix 4, p. 9). The pupils
can recognize important features of the DNA structure on the picture and quickly check them on their
own models (e.g., cohesion of the two DNA strands by hydrogen bonds, possible base pairings). For a
more precise and detailed evaluation of cognitive achievement during laboratory and modeling, we
provide a questionnaire to test the knowledge of the participants (Appendix 1), as well as a category
system the teacher can use to assess the model quality once the learning activity is completed (10). The
category system for evaluating the DNA models includes five analysis sectors (e.g., Bases, Primary
structure) and grades the resulting models regarding the concrete representations and structural
characteristics using sum scores (e.g., analysis sector BAL: 1 point for “symbolized bases” or 2 points

for “symbolized and qualified bases”; max. 19 points).
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Safety issues

The activity does involve human saliva that should be handled at BSL2 according to the BMBL
guidelines given by the CDC (Centers for Disease Control and Prevention) (11). The lab day starts with
mandatory safety instruction in which students are initially familiarized with the laboratory rules
prescribed by the ASM Biosafety Guidelines (12; e.g., wearing safety goggles and gloves is mandatory,
food and drinks are not allowed) as well as crucial behaviors in case of an emergency (e.g., the way to
the nearest fire escape and the use of the eye wash units). Prior to entering the laboratory, students get
lab coats which they are to wear during the experiments. Gloves are placed on the middle of the tables
and are to be used during the experiments in order to avoid direct contact with human saliva and
contamination of the DNA samples. The saliva samples are bleached with 10% bleach for 24 hours
before discarding. Additionally, personal protection when handling SYBR Green as a possible mutagen
requires gloves and safety goggles for the teacher.

To prevent learning difficulties and injuries caused by lack of experience with lab work, we orient
the students with an introductory pre-laboratory phase (13). In this teacher-centered phase, students are
initially familiarized with the laboratory equipment and essential scientific techniques (micropipetting,
decanting, and centrifugation) are presented. Students have time to ask questions about the safety
instructions, and the laboratory supervisor or assistants check whether students follow them during the
lab activities. As micropipetting is one of the most relevant working techniques in gene technology
labs, it is a major part of the pre-lab orientation.

Discussion

Field testing

As requested by the Genetics Education Outreach Network (14), many outreach programs have
been developed to offer authentic learning experiences and compensate for the limitations of time and
resources within classroom settings. Our activity is in line with these programs and was conceived and
implemented as field trips for students to the university with the intent of providing hands-on experience
with conducting lab experiments. The contents of the lesson were modulated to follow the guidelines
set by the Bavarian high school syllabus (15). In our pilot lessons, all interventions were implemented
by the same instructor and the same tutor, guiding participants through lab safety, the pre-laboratory
phase, all main phases, the lab investigation, and concluding with analysis and assessment. Students
always worked in pairs. In gaining experience from such pilot lessons, we were able to optimize the
module’s elements.

In spring 2017, six classes across five different high schools (Gymnasium) in the German state
of Bavaria participated in the pilot lessons. Due to space and material resource limitations in the lab, our
classes have ranged in size from 20 to a maximum of 34 students. Data were collected from 114 ninth

graders (40.87% female; age 14.45 + 0.69 years [novices]). To control for the effect of repeated
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measurement, a test—retest sample was also taken from a comparator group of high school students in
(n =39; 100.00% female; age 14.69 + 0.57 years) who completed the knowledge questionnaire without
having participated in the module or receiving any instruction on the topic during data collection.
Throughout the lab day, students were actively engaged in the prescribed activities: they trained
with hands-on work in the lab, organized and wrote protocols for their experimental investigations,
discussed their findings with peers, and thoughtfully answered the given questions. During modeling,
we observed that the artistic aspect of working with craft materials positively attracted learners’ attention
and enhanced motivation. One reason might be that students had no restrictions in presenting
information and could act more creatively than in traditional model-supported approaches (16). At the
same, time they managed to visualize and connect the theoretical dimensions of the experiment (17),

which helped them understand the links between the different taxonomic levels in gene theory.

Evidence of student learning

From an observer perspective, we can report positive feedback from the students; in particular,
the practical work in the laboratory, the handling of materials, and the creative modeling tasks were
enthusiastically perceived, as evidenced by active participation in class discussions about the
experiments and DNA models. To assess the lesson as planned, we used in our recently published study
(10) a quasi-experimental design to measure cognitive achievement (Fig. 4), in which we additionally
observed the level of individual creativity in post-test evaluations, as well as heeding the quality of the
students” models after lab day. Appendix 1 contains the applied multiple-choice knowledge

guestionnaire.

Educational intervention
Laboratory activity
T,

To T,

2 weeks 6 weeks

pre-test post-test retention-test

Figure 4. Quasi-experimental design of the study with regard to cognitive achievement.

Selected results of the complete module as well as results on the content of the model phase are
presented in Table 4 and show that the modelers achieved significant improvement in their short- and
mid-term knowledge of the subject. As modeling and creativity are both seen as key factors for science
education, we examined relations between model quality scores, individual knowledge, and creativity.
While both genders showed similar levels of creativity (Table 5), there was no general correlation
between creativity and the quality of the models. Nonetheless, it is to be noted that relative to the male

students, the female students produced better-structured models in general, and correlations between
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creativity and model quality are revealed with their cognitive achievement (Spearman’s correlation
coefficient rs < 0.338 [p < 0.05] > 0.469 [p < 0.01]). For male students, neither creativity nor model
quality correlated with their cognitive performance (10). We therefore recommend that the use of model
work in biology lessons be increased in order to improve the clarity of content and maintain motivation
among the students. Female students, in particular, seem to benefit from our STEAM-inspired activity,

which offers a new, creative, and artistic approach in the classroom.

Table 4.  Selected results of the assessed cognitive achievement.?

Knowledge (Sum Score) Inner-Group Comparison
Parameter . .
Pre-Test Post-Test Retention- Chi-square (2) p
(To)P (To)° Test (T2)¢

Mdn test-retest (N=39)
Complete module 5.00 4.64 4.38 - ns®
(max. 30 points

Mdn modelers (N=114)
Complete module 10.30 20.20 16.80 180.013 <0.001
(max. 30 points)

Modeling phase

. 5.72 12.43 10.09 177.837 <0.001
(max. 18 points)

@ The multiple-choice test (Appendix 1) consisted of 30 items of varying difficulty: 18 covering the contents of
the modeling phase and 12 the laboratory activities. Every item offered four response options, only
one of which was correct (max. 30 points).

bPre-test (To): 2 weeks before.

Post-test (T1): immediately after.

dRetention-test (T2): 6 weeks after participation.

®ns = not significant

Table 5.  Selected results of the activity’s assessment regarding model quality and creativity (10).

Median Score (n) Between-Group Comparison
Assessment
Women (47) Men (67) U z p
Model quality 15.58 13.50 1094.00 2.79 0.005
[max. 19 points]
Creativity subscale “act” 2.32 2.39 1486.50 -51 ans
Creativity subscale “flow” 2.33 2.21 1450.50 -.72 ans

ns = not significant
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Possible modifications

Depending on the amount of time available, we suggest an additional pre-modeling phase to
foster the development of modeling skills. Taking the approach introduced in the Model of Modeling by
Justi and Gilbert (18), such an introductory lesson is aimed at allowing teachers to orient their students
in essential lab skills, including data interpretation, consolidation of ideas, and the development of
mental modeling. To add a competitive dimension to the lessons, teachers may ask the students to
present their DNA models in a small exhibition and/or give out awards for the most accurate models in
a classroom competition.

Further modifications for upper-level biology and microbiology courses could integrate
additional layers of complexity, extending the lesson to incorporate the molecular and atomic structures
of DNA. An example of such a lesson could involve students exploring, comparing, and evaluating their

models vis-a-vis an interactive three-dimension molecule viewer (19).

Conclusion

Our gene technology module combines creative modeling with hands-on experimentation to be
conducted in a cooperative learning environment. The targeted educational goals, which follow the Next
Generation Science Standards (20), would be easy to realize within regular science classes. As our
intervention is inquiry-based, students develop and use models to explain their own experimental results
and to solve tasks during the lessons. In the course of the lesson, they come into contact with core ideas
such as the inheritance of traits. Finally, we also attempted in the course of our lessons to implement the
guidelines laid out in the NGSS Structure and Function. During modeling and experimentation, the
students investigated the structure of DNA from different perspectives and accumulated their findings
to extrapolate its functions.

We conclude that the processes of lab experiments benefit from the addition of modeling
assignments, and the two complement each other in providing students with paths of learning and
comprehension within the complex field of genetics. After participation, the benefits to students” short-
and mid-term retained knowledge were evident. The support provided by DNA modeling in the
comprehension of fundamental scientific ideas was particularly notable in the case of female students
(10).
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Appendix 1: Evaluation instrument (multiple-choice questionnaire)

Cognitive knowledge questionnaire (adapted and extended from Langheinrich & Bogner, 2016).
Questions were split up into subcategories evaluating the modeling phase (M) or the laboratory activities

(L).

Note. Correct answers are written in italics.

In an electric field positive charged

Which of the following components is

H particles migrate ... R not included in the DNA?

[] back and forth between both poles. [] | adenine

[ ] | to the positive pole. [] ribose

[ ] | tothe negative pole. [] | guanine

[] | notatall. [] | deoxyribose
Which option is wrong? In 1962, James Watson and Francis

L3 | The migration rate of electrically M4 | Crick received the Nobel Prize for
charged molecules depends on ... Medicine for the Discovery of ...

[ ] | the applied voltage. [] | DNAis located in the nucleus.

[ ] | the density of the sample. [ ] | components that form the DNA.

[] | the density of the agarose gel. [] | gel electrophoresis.

[] the size of the molecules. [] the double helix structure of the DNA.

M5 Which option is wrong? L | With the aid of gel electrophoresis,
The DNA of human is... you get information about ...

[] carrier of genetic information. [] the molecular mass.

[] a long chain molecule. [] the number of bindings of a molecule.

[] built of amino acids. [] the components of a molecule.

[ ] | asuper molecule. [] | the atoms of a molecule.

M7 | Which base pairing is correct? Lg | Toadd 20 pltoyoursample, you use

[] | Guanine pairs with cytosine. [] | aPasteur pipette.

[ ] | Thymine pairs with cytosine. [] | agraduated pipette.

[ ] | Adenine pairs with guanine. [] | amicropipette.

[ ] | Cytosine pairs with adenine. [] | ameasuring cylinder.
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If you speak of ‘the DNA backbone’,

L9 | With the help of a centrifuge ... M10
you mean ...
[] | you can mix a sample. [] | the annular structure of the DNA.
L) | the molecules are set into motion. [ tgﬁjztty acids bound to protect the
[ ] | single molecules can be isolated. [] | the DNA-base pairings.
[] | solid substances can be separated from [] | the alternating phosphate-sugar-chain
liquids. as part of the DNA.
M11 | The DNA bases are located ... M12 | Matching DNA strands are ...
] |at thg interior of the DNA molecule and O | shifted arranged.
are linked with sugar.
[] | atthe exterior of the DNA molecule [0 | idens
and are linked with sugar. identical,
[] | atthe exterior of the DNA molecule I
and are linked with phosphate. independent of each other.
[] | attheinterior of the DNA molecule and O | antivarallel
are linked with phosphate. P '
The electrophort_atic separation of Which option is wrong?
L13 | DNA-molecules is based on the DNA- L14 .
component ... In cold alcohol the DNA is ...
[] | thymine [] insoluble.
[ ] | phosphate [] | afilamentous structure.
[] | sugar [] | awhite solid.
[] | cytosine [] | soluble.
M15 Ulnee el Sy struc_ture O BINACan L16 | A DNA size standard helps to ...
best be compared with ...
[ ] | acardboard tube. [ ] | estimate the length of DNA fragments
[] a twisted rope ladder. [] | extend DNA sequences.
[] | railway tracks. [] | repair DNA fragments.
[] | atwine. [] | stain DNA strands.
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The abbreviation ‘DNA?’ stands for

How many different repeating DNA-

Lkl A components exist?
[] | Deoxynucleic acid. 1] |2
[] Oxyribonucleic acid. [] |4
[] Deoxyribonucleic acid. [] |6
[] Dideoxyribonucleic acid. [] |8
Give the opposite bases to the base
sequence: AATGGG The cohesion of the two DNA-strands
M19 } o M20 | . .
(Capital letters = initial letter of the base, is based on the formation of ...
e.g. ‘A’ for adenine)
[] | TTGCCC [] | atomic bonds.
[] | TTACCC [ ] | hydrogen bonds.
[] | TTGAAA [] | disulfide bridges.
[] GGACCC [] ionic interactions.
L1 The total length of human DNA per M22 The genetic information is encoded
cell is about ... in the DNA by ...
[] | 200 meters. [] | the sequence of the single bases.
| 2 meters [] | the formation of different
' chromosomes.
] [] | the fusion of egg and sperm cells
20 meters. during fertilization.
[] 2 centimeters. [] | the turn of the DNA strand.
A section of DNA that provides the The DNA is the carrier of genetic
M23 | basic information for building a L24 | . . g
; L information ...
particular characteristic is called ...
[] plasmid. [] in all organisms.
[] | genome. [] | inapes.
[] | chromosome. [] | inall organisms except bacteria.
[] | gene. [] | invertebrates.
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In which cell organelle is the DNA

The analysis of a DNA-section
revealed a proportion of guanine

L25 located? M26 | with 30 %.
' Following, the proportion of adenine
is ...
[] in the ribosome [] is not determinable.
[] | inthe nucleus [] | also 30%.
[] in the cytoplasm [] | 70%.
[] in the vacuole [] | 20%.
M27 The proportion of sugar to M28 The DNA consist of the following
phosphate in the DNA-molecule is ... chemical elements:
0 |99 [] | hydrogen, sulfur, phosphorus, carbon
' and nitrogen
0 |31 [] | hydrogen, oxygen, phosphorus, sulfur
' and nitrogen
0 |11 [] | hydrogen, oxygen, phosphorus, carbon
: and nitrogen
0 |19 [] | hydrogen, oxygen, sulfur, carbon and
' nitrogen
Which option is wrong?
. Visualizing DNA-molecules in gel
M29 | The spatial structure of DNA ... L30 electrophoresis is made possible by
[] | isa left-handed double-helix. [ ] | the blue-colored loading buffer.
O | is a right-handed double-helix. [] | amolecular dye, that binds on the
DNA.
[] has no direction of rotation. [] a dye, that glows under UV light.
[J | sanalternating right- and left-handed [ | the addition of dye into the agarose gel.

double-helix.
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Appendix 2: Student workbook

/
A STEAM outreach lab module

SIMPLY INGEN(E)IOusS!
DNA AS A CARRIER OF GENETIC INFORMATION

Workbook
A practical training course for 9" graders

Group No.:
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-2) GLOSSARY

of essential working tools

beaker

centrifuge

Eppendorf tubes

Erlenmeyer flask

graduated pipette

micropipette
Pasteur pipette
pipette tips .
stored in
2 )
snap-cap vial “

]
~ e
°
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Be prepared! How to work like a gene technology scientist

”# WORKING WITH MICROPIPETTES

/
Elements of a micropipette:
Using micropipettes is one of the most

. ) . . Plunger button with color marking (blue/yellow)
important working techniques in gene —

e Volumeadjustmentknob
technology labs. You need to understand the | == S olme adustmentino
handling of such instruments for several Tip ejector button
experimentation steps we will do today. Adjustable volume display

Named after a manufacturer, micropipettes
are also called ‘Eppendorf pipettes’.

. . . . ¢ | «—— |ndication of max. filling level
With these special laboratory instruments, it g

is possible to pipette very low liquid volumes
of 2 ul (=0,0000676 floz) to 1000 pl (=0,0338
floz), depending on the selected micropipette

and the previously adjusted volume. ) ) :
«+—— Disposable pipette tip

Please note:
ﬂ Micropipettes are very expensive, sensitive instruments and must be handled carefully!
r Micropipettes may only be used with a pipette tip attached!
Ir Always keep the tip of the pipettes downwards!
¥ Never use the same pipette tip for different substances!

I’* Discard used pipette tips into appropriate waste jar!

How to handle a micropipette:

Tum the volume adjustment knob to select the desired amount
[ of liquid. The volume is read in pl (said ‘microliter’) from top to
E + | bottom.

[ 1000 pl =~ 0.0338 floz
" e.g., 81.2 ul are indicated in the picture on the left (= 0.0027 floz)
Now put on a suitable pipette tip.

2 U, / Press the plunger button down to the first pressure point and
U hold, then immerse the tip 0.2 inch in the liquid.

Slowly release the plunger button. The medium is sucked in.

To eject the medium from the pipette tip, press the plunger button
4 U« JJ / down to the first pressure point again, then down to the second
pressure point so that the tip is completely empty. Always place
U droplets on the vessel wall.
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Be prepared! How to work like a gene technology scientist

CENTRIFUGATION

)‘é}}_\

Centrifugation is a separating-method using inertia. Thereby, a mixture of substances is
accelerated in a uniform circular motion. Due to their inertia, higher density components migrate
outwards and displace low density substances that get into the center.

Elements of a centrifuge:

Before starting

never forget to Start/ ,Short  Opening

put on: Stop'-  Spin'- the

1) the small button  function centrifuge
inner lid

2) the big
outer lid!

Eppendorf tubes ;‘lz’p ‘S’p"n' Open

fit exactly into

the rotor of the
centrifuge

The separation process of a mixture of liquid and solid components (such as a suspension) is called
Decantation. The liquid, from which the precipitate or sediment has settled out, e.g. after
centrifugation, is poured off, leaving the other, solid component of the mixture behind:

liquid

solid

Please note:
Always put two Eppendorf tubes containing an equivalent volume opposite to each other
in the centrifuge, as otherwise the centrifuge will be imbalanced!

7 ‘Start’-button: When this button is pressed, the centrifuge starts and runs to the previously
set duration and rotational speed (‘rounds per minute’ = rpm).

e ‘Short-Spin’-function: When holding the ‘Short-Spin’-button, the centrifuge starts and runs
until the button is released. This function is used to move liquid droplets from the Eppendorf
tube’s edge down to the bottom of the tube.

Cr ‘Stop’-button: If you accidentally start the centrifuge without balancing, press the ‘Stop’-
button immediately.
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Be prepared! How to work like a gene technology scientist

PRACTICING WORKING TECHNIQUES

In this practical exercise, we familiarize ourselves with the handling of '9‘9\
micropipettes and the centrifuge. \

~

Task:

After getting into pairs, take an Eppendorf tube and

alternately pipette the following amounts of color solution

from the beaker into this tube.

2 4l
4 yl
10 ul
14 yl
20 ul
50 pl
150 yl
250 yl

\-

How it works:
1) Choose the micropipette most suitable for the required volume!
2) Adjust the exact volume quantity and put on a pipette tip!

3) Press and hold the plunger button down to the first pressure point and immerse the pipette tip
into the color solution!

4) Slowly release the plunger button; the color solution is sucked in.

5) To transfer the liquid completely into the Eppendorf tube, push the plunger button down to the
second pressure point. Place small amounts of liquid directly on the vessel wall.

6) Throw away the used pipette tip into the waste container on the table!

Alternately repeat the steps until all of the above listed quantities of liquid are collected in
the Eppendorf tube (2 pl to 250 pl)!

S 7) Mix solutions by pipetting up and down:
> Test this technique now by repeatedly and slowly pushing the plunger
button down to the first pressure point and releasing it again!

8) Place your Eppendorf tube into the centrifuge. Make sure that another
vessel is exactly opposite to it. First place the inner lid on the
centrifuge and then close the device. When using the ‘Short-Spin’-
function, the liquid droplets will be collected in the bottom of the tube;
hold the ‘Short-Spin’-button for 5 seconds!

9) Finally, pipette the entire liquid from the Eppendorf tube back into the
beaker in one step (Math problem: Add the volumes!)
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Spin your DNA! Explore the material character of DNA

€& DNA-ISOLATION
ARV

V.
@Léﬂ FROM ORAL MUCOSAL CELLS

2 &)

2.

Materials: Chemicals:

e drinking cup graduated pipette (iced; o lysis buffer (white)

o distilled water 0.338 floz) * mild detergent (green)

o 2 Pasteur pipettes pipette pump o chilled Isopropyl alcohol (P)
(sterilized) water bath (122°F)

e snap-cap vial black placemat

e chronometer waterproof pens

e micropipettes

Experimental procedure:
1) Briefly rinse your mouth twice with distilled water from the drinking cup.

2) Then chew for 2 minutes (do not swallow!) so that saliva containing ablated oral mucosal cells
forms.

3) Fill the Pasteur pipette with distilled water from the drinking cup up to the mark in front of the
suction head. Release the water into your mouth and intensively swill it around for 40
seconds (as if rinsing with water after brushing your teeth).

4) Afterwards, the ‘rinse water’ should be spat into the snap-cap vial. Make sure you label your
vial with your group number to avoid confusion.

Use a micropipette to add 2000 pl lysis buffer (white) to the contents of the vial. Then put on
the snap-cap and carefully (!) tilt it back and forth five times to mix it with the saliva.

@ .

Explain the role of the lysis buffer:

6) Use a second Pasteur pipette to add 5 drops of mild detergent (green) to the solution in the
snap-cap. Close the cap and carefully tilt it back and forth once again.

Explain the role of the mild detergent:

wne
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Spin your DNA! Explore the material character of DNA

7) Place the snap-cap vial in a 122°F water bath for 10 minutes and then return it to your
workplace.

Explain the role of the warm water bath:

8) Take an iced graduated pipette and pipetting pump with 0.17 floz of chilled alcohol (P).
The alcohol must be carefully and slowly run down the inside wall of the snap-cap vial to build
a second phase over the saliva sample. This is known as over-coating with alcohol.

% Explain why you over-coat with alcohol:

9) Close the snap-cap vial and leave it on the black placemat for 5 minutes without touching it.

Observation:
K -
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Spin your DNA! Explore the material character of DNA

AGAROSE GEL ELECTROPHORESIS

A METHOD TO VISUALIZE DNA -MOLECULES

AGArae; Elements of the apparatus:
A carbohydrate from the
cell wall of red algae. After Buffer reservoir 1 Gel DC voltage source

boiling in water and cooling
down, it forms a solid
gel (‘carrier material’).

Electrophoresis:

The migration of
electrically charged
particles through a
substance which serves

as a carrier material )
in an electric field. (+)-Electrode (—)-Electrode Buffer reservoir 2

Electrophoresis
chamber

0 Please note:
> The method distinguishes only between shorter and longer DNA molecules.
> For exact length determination, a so-called ‘DNA size standard’ is necessary for
comparison!
I The migration rate of electrically charged molecules depends on:

e the applied voltage
e the density of the gel
e the size / length of the DNA molecules

1. Loading DNA-samples 2. After gel electrophoresis

' Iﬂ— DNA size standard
i a

I ’ DNA-samples

sample wells direction of movement
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Spin your DNAI Explore the material character of DNA

vy

G-

Materials:
Agarose-Gel (Preparation) Gel electrophoresis

« heating plate ¢ electrophoresis chamber
e scales o Eppendorf tubes

e Erlenmeyer flask e micropipettes

e spatula o tweezers

e aluminum foil e centrifuge

* heat-resistant gloves e ice bath

e rubber gloves » waterproof pens

e chronometer

Gel station: Preparing an agarose gel

S£6) DNA GEL ELECTROPHORESIS

Chemicals:

agarose
molecular dye ‘SYBR-Green’
electrophoresis buffer (TBE;
blue)

chilled Isopropyl alcohol
(yellow)

loading buffer (red)

1) Weigh out 0.012 oz agarose into an Erlenmeyer flask, suspend it with 1.7 floz electrophoresis
buffer (TBE) and seal the Erlenmeyer flask with a piece of aluminum foil.

2) The agarose suspension is boiled on the heating plate and then stored in a drying oven (140°F)

until use.

Caution very hot! When transporting the hot Erlenmeyer flask, always wear a heat-

resistant glove!

3) To avoid contamination, wear rubber gloves when working with the gel!
Your laboratory supervisor should add 5 pl of the molecular dye ‘SYBR-Green’ to the boiled
agarose solution. Distribute the dye by gently swirling the Erlenmeyer flask.

Explain the role of the molecular dye ‘SYBR-Green’:

4) Pour the agarose solution into the gel mold of
the electrophoresis chamber and insert the gel
comb.

The agarose solution solidifies as it cools down
(ca. 30-40 min).

Gel comb
(to form wells)

5) For proper electrophoresis the mold with the

Boiled agarose
+ molecular dye

prepared gel needs to be turned so that the gel
comb is in line with the (-)-electrode.
Now carefully (!) remove the gel comb.

‘SYBR-Green*
Gel mold

6) Finally, the right buffer reservoir is filled with an electrophoresis buffer until the gel is flooded.

Then fill the left buffer reservoir up to the ‘max filling’ line.
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Spin your DNAI Explore the material character of DNA

DNA-sample processing and gel electrophoresis
1) Use the tweezers to transfer some of your DNA from the snap-cap vial into the Eppendorf tube
(1). It is easier when the snap-cap vial is held slightly inclined.

2) The transferred DNA is dissolved with 100 pl electrophoresis buffer (blue).
Pipette up and down for at least 1 minute to mix it. Please keep the pipette tip in the liquid to
avoid bubbles!

3) Transfer 20 pl of the DNA-solution into another Eppendorf tube (2).
The following instructions concern the sample processing.

> First add 100 ul of chilled alcohol (yellow; stored on ice) and pipette up and down again
for 1 minute. Then, the sample should be centrifuged for 1 minute (14.5 rpm).

7 After centrifugation, a solid sediment (pellet) can be seen at the bottom of the Eppendorf
tube. Before doing anything else, the alcohol must be completely (!) decanted onto a piece
of paper.

[* Leave the Eppendorf tube open for 2 minutes so that the remaining alcohol evaporates.

> Add 50 pl electrophoresis buffer (blue) into the Eppendorf tube with the pellet and pipette
up and down again for 1 minute.

Explain the purpose of the sample processing:

o

4

~

After transferring 20 pl of the processed sample into another Eppendorf tube (3), add 5 pl of
loading buffer (red). Slightly mix the solutions by snapping on the closed Eppendorf tube, then
centrifuge for 5 seconds (‘Short Spin’-function) to collect liquid droplets from the tube’s edge.
Now your DNA-sample is ready for electrophoresis! Store it on ice until application.

Explain the role of the loading buffer:

&

5

~

At the gel station carefully (!) inject 20 pl of the chilled
DNA-sample into an empty well on the agarose gel (Note
your well number!).

6

~

Additionally, the laboratory supervisor should inject a
‘DNA size standard’ into a different well for length
determination. The supervisor should start the gel
electrophoresis with a voltage of 120 V.

7) The electrophoresis should be terminated as soon as the
first dye of the loading buffer reaches the leading edge of
the gel (ca. 2 hours). The laboratory supervisor should
remove the gel from the apparatus. Finally, the gel is
observed under UV and the findings are analyzed in

plenary.
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Spin your DNAI Explore the material character of DNA

Q DNA - MODELING

After it had been proven by experiments that DNA carries the genetic information, important questions
about the structure of the DNA and the encryption of the genetic code were raised. At the beginning of
the 1950s there was a race between several groups of researchers who wanted to answer these
questions.

Tasks:
1) Read the information text about DNA-structure which you find in the modeling box!
2) Underline the chemical components that compose the DNA!

3) Answer the following questions about DNA structure with the help of the text!

0 (1) How many strands does the DNA consist of?

o (2)Please tick as appropriate! The DNA-strands are ...

(| independent of each other.
I:I antiparallel.

O shifted arranged.

O identical.

o (3) Explain the cohesion of the DNA-strands!

o (4) The DNA backbone: Name the associated components and describe their set up!

o (5) Which DNA backbone's compound are the bases linked to?
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(6)Name the bases and indicate possible base pairings!

(7)Give the opposite bases to the base sequence 'GATCTA'l

(8) Check! The bases are located ...

I:I at the interior of the DNA-molecule.
I:I at the exterior of the DNA-molecule.

(9) The DNA forms a right-handed double-helix. Explain what this means!

(10) Describe how genetic information is encoded in the DNA!

4) Slip into the role of the scientists Watson & Crick and build a DNA-model with the help of
the answered questions! Work in pairs.
You will find a selection of material in the box (glue, straws, scissors, pipe cleaners, colored
beads and cardboards etc.). :

/ Some clues:

"5 © I First consider which materials could represent the single
® components of the DNA (several options are possible)!

I’ Decide upon appropriate material and start modeling.
Build just a short sequence of the giant molecule!

r Try to visualize as many characteristics of the DNA-structure as possible in your model!
Do not hesitate to change and test your DNA-model’s properties; this is part of the

\ modeling process!

5) Finally, draw a simplified sketch of your model and label the components!

You will be given an extra sheet of paper for this purpose.
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Appendix 3: Info text DNA structure: ‘Following in the footsteps of Watson and Crick’

Following in the footsteps of two GEN(E)iuses:

How Watson and Crick solved the molecular puzzle of DNA structure

In 1953 two until then little-known scientists won
the race to encode the structure of DNA: James
Watson and Francis Crick (see picture). Although
they did not perform their own experiments, they
understood how to link and correctly interpret the
findings of other researchers.

This is what Francis Crick wrote to his twelve year
old son on March 19% 1953:

‘My Dear Michael, Source: http://cshlarchives.blogspot.de/2013/03/dna-letters-1951-1953.html

Jim Watson and I have probably made a most important discovery. We have built a model for the
structure of dex-oxi-ribose-nucleic-acid (vead it carefully) called D.N.A. for short. ..."

After numerous discussions and exchanges of ideas, the two researchers caused a sensation: They
succeeded in translating the available DNA data into a spatial model which they had formed from the
simplest materials, such as wire, cardboard and staples.

In the letter to his son, Francis Crick describes the structure of their ‘very beautiful’ DNA-model in detail.
According to this, the simplest way to imagine the DNA is like a twisted rope ladder. The alternating
spars consist of firmly linked phosphate groups and a sugar called deoxyribose. These phosphate-sugar-
chains are also called the DNA backbone, because they are at the exterior of the DNA-molecule. At the
interior of the giant molecule are the four different bases adenine (A), thymine (T), guanine (G) und
cytosine (C). The bases form pairwise the ladder rungs of the DNA, whereby the individual bases are
firmly attached to the sugar components of the lateral spars. The complete DNA-molecule is composed
of two single DNA strands, each consisting of one of the two sugar-phosphate-chains and each with one
base attached to the sugar components. Both single strands are linked to each other via hydrogen bonds
between the complementary base pairs. It is crucial that there are only two possible base pairings. Adenine
always pairs with thymine and guanine always pairs with cytosine.

The special nature of the DNA structure is that the base sequence of one single strand
(e.g. TTCAG) automatically specifies the base sequence of the complementary single strand
(= AAGTCQ), because there are only two possible base pairings. Furthermore, the resulting base sequence
is a code: Certain sections form different genes which carry the basic information for the expression of
different hereditary characteristics.

In summary, the DNA is an aliphatic giant molecule consisting of two opposing DNA single strands. If
you look at the vertical single strands from above, you see that they are helically wound around each other
in a clockwise direction. This is also called a right-handed double helix structure.

In 1962, the scientists Watson & Crick awarded the Nobel Prize for Medicine for their discovery of the
double-helix structure of DNA.
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Appendix 4: Suggested solutions for student workbook (teacher version) and DNA-model evaluation

-~

A STEAM outreach lab module

SIMPLY INGEN(E)IOuS!
DNA AS A CARRIER OF GENETIC INFORMATION

Suggested solutions

for experimental tasks and modeling

A practical training course for 9" graders

~
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Spin your DNA! Explore the material character of DNA

2 DNA-ISOLATION
: é\ FROM ORAL MUCOSAL CELLS

Materials: Chemicals:

e drinking cup graduated pipette (iced; o lysis buffer (white)

o distilled water 0.338 floz) « mild detergent (green)

e 2 Pasteur pipettes pipette pump o chilled Isopropyl alcohol (P)
(sterilized) water bath (122°F)

e snap-cap vial black placemat

e chronometer waterproof pens

e micropipettes

Experimental procedure:

10) Briefly rinse your mouth twice with distilled water from the drinking cup.

11) Then chew for 2 minutes (do not swallow!) so that saliva containing ablated oral mucosal cells
forms.

12) Fill the Pasteur pipette with distilled water from the drinking cup up to the mark in front of the
suction head. Release the water into your mouth and intensively swill it around for 40
seconds (as if rinsing with water after brushing your teeth).

13) Afterwards, the ‘rinse water’ should be spat into the snap-cap vial. Make sure you label your
vial with your group number to avoid confusion.

14) Use a micropipette to add 2000 ul lysis buffer (white) to the contents of the vial. Then put on
the snap-cap and carefully (!) tilt it back and forth five times to mix it with the saliva.

Explain the role of the lysis buffer:

The ysis buffer (dishwashing detergent-salt solution) causes the dissolution
of nudleawr and cell membranesy (wmore precise: The phospholipid bilaver iy
destroyed by the detergent component; the saline component increases
solubility of DNA invthe fluid).

15) Use a second Pasteur pipette to add 5 drops of mild detergent (green) to the solution in the
snap-cap. Close the cap and carefully tilt it back and forth once again.

Explain the role of the mild detergent:

Engymes inthe mild detergent degrade proteins, faty and cowrbohydirates.
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Spin your DNAI Explore the material character of DNA

16) Place the snap-cap vial in a 122°F water bath for 10 minutes and then retumn it to your
workplace.

Explain the role of the warm water bath:

The heat improves the effect of the detergenty and the engymes.

17) Take an iced graduated pipette and pipetting pump with 0.17 floz of chilled alcohol (P).
The alcohol must be carefully and slowly run down the inside wall of the snap-cap vial to build
a second phase over the saliva sample. This is known as over-coating with alcohol

/ Explain why you over-coat with alcohol:

The DNA iy insoluble inv alcohol (more precise: At the interfuce alcohol
molecdes affect DNA molecdey hydration shelli In consequence; DNA
becomes macroscobically vigible throughs interaction between single: DNA
molecudes).

18) Close the shap-cap vial and leave it on the black placemat for 5 minutes without touching it.

w
T

At the phase boundary between the upper alcohol layer and the lower saliva
layer whitish thireads and/or lumpy become visible.
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Visualize the invisible! Agarose gel electrophoresis

“55'31 DNA GEL ELECTROPHORESIS

5

Materials: Chemicals:
Agarose-Gel (Preparation) Gel electrophoresis

e heating plate e electrophoresis chamber e agarose

e scales * Eppendorf tubes e molecular dye ‘SYBR-Green’
o Erlenmeyer flask e micropipettes o clectrophoresis buffer (TBE;
e spatula o tweezers blue)

e aluminum foil e centrifuge e chilled Isopropyl alcohol

« heat-resistant glove « ice bath (vellow)

e rubber gloves « waterproof pens * loading buffer (red)

e chronometer

Gel station: Preparing an agarose gel

7) Weigh out 0.012 oz agarose into an Erlenmeyer flask, suspend it with 1.7 floz electrophoresis
buffer (TBE) and seal the Erlenmeyer flask with a piece of aluminum foil.

8) The agarose suspension is boiled on the heating plate and then stored in a drying oven (140°F)
until use.
Caution very hot! When transporting the hot Erlenmeyer flask, always wear a heat-
resistant glove!
9) To avoid contamination, wear rubber gloves when working with the gel!
Your laboratory supervisor should add 5 pl of the molecular dye ‘SYBR-Green’ to the boiled
agarose solution. Distribute the dye by gently swirling the Erlenmeyer flask.

Explain the role of the molecular dye ‘SYBR-Green’:

The dye (detection reagent) bindy specifically to- double-stranded DNA -
molecules. These dye-DNA pauticles become visible by emitting grees Light
(at 521 nm) under UV light.

10) Pour the agarose solution into the gel mold of
the electrophoresis chamber and insert the gel
comb.

The agarose solution solidifies as it cools
down (ca. 30-40 min).

Gel comb
(to form wells)

Boiled agarose
.| | +molecular dye
~| 'SYBR-Green'

Gel mold

11) For proper electrophoresis the mold with the
prepared gel needs to be turned so that the
gel comb is in line with the (-)-electrode.
Now carefully (!) remove the gel comb.

12) Finally, the right buffer reservoir should be filled with an electrophoresis buffer until the gel is
flooded. Then fill the left buffer reservoir up to the ‘max filling’ line.
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Visualize the invisible! Agarose gel electrophoresis

DNA-sample processing and gel electrophoresis

8) Use the tweezers to transfer some of your DNA from the snap-cap vial into the Eppendorf tube
(1). It is easier when the snap-cap vial is held slightly inclined.

9) The transferred DNA is dissolved with 100 ul electrophoresis buffer (blue).
Pipette up and down for at least 1 minute to mix it. Please keep the pipette tip in the liquid to
avoid bubbles!

10) Transfer 20 pl of the DNA-solution into another Eppendorf tube (2).

The following instructions concern the sample processing.

> First add 100 Ml of chilled alcohol (yellow; stored on ice) and pipette up and down again
for 1 minute. Then, the sample should be centrifuged for 1 minute (14.5 rpm).

> After centrifugation, a solid sediment (pellet) can be seen at the bottom of the Eppendorf
tube. Before doing anything else, the alcohol must be completely (!) decanted onto a piece
of paper.

I Leave the Eppendorf tube open for 2 minutes so that the remaining alcohol evaporates.

> Add 50 Hl electrophoresis buffer (blue) into the Eppendorf tube with the pellet and pipette
up and down again for 1 minute.

Explain the purpose of the sample processing:

During sample processing interfering substoances owre removed so-that the
DNA -sample iy prepoved for fuuther investigation. Such reactiony owe also
refevred to-ay reprecipitoation.

11) After transferring 20 pl of the processed sample into another Eppendorf tube (3), add 5 pl of
loading buffer (red). Slightly mix the solutions by snapping on the closed Eppendorf tube, then
centrifuge for 5 seconds (‘Short Spin’-function) to collect liquid droplets from the tube’s edge.
Now your DNA-sample is ready for electrophoresis! Store it on ice until application.

Explain the role of the loading buffer:

The loading buffer conting glycerol and sucrose which cause the DNA -
saumple to- sink into-the gel welly due to-their relatively high density. The
included blme dye allowy to- contirol the movement of the DNA.

A

12) At the gel station carefully (!) inject 20 pl of the chilled L‘

DNA-sample into an empty well on the agarose gel (Note =~ ==y
your well numberl). ,-

13) Additionally, the laboratory supervisor should inject a ‘DNA
size standard’ into a different well for length determination.
The supervisor should start the gel electrophoresis with a
voltage of 120 V.

14) The electrophoresis should be terminated as soon as the
first dye of the loading buffer reaches the leading edge of the
gel (ca. 2 hours). The laboratory supervisor should remove
the gel from the apparatus. Finally, the gel is observed
under UV and the findings are analyzed in plenary.
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Following in the footsteps of two GEN(E)iuses

7 DNA-MODELING

After it had been proven by experiments that the DNA carries the genetic information, important
questions about the structure of the DNA and the encryption of the genetic code were raised. At the
beginning of the 1950s there was a race between several groups of researchers who wanted to answer
these questions.

Tasks:
6) Read the information text about DNA-structure which you find in the modeling box!
7) Underline the chemical components that compose the DNA!

8) Answer the following questions about DNA structure with the help of the text!

0 (11) How many strands does the DNA consist of?

The DNA consisty of two- single strondy.

0 (12) Please tick as appropriate! The DNA-strands are ...

I:I independent of each other.
|E antiparallel.

O shifted arranged.

O igentical.

0 (13) Explain the cohesion of the DNA-strands!

The DNA single strands are linked to-each other viaw hydrogen bonds between
the individual base baivy.

0 (14) The DNA backbone: Name the associated components and describe their set up!

It covsisty of phosphate groupy ond o sugow colled, deowxyribose. These
componenty arve avranged alternately resudting invv o phosphate-sugow -chain.

0 (15) Which DNA backbone's compound are the bases linked to?

The single bouses owe furmly attached to- the sugow combponenty of the DNA
backbone.
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Following in the footsteps of two GEN(E)iuses

g (16) Name the bases and indicate possible base pairings!

The boses are adenine (A), thymine (T), guanine (G) and cytosine (C). Only
two- possible base paivings exist: (A) paivy with (T) and (G) pairy with (C)
(complementowy bose paiving).

@ (17) Give the opposite bases to the base sequence 'GATCTA'l

The bouse sequence of the complementowy DNA strand iy CTAGAT.

0 (18) Check! The DNA bases are located ...

at the interior of the DNA-molecule.

O at the exterior of the DNA-molecule.
0 (19) The DNA forms a right-handed double-helix. Explain what this means!

If yow look at the vertical single strondy from above, yow see that they are
helically wouwnd awound each other inva clockwise divectiov.

0 (20) Describe how genetic information is encoded in the DNA!

The bose sequence iy av code. Certoviny sections form different genes which cavry
the basic informationfor the expression of different heveditowy chawacteristics.

9) Slip into the role of the scientists Watson & Crick and build a DNA-model with the help of the
answered questions! Work in pairs.

You will find a selection of material in the box (glue, straws, scissors, pipe cleaners, colored
beads and cardboards etc.).

/ Some clues:

I First consider which materials could represent the single
® components of the DNA (several options are possible)!

¥ Decide upon appropriate material and start modeling.
Build just a short sequence of the giant molecule!

& Try to visualize as many characteristics of the DNA-structure as possible in your model!
Do not hesitate to change and test your DNA-model’s properties, this is part of the

\ modeling process!

10) Finally, draw a simplified sketch of your model and label the components!
You will be given an extra sheet of paper for this purpose.
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7 DNA-MODEL EVALUATION

Tasks:

O 1) Look closely at your DNA model and compare it with the distributed school model (similarities
/ differences)!

2) Check the image below to identify which DNA components are represented in both your
elaborated model and the school model!

a_ o
$"¥ Phosphate F

alternating with sugar

1 O

Desoxyribose (sugar)
linked to bases

[

| Hydrogen bonds

Thymine | | o
pairs with Adenine |

complementary
Cytosine | | base pairing | |
pairs with Guanine |

| Right-handed —
double-helix
DNAsingle strand | |

; DNA double strand "7‘\

Additional task for young researchers:

() 3) Search for a picture of Watson & Crick’s original DNA-model on the internet and compare it
== to yours!

84



TEILARBEITEN

Appendix 5: Instruction poster ‘Gel electrophoresis’ with removable magnet applications

Simply inGEN(E)ious! Visualize the invisible with

AGAROSE GEL ELECTROPHORESIS

Agarose:

A carbohydrate from the cell wall of red algae.
After boiling in water and cooling down, it forms

a solid gel (‘carrier material’).

Electrophoresis:

The migration of electrically charged particles
through a substance which serves as a carrier

material in an electric field.

Elements of the apparatus:

Buffer reservoir 1 Gel DC voltage source

Electrophoresis
chamber

(+)-Electrode Buffer reservoir 2

(-)-Electrode

Preparing an agarose gel:

174
V)

Suspending

Weighing

What makes DNA visible in gel
electrophoresis?

Boiling

Addition of the molecular =
dye ‘SYBR-Green’ v}
Molding Boiled agarose

Gel comb + molecular dye

(to form wells) n ‘SYBR-Green'
N i 9 / Gel mold

<+ Agarose

I gel
® o

DNA-
sample

direction of DNA-movement _|

Molecul H
d;:cu “" | | binds to DNA-molecules and i
,SYBR- glows under UVlight - !
Green* .

Before starting the gel electrophoresis:
0 Why is the DNA-sample not applied directly?

Processing the DNA-sample:
Interfering substances are removed so that the DNA-
sample is prepared for further investigation

U Addition of the loading buffer: ﬂ

Weights the sample + dye controls the movement 'y

Application of the samples:

A giant molecule carries our genetic information

The DNA has a relatively large molecular weight, since it is a chain molecule of up
to one hundred thousand repetitive single components.

0 Which component(s) cause(s) the DNA-movement in the electric field?
Only six different components form the DNA-molecule:

Ol s E @

= the fourbases of the DNA
| DNA size standard After gel electrophoresis:
T

]
' ﬂ-: ... to compare the
\ i molecular mass/length

The DNA consists of 5 different
chemical elements:

1,0 12,0 14,0 16,0 31,0
1|1,2 6c2,5 7NZ,Z 803,5 15P2,1

4 W
[ DNA-samples |
t > %

sample wells

0 On what does the migration rate of the DNA depend?

* ... on the applied voltage.
i + ... on the density of the gel.
+ ... on the size/length of the DNA molecules.
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Simply inGEN(E)ious! Visualize the invisible with

AGAROSE GEL ELECTROPHORESIS

Agarose:

A carbohydrate from the cell wall of red algae.
After boiling in water and cooling down, it forms

a solid gel (‘carrier material’).

Electrophoresis:

The migration of electrically charged particles
through a substance which serves as a carrier

material in an electric field.

Elements of the apparatus:

DC voltage source

Buffer reservoir 1 Gel

Electrophoresis
chamber

(+)-Electrode Buffer reservoir 2

(—)-Electrode

Preparing an agarose gel:

Suspending

Boiling

Weighing

What makes DNA visible in gel
electrophoresis?

Molding

Boiled agarose
Gel comb + molecular dye

(to form wells) .n ‘SYBR-Green'

|, Gelmold

4

Agarose

pu

I gel
DNA-
sample

direction of DNA-movement |

Molecular
dye
,SYBR-

Green'

Before starting the gel electrophoresis:

Application of the samples:

A giant molecule carries our genetic information

The DNA has a relatively large molecular weight, since it is a chain molecule of up
to one hundred thousand repetitive single components.

0 Which component causes the DNA-movement in the electric field?

Only six different components form the DNA:

Emm s m e @P-vroshae

= the four bases of the DNA
o e After gel electrophoresis:

‘"

The DNA consists of 5 different
chemical elements:

13 e
DNA-samples
‘f W ?

sample wells

o On what does the migration rate of the DNA depend?
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Magnet applications:

Can be cut out, laminated and used with magnetic tape on a metallicboard onto

the poster version with blank spaces.

(Recommended print sizes for the posters: DIN AO = 33.1 x 46.8 inches)

dye ‘SYBR-Green‘

Addition of the molecular

®
©

é/, =

binds to DNA-molecules and
glows under UV light - i

Processing the DNA-sample:
Interfering substances are removed so that the DNA-
sample is prepared for further investigation

Addition of the loading buffer:
Weights the sample + dye controls the movement 'y

DNA size standard
... to compare the
molecular mass/length |

+ ... on the applied voltage.
= ... on the density of the gel.
« ... on the size/length of the DNA molecules.

1,0 12,0 14,0
H N
72, |8 Cz,s AEY

16,0

.0

3,5

31,0

15P

2,1
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Is creativity, hands-on modeling and cognitive learning gender-dependent?

Abstract

Modeling plays a key role in science research and education is considered to increase comprehensibility
of abstract concepts and processes. Especially hands-on experiences in authentic learning environments
offer students the opportunity to feel like real researchers and support the development of problem-based
thinking skills. In our study, we applied an inquiry-based, out-of-school laboratory module that uses
classic experimental challenges as well as innovative model-supported teaching to promote cognitive
achievement. Our hands-on module was designed for 9th graders and combined experimentation and
creative model work to visualize molecular and otherwise invisible contents of DNA structure. After
mental modeling, participants (N=114; 40.87% female) produced a physical DNA-model using
handcrafting materials. Our major aims were to evaluate the model qualities and to monitor potential
relationships between successful model elaboration, individual creativity and knowledge levels.
Therefore, we correlated students’ creativity levels with model quality scores as well as with cognitive
achievement. While no relations were found for creativity and model elaboration further results were
gender-dependent. Girls produced significantly higher model quality scores and significant positive
correlations were revealed between short-term and mid-term knowledge levels. Correlations also were
observed between girls’ cognitive achievement and the creativity subscale ‘flow’. In contrast, neither
creativity nor model quality were decisive for boys cognitive achievement. Their average simpler
modeling results did not correlate with the short-term and mid-term knowledge levels, although they
achieved similar scores on both. Model elaboration seemingly provides more support for girls and offers
a suitable approach for emphasizing creativity in science education. In attempting to attract girls to

scientific ideas, creative modeling may further support hands-on experimentation.

Keywords

Cognitive knowledge, Modeling, Creativity, Outreach learning, Science education
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1. Introduction

Out-of-school settings have a long history in science education and offer authentic and student-
centered learning environments (Bryce & Robertson, 1985; Gerstner & Bogner, 2010; Randler &
Bogner, 2006). Outreach labs may provide learners with a sense of authenticity and the feeling of being
a real scientist: appropriate experiments based on realistic problems connect autonomous hands-on
experiences with newly acquired theoretical knowledge and affect cognitive achievement scores (Franke
& Bogner, 2011; Langheinrich & Bogner, 2016). Earlier studies with molecular contents have
demonstrated that hands-on experiments can lead to an increase of both knowledge and conceptual
understanding (Langheinrich & Bogner, 2015; Scharfenberg, Bogner, & Klautke, 2007). For secondary
school students, Ben-Nun and Yarden (2009) demonstrated that outreach learning in the context of
DNA-structure caused a significant improvement in the quality of mental models as did their procedural
understanding regarding DNA-manipulations. Approaches to outreach learning are often inquiry-based,;
learners propose ideas, explain observations, and verify hypotheses (Schmid & Bogner, 2015). Such
learning scenarios tend to emphasize critical, independent and problem-based thinking; related
challenges are often connected with students’ everyday experience (Sotiriou, Bybee, & Bogner, 2017).
Inquiry methods generally include tasks like detecting problems, planning investigations, researching
for information, assessing alternatives, evaluating experiments, constructing models and discussing with
peers (Linn, Davis, & Bell, 2004). Inquiry-based learning may provide differing emphases on students”
autonomy and the role of the teacher, allowing a spectrum from extremely tight, teacher-centered
versions to open inquiry alternatives with few predefined structures but high student involvement
(Blanchard, Southerland, Osborne, Sampson, Annetta, & Granger, 2010). Although both extremes have
been observed and criticized in detail, we prefer a situation in which students become more independent
in reasoning and exploring, reach a deeper understanding of the learning content and transfer learned
information to other contexts (Schmid & Bogner, 2015). A more structured version of inquiry may allow
learners for example to focus on interpretation of results and on linking experiment with theory (e.g.,
Hmelo-Silver, Duncan, & Chinn, 2006; Kirschner, Sweller, & Clark, 2006).

Additionally, visual representations in classrooms are important, especially when otherwise
invisible classroom issues such as complex molecular contents need further explanation (Ferk, Vrtacnik,
Blejec, & Alenka, 2003; Saotiriou & Bogner, 2008). In genetics, the application of models seems essential
for adequate exemplification (Rotbain, Marbach-Ad, & Stavy, 2006). Langheinrich and Bogner (2016)
reported a substantial knowledge acquisition in an outreach lab module when digital 3D representations
were combined with classic hands-on experiments. Due to the fact, that teachers can use models for
several purposes in science instruction we additionally observed the efficiency of two basically different
instructional settings for model-based learning (Mierdel & Bogner, 2018). On the one hand, models are
used as teaching tools to illustrate certain aspects and to transmit content knowledge. On the other hand,
elaborating models when testing and representing scientific ideas provides further benefits such as

offering multiple ways for learning science and understanding routes to historical discoveries (Svoboda
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& Passmore, 2013; Werner, Fortsch, Boone, von Kotzebue, & Neuhaus, 2017). When comparing two
different model-supported approaches, model viewing turned out to be significantly more instructional
efficient than model elaboration in terms of sustainable mid-term knowledge while no differences
concerning cognitive load were observed (Mierdel & Bogner, 2018). Nevertheless, modeling as a
student-centered activity takes a key role in science education and is required by in national science
education standards (KMK, 2005). This is why further research on modeling is necessary, so that it can

be established as an up-to-date and frequently used approach to scientific learning.

1.1. Model-based teaching and creativity

Research on model application and modeling is widespread (e.g., Buckley, 2000; Treagust,
Chittleborough, & Mamiala, 2002; Gilbert, 2004): It is undisputable that models in classrooms may help
to develop, transmit and receive scientific knowledge (Giere, 1988). A famous example is the discovery
of DNA-structure by Watson and Crick (1953), where a model successfully helped to explain and
simplify complex relations. Bridging theoretical messages and real-world experience is assumed to
provide a basis for scientific prediction (Gilbert, Boulter, & Rutherford, 1998). As models are products
of human thoughts and often developed within inspiring social environments, Van Driel and Verloop
(1999) reported a key role of creativity and communication when investigating science teachers views
towards modeling.

Gilbert (2004) emphasized two requirements for increasing the authenticity of science
education: On the one hand, with models and modeling taking a central position, it is inevitable that they
will be adopted in classrooms as well. Genetics is one of the most important topics in modern biology,
yet it is very difficult to learn as well as to teach abstract concepts and invisible processes (e.g., Fisher,
1992; Kindfield, 1991). Numerous studies strongly recommended the inclusion of models in order to
enhance teaching routines in genetics (e.g., Malacinski & Zell, 1996; Templin & Fetters, 2002). On the
other hand, the core element of creativity has made science a major cultural achievement, specifically
in the context of modeling (Van Driel & Verloop, 1999). Holm-Hadulla (2010) defined creativity as a
combination of talent, knowledge, ability, intrinsic motivation, and personality traits, additionally
impacted by environmental aspects. Additionally, a mental state called ‘flow’ is often connected with
creative processes: it is characterized by complete absorption in an activity (meaning that a person is
fully immersed in a feeling of energized focus, full involvement and enjoyment; Csikszentmihalyi,
2000). Neuroscientific research has shown promising ways to identify particular brain areas associated
with aspects of creative thinking (e.g., Aberg, Doell, & Schwartz, 2016; Thagard & Stewart, 2011).
However, research on quantifying creativity is still ambiguous (e.g., Amabile, 2012; Runco, 2004).
Recent studies have demonstrated a valid and reliable way in order to empirically monitor this variable
(Miller & Dumford, 2016). Subsequently, Conradty and Bogner (2018) adjusted the creativity scale for

adolescent age groups of secondary school students.
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1.2. Gender differences in science education

Although progress has been made in narrowing the ‘gender gap’, women continue to be
underrepresented in science (Gilbert & Calvert, 2003; Scantlebury & Baker, 2007). Numerous studies
of science and gender have been published from various areas such as psychology, sociology,
philosophy, and various branches of education (Brotman & Moore, 2008). The results of Fortus and
Vedder-Weiss (2014) showed once again the motivational gap between boys and girls in science and
revealed that this gap is also evident in everyday extracurricular scientific activities, and that already for
5th graders. Focusing on high school students’ views of science, Miller, Blessing, and Schwartz (2006)
reported low female interest in science classes and science in general. Biology made an exception,
probably because of its connection to medicine or other popular health professions rather than to science
per se. One possible reason could lie in the identified masculine nature of science associated with certain
gender role expectations and conflicts about balancing family and scientific careers (Kahle & Meece,
1994; Scantlebury & Baker, 2007). Even scientifically gifted girls regard their academic strength more
in verbal areas (Olszewski-Kubilius & Turner, 2002). However, the performance scores on science
achievement within standardized tests often do no longer show significant gender differences (National
Science Board, 2002).

As most scientific workplaces remained strongly masculine, numerous approaches to promote
girls’ interest in science have been developed in the last decades (Gilbert & Calvert, 2003): An
appropriate strategy seems to temporarily separate girls and boys in sciences classes. Nonetheless, the
adaptation of science curricula to support girls’ interests appears to be effective (Haussler & Hoffmann,
2002). Considering changing societal views toward women, the historical development of feminist
perspectives on science education also has been observed in several studies (e.g., Brickhouse, 2001;
Howes, 2002). However, factors such as the presence of strong female role models in young women’s
lives have not been decisive in supporting science interests at university level (Gilbert & Calvert, 2003).
With regard to science laboratory experience and outreach labs, the learning environment, hands-on
activities as well as collaborative learning methods seemed to be gender-related (Goldschmidt &
Bogner, 2016): Female students tend to prefer learning methods in which they could act as cooperative
teams with students helping each other (Miller, Blessing, & Schwartz, 2006), while male students seem
to benefit more from teacher-centered methods (Lord, 2001; Meece, Glienke, & Burg, 2006).
Additionally, authentic learning situations and an everyday-life context of the learning activities are
regarded as important factors for girls to develop an interest in science (Linn, Davis, & Bell, 2004). In
line with this, Burkam, Lee, and Smerdon, (1997) described student-centered, hands-on lab activities as
successfully supporting girls, in emphasizing the importance of learners’ active involvement - as realized
in outreach labs - in order to promote gender equality.

Nonetheless, model-supported teaching approaches in outreach labs have still been subject to
little research, especially regarding gender or individual creative thinking abilities. As modeling and

creativity are both seen as key factors for science learning (Van Driel & Verloop, 1999), observing
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impacts on elaborating models is an issue of research. When within an outreach genetic module hands-
on modeling is combined with experimentation, creativity may successfully influence modeling and
learning. Additionally, our approach could give a working example to promote gender-equality in
science education as it includes several collaborative hands-on activities embedded in an authentic

learning environment. Our study sought to answer four questions:

(1) Whether and how does a modeling-based approach influence students’ cognitive achievement
in a hands-on module?

(2) To what extent is creativity related to cognitive achievement when models are constructed in a
hands-on module?

(3) How is model quality related to individual creativity levels and cognitive achievement?

(4) Whether and in which way does gender matter?

2. Methods

2.1. Instructional design

Our intervention was implemented at an outreach university lab, designed for hands-on teaching.
Completion of the inquiry-based module ‘Simply inGEN(E)ious! The DNA as carrier for genetic
information’ required 270 min and included five phases: one pre-lab phase, two experimental phases,
one model phase and one interpretation phase. A detailed schedule of learning activities is presented in
Table 1. Always before starting the hands-on activities the subsequent tasks were introduced in
theoretical minds-on activities presented by the teacher (Scharfenberg & Bogner, 2011). A workbook
led through the module with information, experiment instructions and upcoming challenges during
experimentation and modeling.

To prevent learning difficulties caused by a lack of basic experimental skills, a teacher-centered
pre-laboratory phase was included (Scharfenberg & Bogner, 2011). Hypothesizing about the
identification of a hypothetical murderer, the first experimental phase of isolating individual DNA from
oral mucosal cells was introduced (Langheinrich & Bogner, 2015). To discover the molecular DNA-
structure, the second experiment required completing a gel electrophoresis. The experimental sections
were linked together by the model phase: After mental modeling students produced a physical DNA-
model with no further instructions except an information text with selected leading questions.
Additionally, an ad-hoc modeling box containing various handcrafting materials (e.g., glue, straws,
scissors, pipe cleaners, colored beads and cardboards) was supplied for the independent model
elaboration. During the final interpretation of the experimental results, the findings of the model phase
were discussed. All learning contents followed the current syllabus (ISB, 2007). The entire intervention
was implemented by the same teacher. Students always worked in pairs. To optimize the module

elements, the teaching-unit had been pilot-tested.
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Table 1 Schedule and learning activities of the gene technology module ‘Simply inGEN(E)ious! DNA as
a carrier of genetic information” with hands-on modeling.

Timeline  Phase of Content Learning activity
[min] teaching unit
50 PreLab phase  Be prepared! Practicing essential techniques of a scientist
How to work like a gene in a gene technology lab, e.g., micro
technology scientist pipetting, decantation and centrifugation.
60 Experimental ~ Spin your DNA! Based on the report of a real crime, students
phase 1 The material character of DNA initially hypothesize what evidence is
needed to convict a murderer flawlessly.
In the practical task students isolate
individual DNA from oral mucosal cells.
Students recognize that the molecular DNA-
structure is invisible for the naked eye.
60 Experimental  Visualize the invisible (Part 1):  To gain more information about the DNA-
phase 2.1 Agarose gel electrophoresis - an ~ structure the teacher introduces the agarose
essential gene technology gel electrophoresis.
procedure Students prepare their previously isolated
DNA for the electrophoresis and the teacher
then starts the electrophoresis device.
60 Modeling On the footsteps of two Reading a text about Watson & Cricks’
phase GEN(E)iuses: breakthrough in decoding the DNA, the
How Watson & Crick solved the Students acquire essential knowledge about
molecular puzzle of DNA- DNA-structure and answer comprehension
structure questions in their workbooks.
Originating from their answers they
construct independently a model of the
molecular DNA-structure.
25 Experimental ~ Visualize the invisible (Part 2):  Students describe the results of the agarose
phase 2.2 Results of the agarose gel gel electrophoresis and think about
electrophoresis appropriate explanations.
15 Interpretation  DNA - A macromolecule of life:  Group discussion of the experimental

phase

Review of the module

results by connecting them to students’
DNA-models.

2.2. Participants

114 ninth graders at the highest stratification secondary school level (‘Gymnasium’) participated in our

study (40.87% female; age M + SD = 14.45 £+ 0.69). Data were collected from six classes of five different

secondary schools in Bavaria. A test-retest sample also from highest stratification secondary school level
(n = 39; 100.00% female; age M £+ SD = 14.69 + 0.57) completed the knowledge questionnaire neither
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participating in the module nor receiving any instruction on the topic during data collection. As genetics

is a new topic in the grade 9 curriculum (ISB, 2007), participants were regarded as novices.

2.3. Instruments

Our study applied a pre-test (TO), post-test (T1) and retention-test (T2); the first two weeks before
the teaching-unit, the second immediately after and the last six weeks after participation. The multiple-
choice knowledge-test (KNO, KN1, KN2) consisted of 30 items with varying difficulty levels (see Table
2), covering the contents of the gene technology module in order to evaluate cognitive achievement.
Every item offered four response options, only one of which was correct. At each testing schedule, the
order of questions and answers were changed randomly. Students were never aware of any testing

schedules.

Table 2 Item examples with varying difficulty levels of the cognitive knowledge questionnaire (partly adapted
from Langheinrich, & Bogner, 2016). Questions were split up into subcategories evaluating the model
subunit or the laboratory activities. Correct answers are written in italics.

Evaluated Level of difficulty  Item example
subunit
1 The electrophoretic separation of DNA-molecules is based on the
(reproduction) DNA-component ...
a) thymine
b) phosphate
C) sugar
laboratory d) cytosine
activity
1 With the help of a centrifuge ...
(reproduction) a) you can mix a sample.

b) the molecules are set into motion.
c) single molecules can be isolated.
d) solid substances can be separated from liquids.

2 Give the opposite bases to the base sequence: AATGGG
(reorganization) (Capital letters = initial letter of the base, e.g. ‘4’ for adenine)

a) TTGCCC

b) TTACCC

c) TTGAAA

d) GGACCC

model phase 3 The analysis of a DNA-section revealed a proportion of guanine
(transfer) with 30%.
Following, the proportion of adenine is ...
a) 20%.
b) 70%.

c) also 30%.
d) isnot determinable.
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The analysis was conducted using sum scores: correct answers were scored ‘1°, incorrect answers
‘0’. Internal consistency testing yielded reasonable Cronbachs’ alpha values above 0.7 (number of items
= 30; alpha kno = 0.736, alpha kn1 = 0.869, alpha kn2 = 0.864). Item difficulty ranged between 10% and
90%. The mean-item-difficulty, defined as the percentage of students answering an item correctly
(Doring & Bortz, 2016) showed an average of 49.1% for all items during all test intervals. To control
for any effects of repeated measure designs, a test-retest sample followed the same procedure of
completing the tests without participation in the module. Additionally, we assessed creativity in the pre-
test (T0) using the modified scale of Conradty and Bogner (2018) with its 4-digit Likert-scale response
pattern ranging from ‘1’ (never) to ‘4’ (very often). The Cronbach’s alpha was 0.736. Two subscales
were applied: ‘act’ covered conscious and trainable cognitive processes and ‘flow’” monitored elements

of flow experiences, a mental state of creativity (e.g. Table 3).

Table 3 Item examples for monitoring creativity (Conradty & Bogner, 2018) using an adjusted version of the
‘Cognitive Processes Associated with Creativity’ scale (Miller & Dumford, 2016).

Subscale Item example

I combined dissimilar concepts to create a novel idea.

Act I incorporated a previously used solution in a new way.

I made a connection between a current problem or task and a related situation.

I was fully immersed in my work on a problem or task.

Flow I lost track of time when working intensely.

| felt that work was automatic and effortless during an enjoyable task.

For evaluating the DNA-models, we followed the category system of Langheinrich & Bogner
(2015) by analyzing the models and corresponding drawings produced, and taking five different
categories (e.g., analysis sector ‘Bases’) into consideration. We adapted the existing category system
with regard to the expected performance of 9th graders and the content of the module (Table 4). We
simultaneously graded the resulting models, drawings and inscriptions regarding the concrete
representations and structural characteristics using sum scores (e.g., analysis sector BA1: ‘1’ point for
‘symbolized bases’ or ‘2’ points for ‘symbolized and qualified bases’; max. 19 points for the complete
model evaluation). To guarantee reliability we randomly selected 15% of students’ DNA-models for
intra- and inter-rater categorization. The dataset was categorized for a second time by the first author
after three months (intra-rater) and by a nonpartisan person (inter-rater). We computed Cohen’s Kappa
coefficient (Cohen, 1968) and obtained reliability scores for the intra-rater reliability of kappa = 0.815
and for the inter-rater reliability of kappa = 0.693. These scores can be rated as almost perfect or rather
substantial (Landis & Koch, 1977) justifying a high degree of objectivity for the applied category

system. Participants were unaware of any testing cycles and received no further instructions on the topic
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during data collection except from our teaching module. All questionnaires were paper-and-pencil-tests

completed under controlled conditions.

Table 4 The category system for evaluating modelled and drawn elements (adapted from Langheinrich &
Bogner, 2015)

Analysis sector Evaluation scale Description
Bases BA1 0 No bases symbolized
1 Bases symbolized
2 Bases symbolized and qualified
3 Base pairs symbolized
4 Base pairs symbolized and qualified
BA2 0 Hydrogen bonds not symbolized
1 Hydrogen bonds symbolized
2 Hydrogen bonds correctly symbolized
BA3 0 Bases are not linked with the backbone
1 Bases are linked with the backbone
2 Bases are correctly linked with the backbone
Deoxyribose  DE 0 Deoxyribose not symbolized
1 Deoxyribose symbolized
2 Deoxyribose symbolized and named
Phosphate PH 0 Phosphate not symbolized
1 Phosphate symbolized
2 Phosphate symbolized and hamed
Primary PR1 0 No primary structure identifiable
SEFucIre 1 Single strand identifiable
2 Double strand composed of two single strands identifiable
PR?2 0 No linkage between deoxyribose and phosphate
1 Linkage between deoxyribose and phosphate
2 Deoxyribose and phosphate symbolized alternating as a
polymer
Secondary SE 0 No secondary structure identifiable
structure 1 False secondary structure identifiable
2 Double helix identifiable
3 Right-handed double helix identifiable

Note.  Adapted or supplemented categories are written in italics. The subcategory OR (organizational level)
was not applied in the context of the module.
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2.4. Statistical analysis

All statistical tests were conducted using IBM SPSS Statistics 23.0. Our analyses were based on
non-parametric methods due to a non-normal distribution examined by Kolmogorov-Smirnov-test
[Lilliefors modification]; p < .01), the assessment of Skewness and Kurtosis as well as investigating Q-
Q-Plots. Changes in knowledge within the three test schedules were analyzed by using Friedman’s
ANOVA and Wilcoxon’s post-hoc analyses. Second, Mann-Whitney-U-tests (MWU) were used for
comparisons between the gender subgroups. In case of significant results, we additionally calculated
effect sizes r according to Field (2013) and assumed scores of 0.1, 0.3, and 0.5 as small, medium and
large effect sizes (Cohen, 1992). Furthermore, we used Spearman’s Rho for correlation analyses

between cognitive achievement, creativity and model quality.

3. Results

As expected, a simple test-retest sample did not produce any testing effects (Mdn kno = 5.00,
Mdn kn1 = 4.64, Mdn k2 = 4.38): the completion of the knowledge questionnaire did not affect learning
processes. In contrast, knowledge scores for the main sample varied significantly between measurement
schedules (Mdn kno = 10.04, Mdn kn1 = 20.73, Mdn kn2 = 17.24; Chi-squared (2) = 177.278, p < .001).
Table 5 presents the inner-group comparison of knowledge levels within the gender subsamples.

Table5 Inner-group comparison of knowledge levels. Knowledge scores within
the gender subsamples differed significantly between measurement times(TO:
pre-, T1: post-, T2: retention-test).

z p r
2Boys

T1-TO -7.12 <.001*** -.62
T2-TO -6.15 <.001*** -.53
T2-T1 -5.87 <.001*** -51
b Girls

T1-TO -5.97 <.001*** -.62
T2-TO -5.96 <.001*** -.61
T2-T1 -4.78 <.001*** -.49

Note: 2n = 67; °n = 47.

Gender produced a difference in prior knowledge, before participation in our teaching-unit
(Mdn poys = 10.89; Mdn 4ins = 9.00), U = 1208.00, z = -2.23, p = .026, r = —0.21 (Fig. 1). However, no

differences in short-term knowledge levels between the gender subsamples appeared (Mdn poys = 20.31;
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Mdn gins = 21.13), U = 1323.50, z =—1.57, n.s. Furthermore, the mid-term knowledge levels did not vary
significantly in the content knowledge of the module (Mdn peys = 16.71; Mdn gins = 17.70), U = 1374.00,
z=-1.28, n.s. Between-group comparisons have shown that the knowledge increase (KN1-KNO) varied
significantly between boys and girls (U = 1052.00, z = —3.12, p = .002, r = —0.29) but no gender-
dependent significant differences for the knowledge decrease rate (KN2-KN1) were revealed (U =
1590.50, z = —-0.04, n.s.). Since the students were free to decide with which classmates they would like
to work together, we also examined the gender distribution in the student pairs: only 10.4% worked in
a mixed gender group, whereas 54.8% were male pairs and 34.8% female pairs. When focusing students
prior knowledge differences coupling in the pairs we revealed no significant results (Mdn piskno males =
2.59, Mdn pitkno femates = 2.73, Mdn pitkno mixed = 3.29; Chi-squared (2) = 1.022, n.s.).
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Fig. 1 Cogpnitive achievement for the gender subsamples (knowledge sumscore of all items; max. > 30):

Girls showed a significantly (p = .026; r = —.21) lower knowledge sumscore in pre-test (KNO).
Additionally, the creativity measure did not indicate any gender differences for the subscale

‘act’ (Mdn poys = 2.39; Mdn gins = 2.32), U = 1486.50, z = -0.51, n.s. as well as for the subscale ‘flow’
(Mdn poys = 2.21; Mdn ginis = 2.33), U = 1450.50, z =-0.72, n.s.
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Key examples model evaluation: Results of the hands-on modeling phase with
corresponding drawings. A) low rated DNA-model (5 points) B) medium rated

DNA-model (12 points) C) high rated DNA model (19 points).

Note. Strang = strand; Basen = bases; Holm = holm; Wasserstoffverbindung = hydrogen

bonds; Zucker = sugar; fest verkniipft = firmly linked
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The hands-on modeling phase revealed a variety of model qualities, ranging from little evidence
to plenty of DNA characteristics (Mdn mogel quaity = 13.78). Key examples for different model qualities
and corresponding drawings are presented in Fig. 2. There were significant gender differences: Fig. 3
shows that the girls achieved significantly higher scores for their constructed models than the boys (Mdn
boys = 13.50; Mdn gins = 15.58), U = 1094.00, z =—2.79, p = 0.005, r = -0.26. When comparing the model
quality of the mixed pairs with the female pairs we found no significant differences (Mdn mixes = 15.00;
Mdn femates = 15.80), U = 219.50, z = -0.45, n.s.
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Fig. 3 Gender differences in the model quality sum scores of the hands-on modeling phase

(max. Y 19): Girls” modelled and drawn results of the modeling phase are
significantly higher (p =.005; r=—.26).  Note. n hoys = 67; n girls = 47.

We correlated knowledge sum scores at all test times with the creativity subscales ‘act’
(conscious and trainable cognitive processes) and ‘flow’ (describing typical elements of flow
experiences). Gender produced different patterns: There was no relationship between cognitive
achievement and creativity for the boys across all test times or for the girls at the pre-test (KNO).
Significant positive correlations were revealed between girls’ short-term (KN1) and mid-term
knowledge levels (KN2) with the creativity subscale ‘flow’. In contrast, no relations with the creativity
subscale ‘act’ were observed.

Correlations between cognitive achievement and students’ model quality did not exist for the

boys’ knowledge scores at any test time. Girls’ prior-knowledge (KNO) is not related to model quality.
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In contrast, the girls’ model quality correlates clearly positively with their short-term (KN1) and mid-
term knowledge levels (KN2).

Considering possible connections between students’ creativity and the model quality, no
correlations with either gender subsample were observed. Table 6 summarizes the relations between
model constructor girls’ short- and mid-term knowledge levels with the creativity subscale ‘flow” and
with the model quality.

Table 6  Correlations for the model constructor girls between the model quality (model sumscore)
and the creativity subscale ‘flow’ to cognitive achievement (complete module).

girls’ cognitive achievement

KNO KN1 KN2
Model quality n.s. 408** .385**
Creativity subscale ‘flow’ n.s. .338** A469**

Notes. n (girls) = 47; Spearman’s correlation coefficient rs; KN1: knowledge post-test; KN2:
knowledge retention-test; KNO: no correlations at knowledge pre-test (rs <.232; p>.117).

4. Discussion

Combining hands-on experimentation with creative model-construction is beneficial for boys
and girls in producing short- and a mid-term knowledge increases. Although girls started from
significantly lower prior knowledge levels, they closed the knowledge gap during our module. Higher
model quality scores and ‘flow’ experiences might probably help girls to benefit the most. In summary,
even short-term interventions combining hands-on model work with experimentation promote cognitive
achievement: this is in agreement with research in the field of outreach learning (e.g., Meissner &
Bogner, 2011; Sellmann & Bogner, 2013) and for learning in gene technology out-of-school labs
(Goldschmidt, Scharfenberg, & Bogner, 2016; Langheinrich & Bogner, 2016; Mierdel & Bogner, 2018).
When comparing the effectiveness of illustrations versus three-dimensional models in the context of
genetics, Rotbain, Marbach-Ad, & Stavy (2006) also reported such knowledge gains for model
application. Hence, our out-of-school module may bridge modeling with experimental work and offer a
promising method for linking abstract scientific theory with practical experiences (Gilbert, Boulter, &
Rutherford, 1998). Furthermore, as modeling and creativity are both seen as key factors for science
learning (Van Driel & Verloop, 1999), a closer investigation of individual creativity levels and model
quality is of potential interest in supporting learning.

National education standards (KMK, 2005) have a number of requirements referring to the
nature of models and emphasize modeling as a typical scientific procedure. However, model elaboration
still is a neglected methodical aspect of scientific model application in science classrooms (Griinkorn,
Upmeier zu Belzen, & Kriiger, 2014; Oh & Oh, 2011). Svoboda and Passmore (2013) named benefits
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of modeling like concretizing abstract ideas, simplifying and clarifying complex phenomena, making
predictions about future events, and facilitating the communication of ideas. Thus, model elaboration is
regarded a powerful inquiry-based learning strategy: it is thought to strengthen important modeling
abilities like shaping various models of a selected phenomenon. Students worked with no instructions
except an information text, and were expected to independently find a solution for the given challenge.
As successful modeling seems to demand a complex suite of strategies, we observed, with respect to the
schedule of the model phase, that some participants struggled to complete an acceptable DNA-model
within the time limits set. Although the time aspect of modeling in biology class has scarcely been
investigated, we conclude that model construction is a time-intensive activity, which may explain its
rare application in biology classroom routines.

Individual creativity might be essential for successful model elaboration, including a process of
sensitization for problems or knowledge gaps, searching for solutions and even contributing to a ‘deeper
learning” (Chow, 2010). As repeatedly shown in science history, creativity occupies a unique place for
innovation and may contribute to the quality of education (Braben, 2004; Lunn & Noble, 2008). In the
context of genetics, Watson and Crick (1953) provided a paradigm in benefitting from individual
creativity when discovering by modeling the code of DNA-structure. Such discovery processes are
reported as most enjoyable experiences linking creativity and science as closely related fields
(Csikszentmihalyi, 2015). The potential impact of creativity within educational approaches is under-
researched although art education is an established school subject (Zimmerman, 2009). However,
creativity is not exclusively connected to arts; and creative mental abilities are required for all spheres
of life and maybe especially for science (Conradty & Bogner, 2018). As traditional science education
(STEM=Science, Technology, Engineering, Maths) is often associated with negative perceptions and
learning difficulties (Schumm & Bogner, 2016; Epstein & Fischer, 2017), increased efforts have been
taken to modify STEM to STEAM, thus integrating arts and encouraging creative solutions (Henriksen,
2014). STEAM (STEM & Arts) might help to transfer enthusiasm from artistic work to science to
support individual self-efficacy and thus, to close the ‘creativity gap’ (Runco, Acar, & Cayirdag, 2017).
Observation of our participants led us to strongly agree with these assumptions; the artistic aspect of
working with handcraft materials positively attracts learners’ attention and supports motivation during
model construction. One reason could be that students can act more creatively and without restrictions
in presenting information than in traditional model-supported approaches, in which the medial
perception (model viewing) is typically favored (Mierdel & Bogner, 2018; Oh & Oh, 2011; Treagust,
Chittleborough, & Mamiala, 2002).

Following Miller and Dumford’s (2016) request for further research into creative thinking in
science classrooms, we investigated the impact of creativity in a STEAM gene technology module
finding equal creativity levels for both genders. Surprisingly, we also obtained no correlations between
individual creativity levels and model quality, although more creative students are expected to achieve

a higher model quality score. Therefore, other variables apparently contribute to creativity, such as
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novice learners’ difficulty in handling complex information. Genetics as an abstract topic may generate
a large working memory load which, of course, hinders the learning processes (Kirschner, Sweller, &
Clark, 2006): Model constructors had to deal especially with transmitting the text’s information
correctly into an adequate model of DNA-structure, thus blocking their individual creativity especially
when perfectionism or strict target orientation was demanded (Grant, Grant, & Gallate, 2012). However
a closer look reveals the relation between ‘flow’ experiences and cognitive achievement for girls: the
subscale ‘flow’ influences girls’ short- and mid-term knowledge and is also linked with high intrinsic
motivation scores. High ‘flow’ level signals a fully immersed status in a feeling of energized focus and
enjoyment (Csikszentmihalyi, 2000). Even though boys reached similar knowledge and creativity levels,
no effects regarding a correlation of these variables were observed; other factors such as hands-on
experimentation and the scientific workspace concept may contribute. Discussions of different gender
creativity scores in the literature are ambiguous: some studies regard women as more creative (e.g.,
Ulger & Morsiinbiil, 2016), others men (e.g., Shin, Jung, Choe, & Han, 2002), and yet others deny any
differences (Besangon & Lubart, 2008).

4.1. Methodological aspects

According to our results we can reject an effect of repeated measures, confirming that students
did not learn just from completing the knowledge questionnaire. However, the test-retest sample
performed at a first look much worse at measurement moment KNO, although both test groups worked
on the same knowledge test. At a statistical rate probability of 25%, students cross on average 7.5 correct
answers for 30 items with four answer options each. As data of the test-retest sample was collected at a
girls’ school, prior knowledge levels need to be compared with the girls’ prior knowledge of the main
sample (Mdn giris test-retest = 5.00 VS. Mdn giris main sampte = 9.00). It can be stated that the test-retest sample
is just below the guessing probability while the girls” main sample is just above. Those differences could
be explained with motivational reasons: While the main sample was aware that the pre-test was a
requirement for visiting a laboratory at the university, the test-retest sample had no incentive to make
any particular effort for the test. Especially with regard to still further decreasing knowledge scores of

the test-retest sample at KN1 and KN2, an explanation based on low motivation seems reasonable.

4.2. Impact of model quality and educational implications

The influence of model quality on girls’ cognitive achievement is apparent, as successful
modeling goes hand in hand with a short- and a mid-term knowledge increase. This connection
emphasizes the importance of model elaboration for learning genetics, although this relationship appears
to exist for girls only. Higher model quality demonstrates that girls are more attracted to our creative
and artistic hands-on approach, providing a working example of a successful STEAM approach to

promote gender equality (Burkam, Lee, & Smerdon, 1997). Although we must reject the impact of
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modeling on boys’ cognitive achievement, a combination of hands-on experimentation with modeling
might be appropriate for both genders. Nonetheless, adaptions for current model constructing
approaches need further discussion.

To overcome potential influences we monitored individual modeling experiences by self-
assessment, revealing low levels of modeling skills (investigated in detail Mierdel & Bogner, 2018). A
lack of modeling experience could explain lower rated DNA-models and lower individual knowledge
scores. Justi and Gilbert (2002) pointed to the need for teachers’ competence in modeling: As many
teachers possess only a suboptimal understanding of ‘models and modeling’, modeling application for
science classes may need extra emphasis in pre- and in-service teacher education.

Additionally, as some DNA-models remained incomplete, a few model constructors may have
had misconceptions about the DNA-structure. Langheinrich and Bogner (2015) demonstrated as a
typical problem the correct understanding of the three genetics concepts: DNA, gene and chromosome.
Changing the hierarchical organizational level of DNA-structure between the experimentation and the
modeling phase may have prevented the achievement of a correct and complete result. When discussing
adaptions for our model constructing approach (Mierdel & Bogner, 2018) we gave two
recommendations regarding the ‘Model of Modeling” (Justi & Gilbert, 2002): First, a pre-modeling
phase to explain and train necessary modeling skills. Second, a post model evaluation, e.g. within a
group discussion, to identify and correct misconceptions about DNA-structure.

Nevertheless, our study may have two limitations: First, as students were from the highest
stratification secondary school level (‘Gymnasium’), we cannot generalize the results for other school
levels or other grades. As genetics is a complex and abstract field, we decided on the highest school
level because genetics is already part of the curriculum in 9th grade. Additionally, in other school levels
the topic receives less attention and is taught in higher classes so that comparability would be difficult.
A second restriction might be the sample size when comparing girls (n = 47) and boys (n = 68 boys).
However, the implemented activities (experimentation and modeling) in a laboratory situation were
complex in preparation as well as in evaluation. For these reasons, we examined only five classes and

think that more research could give a closer look on relations between modeling and gender.

5. Conclusion

Strategies aiming towards a more authentic science education, thus integrating modeling as a
typically scientific procedure, are required to provide further benefits such as offering multiple ways for
learning science (Gilbert, 2004). Integrating arts in science might offer a chance to overcome negative
perceptions of traditional science views, by transferring enthusiasm from arts to science (Runco, Acar,
& Cayirdag, 2017). As creativity plays a key role for both, connecting arts and creative mental abilities

may introduce an innovative approach for science education (Conradty & Bogner, 2018). Our findings
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clearly demonstrate the potential of creative hands-on modeling in addition to classic experimental
challenges in an inquiry-based outreach module.

We conclude that both genders had similar requirements while model constructing; both showed
similar individual creativity levels as well as no influence of creativity on their model quality. However,
a closer investigation paints a more precise picture: Although girls started with significant lower prior
knowledge levels, they closed their knowledge gap during participation. Additionally, significant
relations between model quality and ‘flow’ experiences were observed only between girls’ short- and
midterm knowledge levels. In summary, the model constructing approach seems to better support girls,
while the boys compensated for their simpler modeling outcomes possibly with acquired knowledge
from the experimental parts of the module. Our module presents a suitable STEAM teaching method to
introduce new impulses into science classes. Although modeling as a student-centered and authentic
scientific teaching method has been praised in theory for years and its application requested by national
education standards, it remains an outsider in educational practice. This must be changed.
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Investigations of modellers and model viewers in an out-of-school gene
technology laboratory

Abstract

Genetics is known to be one of the most challenging subjects in biology education because of its abstract
concepts and processes. Therefore, hands-on experiments in authentic learning environments are
supposed to increase comprehensibility and provide otherwise unavailable experiences to students. We
applied a hands-on module in an out-of-school gene technology lab, combining experimentation and
model work, in order to support the experimental work. In comparing the impact of two different
approaches on cognitive achievement, cognitive load and instructional efficiency, we divided our sample
(N=254) into two groups: While both were subjected to the experimental part of the module, the
modellers (n=120) were required to generate a DNA model using assorted handcrafting materials,
whereas the model viewers (n=134) worked with a commercially available school model of DNA
structure. Interestingly, the model viewers performed significantly better regarding a mid-term
knowledge increase, while individual cognitive load scores during the activity remained similar.
Accordingly, the model viewing approach produced significantly higher scores for instructional
efficiency, pointing to enhanced cognitive achievement through a more intense perception of the DNA
models’ correct contents. While at the first glance our results seem surprising, implications for teaching
when models come into play and ways to avoid such discrepancies are discussed. Consequently,

recommendations for classroom impacts are presented.
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Cognitive knowledge, Models and modelling, Mental effort, Outreach learning, Science education
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Introduction

Student-centred learning in outreach laboratories has produced a long series of studies (Bryce
and Robertson 1985; Franke and Bogner 2011). The connection of newly acquired knowledge with
autonomous hands-on learning has repeatedly been investigated and compared to conventional teacher-
centred science classes (Gerstner and Bogner 2010, Randler and Bogner 2006). Authentic first-hand
experiences in realistic environments as implemented in outreach labs may allow learners to feel like
scientists who develop experiments to solve realistic problems. Such scenarios produce interesting
learning settings and also positively affect well-being scores (Meissner and Bogner 2011). Studies in
the context of molecular instruction have demonstrated an increase in both knowledge and conceptual
understanding (Langheinrich and Bogner 2015; Scharfenberg et al. 2007). Ben-Nun and Yarden (2009)
reported a significant improvement of students’ mental models of DNA and of procedural understanding
of DNA manipulation.

Additionally, the importance of visual representations in education increases constantly while
its application needs understanding (Ferk et al. 2003; Girwidz et al. 2006). They play a central role in
the presentation of information when otherwise invisible classroom issues need further visualization
(Sotiriou and Bogner 2008). The Langheinrich and Bogner (2016) reported knowledge increases in an
e-learning module in which digital 3D representations were applied in addition to hands-on experiments.
Buckley (2000) used a model-based approach to illustrate hidden or abstract phenomena in cases where
direct observation is difficult. In genetics, visual presentation is assumed essential (Rotbain et al. 2006).
German national education standards (KMK 2005) based on current education research require a central
place for models and modelling in science education, especially to promote a knowledge balance in
complex themes. It is also supposed to attract learners’ attention and to maintain motivation (Mayer and
Wittrock 1996).

The aim of our study is to observe model-supported learning strategies in combination with out-
of-school laboratories. We first summarize science education research regarding models, modelling and
modelling activities in learning genetics. Secondly, we introduce our approach with respect to cognitive

load theory and present the objectives of our study.

The Meaning of Models, Modelling, and Modelling Activities in Science Education

Numerous studies have examined the role of models in science education (Buckley 2000;
Gilbert 2004; Treagust et al. 2002). Models can be defined as constructed representations with differing
theoretical perspectives, focusing different aspects of an original to explain complex or unknown entities
(Grosslight et al. 1991). Starting from observations of scientific phenomena, modelling can be specified
as the process of constructing concrete representations of abstract ideas by respecting underlying
mechanisms (Sins et al. 2009; Windschitl et al. 2008). Therefore, models and modelling hold a special

place in science classrooms because they are essential for developing and transmitting scientific
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knowledge (Giere 1988; Henze and Van Driel 2011). Providing a bridge between abstract scientific
theory and real-world experience, models may explain and simplify complex connections and provide
the basis for scientific prediction (Gilbert et al. 1998). Krajcik and Merritt (2012) described models as
external representations of mental concepts. A well-known example is the decoding of DNA’s double
helix. Watson and Crick arrived at the most appropriate interpretation of their complex data by building
a model (Harrison and Treagust 2000). Their solution used simple shining metal plates to position the
atoms to incorporate both the laws of stereochemistry and the X-ray data base (Watson 1968).

Consequently, models and modelling are important to scientific inquiry and communication and
several national education standards highlight its meaning as an integral part of scientific literacy (e.g.
KMK 2005; NGSS Lead States 2013). To increase the authenticity of science curricula, it is necessary
to incorporate both in science lessons (Gilbert 2004). As an appropriate strategy for teaching and
learning through modelling activities, several studies investigated modelling-based learning approaches
(MbL) and have demonstrated their value and great potential to enhance science teaching and learning
(e.g. Barab et al. 2000; Maia and Justi 2009). Louca and Zacharia (2012) described MbL as a method
that helps learners to form a deeper understanding of an observed scientific phenomenon by constructing
an externalized representation of the related abstract mechanism. Herein, the learning process is realized
by the inquiry-based construction of models via students, which should result in a physical
representation of an original, including selected characteristics and entities. However, learners often
have difficulty in distinguishing scientific models, teaching models and models in general
(Chittleborough and Treagust 2009). In many cases, students regard models as visual objects and do not
understand their role as mediators between theory and practice (Griunkorn et al. 2014). Students’
appreciation of models often is limited and even naive, when they primarily think about models as
physical copies (Grosslight et al. 1991).

When focusing specific biological contexts, Marbach-Ad and Stavy (2000) reported difficulties
in explaining macroscopic genetic phenomena by using the so-called organizational micro level. Such
abstract concepts and processes of genetics make it difficult to learn and to teach (Kindfield 1991).
Therefore, numerous studies recommend the inclusion of models to enhance teaching (Malacinski and
Zell 1996; Peebles and Leonard 1987; Templin and Fetters 2002). Rotbain et al. (2006) compared the
application of two types of models: an illustration model and a bead model. Although both improved
individual knowledge levels, the use of the three-dimensional bead model was shown significantly more
effective. Furthermore, in the context of models and modelling in genetics, a classification of related
curriculum contexts might be relevant. From our perspective, 9th graders in Germany (Bavaria, highest
stratification secondary school level “Gymnasium”) should be able to define several key concepts from
chemistry classes, which help them to bridge newly acquired knowledge about molecular DNA structure
(1SB 2004). Selected basic knowledge about molecules and atoms is comparable to the curricula in other
European countries at secondary level, e.g. in France (Cokelez et al. 2008). Students should be aware

that many identical molecules build a pure substance and that in turn these molecules consist of a
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combination of different atoms. Introducing a simplified model of an atom with positively charged
nucleus and negatively charged moveable electrons around, students achieve fundamental knowledge to
understand phenomena like chemical bonding or intermolecular interactions, like hydrogen bonds.
Additionally, chemistry education standards for 8th and 9th grade recommend to use and construct
molecular models, to work with molecular kits or virtual models on the computer (ISB 2004).
Nevertheless, several studies have identified misconceptions regarding students’ understanding of atoms
and molecules (Cokelez 2012). Common problems seem to be the distinction between atoms and
molecules (Griffiths and Preston 1992) and the frequent belief that both are very small, but macroscopic
and can be seen with a powerful microscope. Additionally, students describe atoms as generally grouped
and are unaware that molecules are themselves basic chemical entities (Harrison and Treagust 1996;
Taber 1998). These misconceptions could also be relevant when learning the typical structure of the
DNA macromolecule, which may result in further learning difficulties.

Cognitive Load and Model-Based Teaching Strategies

From the cognitive perspective, learning can be defined as a construction and sequential
modification of knowledge representations (Steiner 2006). Constructivism is often connected to learning
in experimental lessons. On the basis of personal experiences, learners could confirm or disprove, adapt
or develop new mental representations during experimentation (Hodson 1998). According to Tobin
(1990), laboratory activities engage students in a process of constructing knowledge by doing science.
Following (Franke and Bogner 2011), we refer to a moderate constructivist understanding of learning
when we focus on monitoring achievement within the cognitive domain (cognitive achievement) in an
out-of-school laboratory. To monitor relative efficiency of instructional settings, Paas and Van
Merriénboer (1993) combined cognitive achievement data (performance), and cognitive load data
(mental effort) to receive instructional efficiency. Cognitive load is defined as the mental activity of
working memory required to complete a task. Due to limitations of working memory’s capacities
(Baddeley 1992), learners have to struggle to construct appropriate cognitive schemata while handling
a large volume of newly acquired, unorganized information (Van Merriénboer and Ayers 2005). Sweller
et al. (1998) postulated three components of contribution to load levels: (a) intrinsic load, which is
caused by the element interactivity of the present content, being influenced by learners’ expertise and
the number of simultaneously processed elements, (b) extraneous load, which relates to the instructional
strategy and does not contribute to or, at worst, impedes learning, and (c) germane load, which is needed
for individually processing information and transferring it to long-term memory. The three cognitive
load components are regarded as additive, so that reducing intrinsic or extraneous load may have the

potential to strengthen the germane component, regarded as a key factor for learning (Sweller 2006).

Students’ mental effort is defined by the actual amount of controlled cognitive processing
assigned to learners’ working memory (Paas 1992; Paas and Van Merriénboer 1993). In consequence,

mental effort is conventionally used as an index of cognitive load, because it reflects the actual existing
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mental workload (Paas et al. 1994; Van Gog and Paas 2008). Combining students’ mental effort with
information about their performance can provide insight into the cognitive costs at which learners’
performance is achieved, and can determine instructional efficiency. Thereby, the instructional
efficiency of an instructional approach represents the relative efficiency of different instructional
conditions in consideration of mental effort and cognitive achievement data (Paas and Van Merriénboer
1993).

There is still little literature on model-based instructional designs and cognitive load theory,
although there are several reasons for investigations in this research area (Cook 2006; Stull et al. 2018).
The application of visual representations has revealed promising teaching strategies in order to reduce
extraneous load (Mayer 2001). However, there is a risk to interfere with learning, if the use is without
proper design and consideration for individual differences among learners (Linn 2003). According to
Cook (2006), most novice learners face difficulties in coordinating multiple representations, since their
cognitive resources are engaged in interpretation rather than linking information in a broader context.
Computer-based externalizing of mental processes such as the rotation of molecular models appears to
free cognitive resources in learning (Cook 2006). Hmelo-Silver et al. (2006) specified instructional
designs to decrease cognitive load, e.g. by structuring a task relevant to the learning goals. After initial
adaption in using problem-based routines, students tend to quickly act cooperatively in order to extract
facts and generate ideas towards solution. Chemistry education showed molecules made of several atoms
with certain spatial arrangements leading to overload of spatial working memory (Shah and Miyake
1996; Stull and Hegarty 2016).Stull et al. (2018) found that enacting with hand-held molecular models
reduced the demand of imaging concepts and processes in mind by lowering cognitive load. Herein,
models can serve to off-load cognition, especially if students can use them to improve mental rotation
skills while manually performing spatial transformations compared to another group of students that
passively watched an instructors’ model-supported demonstration without enacting. As mentally
transforming novel representations is very memory intense, models may help students to learn, organize
and integrate important information with their previous knowledge (Stull and Hegarty 2016).

In this context, the present research examines the influence of model-based approaches on
cognitive load. We compared two model-supported teaching approaches (model elaboration versus
model viewing) in an outreach laboratory in the context of learning genetics. Our study sought to answer

the following research questions:

(1) How do model-based approaches influence students’ cognitive achievement when model

elaboration or model viewing are applied in a hands-on gene technology module?
(2) To what extent do the two model-based approaches affect students’ cognitive load?

(3) Which effect do the two implemented approaches have on instructional efficiency, i.e. the

standardized difference between mental effort and performance?
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Methods

Educational Intervention

Our study was completed at an outreach gene technology laboratory, designed for hands-on
teaching in an out-of-school setting (see in detail Mierdel and Bogner 2019b). Students worked in pairs.
The intervention was designed for 9th graders and implemented by a single teacher. Our module Simply
inGEN(E)ious! DNA as a carrier of genetic information included six lessons (in total 270 min)
consisting of five phases: one pre-lab phase, two experimental phases, one model phase and one
interpretation phase (Table 1). Both experimental subunits and the model subunit consisted of
theoretical, teacher-led minds-on activities followed by hands-on student activities (Scharfenberg and
Bogner 2011). Since students worked in a real university lab, we decided on an inquiry-based learning
scenario providing an authentic environment, in which they can propose ideas, explain observations,
and verify hypotheses. A workbook leads the participants through the module with information,
experiment instructions and upcoming challenges during experimentation and model work. Before

performing the hands-on phases students completed the tasks in the workbook.

Table 1 Phases and descriptions of the gene technology module Simply inGEN(E)ious! DNA as a carrier of
genetic information.

Phase of teaching-unit Description Students’ activities

Be prepared! How to work in a gene technology lab:

Pre-laboratory phase Practicing essential techniques of a gene technology Hands-on
scientist

] Spin you DNA! The material character of DNA:
Experimental phase 1 ]
Isolation of DNA from students’ oral mucosal cells

On the footsteps of two GEN(E)iuses:

Acquiring essential knowledge about DNA structure

Model phase when working with models independently and reading Minds-on
about Watson & Crick solving the molecular puzzle of Hands-on
DNA structure

T
Visualizing the invisible:

Experimental phase 2 Agarose gel electrophoresis of the previously isolated
DNA

T
DNA — a macromolecule of life:

Interpretation phase Discussing experimental results by connecting them to Minds-on
DNA models (review of the module)
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In order to prevent learning difficulties caused by a lack of basic experimental skills, we started
the lab day with an introductory pre-laboratory phase (Scharfenberg and Bogner 2011). In this teacher-
centred phase, participants were familiarized with the laboratory equipment and trained in essential
scientific techniques (micro-pipetting, decantation and centrifugation). Presenting a newspaper article
describing a real crime scene, pupils brainstormed in a group discussion about required evidences to
convict a murderer flawlessly. Based on participants’ hypotheses regarding the murderer’s DNA tracks,
the teacher emphasized the organization levels of genetic material (cell, chromosome, DNA, gene),
leading to the first experimental phase, where students isolated individual DNA from oral mucosal cells
(Langheinrich and Bogner 2015). In the practical task of the second experimental phase, students
prepared their previously isolated DNA for the gel electrophoresis to gain more information about the
molecular character of DNA structure (e.g. ‘“Which component is responsible for the migration of DNA
in the electric field?”). The model phase linked the two experimental sections: students learned essential
background information about the DNA structure while working with models following the historic
approach by Watson and Crick (1953). The theoretical base of this student-centred subunit was provided
by an information text with comprehension questions. This didactical reduced text described the story
how Watson and Crick solved the molecular puzzle of DNA structure based on the original letter Francis
Crick wrote to his 12-year-old son in March 1953 (Mierdel and Bogner 2019b). The text’s content
concentrates on e.g. the phosphate-sugar chains as DNA backbone, names and arrangement of the bases,
possible base pairings or the right-handed double-helix structure. During the final interpretation of the
experimental results, the findings of the model phase were discussed and compared with previously
formulated hypotheses. Our module’s contents followed the current syllabus (Bavarian Ministry of
Education 2007). A pilot study was conducted to optimize the learning materials especially for the model

phase.

Design of the Study and Participants

Our study followed a quasi-experimental design with pre-test (TQ), post-test (T1) and retention
test (T2). Students completed a knowledge pre-test (T0O) 2 weeks before the teaching unit, the post-test
(T1) immediately after and the retention test (T2) 6 weeks after participation.

The sample consisted of 293 Bavarian 9th graders of the highest stratification secondary school
level (“Gymnasium”): 59.04% female; age M = SD = 14.51 £ 0.69. We collected data from 14 classes
in 8 different schools.

Due to the fact that teachers can use models for different purposes in science instruction, our
major aim was to observe the efficiency of two basically different instructional settings for model-based
learning. On the one hand, models are described as changeable tools for testing and representing
scientific ideas in the best way (Werner et al. 2017). A few studies have indicated that an understanding

of models could be fostered by elaborating and reflecting on models (e.g. Baek et al. 2011; Schwarz et
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al. 2009). On the other hand, teachers mainly use models as teaching tools to illustrate certain aspects
and to transmit content knowledge (Gilbert et al. 2000; Upmeier zu Belzen 2013).

According to the model of modelling (Justi and Gilbert 2002a, p. 371), a source prior to (mental)
modelling is required. Taking into account different levels of understanding, both treatments initially
read the same information text based on Crick’s letter writing his son the story of solving the molecular
puzzle of DNA structure and answer comprehension questions (e.g. ‘Name the bases of the DNA and
indicate possible base pairings!”). In the process of formulating their answers, they internalize essential
background information as they mentally begin to develop a model of DNA structure. In the following
model-based activities, students were randomly assigned to two subsamples and one test-retest sample:
120 students (Treatment 1: modellers [md]) creatively generated a DNA model with no instructions
provided. They got DNA modelling kits containing a variety of handcrafting materials for the
independent model elaboration (e.g. glue, scissors, straws, pipe cleaners, coloured beads and cardboards,
felt-tip pens). Another 134 students (Treatment 2: model viewers [mv]) worked instead with a completed
but unlabelled commercially available school model of the DNA structure by comparing and analysing
the substructures of the model with their mental models. Finally, both treatments had to consider scope
and limitations of their models. Students had to make a labelled drawing to explain the model’s elements
and had to compare it with the previously answered comprehension questions. A test-retest sample
(n = 39) completed the knowledge questionnaire neither participating in the module nor receiving any
instruction on the topic. Because genetics is a new topic in biology of the state’s grade 9 curriculum
(Bavarian Ministry of Education 2007), little prior knowledge is to be expected. Participating students
were only included in the study after parents had given their permission and teachers were willing to

participate.

Instruments

The ad hoc multiple-choice knowledge test consisted of 30 content items (item examples, see
Table 2), 12 assessing project-oriented knowledge of the laboratory activities. Another 18 items
examined the content knowledge of the model phase originating from the information text provided to
both treatments, as we want to compare students’ short- and mid-term knowledge increase due to the
differing model-based approaches. Every item offered four response options, only one of which was
correct. Subsequent analyses used sum scores: correct answers were scored ‘1°, incorrect ones ‘0’. The
maximum knowledge score was 30.

At each test time, the order of questions and answers was changed randomly. Cronbach’s alpha
values are shown in Table 3 (scores above 0.7 were regarded as reasonable). The content validity of the
items of the knowledge test is implied by following the state school curriculum (Bavarian Ministry of
Education 2007). The inter-item correlation of the knowledge items was below 0.2 for all test times (TO
=0.08, T1=0.19, and T2 = 0.18), confirming that each item was related to different content knowledge

of the teaching unit. For complex constructs, such as cognitive achievements, heterogeneity of test items
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enhances construct validity (Rost 2004). According to the classical test theory, the mean item difficulty
is the percentage of students that answered an item correctly (Déring and Bortz 2016); the average for
all items during all test intervals was 49.1%. Item difficulty ranged between 10 and 90%. More item
examples with assigned levels of difficulty (level 1: ‘reproduction’, level 2: ‘reorganization’, and level
3: ‘transfer”) are presented in a recently published parallel study Mierdel and Bogner 2019a). To control
for learning effects of the repeated measures design, a test-retest sample completed the same knowledge
guestionnaire three times over an interval of 8 weeks, but without participating in our module. Students

were not aware of the testing cycles.

Table 2 Item examples of the cognitive knowledge questionnaire (partly adapted from Langheinrich and Bogner
2016). Correct answers are written in italics. Questions were split up into subcategories evaluating the
model subunit or the laboratory activities. The full version of the knowledge test is available as
supplementary online material.

Item example Evaluated subunit

The cohesion of the two DNA-strands is based on
the formation of ...
a) Atomic bonds

b) Hydrogen bonds Model phase
c) Disulfide bridges
d) lonic interactions
What is wrong?
In cold alcohol the DNAis ...
a) Insoluble o
b) A filamentous structure Laboratory activity
¢) A white solid
d) Soluble
The proportion of sugar to phosphate in the DNA-molecule is...
a) 2:1
b) 3:1 Model phase
c) 1:1
d 1:2

With the aid of gel electrophoresis, you get
information about ...
a) The molecular mass
b) The number of bindings of a molecule
¢) The components of a molecule
d) The atoms of a molecule

Laboratory activity
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Table 3 Number of items and Cronbach’s alpha scores of the cognitive knowledge questionnaire. Out of a total
of 30 content-related items, 18 refer to the model phase. Cronbach’s alpha scores are calculated for pre-
(TO), post- (T1) and retention-test (T2).

Knowledge questions evaluating Number of aro arq ary
items

a. complete module 30 736 .869 .864

b. model phase 18 741 .847 .840

Additionally, we assessed the theoretical construct cognitive load (CL) according to Paas and
colleagues (Paas et al. 2003a, b) by measuring mental effort (ME) as an index of CL (Paas et al. 2003a;
Van Gog and Paas 2008). Based on that unidimensional 9-point Likert-type self-rating scale, students
indicated their ME during task performance at eight points in time during the teaching unit (see
Appendix). The ME scale is frequently used in CL research (Van Gog and Paas 2008) and has formerly
been demonstrated valid and sensitive (Ayres 2006).We calculated four ME scores for the four different
phases of our module (pre-laboratory, experimental, model and interpretation; see Table 1), based on a
scale from‘1” (very, very low mental effort) to ‘9’ (very, very high mental effort). The midpoint of the
scale constitutes an anchor score linked to the average ME necessary during biology lessons to prevent
potential individual differences (Franke and Bogner 2011). In order to monitor potential effects of the
two instructional modes within the model phase ([mv] and [md]), we decided on a frequently used
method to combine ME data with task performance indicators and to calculate instructional efficiency
(IE; Sweller et al. 2011 p. 75). We follow Van Gog and Paas (2008) in the most common definition of
the term ‘performance’ in the field, that is, an evaluation of the learning outcomes in terms of scoring
correct answers. To obtain information on the relative efficiency of the two observed instructional
conditions, we applied the adapted form of measuring ME during the learning process (Van Gog and
Paas 2008). We calculated IE as relative efficiency (i.e. the standardized difference between ME and
performance) of the two model-based approaches by combining the mid-term knowledge increase (T2-
T1) of the 18 items monitoring the performance of model phase and the ME scores during the model
phase. For IE calculation, only the performance and ME data from students with fully completed ME
scale were used (n = 233). To obtain efficiency scores, the performance and the ME data are standardized
to z scores and displayed in two orthogonal axes (Sweller et al. 2011). Instructional efficiency E is the
calculated perpendicular distance to the reference line (E = 0) that represents the average instructional
efficiency score (i.e. a balance between mental effort and performance scores). Following Paas et al.
(2003a), two effects can be specified as crucial when comparing the efficiency of two different
instructions: (1) Similar ME results in different performances and (2) different ME results in similar

performances. In consequence, if high-performance scores are combined with low ME scores, the
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instruction mode is highly efficient and indicates that the allocated working memory capacity was used

for processes relevant to learning, and suggests low extraneous load (Kester et al. 2006).

Statistical Analysis

For all statistical analyses we used IBM SPSS Statistics 23.0. Distribution of the variables was
not normal (Kolmogorov-Smirnov tests [Lilliefors modification]; p <.01), so we applied non-parametric
tests. Changes in knowledge within the three test times were analysed using Friedman’s ANOVA and
Wilcoxon’s post hoc analyses. Second, Mann-Whitney U tests were used for the evaluation of intergroup
differences. In case of significant results, we calculated effect sizes r according to Field (2013) and
assumed that values of 0.1, 0.3, and 0.5 correspond to small, medium, and large effect sizes (Cohen
1992). To avoid cumulative type | errors caused by multiple testing, we used the Bonferroni correction
(Field 2013).

Results
Cognitive Achievement

As expected, knowledge scores of the test-retest sample for all items showed no significant
differences at all three test times (Mdnte = 5.00, Mdnt; = 4.64, Mdnr, = 4.38). On the contrary,
knowledge scores for the main sample (both treatments) differed significantly between measurement
times (Mdnto = 10.38, Mdn; = 20.64, Mdnr, = 18.29; chi-squared (2) = 373.733, p <.001). Table 4
shows the pair-wise comparisons of all three test times and Table 5 presents the pair-wise comparisons

for the items of the model phase for the two treatment groups (modellers [md]; model viewers [mv]).

Table 4 Complete module: inner-group comparison of knowledge levels. Knowledge scores within both
treatments differed significantly between measurement times (TO: pre-, T1: post-, T2: retention-test).

z p r

aTreatment 1 [md]

T1-TO -9.50 <.001*** -.61
T2-TO -8.81 <.001*** -57
T2-T1 -7.66 <.001*** -.49
®Treatment 2 [mv]

T1-TO -10.01 <.001*** -.61
T2-TO -9.78 <.001*** -.60
T2-T1 -5.60 <.001*** -.34

md: modellers, mv: model viewers; 2n = 120: °n = 134.
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Table 5 Model phase: inner-group comparison of knowledge levels. Knowledge scores within both treatments
differed significantly between measurement times (TO: pre-, T1: post-, T2: retention-test).

z p r
aTreatment 1 [md]

T1-TO -9.51 <.001*** -.61
T2-TO -8.70 <.001*** -.56
T2-T1 -7.02 <.001*** -.45
bTreatment 2 [mv]

T1-T0 -9.94 <.001%** -61
T2-TO -9.61 <.001*** -.59
T2-T1 -4.75 <.001*** -.29

md: modellers, mv: model viewers; 2n = 120; °n = 134.

Between-group comparisons are shown in Fig. 1a, showing that prior knowledge did not vary
significantly before participation (Mdnng = 10.12; Mdnm, = 10.70; max. score: 30), U = 7945.50,
z =-.16, n.s., r = -.01. Similarly, no significant differences in short-term knowledge increase between
the treatment groups appeared (Mdnng = 20.61; Mdnny, = 20.67; max. score: 30), U = 7777.50, z = -.45,
n.s., r =-.03. On contrary, mid-term knowledge increase differed significantly in the content knowledge
of the complete module (Mdnmg = 17.19; Mdnn, = 19.07; max. score: 30), U = 6493.50, z = -2.65,
p =.008*, r = -0.17. Even more significant (Fig. 1b) was the result for students’ mid-term knowledge
monitoring the model unit (Mdnmg = 10.13; Mdnmy = 12.59; max. score: 18), U = 5667.50, z = -4.08,
p <.001*** r =-0.26. The model viewers’ knowledge increase was significantly higher than that of the
modellers. Levels of statistical significance p after Bonferroni correction yielded to **a < .003 and
*a<.016.

Mental Effort

Statistical analysis of the mental effort scale (ME) showed no significant differences between
the treatment groups (Table 6). This result includes the ME scores for the two modelling approaches,

model elaboration versus model viewing, which did not vary significantly.
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technology module; B =Knowledge sum scores of the items (318) focusing on the content knowledge
of the model phase.
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Table 6 Between-group comparison of ME scores for the complete module.

Phase(s) of the teaching unit AMdnmg PMdnmy U z p
Pre-laboratory phase 2.52 2.61 6504.50 -.48 n.s.
Experimental phases 4.36 4.49 6291.50 -.38 n.s.
Model phase 4,53 4.71 6555.00 -72 n.s.
Interpretation phase 431 4.09 6290.50 -37 n.s.

md: modellers, mv: model viewers; 2n = 107: °n = 126.

Instructional Efficiency

Instructional efficiency differed significantly between the two treatments (Fig. 2), with
significantly higher scores of the model viewers (p =.011). Similar effort induced different performance,
for instance, a similar mental effort within the model phase induced a lowered knowledge decrease rate
(T2-T1) for the model viewing approach and a higher knowledge decrease rate (T2-T1) for the modelling
approach (small effect). These results suggest that a higher mid-term increase in knowledge of the model
subunit (performance), coupled with a similar mental effort during the model phase, results in a
significant higher instructional efficiency for the model viewing approach.
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Fig. 2 Between-group comparison of instructional efficiency E (E = (Zperformance — Zmental effort)/N2; Paas and

Van Merriénboer 1993) of the model phase. E [mv]: The mental effort within the model viewing
approach is coupled with higher performance (in this case, a lowered knowledge decrease rate: T2-
T1). E [md]: A similar mental effort within the modelling approach is coupled with lower performance
(in this case, a higher knowledge decrease rate: T2-T1). U = 5438.00, z = -2.54, p =.011*, r = -0.17,
n=233.

Note. E = 0 represents the average instructional efficiency score as reference line (i.e. a balance
between mental effort and performance scores).

Discussion

As expected, model-support within a hands-on teaching unit produces a short- and a mid-term
knowledge increase. Surprisingly, the model viewing approach was shown to be more effective than the

model elaboration approach, despite similar levels of cognitive load.

Effects on Cognitive Achievement

The observed short- and mid-term knowledge increase is in line with the literature on outreach

learning (Meissner and Bogner 2011; Sellmann and Bogner 2013), and with that on learning gene
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technology in out-of-school labs (Goldschmidt et al. 2015; Langheinrich and Bogner 2016).
Additionally, in the context of model-based approaches in teaching genetics, Rotbain et al. (2006)
reported such knowledge gains when students used an illustrated model or a three-dimensional bead
model in contrast to a control group. It is encouraging that even short-term interventions combining
model-supported strategies with experimental work generally promote students’ cognitive achievement
in the abstract field of DNA structure. Hence, linking model work with experimentation in an outreach
lab is a promising teaching approach that bridges abstract scientific theory and real-world experience
(Gilbert et al. 1998) and should be applied in biology classrooms as well.

The comparison of cognitive achievement levels shows a significant higher midterm knowledge
increase for the model viewers, indicating a deeper understanding of the scientific theory due to a
lowered decrease rate (Kirschner et al. 2006). Both methods describe, explain and simplify the abstract
background of DNA structure, while they lead to varied ways of perception: model viewers acquire the
scientific background in a didactically prepared representation form originating in our idea that medial
perception of models is typically applied in science classrooms (Oh and Oh 2011; Treagust et al. 2002).
Werner et al. (2017) reported that biology teachers use models not only for illustration but also as tools
to encourage students’ understanding of scientific reasoning: however, critical reflection on the
effectiveness of models for scientific reasoning usually failed to appear.

On the other hand, model elaboration is often a neglected aspect in science education (Griinkorn
et al. 2014; Oh and Oh 2011). Modellers are assumed to strengthen important modelling abilities like
shaping various models of a phenomenon or modifying their models. Svoboda and Passmore (2013)
consider the potential of a variety of scientific reasoning strategies, suggesting modelling as a powerful
inquiry-based learning strategy to guide initial phases of hypothesising, identifying knowledge gaps or
testing the accuracy of explanations and predictions. German national education standards (KMK 2005)
require various aspects of models, additionally to the point of simple visualization, in emphasizing
modelling as a typical scientific procedure. Thus, we had expected the recent model elaboration
approach to lead to better knowledge increase than the conventional model viewing approach did.

Knowledge differences between our treatments may have other causes. First of all, the theoretic
base to answer the multiple-knowledge test correctly was the information text with comprehension
guestions provided to both treatments in the same way. However, we think of differing model qualities
as a result from the modellers. While model viewers were presented with an optimal DNA model
accompanied by an appropriate text, modellers additionally needed to transfer the same text’s content
correctly into their specially designed models. In doing so, only some of the modellers achieved the
quality of the commercially available school model (Fig. 3; investigated in detail Mierdel and Bogner
2019a). A larger number may have developed misconceptions about the DNA structure as their models
were incomplete. Model drawings support this explanation as a difference between both treatments is
apparent. As expected, the sketches of model viewers differ much less from each other and show more

correct/complete representations of the DNA structure than those of the modellers (Fig. 4). According
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to the Langheinrich and Bogner (2015), a typical complex problem is the correct understanding of the
three genetics concepts: DNA, gene and chromosome. In consequence, changing the hierarchical
organizational level of DNA structure between the experimentation and the modelling phase may have
hindered a correct and complete result.

The impact of modelling experience needs to be taken into account. Low levels of modelling
skills in both treatments (U = 6737.50, z = -1.35, p =.178) were observed. The lack of modelling
experience could explain that the modellers in our study did not succeed as well as the second group
did. Introducing modelling needs further support, as only few studies of modelling in classrooms have
been reported (Svoboda and Passmore 2013). One reason for this may be that even teachers seem to

estimate modelling primarily done by scientists (Justi and Gilbert 2002b).

Fig. 3 Key examples model evaluation (Mierdel and Bogner 2018): modellers’ results of the hands-on
modelling phase, A) low rated DNA-model and B) high rated DNA model.
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Fig. 4 Examples for students’ labelled model drawings for both treatments and from four different classes.

The model viewers’ sketches A) and B) differ much less from each other and show more
correct/complete representations of the DNA structure than those of the modellers C) and D).

Note. Basen=bases; Wasserstoffbriicken/-bindung=hydrogen bonds; Zucker=sugar; Einzelstrange=
single strands; nur Veranschaulichung=only illustration.

With respect to the schedule of the model phase, we also observed that some of the modellers
ran out of time in finishing an acceptable DNA model. Although the time aspect of modelling in biology
class has hardly been investigated in educational research, successful modelling seems to incorporate a
complex suite of strategies: this is time-consuming. Svoboda and Passmore (2013) listed various
activities like concretizing abstract ideas, simplifying and clarifying complex phenomena, making
predictions about future events and facilitating the communication of ideas. We agree that the model
viewing approach requires noticeably less time, as the DNA model has already been completed and
didactically optimized.

In the present research situation, we renounced a more detailed model evaluation for the
modellers. Although students had to produce a descriptive and labelled drawing of their generated
models and had to compare it with the previously answered text comprehension questions, no prime
example was shown. An explicit correction of models’ errors or/and missing aspects of the DNA
structure may have prevented differing knowledge outcomes. Teacher effects can be also excluded since

the interventions were managed by the same teacher.
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Effects on Cognitive Load

We first consider the validity of the mental effort measurement. Often ignored is the aspect how
much time students need to invest on a specific problem (Paas et al. 2003a). One cannot conclude
whether a rating would be similar if the time spent on a task varied. This criticism can be rejected if we
impose a time span in the model phases. Beckmann (2010) pointed out that the validity of self-reported
mental effort ratings may depend on student’s level of subject specific ‘ability’. As already stated, we
recorded that all participants had little to no modelling skills. Therefore, we can exclude potential
influences.

Our expectation of differences within the treatments was not confirmed. We suspect higher
mental effort for the model elaboration approach, as research indicates that minimal guidance hinders
the learning process (Kirschner et al. 2006). Particularly novice learners tend to struggle with handling
of highly complex information that generates an enormous load on working memory. As the modellers
had to ‘translate’ the text’s information into an adequate model of DNA structure, higher mental effort
compared to the model viewers seemed probable. Our results do not confirm this assumption. Perhaps
modellers act more creatively and without any limitations in presenting the given information. We
observed that the artistic compound in working with various handcrafting materials positively attracts
learners’ attention during model elaboration. Compared with this, the model viewers had to understand
what is already demonstrated in the completed DNA model, regardless of their preferred methods of
representation forms. Both model-supported strategies result in similar levels of extraneous mental load.
Independently of the initial perception, we therefore see no restrictions for an increasing use of

modelling in biology education to emphasize its scientific meaning.

Instructional Efficiency and Educational Implications

Mid-term knowledge increase and the mental effort of the model phase are related to the
calculated instructional efficiency. The higher mid-term knowledge increase of the model viewers was
the main factor leading to the significant results. We confirm that similar mental effort leads to different
performance, shown by the positive effects of the model viewing approach. As the approach of model
elaboration in earlier studies has been shown as fruitful method, its successful implementation may just
need additional planning and preparation (Justi and Gilbert 2002b; Svoboda and Passmore 2013).

We suggest two adjustments to educational practice: Firstly, an additional pre-modelling phase
before applying the model elaboration phase, thus promoting the development of several modelling
skills (e.g. methods to generate mental models and transfer them into physical ones on a selected teacher-
introduced example) and, secondly, concluding a more detailed model evaluation which appears to be
another solution to overcome discrepancies between the modelled outcomes. Following Justi (2009) we
consider the four main stages of the ‘Model of Modelling” (Justi and Gilbert 2002b): collecting

information about the entity that is being modelled (1), producing a mental model (2), expressing that
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model in an adequate representation form (3), testing and evaluating its scope and limitations (4). We
agree that an introductory phase regarding the ‘Model of modelling’ in our module could be important
for the modellers, especially in aspects like linking ideas, data and mental models by taking into account
the purpose of the model. Alternatively, evaluate the models in a subsequent group discussion to identify
and correct misconceptions about DNA structure.

Finally, we note, in agreement with Justi and Gilbert (2002b), that teachers themselves need to
be competent in modelling. As shown earlier, many teachers had a less than satisfactory understanding
of models (Justi and Gilbert 2002a), although they seem at least to be aware of the need for competence
in model learning. Consequently, modelling strategies should be a subject of in-service (or, better still,

pre-service) teacher education.

Limitation of the Study

With regard to Rotbain et al. (2006) our findings are typically for closed, factual knowledge
guestions when learning the issue of genetics. Evaluating the benefit of physical models of molecular
structures, Roberts et al. (2005) found an improvement in students’ responses to content questions:
When working with three-dimensional models more focused answers were given aligned with reasoning
in appropriate language. However, the focus of our study is on the comparison regarding students’
cognitive achievement (during the model phases) and mental effort (cognitive load) to receive
instructional efficiency. We agree that further research including more open-ended conceptual questions

would be useful to get a more detailed picture of students’ achievement.

Conclusion

In summary, our findings clearly demonstrate the potential of model-supported teaching in out-
of-school labs in addition to classic experimental tasks in supporting cognitive achievement. Based on
our comparison of two different student-centred as well as model-supported teaching approaches, model
viewing turned out to be significantly more instructional efficient than model elaboration in terms of
sustainable mid-term knowledge. Nevertheless, neither model-based approach showed differences
concerning cognitive load. Modelling as a complex suite of strategies provides further benefits such as
offering multiple ways for learning science and understanding routes to historical discoveries (Svoboda
and Passmore 2013) in contrast to simple visualization, which is why adaptions for current model
elaboration approaches are needed. We recommend the “Model of Modelling’ (Justi and Gilbert 2002b)
approach, which suggests a pre-modelling phase to explain and train necessary modelling skills. On the
other hand, a more detailed model evaluation after modelling, e.g. within a teacher-guided group
discussion, could prevent misconceptions of DNA structure. Modelling as a student-centred activity,
though praised in theory for years, needs further research before it can be established as an up-to-date

and widely used approach to scientific learning.
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Appendix

Items of the cognitive load questionnaire monitoring the mental effort during task performance in our gene

technology module.

Please appreciate retrospectively your mental effort for the phases of the module on a scale of 1

(very, very low 2 it was very easy for me) to 9 (very, very high 2 it was very difficult for me)!

Level 5 =2 just as hard as
‘normal’ biology lessons

iy

very, very,
My mental effort during the very > > > > > > > very
module’s phases was ... [ high
1 2 3 4 5 6 7 8 9
... in the pre-laboratory
L ) 0 O 0 0 0 0 0 0
phase
2 ... in the experimental . . . . . . . . .
phase 1 (theory)
3 ... in the experimental . . . . . . . . .
phase 1 (practice)
4 ... in the experimental . . . . . . . . .
phase 2 (theory)
5 ... in the experimental . . . . . . . . .
phase 2 (practice)
6 ... in the model phase
. U u U U U U U U U
(theory)
7 ... in the model phase
: ' O a O O O O O O O
(practice)
... in the interpretation
8. ) P o O 0 0 0 0 0 0
phase
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Comparing the use of two different model approaches on students’
understanding of DNA models

Abstract

As effective methods to foster students’ understanding of scientific models in science education are
needed, increased reflection on thinking about models is regarded as a relevant competence associated
with scientific literacy. Our study focuses on the influence of model-based approaches (modeling vs.
model viewing) in an out-of-school laboratory module on the students’ understanding of scientific
models. A mixed method design examines three subsections of the construct: (1) students’ reasoning
about multiple models in science, (2) students’ understanding of models as exact replicas, and (3)
students’ understanding of the changing nature of models. There were 293 ninth graders from Bavarian
grammar schools that participated in our hands-on module using creative model-based tasks. An open-
ended test item evaluated the students’ understanding of “multiple models” (MM). We defined five
categories with a majority of students arguing that the individuality of DNA structure leads to various
DNA models (modelers = 36.3%, model viewers = 41.1%). Additionally, when applying two subscales
of the quantitative instrument Students’ Understanding of Models in Science (SUMS) at three testing
points (before, after, and delayed-after participation), a short- and mid-term decrease for the subscale
“models as exact replicas” (ER) appeared, while mean scores increased short- and mid-term for the
subscale “the changing nature of models” (CNM). Despite the lack of differences between the two
approaches, a positive impact of model-based learning on students’ understanding of scientific models

was observed.

Keywords

genetics, model-based learning, student understanding, creative modeling, hands-on experimentation,

outreach learning
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1. Introduction

Genetics, as a key aspect in modern biology, provides access to many fields such as the decryption
of specific disease patterns in medicine, the development of customized and effective medication, and
increased understanding of genetic conditions on our behaviors [1]. Models and modeling play a
significant role in the research process as they may help to explain experimental observations by
revealing essential relationships that bridge theoretical knowledge to build a basis for further scientific
predictions [2]. It is important for researchers to develop complex genetic models to describe and
understand the molecular basis of observed phenomena, for example, for gene cascades that can explain
the basics of learning and memory [3,4].

Years ago, one of the most revolutionary events for modern genetics was inspired by the creative
process of modeling and finally helped in the interpretation of experimental data [5]. In 1953, Francis
Crick wrote to his then 12-year-old son about “a most important discovery” and described the
“beautiful” structure of DNA [6] as a molecule that carries the most genetic information in all organisms
from bacteria to humans. In 1962, he and his colleagues, James Watson and Maurice Wilkinson, were
awarded with the Nobel Prize. Nevertheless, it is often forgotten that the decoding of the DNA structure
by modeling was also largely facilitated by the innovative crystallographic studies from Rosalind
Franklin and Raymond Gosling. Their research was essential for determining the structure of DNA.
Franklin recognized that an adequate model of DNA structure must have phosphate groups on the
outside of the molecule [7], also, identified two distinct configurations of DNA (A and B form), and

was able to show that a double helix was consistent with the X-ray patterns of both forms [8].

1.1. Teaching Genetics: The Role of Outreach Laboratories and Model-Support

Modeling and experimentation go hand in hand in the description and explanation of genetic
phenomena. However, as the understanding of invisible molecular processes and abstract concepts still
poses numerous questions, transposing this knowledge into classrooms is a challenge for learning
genetics at school [9,10]. To counteract learning difficulties caused by inaccessible working spaces of
real scientist connected with incomprehensible research contents, outreach laboratories at universities
may help students to get in touch with realistic learning scenarios by offering special material resources
as compared with the regular biology lessons [11,12]. Many studies have investigated the effects of
student-centered learning in outreach laboratories on students’ cognitive achievement and have
demonstrated further benefits as compared with conventional teacher-centered science classes due to
the combination of newly acquired knowledge with autonomous hands-on learning [13,14,15]. Another
advantage of out-of-school labs is that participants are actively involved in the learning content as they
slip into the role of scientists when working cooperatively on student-centered hands-on tasks [16,17].
Discussing socio-scientific issues in an outreach laboratory, the authors [18] showed that student-

centered approaches provide an appropriate means to establish students’ own opinions, even though
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they have been shown to be associated with a higher cognitive load than that of teacher-guided
approaches. An important strategy for a classroom discussion seems to be the promotion of students’
ability to ask their own research questions while performing inquiry-based tasks [19]. From another
perspective, the participation in a teacher-led lab activity that focuses on DNA manipulations to reveal
the connection between gene and phenotype significantly improved students’ mental models of DNA as
well as their procedural understanding of DNA manipulations [20]. Nevertheless, authentic first-hand
experiences may help to increase scores on wellbeing when students have the opportunity to work like
real scientists [21].

One of our aims was to innovate traditional outreach programs in learning genetics by arousing
students’ creativity and transferring enthusiasm from arts to science classes. We developed a STEAM
teaching approach (STEAM = science, technology, engineering, arts and mathematics) for an out-of-
school lab setting, combining creative model-based learning with classical hands-on experimentation
[22]. Visual representations are regarded as essential to understand complex (molecular) contents and
especially models that are highly relevant for exemplification in teaching genetics [23]. For chemistry
education it is known that enacting with hand-held molecular models can reduce the demand of imaging
concepts and processes in the mind by lowering the cognitive load [24]. Models and modeling may help
students to learn, structure. and integrate newly acquired information with their previous knowledge,
since the mere mental transformation of novel representations is very memory intense [25]. The
students’ understanding of three-dimensional molecular structures also seems to be dependent on the
type of representation used. The application of concrete three-dimensional models or pseudo-concrete
computer-generated models leads to better results than more abstract kinds of representations (e.g.,
schematic representations and stereochemical formulas) [26].

Models and modeling occupy various roles in scientific practice and there are also many different
ways to use models and modeling in science classrooms [27,28]. A general distinction can be drawn
between “model-based teaching” (the use of existing models by students) and “modeling-based
teaching” (the creation and use of models by students) [29]. The work of Odenbaugh defines five major
applications of models in biology: (1) to explore unknown possibilities, (2) to explore complex systems
by using simplified models, (3) to develop conceptual frameworks, (4) to make accurate predictions,
and (5) to generate causal explanations [30]. In consequence, modeling or model-based inquiry can also
help students to explore their own ideas and to refine their conceptual understanding [28]. However,
common model-based approaches include models primarily as teaching tools, for example, as
illustrative objects to explain specific processes and structures. In contrast, student-centered modeling
activities have the potential to engage students in developing, evaluating, and improving their own
models which finally helps them to reflect on how scientists use models to study natural phenomena
[31,32]. When comparing influences on cognitive achievement, cognitive load, and instructional
efficiency model viewers achieved significantly higher mid-term knowledge increases than modelers,

while individual cognitive load scores remained similar. Accordingly, model viewing produced

142



TEILARBEITEN

significantly higher scores for instructional efficiency, pointing to enhanced cognitive achievement [33].
The correct understanding of the three genetics concepts (DNA, gene, and chromosome) may have
hindered the development of correct and complete DNA models from the modelers [17,33]. We also
evaluated students’ model quality and monitored potential influences on individual creativity and
knowledge levels [34]. Girls created significantly better structured models than boys, and girls’ model
quality also significantly correlated with short- and mid-term knowledge levels and to the creativity
subscale “flow”. Modeling seems to provide stronger support for female students and is a suitable
approach for emphasizing creativity in science education to overcome the negative perceptions of

traditional science [35].

1.2. Empirical Findings on Students’ Understanding of Scientific Models

As models and modeling play a key role in scientific inquiry and communication, the Next
Generation Science Standards (NGSS, [36]) emphasize the meta-level of thinking about models as an
essential learning goal in science curricula with the aim of promoting understanding of the nature of
science and developing scientific literacy [37]. However, in classrooms, the use of models as learning
tools to gain conceptual and theoretical knowledge often predominates the role of models as part of the
nature of science [32,38]. It is not surprising that empirical studies have indicated that both teachers and
learners mainly associate models with descriptive characteristics and their role as equipment for teaching
visualize abstract concepts [39,40]. Biology teachers, in particular, mentioned primarily descriptive
entities of models as compared with other science teachers who were able to give more accurate
definitions of models consistent with scientific explanations [40]. In consequence, students’ appreciation
of models is often limited and naive, when they describe models as physical copies and do not
understand their role as mediators between theory and observation [39,41]. A recent study investigated
students’ understanding of the nature and purpose of biological models confirmed these earlier findings
[42] and reported that across grades the majority of students still considered models as idealized
representations of an original with the purpose to illustrate or to explain this original. One reason could
be the frequency of introducing passive models in classrooms, although the active involvement and
handling of models seemingly may better support a perception of models as interpretive and predictive
tools [24,43]. This is in line with current research on the uses of three-dimensional physical models in
biology classroom instruction [27]. Werner and colleagues found that several categories of scientific
reasoning were rarely applied during an extensive use of models in biology lessons. Furthermore, they
revealed a lack of critical reflection on the applied models unless they were regarded as essential for
developing a general understanding of science and scientific reasoning skills.

Additionally, the demand for defined descriptions of students’ understanding of models with regard
to either grade- or context-specific aspects became greater. In order to promote students’ meta-
knowledge of models and modeling, more investigations on context-specific teaching approaches are in

the interest of research, as well as an accompanying evaluation of students’ understanding of models
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[44]. In addition, the activity of argumentation is considered important in modeling of a phenomenon,
since scientific modeling is inherently an argumentative act. Furthermore, students can remain focused
on the role of the model while arguing with their classmates about it. Herein, arguments can be mental,
written or verbal with the intention of judging and understanding ideas, communicating them to others,
and convincing oneself or others that the ideas and views to explain a phenomenon are useful [45].
However, science teachers themselves need modeling skills as well as an elaborated understanding of
models and modeling to apply modeling practices appropriately in the classroom (e.g., [46]). According
to Justi and Gilbert’s model of modeling [47], four main stages for successful modeling in science
classrooms should be taken into account: (1) collecting information about the entity that is being
modeled, (2) producing a mental model, (3) expressing that model in an adequate representation form,
(4) testing and evaluating its scope and limitations. Furthermore, Krell and colleagues recently saw the
need to develop an instrument to analyze and describe modeling activities of (preservice) science
teachers and to derive modeling strategies [48].

Empirical research of students’ understanding of models is widespread as well as the number of
potential assessment instruments is high [38,49-51]. On the basis of their individual life experiences,
students built up personal and alternative concepts of the role of scientific models, which, in addition,
do not have to match the teacher’s assumptions about the students’ perceptions. Treagust and colleagues
[38] designed the quantitative instrument Students’ Understanding of Models in Science (SUMS) that
measures the following five aspects: (1) scientific models as multiple representations, (2) models as
exact replicas, (3) models as explanatory tools, (4) the uses of scientific models, and (5) the changing
nature of scientific models. On the one hand, their results for secondary science students revealed that
the majority of students think that new ideas and research findings can lead to changes of existing
scientific models (factor 5). On the other hand, answers were different for models as exact replicas
(factor 2) emphasizing, in particular, that descriptive entities of scientific models depend on the level of
abstraction [38].

A second approach applied open-ended test items to evaluate a theoretical framework that
concentrated on five partly similar aspects of students’ understandings. Two biological models which
were nature of models and multiple models, and their use in science which included purpose of models,
testing, and changing models [41,51]. Empirical data supported a subdivision of each scale into three
levels (I-111) and confirmed that these levels reflect an increasing degree of difficulty [44]. As expected,
students’ answers could be more frequently classified as level I and II as compared with far fewer
answers at the highest level Ill. Taking into account that Griinkorn and colleagues defined learners’
understanding as competencies, these results are assigned to the specific domain of biology [41].
However, the underlying framework is applicable to evaluate students’ understanding of scientific
models in general [51]. This offers the advantage to assess multidisciplinary topics as well, for example
in the context of molecular instruction. Especially in terms of molecular biochemical content, an

overlapping is often given as well as an application of adequate models makes sense [23].
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A third study used the instrument Students’ Views of Scientific Models and Modeling (VSMM)
and focused on three main aspects of representational characteristics of models and students’ educational
levels [52]. The applied subscales were: (1) nature of models, (2) nature of modeling, and (3) purpose
of models, and each included modality, dimensionality, and dynamics. Their major findings were that
high school students more frequently understood textual representations and pictorial representations as
models (model identification), while they also more often perceived differences between two-
dimensional and three-dimensional models (utility of multiple models) as compared with middle school
students [52]. These findings support the assumption that the students’ age and educational level are

additional relevant factors which explain their interactions with different representative forms [53].

1.3. Objectives of the Study

The present research compares the influence of a model-based and a modeling-based approach in
an out-of-school laboratory module on students’ understanding of the role of scientific models. To
follow the demand on more context-specific evaluations, both approaches relate to the topic of DNA
structure and investigate three sub-aspects as follows: are there differences between the two approaches
in students’ reasoning about multiple models in science (RQ1); to what extent do the two approaches
affect students’ understanding of scientific models as exact replicas (RQ2); how do model-based

activities influence students’ understanding of the changing nature of scientific models, if at all (RQ3).

2. Materials and Methods
2.1. Educational Intervention

A one-day module (270 min) on DNA structure for ninth graders at a university out-of-school lab
was implemented by the same teacher. The hands-on learning activity was embedded in an inquiry-
based setting where students worked in pairs, and used a workbook as a guide to encourage problem-
solving as well as collaborative skills (for a detailed description of the module’s phases see [22,34]).
The contents of the lab day were adapted to follow the guidelines set by the Bavarian grammar school
syllabus [54]. With regard to abstraction capability and the promotion of logical thinking, students dealt
with challenging, application-oriented questions that required interdisciplinary networked thinking
based on fundamental biological knowledge. Working with model concepts as well as frequent changes
between different organizational levels (e.g., cells, organs, organisms, ecosystems) promoted the ability
to abstract and train multi-perspective and logical thinking. On the basis of the traits observed, ninth
graders gained an overview of the path from genetic information to traits. They got to know DNA as an
information carrier and could describe a simplified DNA model.

The intervention started with a pre-lab phase (50 min) to introduce the laboratory bench and practice

essential working techniques (e.g., micro pipetting, decantation, and centrifugation). The two
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experimental phases, DNA isolation from oral mucosal cells for 60 min and agarose gel electrophoresis
for 85 min, were connected by a model phase (60 min), where students followed the footsteps of Watson
and Crick to solve the molecular puzzle of DNA structure. The model phase was the key activity as it
provided the theoretical basis for the experimental findings (Figure 1). After reading about the discovery
of the DNA structure, students answered comprehension questions. They internalized essential
background information as they mentally began to develop a model of DNA structure. On the basis of
the text, the following important components should be considered, for example, the phosphate-sugar
chains as DNA backbone, names and arrangement of the bases, possible base pairings, hydrogen bonds
between base pairings, and the right-handed double helix structure. For the subsequent model-based
activities participants were randomly assigned to two subsamples: (A) The modelers (md) who
creatively generated a DNA model with no instructions provided except DNA-modeling kits containing
various handcrafting materials (e.g., colored beads, pipe cleaners, scissors, scotch tape, plasticine, and
paper cards). (B) The model viewers (mv) who worked instead with a completed but unlabeled
commercially available school model and compared the substructures of this model with their mental
models. In order to consider the scope and limitations of the models both treatments had to make a
labelled drawing to explain the elements of their models’. During this model evaluation students could
explicitly reflect their modeling process and the nature of models while they were arguing with their
partners about their ideas and whether the representation of DNA might be appropriate as recommended
by Passmore and Svoboda [45]. In the final interpretation phase, both groups discussed and compared
the findings of the model phase with previously formulated hypotheses and with the experimental

results. Additionally, students had to consider the scope and limitations of the models.

Step 1: Step 2: Step 3:
Information text with Working with models to Model evaluation
comprehension questions explore DNA-structure

R (A) Creative modelling * Open questions

* Labelled drawing

Step 4: Comparing the drawing with the information text

Figure 1. Overview of student activities in the model phase.
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2.2. Participants

In 2017, twelve classes from eight different Bavarian grammar schools (‘Gymnasium’) participated
in our laboratory module. Class sizes ranged from 20 to 34 students. Data were collected from 293 ninth
graders (59.04% female, age M + SD = 14.51 + 0.69, novices). The classes were randomly assigned to
two treatments: 120 modelers (md) creatively elaborated a DNA model and 134 model viewers (mv)
identified DNA substructures on a commercially available school model. To control for the effect of
repeated measurement, a test-retest sample was also taken from students in grammar schools (n = 39),
who completed the SUMS questionnaire (Students’ Understanding of Models, [38]) without having
participated in the module or receiving any instruction on the topic during data collection.

Participation was voluntary. The parents of all students gave their written consent for students’
participation. The study was conducted in accordance with the Declaration of Helsinki [55]. The
Bavarian State Ministry for Education and Cultural Affairs approved the questionnaire. Data collection
was pseudo-anonymous. Students could not be identified from the data used.

2.3. Test design and instruments

Our study followed a quasi-experimental mixed-method design with pre-test (TO), post-test (T1)
and retention-test (T2). The data were gathered using paper-and-pencil questionnaires. Students were
never aware of any testing schedules. For qualitative assessment of students’ reasoning about “multiple
models” (MM) in science, we used an open-ended test item directly after participation in the lab module
(TO, “Explain why there can be different models of one biological original (like the DNA structure)!”
adapted from [41]). A single decider categorized students’ answers by using qualitative content analysis
[56]. Although we considered the framework of Griinkorn et al. [41] to be appropriate, it was only
partially transferable to our study. Firstly, the measurement design differed between the studies, and the
applicability of the proposed category system to classify our student responses was too extensive and
complex. In addition, our participants often argued contextually, which would have required an
extension of the existing framework. Consequently, we developed an alternative system by inspecting
the variety of explanations with regard to students’ understanding of multiple models as compared with
one biological original and we identified five different categories: MM1, various ideas/concepts; MM2,
individuality of DNA; MM3, different model design; MM4, different focus; and MMD5, different
research states). Detailed descriptions of the categories as well as examples from students’ answers are
shown in Table 1. In order to examine reliability, we randomly selected 15% of the students’ answers
for intra- and inter-rater categorization. The dataset was reanalyzed by the first author after six months
to estimate intra-rater statistics and by a nonpartisan third person to obtain independent inter-rater
reliability. Cohen’s Kappa coefficient [57] yielded reliability scores for intra-rater reliability of kappa =
0.826 and for inter-rater reliability of kappa = 0.651. These scores were rated as almost perfect or rather

substantial indicating that the assessment was independent of the raters [58]. Consequently, a high
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observer agreement was interpreted as an indication that the category system used was easily applicable

and led to measurement accurate data [59].

Table1l. Category system to evaluate students’ understanding of models with regard to the aspect of
“multiple models” with an open-ended test item (Q: Explain why there can be different models of
one biological original (like the DNA structure)!)

Categories Description Example(s) from the Students’
Answers
MMO missings no or inadequate answer =
MM1 various There can be various ideas about the ‘Because everyone has different
ideas/concepts original; different models are valid at interpretations of a
the same time. representation,
Differing concepts lead to different e.g., everyone presents
interpretations of the data. things/components etc.
differently.’
MM2 individuality of The complexity and the individuality "Every human being is different,
DNA of the original DNA structure result in so the bases in each person are
diverse model versions, especially also arranged differently.’
regarding the representation of possible
base sequences.
MM3  different model Differing methods of presentation ‘Because it can be displayed in
design (e.g., 2D or 3D, different colors, large different sizes and proportions.’
or small, separated elements or one
piece). ‘Each one represents the
individual components differently,
e.g., in different colors.’
MM4 different focus The complexity of the original allows ‘To explain various ‘properties’,
different perspectives or variations of there are for example models
focusing on the original (interior or where you only see the base
exterior, different sections or states of pairings, and others where you
the original, etc.) can see the right-handed double
helical structure, etc.’
MMS5  different research Integrating new findings about the ‘There are more and more new

states

original into the model; improved
technology leads to new findings about
the original.

research findings.’

Students completed the SUMS questionnaire (Students’ Understanding of Models, [33]) three
times: two weeks before participation (TO), immediately after the module (T1), and six weeks after
participation (T2). We applied a shortened version of the SUMS questionnaire using the subscales ER
(models as exact replicas) and CNM (the changing nature of models), as these subscales adequately fit
the intent of the model-based learning sequences. For the subscale ER we concentrated on items with
high factor loadings (>0.64) and dropped those with cross loadings from the original questionnaire (see
Section 3.2.1 below). The Cronbach’s alpha values of the internal consistency of each scale are presented

in Table 2. Although acceptable values are normally above 0.70 [60], values between 0.70 and 0.60 can
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be rated as still reasonable if the factors have only a few items [61]. It became clear that reliabilities
increased to more acceptable levels over the three test times. This can be explained by the fact that the
response patterns of the individual students over the test period became more homogeneous and more
strongly divided opinion patterns existed on the construct examined. The SUMS instrument used a 5-
point Likert-type scale with the following answer options: strongly disagree (1), disagree (2), not sure

(3), agree (4), and strongly agree (5). Item order was changed randomly for each test schedule.

Table 2. Number of items and Cronbach’s alpha scores of the SUMS questionnaire (Students’ understanding
of models, [38]) for the subscales models as exact replicas (ER) and the changing nature of models
(CNM). Cronbach’s alpha scores are calculated for pre- (T0), post- (T1) and retention-test (T2).

Number of
Subscale items aro arp ary
ER Models as exact replicas 4 0.609 0.633 0.663
CNM  The changing nature of models 3 0.699 0.682 0.791

2.4. Statistical Analysis

Statistical tests were conducted using SPSS Statistics 24. The mean scores of the SUMS scale were
normally distributed as assessed by the Shapiro—-Wilk test, (p > 0.05) and according to the QQ-Plots
[62]. Consequently, we used parametric testing methods. Pearson’s chi-square test was applied for
comparing observed frequencies of the categorical variables with the treatment groups [63,64]. An
explanatory factor analysis with subsequent orthogonal rotation (varimax) was conducted on the SUMS
item set to inspect the similarity to the original scale. To assess the suitability of the sample, the Kaiser—
Meyer—Olkin test (KMO) [65] and Bartlett’s test of sphericity were applied. The Kaiser—Guttman
criterion was used to determine the number of factors to be extracted [66]. Between-group differences
were analyzed using a one-way ANOVA at each testing point and within-group comparisons by using
a repeated-measures ANOVA based on mean scores for each subscale. Pairwise comparisons at the
different testing points used the Bonferroni correction. We reported the effect size using partial eta
squared, considering values of 0.01 as a small effect, 0.06 as a medium effect, and 0.14 as a large effect
[67].
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3. Results
3.1. Qualitative Assessment

To evaluate students’ understanding of multiple models (MM) to one biological original with an
open-ended test-item, several categories were extracted (Nstudent pairs =189; Nstatements =153; Nmg =80;
Nmv =73). The frequency is based on all students’ answers and all statements add up to 100% (Figure 2).
For the category MM1, more modelers (md = 17.5%) as compared with model viewers (mv = 8.2%)
justified the existence of multiple models with various ideas about the original that lead to different
representations of a phenomenon, some also maintain that those different models are valid at the same
time. The majority of students for both treatments argue that the individuality of DNA structure
(category MM2) explains the variety of DNA models (md = 36.3%, mv = 41.1%). A different model
design (category MM3), for example, the choice of the material used to build the model or the decision
whether to present the DNA in 2D or 3D, is also given by the students as justification, regardless of the
treatment (md = 28.6%, mv = 30.1%). Less frequently, students in both treatments name the focus of
the model (category MM4) as a reason for different forms of representation, for example, to illustrate
certain relationships in detail like the different base pairings or the double-helical structure of the DNA
(md = 15.0%, mv = 15.1%). Only very few students related the existence of different models to the
original (category MMD5) with new research leading to a change in the model (md = 2.6%, mv = 5.5%).
Nonetheless, no frequencies showed statistically significant association between the type of treatment
and students’ argumentation about elaborating multiple models for DNA structure (chi-square (4) =
3.77,n.s.).
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Figure 2. Frequency and distribution of student” answers split by treatments on the open-ended
item “Explain why there can be different models of one biological original (like the
DNA structure)!” to evaluate students’ understanding with regard to the aspect of
multiple models. Note. Open question with categories formed from answers given.
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3.2. Quantitative Assessment
3.2.1 Factor Analysis

Principal component analysis (PCA) on 7 items of the SUMS (T1) with orthogonal rotation
(varimax) yielded two factors on the basis of eigenvalues >1.0. The Kaiser—Meyer—OIlkin measure
verified the sampling adequacy (KMO = 0.667), which is well above the acceptable limit of 0.5 [68].
Bartlett’s test of sphericity (chi-square = 241.578, p < 0.001) indicated that correlations between items
were sufficiently large for performing a PCA [59]. Examination of the Kaiser—Guttman criterion yielded
empirical justification for retaining two factors, which explained 55.14% of the total variance. The scree
plot and the component plot in rotated space (Figure 3) supported our two-factor solution and confirmed
the original subscales. Among other factor solutions, the varimax-rotated two-factor solution yielded
the most interpretable result, with items loading highly on only one of the two factors (Table 3, scores
under 0.35 are suppressed). The percent of variance explained by models as exact replicas (ER) was
29.46%, and 25.67% for the changing nature of models (CNM).

Component plot in rotated space
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Figure 3. Component plot in rotated space with applied 7 Items of the SUMS (Students’ Understanding of
Models; [38]) indicating two factors (Items ER1-4, models as exact replicas and items CNM1-3, the
changing nature of models).
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Table 3. Factor loadings from the principal factor analysis of the post-test (T1) values of two subscales of
the SUMS (Students’ Understanding of Models [38]).

Components
Item Factor 1 Factor 2
(ER) (CNM)
ER1 A model should be an exact replica. .783
ER2 A model needs to be close to the real thing. 739
ER3 A model needs to be close to the real thing by being very exact, .691
so nobody can disprove it.
ER4 Everything about a model should be able to tell what it .546
represents.
CNM2 A model can change if there are new findings. .817
CNM1 A model can change if there are new theories or evidence prove .766
otherwise.
CNM3 A model can change if there are changes in data or belief. 742

Note. N =220; ER (models as exact replicas); CNM (the changing nature of models);
scores under .35 are suppressed.

3.2.2 Influences of the Model-Based Approaches on Two Subscales of the SUMS

The subscale ER (models as exact replicas, Figure 4A) revealed significant differences in the
repeated measurement ANOVA (F(1.89, 424.30) = 103.80, p < 0.001, partial eta squared = 0.32). The
Mauchly’s test indicated that the assumption of sphericity had been violated (chi-square (2) = 14.87,
p < 0.001). Therefore, degrees of freedom were corrected by using Huynh-Feldt estimates of sphericity
(epsilon = 0.947). The ER mean scores dropped from TO (M + SD = 3.49 + 0.71) to T1 (2.86 + 0.71)
and increased to testing point T2 (3.01 + 0.75). Post hoc pair-wise comparison with Bonferroni
correction showed similar results. The ER mean scores dropped short-term (TO to T1, p < 0.001) and
increased again at testing point T2 (T1 to T2, p = 0.001). The testing points TO and T2 also revealed a
significant decrease of ER mean scores (TO to T2, p <0.001).

The subscale ER was also analyzed for differences between the treatments (Figure 4A). There was
no significant treatment effect (F(1.90, 424.28) = 0.123, p = 0.875, partial eta squared = 0.001) which
indicated that the mean scores from modelers and model viewers were similar (M £ SD: md = TO (3.47
+0.72), T1 (2.82 £ 0.65), T2 (2.99 + 0.69); mv = TO (3.50 + 0.70), T1 (2.89 £ 0.76), T2 (3.00 + 0.75)).

The repeated measurement ANOVA for the subscale CNM (the changing nature of models, Figure
4B) also showed a statistically significant difference between testing points (F(1.72, 379.97) = 33.72,
p < 0.001, partial eta squared = 0.13). The Mauchly’s test revealed violation of the assumption of
sphericity for the subscale CNM (chi-square (2) = 41.36), and therefore degrees of freedom were
corrected by using Huynh-Feldt estimates of sphericity (epsilon = 0.860). In contrast to subscale ER,
the CNM mean scores increased from TO (M = SD = 3.94 + 0.79) to T1 (4.35 + 0.59) and dropped to
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testing point T2 (4.18 + 0.69). Post hoc pairwise comparison with Bonferroni correction showed similar
results. CNM mean scores increased short-term (TO to T1, p < 0.001) and decreased again at testing
point T2 (T1to T2, p < 0.001). The testing points TO and T2 also showed a significant increase of CNM
mean scores (TOto T2, p <0.001).

The subscale CNM also showed no statistical differences between modelers and model viewers
(Figure 4B; F(1.73, 379.69) = 1.137, p = 0.316; partial eta squared = 0.01), indicating similar mean
scores for both treatments (M £ SD: md = T0 (3.97 + 0.69), T1 (4.36 + 0.55); T2 (4.12 + 0.72) and
mv =T0 (3.93 +0.87), T1 (4.35 £ 0.62), T2 (4.22 + 0.67)).

Observing effects of repeated measures of all applied SUMS items, a non-participant test-retest
group yielded no statistical differences in a repeated measurement ANOVA (M = SD =TO0 (3.54 £ 0.41),
T1(3.62£0.43); T2 (3.75 £ 0.36); F (2, 0 48) = 2.889; p = 0.065; partial eta squared =0.11).
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Figure 4. Mean scores for the SUMS sub-scales (A) ER (models as exact replicas) and (B) CNM (the
changing nature of models) to testing points TO, T1 and T2 split by treatment. Bars are 95%
confidence intervals.

4. Discussion

Over the years increasing efforts have been undertaken to establish models and modeling as
integral parts of science curricula and several national education standards highlight their importance
for scientific literacy [36,69]. The application of models and the implementation of modeling in science
classrooms has been well described and has produced a long series of studies as both are supposed to
introduce and engage students in authentic scientific inquiry [2,39,43]. We have shown that a hands-
on module in an outreach laboratory is a successful approach for bridging abstract scientific theory

with experimental observations through two kinds of model support (modeling vs. model viewing). A
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review of modeling-based learning (MbL) approaches specifies five areas that are closely linked to
students’ learning outcomes which are contributing to cognitive, metacognitive, social, material, and
epistemological aspects [70]. We investigated students’ cognitive achievement and reported that short-
and mid-term knowledge increases after participation in a hands-on laboratory module with modeling
tasks [34].

However, as earlier studies have already investigated the effects of inquiry-based modeling on
students’ understanding of scientific models, especially over multiple testing points [71,72], we follow
the demand for further effective implementations of MbL and give an example in the context of
molecular DNA models [70]. The findings are in line with previous research and clearly demonstrate
a significant improvement of students’ understanding of scientific models. Gobert and Pallant used a
pre- and post-test design and scaffolded modeling tasks in which students developed their own models,
then critiqued peers’ models, and finally reflected upon revised models in order to identify improved
characteristics. Gobert and Pallant’s approach on authentic model-based learning also indicates a
deeper understanding of content knowledge as well as an improved understanding of models and their
use in science [71]. Another study from organic chemistry education demonstrated that combining two
types of three-dimensional molecular models (physical vs. virtual) may foster students’ understanding
of the model concept as well as the spatial understanding of molecular structures [72]. Therefore, even
short-term interventions with adequate inquiry-based tasks seem to have the potential to foster

students’ understanding of scientific models.

4.1. Influences of the Model-Based Approaches on Students’ Understanding of Multiple Models

The aspect of students understanding of multiple models (MM) refers to one original that is
represented by different model objects [39,40]. The framework developed by Griinkorn et al. is complex
and for reasons already mentioned (see Section 2.3) could not be adequately transferred to students’
answers. Nevertheless, some of our categories are comparable to those of Griinkorn et al. and their

detailed category system is helpful in assessing students’ understanding of multiple models [41].

Quantitative comparison revealed no significant differences between treatments. This result, at first,
was surprising because the two approaches lead to different ways of perceptions of the way to describe
and simplify the theoretical background of DNA structure. The model viewers explore the DNA
structure more passively through a didactically prepared representation (commercially available school
model) as compared with the modelers that strengthen important modeling abilities such as actively
designing individual models of DNA after mental modeling and modifying their models [28,32]. This
implies that all model viewers have acquired the scientific background on identical models, while
modelers constructed multiple models of differing model quality [34]. Therefore, we had expected
differences in students’ responses to the treatments of at least two categories. As modelers might have

experienced inspiring thoughts during creative modeling, more justifications about the existence of

155



TEILARBEITEN

multiple models with various ideas about the original (MM1) would have been coherent. Additionally,
we hypothesized that the category MM3 (different model design) could be assigned more often to the
modelers’ answers because they were free to choose by themselves the material and design of their
models from a modeling kit. However, both assumptions could not be statistically confirmed and suggest

that the different treatments do not affect students’ reasoning.

Focusing on the comparison between our results and the framework of Griinkorn et al. our findings
are partially in line with their categories in terms of multiple models [41]. First, category MM3 (different
model design) is comparable to Level 1 [41], pointing to a low level of understanding, as many students
only relate to material and design properties of model objects and consider models as teaching tools.
Second, student answers on category MM4 (different focus) could be assigned to Level 2 [41], which
corresponds to a medium level of understanding. According to Grosslight et al. [39], students with a
median understanding realize that the construction of a model is connected to a specific purpose.
Consequently, models are not seen as exact duplicates of an original but rather as a medium of something
[73]. Third, remarkably less students argued about the existence of multiple models with various ideas
and concepts (MM1) that can be classified as responses on highest Level 3 [41]. Herein, students
mentioned, for example, different assumptions, differing interpretations, and their recognition that
different models of an original can be valid at the same time [41,52]. The different frequency distribution
between the levels as compared with our study could be explained by varying grades (seventh to eleventh
grade), different contexts (biomembrane structures, human gullet structures, taste maps of the human
tongue), and treatments [41]. These findings are in line with earlier research showing that students’ age,
educational level, as well as the biological context are relevant factors in students’ understanding of
models [44,51]. However, it is noticeable that most participants state the individuality of DNA (category
MM2) as a reason for the existence of multiple models. Furthermore, some others argue that different
research states could lead to different representation forms (category MMS5). These two alternative
categories are much more content-oriented than the others as students use newly acquired knowledge
from the module for their explanations (e.g., arrangement of DNA bases cause different models, a DNA
model could be changed in the future due to new findings). Category MM2 highlights typical biological
properties of the original and MM5 multiple models caused by the process of scientific discovery. Both
categories are apparent to students when they follow the historical discovery route of DNA structure
during the module. In summary, arguments in the category MM2 emphasize a lower understanding of
models from a medial perspective as an illustration of something [31,32]. This is also true for students’
answers in category MM5 since their reasoning indicates an initial understanding. According to
Grinkorn et al. students understand only one model as the final model and are unaware that multiple
models can be valid contemporaneously [41]. Finally, future research that focuses on investigations of

students’ reasoning about multiple models over several test times would be of interest.
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4.2 Influences of the Model-Based Approaches on Two Subscales of the SUMS

We clearly replicated the original factor structure of the quantitative instrument Students’
Understanding of Models in Science (SUMS), with the sub-aspects models, exact replicas (ER) and the
changing nature of models (CNM), indicating a good fit of the instrument [38]. Additionally, our
findings show significant positive influences for both of our approaches on both subscales,
demonstrating that even short-term interventions could contribute to a deeper understanding of the role
of models and modeling in science. This can also be confirmed by the measured effect sizes: For the
differences in understanding between the three test times, a large effect can be reported for the subscale
ER (0.32) and a medium effect for the subscale CNM (0.13). As there are multiple frameworks and
assessment instruments, the relationship between our results and existing literature is presented for each
sub-aspect [39,40,52].

The ER subscale investigates the students’ understanding of how close a model needs to be to
the real thing. The observed mean scores (TO) are slightly lower but comparable to the original values
from Treagust et al. on secondary school students (eighth to tenth grade) [38]. The empirical data
confirms the common perception of models as simple copies in the pre-test. This understanding is
considered naive because it describes models primarily through accuracy and matching details which
result in being very similar to the original [39,41]. However, many students are unaware that models
can be defined as constructed representations with different theoretical perspectives, focusing on
different aspects of an original to explain complex or unknown entities [39]. This is in line with other
frameworks that also assign a majority of students to an understanding at lowest Level 1 under the sub-
aspects such as kinds of models [39] or nature of models [41]. Reasons for this might be that students
appreciate models primarily as visual objects in the classroom (medial perception, e.g., a heart model
with detailed anatomical structures) and even teachers more often seem to neglect modeling as a typical
method of science in the classroom [32,41]. The teachers’ views on models and modeling in learning
science could explain these results. According to Justi and Gilbert, teachers know the value of models
in the learning of science but often do not realize their value in learning about science [31]. Furthermore,
many biology teachers seem to define models as reproductions and to ignore the idea of a model being

a subjective mental image of something [40].

It is therefore encouraging that both methods lead to a short- and mid-term decrease of students’
understanding of models as exact replicas (ER). Consequently, our participants perceive models less as
simple copies because they might have learned through the module that scientists use models and
modeling when the actual appearance is not known yet. Both approaches also make students aware that
an abstract model of DNA structure can still provide accurate insights even if some details are missing
because they are irrelevant for the selected representation form.

The CNM subscale examines how strongly the students perceived models as always valid or

appreciated that changes in scientific thinking can lead to adjusted models. Measured mean scores (TO)
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are slightly higher as compared with those from the Treagust et al. study [38], pointing to an agreement
with the changing nature of models due to new findings or advanced technologies. Although mean scores
were already relatively high in the pre-test, the observed short- and mid-term increases indicate further
positive influences on students’ understanding of the changing nature of models (CNM) regardless of
the treatment. This result makes sense, as our module concentrates on the discovery path of DNA
structure when combining hands-on experiments with model-based tasks, and therefore our participants
themselves follow the typical route of scientific inquiry. However, an evolved understanding of CNM
might further be encourage by biology teachers if they stimulate critical thinking about the effectiveness

of models and modeling for scientific reasoning [27].

4.3 Limitations of the Study

Nevertheless, our study might have the following limitations: Due to the design of the study, the
modelers constructed their own model, whereas the model viewers investigated a regular school model.
In consequence, we could have reported a greater variability of DNA models and model quality among
the modelers, which is why the potential complexity of the models between the two treatments was
partly different. Second, an additional pre-modeling phase that provides meta-modeling knowledge to
all participants could be helpful for a further development of students’ modeling skills and in
consequence for students’ understanding of models. Third, our participants were from the highest
stratification secondary school level (‘Gymnasium’). Therefore, the results could not be generalize to
other school types or other grades. As genetics is a complex and specific field, it receives less attention

in other school types or is taught in higher classes so that comparability would be difficult.

5. Conclusions

Following the demand for effective model-based strategies with regard towards a more authentic
science education [74], we have shown that combining hands-on experimentation with model-based
tasks in an outreach laboratory (modeling vs. model viewing) successfully promotes students’
understanding of scientific models. Initially, the investigation of students’ reasoning about multiple
models provided a typical cross-section for the age group surveyed and showed that a majority justified
model differences with varying properties of the original (DNA) or with regard to the model design.
According to the literature this corresponds more to a lower understanding of multiple models and
emphasizes the medial perspective in which models are mainly regarded as teaching tools [32,39,41].
Furthermore, most student responses to this aspect were related to the inquiry-based setting about DNA
structure (individuality of DNA and different research states). In consequence, transferability of
established frameworks was difficult and alternative categories were formed. This demonstrates, that a
specific biological context might play a decisive role in the students’ argumentation and could make it

difficult to evaluate the model’s understanding within a standardized framework. Earlier studies also
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have reported that students’ understanding of models might be influenced by educational levels and
biological contexts [44,51].

We could clearly reproduce the original factor structure of two subscales of the SUMS (Students’
Understanding of Models in Science [38]). Furthermore, our pre-, post- and retention-design provided
interesting insights into the influences of model-based strategies under the sub-aspects models as exact
replicas (ER) and the changing nature of models (CNM). We observed a short- and mid-term decrease
for the subscale ER, which indicates that many participants diverged from a naive perception of models
as simple copies. In contrast, a short- and mid-term increase for the subscale CNM, points to a
heightened awareness that new research findings could lead to changes and adaptions of existing
scientific models. It is encouraging that even a one-day module has the power to improve students’
understanding towards a more scientific point of view. Therefore, we conclude that the context of DNA
structure provides a fruitful example for combining hands-on experimentation with model-based
learning in an out-of-school laboratory by offering access to an exciting path of discovery of molecular
phenomena using student-centered hands-on tasks [22].

In summary, both student-centered approaches positively affect students’ understanding of models.
However, creative modeling can be time-intense both in preparation and in classroom implementation,
and this might sometimes even result in students’ misconceptions [34] Whereas, learning through model
viewing offers an alternative way that can be realized much more easily in biology classrooms.

Nevertheless, there is still a dearth of investigations of innovative and working model applications
in science classes. Moreover, future research needs to focus on the role of teachers, and to examine
further facets of students’ understanding of models such as testing models and purpose of models. Even
though our knowledge has come a long way towards successfully integrating models and modeling into
science curricula, there are still some milestones to achieve until they are established educational

practice.
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Fragebdgen

A Schulerfragebogen

Exemplarisch wird der Vortest-Fragebogen gezeigt, der die Wissensitems, die ltems zum
Modellverstandnis (Teilskalen des SUMS; Treagust et al. 2002) und zur Kreativitat (Conradty
& Bogner 2018) sowie einige allgemeine Fragen zur Modellerfahrung im Unterricht umfasst.
Korrekte Antworten zu den Wissensfragen werden kursiv abgedruckt, Items mit der
Kennzeichnung ,L* Uberprufen das Wissen zu den Laboraktivitaten und ,M‘ kennzeichnet Items
zu den Modellaktivitdten. Im Nach- und Behaltenstest wurden die Itemreihenfolge bei den
Wissensfragen einschlie3lich der Antwortoptionen sowie die Itemreihenfolge der

Modellverstandnisskala zuféllig getauscht. Die Kreativitatsskala wurde nur im Vortest gefragt.

B Fragebogen zur kognitiven Belastung

Der Fragebogen zur kognitiven Belastung wurde von den Schilern im Verlauf des
Unterrichtsmoduls ausgefullt, wobei die Schuler durch das Lehrpersonal regelméafdig nach den
einzelnen Unterrichtsabschnitten dazu aufgefordert waren ihre geistige Anstrengung zu
notieren. Der Mittelpunkt der Skala (5) steht hierbei fur die durchschnittliche Schwierigkeit

einer Biologiestunde in der Schule.

C Fragebogen zum DNA-Modell

Nachdem die Schiler die Verstéandnisfragen zur DNA-Struktur an ihren selbst gebauten
Modellen bzw. an den Schulmodellen (mindlich) in Partnerarbeit Gberprift haben, erstellten
sie in den Tandems eine beschriftete Skizze des Modells und beantworteten eine offene Frage

zur Erhebung des Modellverstandnisses Uber ,Alternative Modelle®.
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A Schulerfragebogen
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Kultur
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Fragebogen zum Demonstrationslabor
Bio-/ Gentechnik der Universitat Bayreuth
im Kontext ,Kreatives Modellieren zur DNA-Struktur®

Liebe Schulerin, lieber Schiler,

dieser Fragebogen ist Teil einer wissenschaftlichen Untersuchung und streng vertraulich.
Er wird nicht von deiner Lehrkraft eingesehen oder benotet.
Bitte bearbeite alle Fragen alleine, sorgfaltig und wahrheitsgeman.

Bitte flille den Fragebogen mit einem dunklen Stift aus (keine hellen Stifte, Neonfarben oder Bleistifte
verwenden).

Wenn du fertig bist, kontrolliere bitte, ob du alle Seiten ausgefillt hast.

Vielen Dank, dass du an dieser Befragung teilnimmst!

Datum 2 10

TT MM JJJJ

Personlicher Code:
Durch diesen Code kdnnen wir nicht mehr nachvollziehen wer diesen
Fragebogen ausgefllt hat, jedoch die Fragebdgen untereinander zuordnen.

Kirze dein Geschlecht mit M (mannlich) bzw. W (weiblich) ab.

Trage den Monat deines Geburtstages ein (z.B. 08 fur August, 12 fir Dezember).

Trage das Jahr deiner Geburt ein (z.B. 99 fiir 1999, 00 fur 2000).

Trage die zwei ersten Buchstaben des Vornamens deiner Mutter ein (z.B. CL fir Claudia).
Trage die Hausnummer ein, in der du wohnst (z.B. 003 fur Hausnummer 3).

Geschlecht Geburtsmonat  Geburtsjahr Mutter Hausnummer

Beispiel: Maximilian ist mannlich, geboren im September 2001, seine Mutter heif3t Andrea und er
wohnt in Hausnummer 61. ***Sein Code lautet: MO901ANQG61***
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A) Beantworte die folgenden Fragen zu deinem Wissen.

Es gibt immer nur 1 richtige Antwort, deshalb setze bitte nur 1 Kreuz pro Frage.

Wenn du die Antwort nicht weif3t, kreuze die Frage nicht an!

Ein positiv geladenes Teilchen
wandert im elektrischen Feld ...

M2

Welcher der folgenden Bestandteile
ist nicht in der DNA enthalten?

I I B B

zwischen beiden Polen hin und her.
zum positiven Pol.
zum negativen Pol.

Uberhaupt nicht.

N N I B

Adenin
Ribose
Guanin

Desoxyribose

—
w

Was stimmt nicht?
Die Wanderungsgeschwindigkeit eines
Molekils durch das Elektrophoresegel
ist abhéngig von ...

<
>

1962 erhielten James Watson und
Francis Crick den Nobelpreis fur
Medizin fiir die Entdeckung ...

I O R O I

der angelegten Spannung.
der Dichte der Probe.
der Dichte des Elektrophoresegels.

der GrofRe der Molekdle.

I I R O A O

der DNA im Zellkern.
der Bestandteile der DNA.
der Gelelektrophorese.

der Doppelhelixstruktur der DNA.

<
al

Was stimmt nicht?
Die DNA des Menschen...

—
(o]

Mit Hilfe der Gelelektrophorese
lassen sich Aussagen treffen uber ...

I I R I

ist Trager der Erbinformation.
ist ein langes Kettenmolekail.
ist aus Aminosauren aufgebaut.

ist ein Makromolekiil.

I I R O R

die Molekilmasse.

die Anzahl der Bindungen eines
Molekdils.

die Bestandteile eines Molekdls.

die Atome eines Molekiils.
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M7

Welche Basenpaarung ist korrekt?

L8

Um 20 pl einer Fliissigkeit zu einer
Probe zu geben, verwendet man ...

I N R A

Adenin paart mit Guanin.
Thymin paart mit Cytosin.
Guanin paart mit Cytosin.

Cytosin paart mit Adenin.

I R A

eine Pasteur-Pipette.
einen Messzylinder.
eine Mikropipette.

eine Messpipette.

Mit Hilfe einer Zentrifuge ...

M10

Spricht man vom ,,Riickgrat der
DNA®, dann meint man damit ...

N O R I B B

wird die Probe durchmischt.
werden die Molekile in Schwingung
gebracht.

konnen einzelne Molekdtle isoliert
werden.

werden feste Stoffe von Flissigkeiten
getrennt.

N S I R I B B

die ringférmige Struktur der DNA.

die zum Schutz der DNA gebundenen
Fettsauren.

die Paarung der DNA-Basen.
die Kette aus Phosphat abwechselnd

mit Desoxyribose als Bestandteil der
DNA.

M11

Die DNA-Basen befinden sich ...

M12

Die beiden DNA-Strange sind ...

I O s O B A

im Inneren des DNA-Molekiils an den
Zucker gebunden.

im Inneren des DNA-Molekils an
Phosphat gebunden.

an der AuRenseite des DNA-Molekiils
an Phosphat gebunden.

an der AuRRenseite des DNA-Molekiils
an den Zucker gebunden.

I N s O O A

versetzt voneinander.
identisch.
unabhangig voneinander.

gegenlaufig.

L13

Die Auftrennung der DNA-Molekile
bei der Elektrophorese beruht auf
dem DNA-Bestandteil...

L14

Was stimmt nicht?
Die DNA ist in kaltem Alkohol ...

I R

Thymin
Phosphat
Zucker

Cytosin

O O O

unldslich.
als fadige Struktur zu erkennen.
ein weil3er Feststoff.

|6slich.
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M15

Die molekulare Struktur der DNA
lasst sich am besten vergleichen
mit ...

L16

Ein sogenannter ,,DNA-
Langenstandard® dient ...

1 O [

einer Papprohre.
einer eingedrehten Strickleiter.
einer Bahnschiene.

einem Bindfaden.

1 O O

der Messung der Lange eines DNA-
Fragments.

der Verlangerung der DNA-Bereiche.
der Reparatur von DNA-Abschnitten.

dem Anféarben von DNA-Strangen.

M17

Die Abkirzung DNA steht fiir ...

M18

Wie viele verschiedene DNA-
Bausteine gibt es?

I R A

Desoxynukleinsaure.
Oxyribonukleinsaure.
Desoxyribonukleinsaure.

Didesoxyribonukleinséaure

I N A

2

4
6
8

M19

Ein DNA-Einzelstrang hat folgende
Basenabfolge: AATGGG

(GroRRbuchstabe = Anfangsbuchstabe der
jeweiligen Base, z.B. ,A” flir Adenin)

Wie lautet die Basenabfolge des
gegenuberliegenden, paarenden DNA-
Einzelstrangs?

M20

Der Zusammenhalt der beiden DNA-
Strange entsteht durch Ausbildung
von ...

I R

TTGCCC

TTACCC

TTGAAA

GGACCC

O OO O

Wasserstoffbriickenbindungen.
Atombindungen.
Schwefelbriickenbindungen.

lonischen Wechselwirkungen.

L21

Die Gesamtlange der menschlichen
DNA pro Zelle betragt etwa ...

M22

Die Erbinformation der DNA wird
verschliisselt durch die ...

I N N R

200 m.

2 m.

20 m.

2.cm.

1 O O [

Abfolge der einzelnen Basen.

Bildung verschiedener Chromosomen.

Verschmelzung von Ei- und
Spermienzelle bei der Befruchtung.

Windungen des DNA-Stranges.

VI
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M23

Einen DNA-Abschnitt, der die
Grundinformation fir die Ausbildung
eines bestimmten Merkmals tragt, nennt
man ...

L24

Die DNA ist Trager der
Erbinformation bei ...

I N R A

Plasmid.

Genom.

Chromosom.

Gen.

I R A

allen Organismen.
den Menschenaffen.
allen Organismen aul3er Bakterien.

den Wirbeltieren.

L25

In welchem Zellorganell befindet
sich die DNA?

M26

Bei der Analyse eines DNA-Abschnittes
ergibt sich einen Anteil von Guanin mit
30 %.

Der Anteil von Adenin ist somit ...

I R A

im Ribosom
im Zellkern
im Zellplasma

in der Vakuole

I I O B

nicht bestimmbar.

ebenfalls 30%.

70 %.

20 %.

M27

Das Verhaltnis von Zucker zu
Phosphat im DNA-Molekiil betragt

M28

Die DNA besteht aus folgenden
Atomsorten:

I I B

2:1

3:1

1:1

1:2

I A N R I O O

Wasserstoff, Schwefel, Phosphor,
Kohlenstoff und Stickstoff

Wasserstoff, Sauerstoff, Phosphor,
Schwefel und Stickstoff

Wasserstoff, Sauerstoff, Phosphor,
Kohlenstoff und Stickstoff

Wasserstoff, Sauerstoff, Schwefel,
Kohlenstoff und Stickstoff

M29

Die raumliche Struktur der DNA ...

L30

Was stimmt nicht?

Das Sichtbarmachen der DNA-Molekiile
bei der Gelelektrophorese wird maoglich
durch ...

I I R I B B

ist eine linksgéngige Doppelhelix.
ist eine rechtsgangige Doppelhelix.

besitzt keine Drehrichtung.

ist eine abwechselnd rechts- und
linksgéngige Doppelhelix.

I T R N

den blau eingefarbten Auftragspuffer.

einen Farbstoff, der an DNA-Molekile
bindet.

einen Farbstoff, der im UV-Licht
leuchtet.

die Farbstoff-Zugabe in das Gel.

VIi
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B) Bewerte die folgenden Aussagen zu Modellen, indem du im entsprechenden Kastchen

1 Kreuz setzt.

Folgender Aussage
stimme ich ...

absolut
nicht zu

nicht zu

weder Zu-
stimmung
noch
Ablehnung

ZzU

stark zu

1. Ein Modell sollte eine exakte Kopie sein. D D D D D

2. Ein Modell muss nah am Realobjekt sein. [] [ ] ] ] ]
Ein Modell muss nah am Realobjekt sein, sodass

3. es niemand widerlegen kann. D D D D D
Alles an einem Modell sollte erkennen lassen, was

4. es abbildet. D D D D D
Modelle werden benutzt, um etwas physisch oder

5. visuell zu repréasentieren. D D D D D
Modelle helfen dabei, sich wissenschaftliche

6. Geschehnisse gedanklich besser vorzustellen. D D D D D
Modelle werden zur Erklarung wissenschaftliche

7 Phanomene benutzt. D D D D D
Modelle werden verwendet, um eine Idee

8. aufzuzeigen. D D D D D
Modelle werden zur Formulierung von ldeen und

9. Theorien iiber wissenschaftliche Ereignisse [] [ ] ] [] ]
benutzt.
Modelle werden benutzt, um ihre Funktion in

10. wissenschaftlichen Untersuchungen aufzuzeigen. D D D D D
Modelle werden benutzt, um Prognosen uber ein

11. wissenschaftliches Ereignis anzufertigen und zu D D D D D
testen.
Ein Modell kann sich dndern, wenn neue Theorien

12. . '
oder Beweise etwas anderes besagen. D D D D D
Ein Modell kann sich &ndern, wenn neue

13. Erkenntnisse vorliegen. D D D D D
Ein Modell kann sich dndern, wenn neue

14. L] L] L] i

Anderungen der Daten oder Ansichten auftreten.

Vi



C) Bewerte die folgenden Aussagen, indem du im entsprechenden Kastchen 1 Kreuz setzt.

—

Im vergangenen Schuljahr ...

... habe ich bei einer neuen Aufgabe versucht, so
viele ldeen wie moglich zu entwickeln.

niemals

manchmal

ANHANG

oft

sehr oft

... habe ich andere um Hilfe gebeten, um mdgliche

2. Lésungen fur ein Problem zu entwickeln. D D D D
... habe ich ein Problem oder eine Aufgabe aus

3. einem anderen Blickwinkel betrachtet, um eine [ ] ] ] ]
Lésung zu finden.
... habe ich verschiedene ldeen zusammengeflgt,

4. um eine neue Idee zu entwickeln. D D D D

5 habe ich eine alte / bewahrte Lésung genutzt, um D D D D

" damit einen neuen Weg einzuschlagen.

... habe ich eine Verbindung hergestellt zwischen

6. einem aktuellen Problem (Aufgabe) und einer ] [ ] [ ] ]
ahnlichen Situation, die ich schon meisterte.

7 habe ich mir eine mdgliche Losung vorgestellt, D D D D

" um ihre Brauchbarkeit in Gedanken zu erforschen.

... bin ich komplett in meine Arbeit an einem

8. Problem (Aufgabe) versunken. D D D D
... habe ich komplett die Zeit aus den Augen

9. verloren, wenn ich intensiv an etwas gearbeitet ] [ ] [ ] ]
habe.
... habe ich geflhlt, dass die Arbeit automatisch und

10. muhelos war, wahrend ich eine angenehme Aufgabe [ | [ ] [ ] ]

erledigte.
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D) Beantworte zum Schluss noch einige allgemeine Fragen!

1. Welchen Schulzweig besuchst du?

NTG SG

[] []

2. Welche Note hast du aktuell im Fach Biologie?

3. Wie haufig hast du bisher in
folgenden Fachern Experimente
selbst durchgefiihrt?

Biologie

Chemie

Physik

WSG

niemals

I N B

Meine Biologie-Note:

selten

I N

gelegent
-lich

I N

MuG

oft

I N

immer

I N

4. Wie haufig wurden bisher in
folgenden Fachern Modelle im
Unterricht von der Lehrkraft
eingesetzt?

Biologie

Chemie

Physik

[]

1 [

1 O

1 O

1 O

5. Wie haufig hast du bisher in
folgenden Fachern selbst Modelle
hergestellt?

Biologie

Chemie

Physik
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Personlicher Code:
é\ Durch diesen Code kénnen wir nicht mehr nachvollziehen wer diesen

Fragebogen ausgefiillt hat, jedoch die Fragebdgen untereinander zuordnen.

\

l‘jl Y

Y

Geschlecht Geburtsmonat Geburtsjahr

Beispiel: Maximilianist mannlich, geboren im September 2001, seine Mutter heil3t Andrea und

1
Mutter

T

Hausnummer

1T

MM

JJJJ

er wohntin Hausnummer61. ***Sein Code lautet: MO901ANOGT***
\- S/
Stufe 5 £ genau so schwer wie
Lhormaler” Big_l_ggie—Unterricht
sehr, sehr,
Meine geistige sehr = > > > > > > sehr
Anstrengung war wihrend  gering hoch
1 2 3 4 5 6 7 8 9
... der experimentellen
- Einfihrungsphase D D D D D D D D D
... der ersten
2. theoretischen [ ] (][] [] [] [] [] [] ]
Erarbeitungsphase
... des DNA-Isolations-
3 Experiments L] N [] [] [] L] L] L]
... der zweiten
4. theoretischen ] [] [] [] [] [] [ ] [ ] ]
Erarbeitungsphase
... des
5. Gelelektrophorese- ] [] [] [] [] [] [ ] [ ] ]
Experiments
... der dritten
6. theoretischen ] (1 ] [] [] [] [] [] ]
Erarbeitungsphase
7. ..derDNA-Modell-Phase [ | [ [] [] [ [ [ L[] []
8. I e N e e I N B B

... der Auswertungsphase

Vielen Dank fiir deine Mitarbeit!
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C Fragebogen zum DNA-Modell

GEFORDERT VOM
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Persénlicher Code: T MM JIJ
@ Durch diesen Code kénnen wir nicht mehr nachvollziehen wer diesen

Fragebogen ausgefiillt hat, jedoch die Fragebdgen untereinander zuordnen.

I
|
I
|

Gruppenmitglied 1

Gruppenmitglied 2

X T . 7% Y 7 Y 7T -

Geschlecht Geburtsmonat Geburtsjahr Mutter Hausnummer
Beispiel: Maximilianist mannlich, geboren im September 2001, seine Mutter heilft Andrea und
er wohntin Hausnummer61. ***Sein Code lautet: MO901ANO6T*** /

1. Beschriftete Skizze des Modells:

2. Erklart, weshalb es zu einem biologischen Original (wie der DNA) verschiedene Modelle
geben kann!

Xl
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