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ABSTRACT 

Experts in the field of molecular and cellular biology (MCB) use domain-specific 

reasoning strategies to navigate the unique complexities of the phenomena they study and 

creatively explore problems in their fields. One primary goal of instruction in 

undergraduate MCB is to foster the development of these domain-specific reasoning 

strategies among students. However, decades of evidence-based research and many 

national calls for undergraduate instructional reform have demonstrated that teaching and 

learning complex fields like MCB is difficult for instructors and learners alike. Therefore, 

how do students develop rich understandings of biological mechanisms? It is the aim of 

this dissertation work to explore features of expertise and knowledge building in 

undergraduate MCB by investigating knowledge organization and problem-solving 

strategies. Semi-structured clinical think-aloud interviews were conducted with 

introductory and upper-division students in MCB. Results suggest that students must sort 

ideas about molecular mechanism into appropriate mental categories, create connections 

using function-driven and mechanistic rather than associative reasoning, and create 

nested and overlapping ideas in order to build a nuanced network of biological ideas. 

Additionally, I characterize the observable components of generative multi-level 

mechanistic reasoning among undergraduate MCB students constructing explanations 

about in two novel problem-solving contexts. Results indicate that like MCB experts, 

students are functionally subdividing the overarching mechanism into functional 

modules, hypothesizing and instantiating plausible schema, and even flexibly consider 

the impact of mutations across ontological and biophysical levels. However “filling in” 

these more abstract schema with molecular mechanisms remains problematic for many 
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students, with students instead employing a range of developing mechanistic strategies. 

Through this investigation of expertise and knowledge building, I characterize several of 

the ways in which knowledge integration and generative explanation building are 

productively constrained by domain-specific features, expand on several discovered 

barriers to productive knowledge organization and mechanistic explanation building, and 

suggest instructional implications for undergraduate learning.  
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CHAPTER 1: INTRODUCTION TO THE STUDY AND RATIONALE 

Introduction to the Problem 

Decades of instructional research and many national calls for reform have 

provided compelling evidence that effective teaching and deep learning in molecular and 

cellular biology (MCB) is difficult. The complexities of the phenomena studied, the 

specialized language, the rapid advancements, and the sheer amount of information 

creates difficulties for learners and experts alike. Scientists in the field of MCB must use 

specific forms of reasoning to navigate the unique complexities of the phenomena studied 

and creatively explore problems in this domain. These domain-specific reasoning patterns 

often reflect the nature of the phenomena studied, and are therefore employed by experts 

to generate hypotheses, design experiments, and build explanations. As undergraduate 

educators in MCB, it is our aim to foster the development of these domain-specific 

reasoning strategies, among other skills and competencies, in our students. While large 

strides have been made to answer these national calls for science education reform in 

undergraduate biology classrooms (AAAS, 2015), we must better understand how these 

expert reasoning patterns develop in order to better inform instructional changes in 

undergraduate classrooms.  

Scientific explorations in MCB are most often a search to discover and 

characterize mechanisms that underlie biological phenomena. In this field, what often 

constitutes a scientific explanation is the characterization of a mechanism that explains 

either how a phenomenon has come to be or how it works (Machamer et al., 2000; Van 

Mil et al., 2013). These phenomena are multi-level in nature, spanning both ontological 

and physical levels. In order to investigate these multi-level mechanistic phenomena, 
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MCB experts must use generative, multi-level molecular mechanistic reasoning strategies 

(Craver, 2001, 2002a; Darden, 2002; Machamer et al., 2000; Van Mil et al., 2013). For 

example, a researcher might consider the impacts of specific genetic changes that alter 

“information” for the synthesis of a specific protein and explore the impact of the 

protein’s altered function on the molecular system(s) in which it operates. This researcher 

may then consider the impact of the altered function of the system(s) across levels (e.g. 

cellular, tissue, organismal, or population levels), and tie her/his findings to relevant 

overarching phenomena such as evolution or human disease. While technical skills (i.e., 

experimental design, methodology, analysis, etc.) are crucial components of “doing 

authentic science” in the field of MCB, application of domain-specific reasoning 

strategies like multi-level molecular mechanistic reasoning in order to effectively 

approach phenomena is foundational to the processes of scientific inquiry. It is not yet 

fully understand how to foster conceptual change from novice scientific reasoning 

patterns to these domain-specific reasoning patterns among undergraduate students in this 

highly complex field. It is the aim of this dissertation to explore the ways in which 

students develop and make use of these domain-specific reasoning patterns in 

undergraduate MCB.  

Expertise, however, is not constrained simply by the ways in which knowledge is 

used through these domain-specific reasoning patterns, but also the nature of the 

knowledge itself. It is important to consider that experts have gradually built highly 

organized knowledge networks that they use to generate mechanistic explanations, 

explore phenomena, and solve problems in MCB. This knowledge is organized around 

core concepts and “big picture” ideas, with meaningful connections between knowledge 
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elements, and gives rise to highly integrated and yet flexibly dynamic knowledge 

networks (Chi, 1981; Clark & Linn, 2013; Brown, 2013; NRC, 2000). Many unanswered 

questions about how these knowledge networks develop still remain: How do learners 

draw connections between ideas to build expert knowledge networks? How do they 

organize ideas when learning about cellular phenomena? We know from constructivist 

learning theory that true understanding is not simply the accumulation of knowledge 

pieces; learners must individually work through the process of sorting through ideas, 

making connections, and integrating ideas into a knowledge network in order apply this 

knowledge to explanation building and problem solving contexts (Clark & Linn, 2003, 

2013). Therefore, how do we encourage the development of productively organized and 

flexibly dynamic expert-like knowledge networks in undergraduate MCB? 

One primary goal of instruction in undergraduate MCB is to help students move 

along the continuum from novice to expert in the domain. Much research in the learning 

sciences has focused on conceptual change, the process by which new knowledge is built 

(Özdemir & Clark, 2007; Vosniadou, 2013b). Decades of literature have explored 

conceptual change from novice to scientific ideas (Chi, 2013; Chi et al., 1981; Chi & 

Koeske, 1983; diSessa, 1988, 1993; Vosniadou & Brewer, 1992; Vosniadou, 2013a). Still 

others have specifically investigated the development of biological ideas from naïve and 

everyday ideas to basic scientific principles (Duncan et al., 2009; Duncan & Reiser, 

2007; Duncan & Tseng, 2011; Southerland et al., 2001; Venville & Treagust, 1998). In 

the philosophy of science, epistemological work has explored the aforementioned 

domain-specific reasoning patterns and theorized about the ways in which experts use 

their vast and flexible knowledge to solve problems, create hypotheses, and create 
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biological models based on theory and data (Craver, 2001, 2002a, 2002b; Darden, 2002, 

2008; Machamer et al., 2000; Van Mil et al., 2013). Because most studies of conceptual 

change in science have focused on K-12 students, relatively little is understood about 

how undergraduate biology students, who represent an “intermediate” stage in expertise 

development, build knowledge networks and gain domain-specific reasoning skills 

required to think and solve problems in MCB. In this dissertation work, I investigate 

observable features of domain-specific expertise among undergraduate students as they 

build knowledge about molecular and cellular phenomena. I will first briefly review 

several known barriers to learning in MCB and several established domain-specific 

reasoning patterns employed by MCB experts before introducing the rationale and design 

of the study 

Barriers to Learning in Molecular and Cellular Biology 

Many studies have explored the learning challenges in this field, most often 

attributing learning barriers to the interrelated and overlapping nature of the complex 

phenomena studied in MCB (Duncan, 2007; Duncan & Reiser, 2007; Duncan & Tseng, 

2007; Marbach-Ad & Stavy, 2000; Van Mil et al., 2013). These conceptual difficulties 

parallel the complex nature of the biological phenomena studied in the field. For 

example, because most individuals do not interact with salient molecular and cellular 

principles through everyday encounters, students can have difficulty grasping “invisible” 

or “inaccessible” phenomena (Duncan & Reiser, 2007). In comparison with concepts like 

momentum and force in physics, students often have difficulty visualizing molecular 

interactions and mechanistic events. Unlike these more experiential interactions an 

individual might have with foundational principles in physics, interactions with 
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molecular and cellular biology principles like cellular signaling cascades or protein 

synthesis are of less apparent relevance to students’ everyday lives (diSessa, 2008). 

Learners are seldom consciously aware of their interactions with the molecular and 

cellular components of biology, even though these micro-events interact to give rise to 

bio-phenomena that individuals interact with on an everyday basis, like healing and 

disease or trait inheritance and development. Problems arising out of the ‘invisible’ or 

‘inaccessible’ nature of MCB phenomena are aggravated by the issue of scaling; students 

often have difficulty with the relative size difference between atoms and proteins, 

molecules and cells, etc. (Marbach-Ad & Stavy, 2000; Van Mil et al., 2013). These 

scaling issues have the potential to erect barriers to understanding the hierarchical 

organizational levels of entities involved in molecular and cellular processes. These 

distinct yet often functionally overlapping hierarchical levels are continually interacting 

to give rise to the biological phenomena studied in MCB. For example, genes give rise to 

proteins, which can in turn have further regulatory effects on protein synthesis, thereby 

creating observable phenomena like cell growth and division. To add to this complexity, 

evidence suggests that students often have difficulty mapping ideas across these 

hierarchical bio-physical levels, as well as across ontological levels (Duncan, 2007; 

Duncan & Reiser, 2007; Marbach-Ad & Stavy, 2000; Van Mil et al., 2013). Particularly 

when considering topics in molecular genetics, students must map the changes created by 

mutations across ontological levels, considering the impact of changes at the information 

level of the gene to the physical level of the protein. These micro changes at the 

molecular biophysical level must be mapped across the cellular, tissue, organismal and 

even population levels in order to consider the macro impact of mutations on health and 
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disease. Given these numerous inherent challenges to teaching and learning in MCB, how 

is rich and useful knowledge built in this domain? 

Domain-Specific Reasoning in Molecular and Cellular Biology 

As previously described, experts use specific forms of reasoning that often mirror 

the nature of the phenomena themselves. Because molecular biology often involves the 

study of interacting molecular mechanisms that underlie biological phenomena, experts 

must use “mechanistic reasoning” (Machamer et al., 2000; Russ et al., 2008). 

Understanding these complex biological mechanisms involves: 1) recognizing the 

involvement of specific entities (the “doers” of a system), 2) recognizing the actions 

performed by these entities, and 3) understanding the temporal and spatial interactions 

and organization of these components in how they give rise to the overarching biological 

phenomenon (Machamer et al., 2000).  These mechanisms are multi-leveled in nature, 

meaning they utilize entities from different biophysical levels (molecules, organelles, 

cells, organisms) (Craver, 2002a; Van Mil et al., 2013).  To visualize and reason through 

these bio-mechanisms, experts must causally reason through a series of events involving 

the entities and activities of the system, moving from the set up to termination conditions, 

known as “chaining” (Darden, 2002; Machamer et al., 2000; Russ et al., 2008). 

Additionally, experts in MCB must also consider “functional modules”, i.e., a set of 

molecules that are considered a unit due to their cooperative function, rather than a 

shared spatial organization (for example, an intracellular signaling cascade) (Hartwell et 

al., 1999; Hofmann et al., 2006; Van Mil et al., 2013). Though functional modules are 

composed of an “ensemble” of molecules, they must often be treated as a single entity 

with a collective function when placed within a biological mechanism. As biologists 
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construct explanatory models, they must move flexibly between organizational levels to 

propose potential connections between specific biological molecules, distinct functional 

modules, and numerous biological activities (Craver, 2001, 2002a; Darden & Craver, 

2002; Van Mil et al., 2013). 

Study Rationale 

 Considering these known barriers to learning in MCB and the complexities of 

experts’ knowledge and domain-specific reasoning patterns, it is not surprising that 

students struggle to develop rich understanding of biological mechanisms. And yet if we 

seek to move forward with efforts to better scaffold student learning in these 

undergraduate classrooms, using empirical evidence and theoretical backing from the 

literature, we must work to understand conceptual change at this ‘intermediate’ stage in 

expertise development within the context of the domain itself. In this dissertation work, I 

seek to investigate this by characterizing two features of student learning. First, I explore 

undergraduate MCB students’ knowledge networks by characterizing how students sort, 

connect, and integrate knowledge about foundational biological phenomena in MCB. 

Second, I report several key observable components of generative multi-level 

mechanistic reasoning among undergraduate MCB students’ explanations for novel 

biological phenomena. By exploring these two essential components of expertise, 

knowledge organization and problem solving, I seek to build a characterization of how 

undergraduate students begin to develop and utilize features of domain-specific expertise. 

 Based on the hypothesis that the complex nature of MCB requires learners to 

build highly integrated knowledge networks that are both productively organized and 

flexibly dynamic, I first explored knowledge integration and organization in 
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undergraduate MCB. Work by Clark and Linn (2003, 2013) suggests that learners must 

sort through ideas, build and manipulate connections, as well as integrate pieces of 

knowledge in order to build a cohesive view of a phenomenon. In order to investigate this 

knowledge building in undergraduate MCB, I used two lenses drawn from the literature: 

the domain-general lens of knowledge integration (Clark & Linn, 2003; Clark & Linn, 

2013; Linn, 1995), and the domain-specific lens of multi-level molecular mechanistic 

reasoning (Craver, 2001, 2002a, 2002b; Darden, 2002; Darden & Craver, 2002; 

Machamer et al., 2000; Van Mil et al., 20013). I explored three established components 

of knowledge integration (sorting, connecting, and integrating ideas) as students created 

explanations about the foundational biological mechanisms of DNA replication, 

transcription, and translation. I then explored the nature of the connections between 

students’ ideas about these three mechanisms by characterizing the underlying reasoning 

behind them. By recruiting introductory and upper-division students for clinical think-

aloud interviews, I was able to create “snapshots” of student understanding at different 

levels of educational development. The overarching goal was to characterize knowledge 

integration, and the ways in which it is constrained by domain-specific reasoning, in 

undergraduate MCB at different levels of educational development. Specifically, I asked: 

1) How do undergraduate students sort, connect and integrate ideas in the context of 

learning about transcription, translation and DNA replication? and 2) What is the nature 

of connections between ideas in undergraduates’ understanding of transcription, 

translation, and DNA replication? 

 While the first study characterized students’ knowledge organization and 

integration about biological mechanisms that were familiar to students from their 
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coursework, the second study explored the reasoning strategies students employ when 

approaching a novel problem solving context. Because problem solving in MCB is often 

accomplished by building mechanistic explanations for observed phenomena, I asked 

students to hypothesize an explanation for two biological contexts that were novel to the 

students: 1) bacterial chemotaxis, and 2) plant development and evolution. By using 

clinical think-aloud interviews with student volunteers from introductory and upper-

division MCB courses, I looked for common patterns in generative multi-level molecular 

reasoning in student explanations by aligning them with known expert explanation 

building strategies defined in the literature (Craver, 2002a; Darden, 2002; Van Mil et al., 

20013). The overarching goal was to explore the potential for expert-like reasoning when 

students are given a creative space in which to explore phenomena that, although new to 

them in context, use familiar underlying mechanisms presented in their prior coursework. 

Specifically I asked: 1) What components of generative mechanistic reasoning may be 

observed among undergraduate MCB students as they construct explanations in a novel 

context?, and 2) What common patterns of generative mechanistic reasoning, or other 

forms of reasoning, are elicited in this setting? 

 The format of this dissertation work is in the style of a paper collection. 

Therefore, the major findings of both studies are briefly reviewed in Chapter 2 of this 

dissertation work, with full manuscripts provided as appendices. A summary and the 

implications of the overarching work is provided in Chapter 3 along with several possible 

avenues for future study.   
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CHAPTER 2: SUMMARY OF STUDY FINDINGS 

 Detailed theoretical frameworks, methods, results and discussions of this 

dissertation work are presented in the appended papers. The following are summaries of 

the key findings of these papers and specific explanations of my contributions to the 

work.  

Appendix A: Features of Knowledge Building in Biology: Understanding 

Undergraduate Students’ Ideas about Molecular Mechanisms 

Southard, K., Wince, T., Meddleton, S., & Bolger, M. S. (2016). Features of 

Knowledge Building in Biology: Understanding Undergraduate Students’ Ideas 

about Molecular Mechanisms. CBE-Life Sciences Education, 15(1), ar7. DOI: 

10.1187/cbe.15-05-0114 

 In Appendix A (Southard et al., 2016), I characterize undergraduate students’ 

understanding of key molecular principles, using the knowledge integration approach to 

conceptual change. In this study I explore the nature of knowledge and the ways in which 

it is organized by students, productively and unproductively, as they begin to grapple 

with the complexities of molecular phenomena. Through qualitative coding and iterative 

transcript read-through analysis, I report results of knowledge sorting, connecting, and 

integration in undergraduate MCB students’ explanations of three target mechanisms: 

transcription, translation, and DNA replication. The results suggest that students must 

develop mental categories with which to appropriately sort molecular entities, and that 

category conflation is a common barrier to normative explanation building. I also 

discovered that while many students created normative connections between mechanistic 
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events and the overarching role of the mechanism in the cell, these two aspects of 

understanding molecular mechanisms are not always linked. Despite the inherent 

connections an expert might create between the mechanistic events of a molecular 

process and the functional role it plays in the cell, results suggest that these mechanistic 

“pieces” and a mechanism’s cellular function may develop independently for some 

students. However I also found evidence of some students creating explanations using 

nested and overlapping ideas. These findings suggest a more nuanced understanding of 

the target mechanisms and their relationship to biological contexts, indicating a more 

complex knowledge network of ideas. Finally, I observed differences in the reasoning 

strategies employed by students to create connections between ideas during a concept-

mapping activity. Results suggested that more robust descriptions are built using 

mechanistic, causal, and functional reasoning rather than associative reasoning. I propose 

that associative connections may serve as a barrier to deeper understanding of biological 

processes. These themes are represented in a theoretical model for knowledge integration 

and fragmentation to illustrate several nuances of knowledge networks in undergraduate 

MCB. My contribution to this study were in the design, data collection, analysis, and 

writing, with significant support from Dr. Molly Bolger in the areas of design, theory 

discussions, analysis, and editing of writing.  

 

Appendix B: Generative Mechanistic Explanation Building in Undergraduate 

Molecular and Cellular Biology 

Manuscript Prepared for Submission to Science & Education. 
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In Appendix B (Southard et al., prepared for submission), I investigate the 

potential for expert reasoning among undergraduate students in molecular and cellular 

biology as they approach novel phenomena. In this study, I use established domain-

specific reasoning patterns from the literature to explore students’ responses to two 

biological phenomena, bacterial chemotaxis and plant development and evolution. While 

the student population has been exposed to explanatory mechanisms underlying both of 

these phenomena (differential gene expression, intracellular signaling, etc.) in their 

coursework, the contexts of bacterial chemotaxis and plant development and evolution 

are novel contexts to the students. In the first section of this paper, I investigate the 

observable components of generative mechanistic reasoning among undergraduate MCB 

students constructing explanations about the two novel phenomena. By using two case-

based examples, Sally and Jason, I illustrate themes that emerged from analysis of expert 

reasoning strategies in the student population as they responded to the two probes. Both 

students employed several components of generative multi-level molecular mechanistic 

reasoning used by experts in the field of MCB, including functionally subdividing the 

overarching activity by asking “how” questions, instantiating schema using key entities 

and their properties, as well as demonstrating several aspects of mechanistic reasoning 

such as productively continuous chaining of entities and activities, backward and forward 

chaining, and predicting the temporal and spatial organization of the system. In the 

second section of this paper, I investigate common reasoning patterns across this 

population of developing experts in their use of generative and mechanistic reasoning 

when building explanations in these novel biological contexts. Results indicate that most 

students are able to hypothesize the appropriate functional elements for the novel 
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phenomena, and are able to functionally subdivide the overarching mechanism into 

functional modules. Students instantiated schema to explain these functional sub-

activities, often by hypothesizing the involvement of key entities and their properties. 

Many students even hypothesized the same schema originally hypothesized by experts in 

the field as they explored bacterial chemotaxis. However, “filling in” these more abstract 

schema with molecular mechanisms proved to be the most difficult step, with students 

using a range of developing mechanistic strategies. These developing strategies included, 

but were not limited to, suggesting the involvement of key entities without describing 

their role in the system, creating non-molecular mechanisms, or building explanations 

based on teleological reasoning. Finally, students were flexibly thinking about the impact 

of mutations across ontological and biophysical levels when considering both 

phenomena. The results of this study advocate for the use of these types of problems in 

undergraduate MCB classrooms in order to support the development of generative 

mechanistic reasoning and encourage expert-like explanation building strategies. Similar 

to the first paper, my contribution to this study were in the design, data collection, 

analysis, and writing, with significant support from Dr. Molly Bolger in the areas of 

design, theory discussions, analysis, and editing of writing.  

  



29 
 

CHAPTER 3: SUMMARY, IMPLICATIONS AND FUTURE DIRECTIONS 

SUMMARY  

 In summary, by characterizing knowledge integration and generative domain-

specific problem-solving strategies, I have described several core features of expert-like 

domain-specific reasoning among undergraduate students as they build knowledge about 

molecular and cellular phenomena. Specifically, I have characterized the ways in which 

students must sort, connect, and integrate ideas about the molecular mechanisms of 

transcription, translation, and DNA replication, and have described differences in the 

nature of these connections. I also investigated the ways in which students approach 

explanation building problems in novel contexts by elucidating their use of several 

components of expert generative multi-level molecular mechanistic reasoning. To my 

knowledge, both studies represent the first efforts to empirically characterize theories 

from conceptual change and philosophy of science in undergraduate MCB learning and 

expertise development. By using the theoretical lenses of knowledge integration, 

generative reasoning, and multi-level molecular mechanistic reasoning, I discovered that 

student ideas at this level of education often align with features of expert knowledge 

organization and problem-solving strategies. However I also identified several key 

challenges students face as they grapple with developing these components of expertise 

in MCB. The results of both studies suggests several ways that domain-specific reasoning 

patterns constrain knowledge integration and generative reasoning as students grapple 

with expert cognitive reasoning strategies in undergraduate MCB.   

Mechanistic Reasoning  
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 Foundational work defining mechanisms in the biological sciences has suggested 

that “thinking about mechanisms as composed of entities and activities provides 

resources for thinking about strategies for scientific change” and allows scientists in the 

field of MCB to build hypotheses about plausible mechanistic events underlying the 

phenomena they study (Machamer et al, 2000, pg. 17). While I have discussed 

mechanistic reasoning as a critical strategy employed by experts in the field, we also 

know that even young children can employ mechanistic reasoning when asked to create 

explanations for phenomena such as falling objects or lever systems (Russ et al., 2008; 

Bolger et al., 2012). As a result, it is not surprising that my analysis of students’ 

explanations for both familiar and novel biological events revealed that most 

undergraduate MCB students were using many established features of mechanistic 

reasoning. Students were often identifying entities and activities, considering their 

temporal and spatial organization in the system, and working toward the construction of a 

productively continuous chain of molecular events. When provided these explanation 

building tasks, students immediately recognized that the tasks at hand involved the 

construction of mechanistic explanations. It is likely that by this point in their 

undergraduate careers, students have become socialized to the necessity of mechanistic 

explanation building when cognitively exploring biological phenomena. However several 

aspects of mechanistic reasoning remain difficult for some students. In particular, 

students in both studies struggled with creating “productive continuity” when building 

explanations. Results of the first study (Appendix A) illustrated some students struggle to 

create productively continuous descriptions of the mechanisms of transcription, 

translation, and DNA replication. Inappropriately overlapping ideas (i.e. conflating 
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mechanisms), frequent disruptions to the chain of molecular events, and reliance on 

vague and associative connections appeared to be major contributors to the fragmentation 

observed in some students’ explanations. In the second study (Appendix B), many 

students were able to create a basic mechanistic description of entities and activities in 

novel problem-solving contexts. However, many students were unable to create 

productively continuous chains of molecular events to explain the overarching biological 

mechanisms, from setup to termination conditions. And yet when student explanations 

fell short of productively continuous mechanisms, we did observe students using partial 

mechanistic reasoning, suggesting the involvement of isolated entities without describing 

activities, or identifying the existence of a functional module without expanding and 

instantiating a schema. Only a few students fell back on novice explanations such as 

teleological explanations of evolution or the inappropriate non-molecular mechanisms of 

bacteria’s sensing capabilities, such as “smelling.” Findings of both studies indicate that 

undergraduate MCB students are using several components of expert-like mechanistic 

reasoning when crafting explanations for both familiar and novel biological phenomena, 

but continue to struggle with the more complex components of mechanistic reasoning, 

such as productive continuity.  

Mental Categorization and Organization: Sorting and Functionally Subdividing  

 Expert knowledge is not simply a collection of domain-specific facts, but is a 

highly organized and yet flexibly dynamic network of integrated ideas. These ideas are 

organized around core features or “big picture” concepts (Chi et al., 1981; Chi & Koeske, 

1983; NRC, 2000) and are used to explore and characterize phenomena in the field. The 

results of this dissertation work illustrate several features in mental categorization in 
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undergraduate MCB, as students are beginning to develop expert-like knowledge 

structures. First, results demonstrate that students must develop mental categories into 

which they can appropriately sort the entities and activities involved in the processes of 

transcription, translation, and DNA replication (Appendix A). Missteps in categorization, 

possibly due to associative connections and mental organization based on surface-level 

features of the mechanisms, can lead to inappropriately conflated mental categories. 

Conflation of mental categories for transcription, translation, and DNA replication, 

appear to be common among undergraduate biology students at both the introductory and 

upper-division levels. While MCB experts may consider biological mechanisms and their 

roles in the cell to be inseparability linked, it appears that in an educational setting, the 

development of mental categories for molecular mechanisms and their role in the cell do 

not always develop in parallel. Results suggest that biological mechanisms and their 

overarching roles in the cell are not necessarily intuitively linked for students. It is likely 

that these mechanistic details, including the temporal and spatial organization of entities 

and activities, must be housed within function-based drivers to prevent mental islands of 

mechanistic pieces, i.e. mechanisms without a cause. I suggest that the function and 

causation-based principles that I observed in a few students with more nuanced 

knowledge of the target mechanisms parallel the underlying organizers of “core features” 

or “big picture concepts” that delineate expert “chunks” of knowledge (Chi et al., 1981; 

Chi & Koeske, 1983; NRC, 2000). Students who organized knowledge through these 

core features, rather than surface-level or associative features, nested and overlapped 

ideas in order to extend beyond simple explanations to create complex causal 

explanations. To demonstrate several features of the process of knowledge integration 
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(i.e., sorting, connecting, and integrating ideas into a knowledge network) in MCB, I 

provide a theoretical model for knowledge integration in undergraduate MCB. This 

model illustrates 1) the decrease in fragmented ideas as knowledge becomes more 

integrated, 2) the development of boundaries between mental categories, delineating 

discrete mechanisms, and 3) the overlapping mental categories that move from 

inappropriately conflated categories to nuanced and productive relationships between 

ideas. Additionally, functional modules have been described in MCB literature as 

inherent features of many of the biological systems studied within the field (Hartwell et 

al., 1999; Hofmann et al., 2006). However, considering the ways in which students were 

sorting ideas about the functional modules of transcription, translation, and DNA 

replication I propose that these functional modules may serve as mental organizers for 

experts in MCB.  

When building mechanistic explanations during scientific discovery, experts will 

consider a phenomenon, then subdivide the overarching activity into sub-activities or 

functional modules (Van Mil et al., 2013). They will then explore the functional modules 

that give rise to each sub-activity by hypothesizing and instantiating schema (Darden, 

2002; Van Mil et al., 2013). When approaching novel explanation building tasks, 

undergraduate MCB students were functionally subdividing the novel phenomena of 

bacterial chemotaxis and plant development and evolution into the same functional 

modules that experts use to explain the sub-activities of the system (Appendix B). In 

order to create cohesive and complete mechanistic explanations, students needed to create 

a description of the mechanistic components that belong within each module, and 

consider how they connect to give rise to the mechanism as a whole. However some 
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functional modules were more difficult for students to identify than others. For example, 

the most commonly overlooked module within bacterial chemotaxis, was the ‘signaling’ 

module that connected the ‘sensing’ and ‘motor’ modules. And when considering how a 

plant that arises from a single seed can contain both poisonous and non-poisonous parts, 

all students identified the ‘localized poison generation’ module but only half identified 

the ‘cell/tissue differentiation’ module. I suggest that this could be a result of not 

considering the spatial and temporal organization of the mechanism as whole. It is 

possible that as students created mental representations of these phenomena, some 

students were not considering spatial and temporal features of the system. In order to see 

a need for the mental category of ‘signaling’, one must consider the spatial organization 

of the ‘sensing’ and ‘motor’ modules within the bacteria cell, and recognize the physical 

distance separating the membrane-bound receptors and motor structures. Similarly, in 

order to create the mental category for ‘cell or tissue differentiation,’ one must backward 

chain temporally to explain how different parts of the plants arose from a single seed 

before explaining why those different parts contain different features. Chi et al. (1981) 

suggested that these early steps in problem solving for experts involves the “activation 

and conformation of an appropriate principle-oriented knowledge structure”, also called a 

schema (pg. 149). In order to identify a particular module within a system and 

hypothesize a plausible schema, it is likely that the student must first create a mental 

category for the module, recognizing the underlying functional or causal drivers that 

necessitate the addition of this module to their mental representation of the overreaching 

mechanistic events of the phenomena.  



35 
 

The results of both studies support the theory that “knowing more” in science 

simply means that one has created more conceptual categories, more descriptive features 

defining the categories, more connections and relationships between categories, and 

productive methods of retrieval and application of these units of knowledge to solve 

problems (Chi et al., 1981; NRC, 2000).  

Flexible Multi-level Thinking 

In fields like molecular biology and genetics, experts must use multi-level 

reasoning to carry ideas across biophysical levels, creating explanations that integrate 

hierarchical levels (Craver, 2002). This multi-level reasoning is used to consider the ways 

in which mechanisms are nested within hierarches or the impact of genetic changes 

through mutation across biophysical levels. Several studies of younger students’ 

understanding about genetic and molecular principles uncovered problems with multi-

level thinking across physical and ontological levels (Duncan & Tseng, 2011; Duncan & 

Reiser, 2007; Marbach-Ad & Stavy, 2000). However when asked to consider the 

relationship between mutations and an altered phenotype, I demonstrated that 

undergraduate students in both introductory and upper-division courses who participated 

in the second study were often able to use multi-level reasoning to hypothesize the 

involvement of genetic changes to a biological system across ontological and biophysical 

levels (Appendix B). Data showed that almost all students considered the effect of 

mutations on proteins, with many students extending their explanations to hypothesize 

about how these ideas would affect the phenotype of the system. Similarly, when creating 

mechanistic descriptions for the familiar mechanisms of transcription, translation, and 

DNA replication, a subset of students who participated in the first study created 
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unprompted and spontaneous connections between these mechanisms and other relevant 

biological phenomena (Appendix A). These connections worked to increase the 

robustness of their explanation, enhance the relationship between the mechanisms and 

overarching biological phenomena, or provide contextualization. This suggests that 

undergraduate MCB students used flexible, multi-level thinking to create connections 

that integrated their explanations into a larger biological context, increasing explanatory 

power. Similarly, when creating explanations in the novel contexts of bacterial 

chemotaxis (Appendix B), a subset of students extended beyond simply hypothesizing a 

single mutation that would explain the altered phenotype of loss of chemotaxis. These 

students considered several possible mutation targets along the pathway, and explored the 

outcomes in relationship to the altered phenotype. As one might predict of an expert, 

these students were considering multiple hypotheses when possible and plausible. These 

combined findings indicate that undergraduate MCB students are using several 

components of multi-level reasoning when building explanations in both familiar and 

novel contexts. A subset of students demonstrated flexibly thinking by extending beyond 

basic connections to create more nuanced and integrated multi-level descriptions.  

 

INSTRUCTIONAL IMPLICATIONS 

 In many ways, science education research is analogous with research in the hard 

sciences. Scientific discoveries about underlying biological mechanisms (i.e., “basic 

science”) work to support studies exploring problems in areas such as human health and 

disease or environmental conservation efforts (i.e. the “applied sciences”). This 

relationship is bi-directional, as research questions explored in basic science often 
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originate in the discovery of problems in the applied sciences, and with applied science 

using the foundational work laid out by basic science to pursue research in areas like drug 

development or clinical treatments. Similarly, foundational studies in the learning 

sciences can be used to inform instructional research and curriculum development, with 

problems identified in classrooms often fueling the focus of learning science research 

questions and targeting areas for further exploration. The goal of this learning-science 

based dissertation work is twofold: first, to further our basic understanding of knowledge 

integration and problem-solving in undergraduate MCB, and second, to support 

instructional redesign initiatives and inform teaching strategies in undergraduate biology 

classrooms. Here I suggest several of the instructional implications of this work.  

Promoting Productive Knowledge Integration and Organization  

 If experts categorize ideas based on deep structural features or big picture ideas 

and novices categorize ideas based on surface features (Chi et al., 1981; Chi & Koeske, 

1983; Smith et al., 2013), we must consider the ways to avoid instructional practices that 

may promote surface-level categorization of biological mechanisms. Instead, we must 

encourage instructional strategies that use function as drivers for knowledge integration. 

One instructional design suggestion that arose out of this dissertation work is the use of 

instructional strategies that embed molecular mechanisms within relevant “big picture” 

concepts. For example, the molecular mechanisms of transcription, translation, and DNA 

replication have traditionally been taught within a relatively narrow window of time in 

most classes. This delivery is often intended to illustrate similarities between the three 

mechanisms. For example, the processes of initiation, elongation, and termination are 

often compared between the three distinct mechanisms, with emphasis on strand 
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synthesis by using biochemical pairing with a template strand. However knowing that 

students often struggle with creating mental categories for these three mechanisms with 

appropriate category boundaries, I suggest that this traditional instructional strategy 

might encourage students to build mental categories based on the surface features of the 

three mechanisms. By instead housing these three mechanisms within their functional 

relevance to the cell, students are more likely to pick up on underlying functional features 

and organize their knowledge accordingly. Students are more likely to make causal 

connections between DNA replication and mitosis, transcription and gene regulation, 

translation and protein synthesis, if they are given a “need to know” the mechanistic 

pieces by first considering the functional drivers for the module in cellular events. 

Additionally, by designing assessments that ask students to parrot back memorized 

features of mechanisms, we communicate to students that successful learning in biology 

is depending on the retention and recitation of lists of facts. Instead, we must design 

assessments to communicate the importance of generative, multi-level mechanistic 

reasoning. These types of assessment must ask students to hypothesize, evaluate, and 

synthesize biological concepts. We must move away from tasks that allow students to 

simply rearrange causal language associated with surface features of mechanisms and 

instead design assessments in which associative connections and reciting declarative 

information will prove unsuccessful. It has been suggested that highly integrated 

knowledge networks may contribute to experts’ ability to solve problems (Linn, 1995; 

Jonassen, 2000), therefore instructional design initiatives in undergraduate MCB 

classrooms should consider the impact of knowledge integration when designing problem 

solving activities.  
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 It is not surprising that conceptual difficulties appear to persist across introductory 

and upper-division courses, as persistent difficulties across undergraduate courses have 

been found by other studies (Songer & Mintzes, 1994; Smith & Knight, 2012). Learning 

in complex fields like MCB is difficult; knowledge integration takes time and involves 

the continual restructuring of ideas (Clark & Linn, 2003, 2013). The development of 

appropriate mental categories and generative multi-level mechanistic explanations from 

setup to termination conditions in novel biological contexts are not necessarily 

developing productively alongside the rapid intake of content information across an MCB 

major. STEM curricula have been criticized for teaching “a mile wide and an inch deep” 

(Schmidt et al. 1997; AAAS, 2011; NRC, 2000). As instructors, we must cultivate 

intentional awareness of students’ developing reasoning patterns and encourage lifelong 

learning skills.  

Encouraging Cognitive Reasoning Skills through Authentic Scientific Inquiry  

 Spiro et al. (1992) suggest that barriers to learning that are related to domain 

complexity must be answered with efforts to support learning processes that encourage 

greater cognitive flexibility. This includes “the ability to represent knowledge from 

different conceptual and case perspectives and then, when the knowledge must later be 

used, the ability to construct from those different representations a knowledge ensemble 

tailored to the needs of the understanding or problem-solving solution at hand” (Spiro et 

al., 1992, pg. 58). The results from my second study (Appendix B) support the use of 

problem solving to encourage generative mechanistic reasoning among undergraduate 

biology students. By incorporating opportunities for generative reasoning and domain-

specific problem solving strategies in novel biological contexts, these types of problems 
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can be used to promote and assess cognitive flexibility. Because thinking and learning in 

this field is difficult for students, we must give them ample opportunities to engage in 

authentic scientific inquiry. As instructors, we have the ability to give students a 

cognitive playground in which to test hypothesis building, connection making, and 

domain-specific reasoning, while creating a safe space for ideas to fail and become 

learning experiences. By examining student responses to two explanation building probes 

involving novel biological contexts, I demonstrated that these generative mechanistic 

reasoning patterns were used by students in non-experimental contexts. By creating 

cognitive tasks like these, we allow students the opportunity to engage in authentic 

scientific inquiry outside of research experiences in instruction or authentic research labs. 

Not only that, but problems like these are accessible to students across many different 

educational levels. Undergraduate students in my sample population from both 

introductory and upper-division MCB courses were challenged by the same Bacteria 

Sensing Probe that was accessible to middle and high school students. And while the 

undergraduates may have created explanations using slightly more mechanistic detail and 

potentially more plausible ideas, they shared many of the same creative ideas and 

plausible mechanistic schema as 10th grade students (Duncan & Reiser, 2007). These 

results suggest that we should be promoting the integration of learning objectives 

between content and cognitive reasoning skills in undergraduate biology classrooms. In 

order to foster greater cognitive flexibility among our students, we must first continue 

with efforts to further understand how these expert cognitive reasoning skills develop, 

and second, give students frequent practice with authentic scientific inquiry in a variety 

of contexts.  
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FUTURE DIRECTIONS 

 The studies presented in this dissertation suggest several potential avenues for 

future study. First, I would like to further investigate two observations that appear to 

differentiate students creating explanations that most closely resembled expertise: 1) 

students generatively transferring ideas from prior knowledge and expertly manipulating 

them in order to achieve full integration of the idea into the novel problem solving 

contexts, and 2) students critically analyzing the plausibility of their hypotheses by 

alignment with both the salient and underlying features of the system. These observations 

call for further exploration into the ways that students transfer ideas from prior 

knowledge and critically evaluate hypotheses. Second, the methods I used in this 

dissertation to explore students’ use of expert reasoning strategies have been primarily 

through the analysis of a compilation of many individual student interviews. These 

compilations represent “snapshots” of student understanding across undergraduate MCB 

major courses and allowed analysis of a wide variety of student ideas at different levels 

of education and expertise development. However, questions remain about how these 

reasoning patterns develop in individual students as they progress through an MCB 

major. This suggests the need for longitudinal studies that follow knowledge integration 

and generative problem-solving development in individual students to support the work 

of this dissertation. Finally, the results of this dissertation work and its implications for 

instructional design may support the design of a learning progression for the central 

dogma and cellular replication. By testing the effects of molecular mechanisms presented 

in functionally-driven versus traditional instructional methods, I would like to test 

whether presentation of the detailed mechanistic events of processes such as 
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transcription, translation, and DNA replication can affect productive mental 

categorization. Also, by observing student group discussion during in-class problem-

solving activities in which students are challenged to use generative multi-level 

molecular mechanistic reasoning in novel biological contexts, we can test the 

effectiveness of this tool in developing and assessing these expert reasoning strategies in 

classrooms.  
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ABSTRACT 

Research has suggested that teaching and learning in molecular and cellular 

biology (MCB) is difficult. We used a new lens to understand undergraduate reasoning 

about molecular mechanisms: the knowledge-integration approach to conceptual change. 

Knowledge integration is the dynamic process by which learners acquire new ideas, 

develop connections between ideas, and reorganize and restructure prior knowledge. 

Semi-structured, clinical think-aloud interviews were conducted with introductory and 

upper-division MCB students. Interviews included a written conceptual assessment, a 

concept-mapping activity, and an opportunity to explain the bio-mechanisms of DNA 

replication, transcription, and translation. Student reasoning patterns were explored 

through mixed-method analyses. Results suggested that students must sort mechanistic 

entities into appropriate mental categories that reflect the nature of MCB mechanisms and 

that conflation between these categories is common. We also showed how connections 

between molecular mechanisms and their biological roles are part of building an 

integrated knowledge network as students develop expertise. We observed differences in 

the nature of connections between ideas related to different forms of reasoning. Finally, 

we provide a tentative model for MCB knowledge integration and suggest its 

implications for undergraduate learning. 
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INTRODUCTION 

Many national calls for instructional reform and decades of evidence-based 

research on student learning have convinced us that teaching and learning in the field of 

molecular and cellular biology (MCB) is difficult. The complexities of the mechanisms 

involved, the rapidly advancing knowledge base, and the specialized language create a 

daunting environment for learners and a difficult task for instructors. Several features 

may contribute to difficulties of learning in MCB, such as the “invisible” and 

“inaccessible” nature of the entities studied (Gilbert et al., 1982; Duncan and Reiser, 

2007), the necessity of mapping across physical and ontological levels (Marbach-Ad and 

Stavy, 2000; Duncan, 2007; Duncan and Tseng, 2011; Van Mil et al., 2013), and the 

interrelated and overlapping nature of complex phenomena (Duncan, 2007; Duncan and 

Reiser, 2007; Duncan and Tseng, 2011; Van Mil et al., 2013). However, literature on the 

nature of knowledge and conceptual change in MCB is less well developed (with notable 

exceptions, including such work as Venville and Treagust, 1998; Duncan, 2007). 

Unanswered questions include: How do students draw connections between ideas to build 

expert knowledge networks? How do they organize ideas when learning about cellular 

phenomena? What are the underlying mechanisms of conceptual change that may lead to 

scientifically non-normative ideas and misconceptions? Building from cognitive learning 

science theories and the literature describing domain-specific reasoning strategies, we 

explore undergraduate students’ understanding of foundational MCB principles, 

specifically the processes of DNA replication, transcription, and translation. 

We propose that the complex nature of MCB requires learners to build highly 

integrated knowledge networks that are both productively organized and flexibly 
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dynamic to engage in problem solving and explanation building. We hypothesize that 

learners must integrate pieces of knowledge, manipulate connections between ideas, and 

build a cohesive view of the relationships between phenomena to truly build 

understanding of mechanisms in molecular biology. Although much work has been done 

to characterize the nature of knowledge among novice learners in science (Gobbo and 

Chi, 1986; diSessa, 1988; Vosniadou and Brewer, 1992; Southerland et al., 2001; Chi, 

2013) and experts in science (Chi et al., 1981; Machamer et al., 2000; Darden, 2002, 

2008; Craver, 2002), we know much less about how scientific knowledge develops as 

students move through an undergraduate major. 

In this study, we provide a new lens with which to explore undergraduate 

students’ understanding of concepts within molecular biology courses. By characterizing 

undergraduate students’ understanding of key molecular principles, using the knowledge-

integration approach to conceptual change, we explore the nature of knowledge and the 

ways in which it is organized by students, productively and unproductively, as they begin 

to grapple with the complexity of molecular phenomena. 

 

THEORETICAL FRAMEWORK 

The Theory of Knowledge Integration 

Learning is a dynamic process involving the acquisition of new ideas, the 

development of connections between ideas, and the reorganization of prior knowledge 

(Clark and Linn, 2003, 2013). Much research in the learning sciences has focused on 

conceptual change, the process by which new knowledge is built (Özdemir and Clark, 
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2007; Vosniadou, 2013b). The knowledge-integration theory of conceptual change 

focuses on the ways in which ideas are sorted, connected, and integrated. Knowledge 

integration is, by definition, the process by which learners not only add new ideas or facts 

but also sort through connections and move toward developing a cohesive mental model 

of a phenomenon (Clark and Linn, 2003, 2013). In doing so, one must sort ideas into 

appropriate categories, and make connections between ideas, thereby integrating ideas to 

build a network of knowledge. Knowledge integration is also significantly impacted by 

the amount of instructional time allocated to important topics. Clark and Linn (2003) 

demonstrated that significant enhancement of knowledge integration around foundational 

concepts in thermodynamics resulted from increased instructional time in middle school 

classrooms, thereby underscoring the idea that deeper learning takes time. 

A key component of the theory of knowledge integration is that learners must sort 

through ideas to construct a cohesive view of a phenomenon. Examples of this sorting 

include the processes of coalescence and differentiation. Coalescence is the process by 

which two ideas are merged or combined, whereas differentiation involves the splitting of 

an idea into separate elements (Clark and Linn, 2013). For example, combining the ideas 

of heating and cooling into one model of thermal equilibrium would be the “coalescence” 

of two previously separate ideas. Alternatively, the separation of heat and energy from 

the idea of temperature would be “differentiation.” While knowledge integration, 

including the active sorting and restructuring of ideas, is necessary for building scientific 

knowledge, not all actions of restructuring, integration, coalescence, and/or 

differentiation are immediately productive (Clark and Linn, 2013). That is, as new 

connections are made, they may reinforce misconceptions or create non-normative 
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scientific explanations. Non-normative explanations are defined as student ideas that 

would not be generally accepted by the scientific community, though they may represent 

logical trains of thought on the part of the student. These are ideas that would typically be 

considered “incorrect” by an instructor. By contrast, a normative explanation reflects 

current norms of the scientific community and would generally be considered “correct” 

by an instructor. 

Another key component of the theory of knowledge integration is the creation of 

connections between ideas. For example, when learning about “mutations,” students 

should form connections between this idea and the concepts of “gene” and “evolution.” 

Some connections made by students are spontaneous and temporary, whereas others are 

stable and persistent. Additionally, not all connections give rise to scientifically 

normative ideas, but they can also give rise to conflicting and dissenting ideas within a 

conceptual ecology (Clark and Linn, 2013). 

Possibly the most complex component of the theory of knowledge integration is 

the integration of ideas to build complex knowledge structures. According to Clark and 

Linn (2013), at its most basic level, “integration involves creating or reinforcing the 

connection between two ideas” (p. 522). Along these same lines, when investigating 

students’ understanding of science at different levels of knowledge integration, Clark and 

Linn (2003) defined a “nuanced” level of understanding in which answers “involve not 

only the normative ideas but also important connections to other normative ideas or 

evidence” (p. 459). It is also important to consider that the process of integrating 

knowledge, including restructuring and reorganizing ideas, leads to complex, dynamic, 

and emergent knowledge networks (Brown, 2013). As researchers, in order to explore 
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how students are integrating ideas, several conceptual change theories agree that “we 

need to move away from thinking about conceptual changes as involving single units of 

knowledge to systems of knowledge that consist of complex substructures that may 

change gradually in different ways” (Vosniadou, 2013a, p. 12). To study these complex 

substructures, we must approach knowledge about this topic as a dynamic ecology of 

ideas, constantly under reconstruction and restructuring. 

In discussing how ideas are sorted, connected, and integrated, it is important not 

only to look at what ideas are connected but to explore the nature of how the ideas are 

connected. Students’ motivation for creating particular connections, the robustness of 

those connections, and the nature of the reasoning that forms a connection between two 

ideas are important features of knowledge integration that, to our knowledge, have been 

largely unexplored. We propose that connections between ideas in molecular biology are 

constrained by multilevel, molecular mechanistic reasoning that may guide developing 

knowledge to reflect the nature of biological phenomena. 

 

The Nature of MCB Knowledge 

In MCB, specific forms of reasoning are required to navigate the unique 

complexities of the domain; this process often includes employing reasoning strategies 

that mirror the nature of the phenomena themselves. “Mechanistic reasoning” is one such 

type of reasoning required to study the interacting molecular mechanisms that underlie 

biological phenomena in the field of molecular biology (Machamer et al., 2000; Russ et 

al., 2008). Understanding these complex biological mechanisms involves 1) recognizing 
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the involvement of specific entities (objects), 2) recognizing the activities created by the 

interactions of the entities, and 3) understanding the temporal and spatial interactions and 

organization of these components that create the biological phenomena (Machamer et al., 

2000; Russ et al., 2008; Van Mil et al., 2013). For example, thinking about the molecular 

mechanism of translation (the synthesis of proteins based on a mRNA molecule) requires 

the recognition of key entities such as “RNA transcript,” “ribosome,” “tRNA,” and 

“amino acids,” among others. It also involves recognizing activities such as “binding” of 

the tRNA to the RNA transcript and ribosome and “recognition” of the ribosome binding 

site on the RNA by the ribosome. And finally, an understanding of the dynamic sequence 

of events and the necessary physical organization of the molecules allows for a big-

picture understanding of the phenomenon. Craver (2001) claims that understanding a 

mechanism involves “understanding how one activity leads to the next through the spatial 

layout of the components and through their participation in a stereotyped temporal pattern 

of activities from beginning to end” (p. 61). Explanations of molecular mechanisms 

involving these features can be described as containing “productive continuity,” in which 

entities and activities are connected without gaps from setup to termination conditions 

(Machamer et al., 2000). 

In MCB, molecular mechanisms require “multilevel reasoning.” Namely, 

organization at submolecular, molecular, subcellular, and cellular levels must be 

considered. Additionally, Hartwell et al. (1999) note that “a discrete biological function 

can only rarely be attributed to an individual molecule … most biological functions arise 

from interactions among many components” (p. C47), thereby proposing “functional 

modules” as an organizational level between molecules and cells. Functional modules are 
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defined as an ensemble of molecules that are considered a unit due to their cooperative 

function rather than a shared spatial organization (Hartwell et al., 1999; Hofmann et al., 

2006; Van Mil et al., 2013). For example, an intracellular signaling cascade or 

mechanisms like DNA replication and protein synthesis can be considered functional 

modules (Hartwell et al., 1999). Though functional modules are composed of an 

ensemble of molecules, they must often be treated as a single entity with a collective 

function when placed within a biological mechanism (Hartwell et al., 1999; Van Mil et 

al., 2013). 

Although mechanistic reasoning is needed to explain complex phenomena in 

molecular biology, even young students may use mechanistic reasoning to explain other 

phenomena (Metz, 1985; Lehrer and Schauble 1998; Bolger et al., 2012). However, this 

form of reasoning is sometimes difficult to cultivate among novices (Russ et al., 2008). 

Heuristic or rule-based reasoning for scientific explanation has been described among 

experts and novices (Guindon, 1990; Gigerenzer and Gaissmaier, 2011). Although 

heuristic reasoning can be productive and efficient, in some cases reliance on a rule 

without comprehending the underlying mechanism can be a hindrance to student 

understanding (McClary and Talanquer, 2011). If a student used a heuristic like “negative 

biological things are contagious,” then he or she might describe mutations as “spreading” 

between the cells of an organism. In contrast to mechanistic reasoning, students may also 

utilize teleological reasoning to explain biological phenomena; for example, explaining 

that a plant grows in that direction because it needs sunlight (Southerland et al., 2001). 

Likewise, they may focus on the static or structural features of a situation instead of the 

dynamic or functional features when making predictions; for example, predicting the 
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motion of a lever based on its shape rather than visualizing its motion (diSessa, 1993; 

Bolger et al., 2012). Thus, developing knowledge in science involves learning what types 

of explanations are most appropriate for a given situation. 

 

Molecular Mechanisms 

We selected three molecular mechanisms to explore knowledge integration in 

undergraduate MCB: DNA replication, transcription, and translation. These three 

molecular mechanisms were selected based on their foundational importance to 

biological phenomena and their common coverage in undergraduate MCB courses. 

Owing to their centrality and foundational nature, mitosis and the central dogma (Crick, 

1970) are often addressed in K–12 grades, but they are revisited and built upon in more 

molecular mechanistic detail during undergraduate introductory biology courses. They 

are then used as foundational principles with which to understand many biological 

phenomena in upper-division courses such as genetics, cell biology, immunology, 

developmental biology, and neurobiology. Despite their role as a platform for further 

learning in biology, the biological mechanisms by which genes are inherited and give rise 

to traits are often misunderstood by students (Duncan, 2007). 

 

AIM OF THE STUDY 

We carried out this study to characterize knowledge integration in undergraduate 

MCB at different levels of educational development. To explore this, we asked the 

following research questions: 
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Research question 1: How do undergraduate students sort, connect, and integrate ideas in 

the context of learning about transcription, translation, and DNA replication? 

Research question 2: What is the nature of connections between ideas in undergraduates’ 

understanding of transcription, translation, and DNA replication? 

 

METHODS 

Study Population 

We recruited students for participation in this study on a volunteer basis from one 

of three courses in the Molecular and Cellular Biology (MCB) program at the University 

of Arizona: Introductory Biology (N = 22), Molecular Genetics (upper-division, N = 23), 

and Cell and Developmental Biology (upper-division, N = 8). Most students enrolled in 

the introductory courses are sophomores or juniors, and most upper-division students are 

juniors or seniors. We selected these three courses for recruitment, because each course is 

required for graduation with an MCB major and each course either explicitly covers the 

molecular mechanisms of DNA replication, transcription, and translation, and/or makes 

explicit use of these concepts. Of the 22 introductory students who volunteered for the 

study, 13 were science majors, two were non–science majors, and seven were MCB 

majors who are required to continue to the upper-division courses we sampled. Sections 

of the introductory course are taught by several different instructors with individual 

design and instructional styles. Because we were interested in exploring the ways in 

which individual students grapple with learned information, we recruited students from 

four introductory sections. Each section was taught by a different instructor who 
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routinely used some combination of active-learning techniques such as clicker questions, 

think–pair–share questions, small-group work, and whole-class discussions. Each upper-

division course is taught by a team of instructors, and the teams for both courses 

intentionally incorporate components of active-learning pedagogy into the courses, 

including clicker questions, think–pair–share questions, small-group work, data-

interpretation studies, analysis of primary literature, and problem-solving sessions. 

Discussion of the molecular mechanisms of DNA replication, transcription, and 

translation in the introductory sections varied slightly based on instructor. These three 

target molecular mechanisms were reviewed and expanded on in the Molecular Genetics 

course during units about heredity of information and protein synthesis, structure, and 

function. The three target mechanisms were then revisited intermittently in the Cell and 

Developmental Biology course when needed, particularly during units on early 

embryonic development involving gene expression, the cell cycle and downstream effects 

of intracellular signaling cascades. By the end of these courses, students are expected to 

understand the mechanisms of DNA replication, transcription, and translation in 

significant detail (including, e.g., replication forks, RNA primers, origins of replication, 

chromosome structure, histones, transcription activators and repressors, directionality of 

elongation, operons, sites within the ribosome, translation elongation factors, and the 

process of translation termination) and to apply those mechanisms to cellular and 

organismal phenomena. In addition to mechanistic detail, all instructors emphasized in 

some way the rationale behind the use of molecular mechanisms and their connection to 

overall biological phenomena. 
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We recruited students for the study through several announcements to the class. 

We explicitly requested student volunteers who did and did not feel that they understood 

the course material well to avoid a selection bias as much as possible. The data were 

collected over the course of four semesters, Fall 2012 to Fall 2014, and a small subset of 

students participated in interviews in more than one class. Think-aloud interviews were 

conducted at the end of each respective course in the 2–3-wk period before the final 

exam. Occasionally, students were interviewed several days after the final exam due to 

scheduling conflicts. All data collection and analysis was approved by the institutional 

review board at our university. 

 

Think-Aloud Interviews 

We conducted semi-structured, clinical think-aloud interviews lasting 

approximately 1 h with each student participant and audio-recorded the interviews. 

Interviews were conducted by one of six trained interviewers in the research group using 

a standardized interview protocol (see the Supplemental Material for the protocol). 

During the interviews, students started by completing a basic concept assessment 

designed to test conceptual knowledge in a familiar test-like format (see the 

Supplemental Material). The concept assessment included seven questions using a mix of 

multiple-choice, short-answer, and fill-in-the-blank questions. Results of the concept 

assessment (see Figure 1) show a spread of performance, with substantial overlap 

between the performance of upper-division and introductory students. Concept 

assessment items were assigned point values, and each students’ concept assessment was 

graded for correctness. Students’ reported concept assessment scores were calculated as 
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the percentage of points earned out of total possible points. Concept assessment scores 

were on average higher (p = 0.006) in the upper-division group (89 ± 1.7%, N = 31), and 

variance was lower (p = 0.015) than in the introductory group (76 ± 3.7%, N = 22). 

Owing to the apparent skewness in the distribution of students’ individual percentage 

concept assessment scores, as revealed by a histogram plot (Figure 1), this tendency 

toward higher scores in the upper division was confirmed by the Mann-Whitney U-test (p 

= 0.006). (See Statistical Analysis section.) 

Similarly to Clark and Linn (2013), we used explanations and causal descriptions 

to probe for “underlying (although often unarticulated) views that shape students’ 

thinking, explanations, and predictions” (p. 521). During the interview, we asked each 

student to create explanations and causal descriptions of the processes of DNA 

replication, transcription, and translation. Specifically, we asked students to describe 

what they know about the mechanism (or process) of each of the three target 

mechanisms, including descriptions of what is physically transpiring, the molecular 

“players,” and where the process is happening within a cell. We did not specify whether 

students should describe these mechanisms for eukaryotic or prokaryotic cells; however, 

most students focused on eukaryotic mechanisms, with only some students choosing to 

talk about prokaryotic mechanisms as well. Next, we asked students to explain why a cell 

undergoes that particular process. We asked students to explain their thinking by verbally 

describing their ideas, and students were often asked to expand their descriptions. 

Interviewers asked both standardized and individualized follow-up probes to clarify 

student thinking. We encouraged students to make drawings or sketches when they felt it 

would aid their verbal description and to be honest about the things they knew and did 
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not know. The interview protocol also included a selected assortment of other tasks, 

including discussing mutations and problem-solving activities. 

One additional task during the interview included the creation of a concept map, 

for which we asked students to create a free-form concept map using 20 standardized 

cellular and molecular terms. A brief introduction and instructions on concept mapping 

were given to students before they began the activity (see the Supplemental Material), 

and most students were familiar with concept mapping from previous courses. The 

concept map terms are as follows: cell, phenotype, nucleic acid, gene regulation, 

inheritance, enzyme, membrane, protein, DNA, transcription, ribosome, replication, 

mutations, gene, genetic disease, amino acid, neuron, translation, RNA, and skin cell. We 

asked students to verbalize their thinking as they created a concept map using as many of 

the given terms as possible. Students were required to label connections between terms 

with “linker” words, terms, or phrases to describe the relationship. More details about the 

selection of terms and implementation of the concept maps are provided in the 

Supplemental Material. After students finished creating their concept maps, we asked 

them to verbally guide us through the concept maps and describe the relationships they 

had indicated between terms. Students were also given the opportunity to add terms 

during this process if they felt it would enhance their concept maps, but most students 

chose not add terms. 

Analysis 

Case Study Analysis. We performed case study analysis of the student interviews, using 

transcripts made from interview audio and any student artifacts (including drawings and 

notes about gestures) to investigate patterns of reasoning in student interview transcripts. 
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Specifically, we closely examined eight students with diverse levels of conceptual 

understanding, wrote and discussed claims that might be made about their patterns of 

reasoning, and compared cases to highlight what seemed to be essential themes and 

differences between individuals. We will not describe the detailed results from these case 

studies here, but patterns observed in the case study analysis provided insights to aid in 

the setup of our coding analysis and pointed us toward portions of the interview protocol 

that were most useful for addressing our research questions. 

Coding Analysis 

Mechanism Descriptions. The structure of the interview called for students to first 

describe the molecular mechanistic events of DNA replication and then describe why a 

cell would undergo the process of DNA replication. Next, students were asked to 

describe the molecular mechanistic events of transcription and explain why a cell would 

undergo transcription. Finally, following this same format, students were asked about 

translation. We coded each interview transcript for the inclusion of mechanism-

appropriate versus mechanism-inappropriate entities. For example, the mechanism of 

DNA replication would be marked as including “mechanism-appropriate entities” if the 

student’s description included only entities that are agreed upon by the scientific 

community as participating in that mechanism, such as DNA polymerase, dNTPs, ligase, 

or topoisomerase. However, the mechanism was marked as including “mechanism-

inappropriate entities” if the student’s description included one or more entities that were 

inappropriate to the mechanism of DNA replication, such as the involvement of 

ribosomes or flagella. To investigate the prevalence of misconnections between the three 

target mechanisms and their roles in the cell, we performed further coding analysis. 
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Student responses to the question “Why does a cell undergo [target mechanism]?” were 

coded for scientific accuracy or plausibility (scientifically normative connections). 

Coding analysis was performed independently by three coders, with 78% agreement 

among coders (number of agreed-upon instances/total number of coded instances). Final 

codes were the result of consensus among coders. (See the Supplemental Material for full 

coding scheme.) 

Concept Map Connections. Coding analysis of the nature of connections between terms 

was applied to all student concept maps. A connection was coded as “type 3” if it 

indicated or implicated a relationship between the terms based on function, mechanism, 

causation, or an action. A connection was coded as “type 2” if it indicated a relationship 

between terms based on a vague action, a structural explanation (location, composition, 

etc.), or a vague role in a process, or if it indicated that one term was a type or example of 

the other term. Finally, a connection was coded as “type 1” if it was transparently 

associative (e.g., “associated with”) or was left blank (line or arrow indicating connection 

but lacking descriptive word or phrase). Terms that were not connected by the student 

were not coded. Coding analysis was performed independently by three coders with an 

agreement of 86%. Final codes were the result of consensus among coders. (See the 

Supplemental Material for coding scheme and an example of a student concept map.) 

Iterative Transcript Read-Throughs. We performed systematic read-throughs of all 

student transcripts for the portions of the interview we identified through case studies as 

most useful to address our research questions. Read-throughs provided further evidence 

of themes discovered through case study analysis and were used to triangulate qualitative 
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patterns observed in the coding analysis. All students were given pseudonyms. Quotes 

from individual students in this paper are identified by pseudonym and course level. 

Statistical Analysis. Concept assessment scores were recorded for each student as the 

percentage of points earned (based on correctness) out of total possible points. Concept 

map scores were recorded for each student as the average type number (type 1 = 1, type 2 

= 2, and type 3 = 3) of the connections drawn by that student. Concept assessment and 

concept map scores were compared between introductory and upper-division groups 

using two-tailed, independent-samples t tests. Because Levene’s test indicated unequal 

variances between groups (p = 0.015 for concept assessment and p = 0.003 for concept 

maps), Welch’s unequal variance version of the t test was used. Histogram plots of 

individual concept assessment scores and individual concept map scores, by group, 

suggested nonnormal distributions; therefore, differences between groups were also 

compared using the nonparametric Mann-Whitney U-test. Results of the independent-

samples t test were used to describe differences between groups, as there were no 

instances in which the t tests were in conflict with the Mann-Whitney U-tests. For each of 

the three target mechanisms (DNA replication, transcription, and translation), student 

descriptions were coded as including “mechanism-appropriate entities” or “mechanism-

inappropriate entities.” Similarly, student connections between the mechanisms and their 

roles in the cell were coded as “normative” or “non-normative.” Proportions of 

descriptions including “mechanism-appropriate entities” were compared between 

introductory and upper-division groups using Fisher’s exact test (which is more 

appropriate than the chi-square test for the small sample size). Similarly, proportions of 

“normative” connections between each mechanism and its role in the cell were compared 
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between introductory and upper-division groups using Fisher’s exact test. Statistical 

significance was declared when the p value was <0.05; however, actual p values are 

reported to provide more detail. Computations were performed using IBM SPSS for 

Windows, version 22. 

 

RESULTS 

Introduction 

We have organized our results into two parts. In part 1, we investigate various 

components of knowledge integration. In part 2, we examine the nature of the 

connections students make between ideas. Data presented include qualitative coding 

analysis of interview transcripts (in part 1) and students’ concept maps (in part 2) and 

samples of student thinking during interviews that exemplify patterns we found in 

qualitative read-through analysis of transcripts (in parts 1 and 2). 

Part 1. Knowledge Integration: Sorting through Ideas about Molecular Mechanisms in 

Biology 

Sorting Molecular Entities into Appropriate Categories 

As we previously described, a key component of the theory of knowledge 

integration is that learners must sort through ideas to create cohesive knowledge 

networks. One aspect of creating knowledge networks is the restructuring of connections 

between ideas, including differentiating one idea into two distinct components. 

Therefore, we first examined the ways in which students sort ideas about molecular 
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entities into mental categories. To explore this, we investigated the ways in which 

students were discussing molecular entities in their descriptions of the three target 

mechanisms: DNA replication, transcription, and translation.  

We found that students varied in the extent to which they included scientifically 

normative (mechanism-appropriate) entities when describing molecular mechanisms. For 

the mechanism of DNA replication, 72% of students were able to create molecular 

mechanistic descriptions that included only scientifically normative, mechanism-

appropriate entities; 69% of students were able to create descriptions of transcription with 

mechanism-appropriate entities; and 81% of students were able to create descriptions 

with mechanism-appropriate entities for translation. No statistically significant difference 

was found between introductory and upper-division students (Fisher’s exact test: DNA 

replication, p = 0.76; transcription, p = 0.77; translation, p = 0.27). Figure 2 shows the 

percentage of students who included only mechanism-appropriate entities in none, one, 

two, or three of the three target molecular mechanisms (transcription, translation, and 

DNA replication). More than half of the students interviewed included mechanism-

inappropriate entities in one or more of the three target mechanisms. No significant 

difference was found between introductory and upper-division students (Mann-

Whitney U-test: p = 0.53). This was despite the fact that upper-division students had a 

significantly higher performance on a written concept assessment (see Methods). 

When students included a mechanism-inappropriate entity in their descriptions of 

one of the three mechanisms, 90% were instances in which students included an entity 

from one of the other two mechanisms (e.g., discussing the role of the ribosome, which is 

a translation-specific molecular complex, in the process of DNA replication). Coders 
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were careful not to code “mislabeled entities” as inappropriate entities. Examples of this 

include vague descriptions (e.g., “that thing that comes in and adds the nucleotides”), 

when students corrected themselves (e.g., “DNA polymerase, I mean RNA polymerase”), 

or when a student obviously misspoke (e.g., switching the words “transcription” and 

“translation” but describing the intact mechanisms).  

These coding results suggest that some students have difficulty sorting molecular 

entities into appropriate mental categories that reflect the nature of these mechanisms. 

While the results of this coding analysis showed us whether entities were being 

appropriately sorted, qualitative analysis of transcripts during read-throughs revealed how 

the students were using the entities in their mechanistic descriptions and how they were 

thinking about their mechanisms. In some cases in which students missorted entities, 

there was evidence that students were conflating mental categories by blurring the 

boundaries that distinguish the three target mechanisms. This conflation of mental 

categories resulted in the inappropriate fusion of two or more of the target mechanisms. 

For example, when one student was asked to describe the molecular mechanism of DNA 

replication, he responded: 

Line 1: “Okay so, from what I know, based off … the cell … so you have 

the mRNA that left the nucleus and I am sure it gets transcribed by the 

RNA and as RNA … no as the ribosomes transcribe the RNA … I want to 

say that it, like, it adds, like, I want to say it adds, like … [trails off into 

inaudible mumbling].” 

Line 2: Interviewer: “What are you thinking about?” 
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Line 3: “Now I am trying to tie the replication fork in now.” 

Line 4: “So … you have … I want to say that the ribosome … like … adds 

… I want to say, like, temporary base pairs to it?” 

Line 5: “I don’t really know what happens there … but all I know is … so, 

like, you have this when it, like, splits … I know, like, an animal and, like, 

eukaryotic … they have, like … let’s see … so the DNA … um … so this 

could be, like, the leading strand and lagging … and then there is 

something here …” 

Line 6: “Something that goes here … I think it’s, um, no RN … ‘cause all I 

know in the leading strand there is, like … ‘cause, like, I don’t know which 

enzyme or protein … or whatever it is that … so, like … I think it’s in the 

lagging strand and something goes along and, like, fills in, like … it adds, 

like, temporary … I don’t know what it’s called … RNA-tides?” (Jasper, 

introductory student) 

This student’s description indicates that he is aware that the task at hand requires 

him to create a molecular mechanistic description. He begins his description of the 

mechanism by using both biological entities and activities. His description includes 

several entities that are appropriate to the mechanism of DNA replication (replication 

fork, DNA, leading and lagging strands: lines 3–5). However, he also includes entities 

and activities like mRNA, ribosomes, mRNA transport out of the nucleus, and 

transcription, which are all features of the process of protein synthesis (involving the 

mechanisms of transcription and translation: line 1). The inclusion of both mechanism-
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appropriate entities and entities belonging to the mechanisms of transcription and 

translation reveals a conflation, or lack of appropriate differentiation, between the 

functional modules of DNA replication, transcription, and translation. This phenomenon 

of conflation between mental categories was observed in several students’ descriptions of 

the target mechanisms.  

In contrast, when students included only mechanism-appropriate entities in their 

mechanistic descriptions, mental categories appeared to be clearly defined. For example, 

another student’s description of DNA replication contains no evidence of inappropriate 

conflation with transcription or translation: 

Line 1: “DNA polymerase would come in, but it can’t start by itself so it 

needs RNA primase to make the primers, to make those three primers in 

the 5-prime to 3-prime direction, and so when it does that then DNA 

polymerase just goes in the 5-prime to 3-prime direction, as it is going 

[the] helicase unwinds the DNA and it separates it.” 

Line 2: “And in that direction it just goes fine, just, like, all the way. And 

then in the 3-prime to 5-prime direction it’s harder because you … it’s like 

… so RNA primase comes in every so often and adds in primers then DNA 

polymerase, because it can’t go 3-prime to 5-prime, it kinda goes in the 

other way and does little chunks at a time” […] 

Line 3: “And so it does those in little chunks and those fragments are 

called Okazaki fragments.” (Bobby, upper-division student) 
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In this excerpt, the student is, like the previous student, including mechanism-

appropriate entities (DNA polymerase, primers, helicase, Okazaki fragments), but unlike 

the previous student, includes no mechanism-inappropriate entities. Thus, correct sorting 

of entities seemed to be associated with clear boundaries between mechanisms, as 

opposed to conflation of mechanisms. 

Connecting Biological Ideas  

Another key component of the theory of knowledge integration is the creation of 

connections between ideas, particularly connections that integrate knowledge elements. 

Therefore, we next explored the connections students made between the mechanical 

details of a molecular mechanism and that mechanism’s overall function. After students 

were asked to create a molecular mechanistic description of the three target mechanisms, 

we asked them to explain why a cell would undergo that particular process.  

Analysis of students’ responses revealed a range of connections. Most students 

were able to create scientifically normative or plausible connections between the target 

molecular mechanisms and their roles in the cell. Seventy-four percent of students were 

able to create a scientifically normative connection between the molecular mechanism of 

DNA replication and its role in the cell; 83 and 88% of students were able to create a 

normative connection between transcription and translation and their roles in the cell, 

respectively. No statistically significant difference was found between introductory and 

upper-division students (Fisher’s exact test: replication, p = 1.0; transcription, p = 0.13; 

translation, p = 0.39). However, a subset of students created alternative connections 

between these processes and their roles in cellular function, particularly for DNA 

replication.  
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Although one might assume that students who were inappropriately sorting 

entities might also be creating non-normative connections to the mechanism’s role in the 

cell, our coding analysis reveals that this is not the case. In fact, several students who 

included mechanism-inappropriate entities in their mechanistic description of DNA 

replication went on to describe normative connections to the role of that mechanism in 

the cell. Conversely, several students who created normative mechanistic descriptions of 

the process of DNA replication described non-normative connections for the role of this 

process in the cell. For example, John provided a normative mechanistic description that 

included details such as “RNA primers that allow DNA polymerase to begin 

polymerizing nucleotides that creates a lagging strand.” However, when asked “Why 

does a cell undergo this process?,” he replied: 

“Um, to, I guess to make a copy of itself. Or, to do certain duties for 

example, um, protein to make proteins. Without DNA, you wouldn’t be 

able to make proteins and without replication you wouldn’t be able to 

make more DNA in order to make more protein.” (John, introductory 

student) 

Thus, despite the level of mechanistic understanding for DNA replication, this 

student connected the mechanism to protein synthesis rather than mitosis or meiosis. 

Coding analysis (see Table 1) showed the number of students with normative or non-

normative connections between the mechanism of DNA replication and its role in the 

cell. Results are broken down by whether the student included entirely mechanism-

appropriate entities into his or her description of the mechanism or whether mechanism-

inappropriate entities were included. Fisher’s exact test showed no significant association 
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between the ability to make normative connections to the function of the mechanism and 

the ability to create mechanistic descriptions with entirely mechanism-appropriate entities 

(p = 0.50). 

Next, we provide some examples to further illustrate the types of connections 

students made between mechanisms and their biological role. When Veronica, an 

introductory student, was asked why a cell would undergo DNA replication, she 

answered, “Well, it’s going to have to go through mitosis and like split up all of its 

organelles and everything, so it’s going to need to have a copy of DNA. So it just like 

makes a replication [copy] of itself, and so it’ll split it in half like two equal [copies].” 

Here, this student is creating a normative connection between her previously described 

ideas about the mechanism of DNA replication and the overarching phenomenon of 

cellular division. Several students created similarly normative connections between the 

process of translation and protein synthesis, as demonstrated here with another student’s 

description of the role of translation; Nikki, an upper-division student, says, “To make a 

functional, to make a protein out of the mRNA so that it [the protein] can function in the 

cell.”  

Although such connections are basic components of these biological phenomena, 

a significant subset of students described alternative connections (see Table 2). For 

example, when explaining why a cell undergoes DNA replication, Lydia says: 

“That is a good question … um, probably to keep the DNA, that is kind of 

going around in the nucleus, new and have it be able to be used by all 

these other things that DNA is used for. So there is lots of DNA that can be 
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used for replication, lots of DNA for transcription, lots of DNA to be used 

for mitosis I guess, too.” (Lydia, introductory student) 

In this example, Lydia implies that DNA replication is needed to make sure the 

cell has “enough” DNA for all the cellular processes that include the DNA molecule. In 

doing so, she seems to form an inappropriate causal connection between DNA replication 

and transcription. Like this student, several other students across the study population 

inappropriately connected the mechanism of DNA replication to protein synthesis in a 

variety of ways. In fact, Maria, an upper-division student who successfully completed 

upper-division classes in the major, answered “Um, why? It just does. That’s, um … well 

it, like, DNA needs several copies I guess to … to develop, like … develop, to develop, 

like, those amino acids, and to form those um … proteins.” We suspect that her 

explanation also represents a non-normative connection between the mechanism of DNA 

replication, involved in cellular division, and the phenomenon of protein synthesis. This 

inappropriate connection between DNA replication and protein synthesis lends further 

support to the idea that some students conflate these mechanisms.  

Further investigation of the student answers that displayed non-normative 

connections for DNA replication revealed that these students often use heuristic 

reasoning to explain the role of this mechanism. We found four main types of non-

normative connections between the mechanism of DNA replication and its role in the cell 

(described in Table 2). Several of the student descriptions included ideas of more than 

one type. These misconnections appear to be driven by heuristic reasoning (e.g., DNA 

must be kept fresh, new, or protected). These heuristics can be thought of as ways of 

thinking that may be productive in some situations but serve to reinforce non-normative 
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connections in this case. For example, the idea that cells or molecules age over time and 

need to be replenished is scientifically normative, but this same idea might lead some 

students to think that DNA replication is an ongoing process of renewal instead of a 

controlled process that occurs at a distinct time in the life of a cell to provide identical 

copies of DNA to two newly replicated cells. These examples provide evidence that, as 

students build knowledge of biological mechanisms, they may form connections between 

ideas that are not scientifically correct but yet are based on forms of reasoning that make 

sense to the student at that time (as opposed to a lack of reasoning). 

 

Integrating Ideas to Build a Network of Biological Ideas 

Finally, we explored the integration of biological ideas by analyzing the ways in 

which students were connecting the molecular mechanisms of DNA replication, 

transcription, and translation to other biological ideas. By analyzing student descriptions 

of the three target molecular mechanisms, we discovered that a few students immediately 

and reflexively made connections between the mechanisms and other relevant biological 

phenomena. For example, after describing a scientifically normative mechanism for DNA 

replication, the following student answered the question “Why does a cell undergo DNA 

replication?”: 

“Well, it undergoes replication … so the cell will be told when to replicate 

based on chemical signals, so like, if, I … you know … have … if my skin 

is dying or I have a cut or something, then the cell is going to be like, we 

need skin cells over here, so it will replicate to fulfill some kind of task 
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that the body needs, for example. But the replication is a controlled 

process, it doesn’t just replicate whenever or else it would be cancerous. 

So there is a variety of signals and all that that go into replication. And 

basically, if the body has a need for it, then it will replicate. And cells have 

a life span too, and if the cell is old then it needs to be replaced, and cells 

will signal to each other when we need more cells or whatever.” (James, 

upper-division student) 

Here, the student begins by making a connection to chemical signaling, which is a 

mechanism for cell communication and is the starting condition for many cellular 

responses like DNA replication. He then creates connections to two related mechanisms, 

cellular regeneration and wound healing in the context of skin cells. Drawing these two 

mechanisms into a biologically plausible context (replacing dead skin cells or wound 

healing), he problematizes the cellular need for cellular replication, and therefore DNA 

replication. He then creates a connection to regulation and control by explaining the 

relationship between controlled cellular growth (in wound healing and cellular 

regeneration) and uncontrolled cellular replication (in the context of cancer). We observe 

this student extending beyond merely creating a normative connection or two between the 

molecular mechanism of DNA replication and its role in the cell. Instead, we observe this 

student’s mental category of DNA replication as being nested within the related 

biological phenomena of chemical signaling, cellular regeneration and repair, controlled 

cellular division, and cancer.  
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Similarly, after describing the molecular mechanism of transcription and the role 

of RNA as an information messenger for protein synthesis, another student creates a 

spontaneous connection to regulatory noncoding RNA: 

“And then sometimes those intron[s] and, you know, other regions of the 

DNA in the pre-mRNA after they get spliced out, sometimes they do 

interesting things too, because those can become, like, micro-RNAs and 

things like that.” (Jenna, upper-division student) 

By including these additional connections to their explanations, students were 

extending beyond merely incorporating more information into their mechanistic 

descriptions and instead were making connections they believed to be functionally or 

causally integrated to their explanations. For example, Sally crafted a description of her 

understanding of “mutations” when asked to elaborate during the concept-mapping 

portion of the interview. After connecting mutations to their potential origins during 

DNA replication, she went on to connect the idea of sequence changes to the role of 

mutations in creating genetic differences within a population: 

“A mutation is when there is some kind of change in the DNA. And it 

comes about, I think, usually during replication if there’s an error made 

by the proteins that are performing the replication. And there’s, like, the 

proteins that check for errors, there’s … they occasionally mess up. So 

that’s how mutations come about. They’re just, they change the structure 

of the protein, sometimes […] And that can usually be bad or neutral for 

the cell, but sometimes it does good things, which is why we have diversity 

I guess.” (Sally, upper-division student) 
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She continues to expand on this idea by connecting it to two relevant biological 

scenarios in which this principle holds true; first connecting to malaria resistance in 

individuals with sickle-cell anemia and then to receptors recognized by HIV: 

“In northern Europe there’s, like, this entire deletion of like 32 

nucleotides in one gene that codes for a protein that helps the HIV virus 

recognize cells. So if you get rid of that protein [by way of a mutation], 

it’s like a receptor protein, by deleting those nucleotides, those people 

actually become resistant to HIV because HIV can’t bind to the cells. So 

that’s pretty cool. That’s a good mutation. But usually they do things like 

they delete proteins, or they change them so that they are not functional, 

and usually that’s bad.” (Sally, upper-division student) 

Through her description, we observe how Sally integrates the ideas of “DNA 

replication,” “proteins,” “mutations,” and “genetic differences,” and the implications of 

detrimental versus beneficial mutations that are solidified using two biologically relevant 

contextual examples. Nuanced connections like those exemplified here by James, Jenna, 

and Sally suggest that students may begin to build a network of biological ideas at the 

undergraduate level, integrating their ideas about the target mechanisms with functionally 

related biological phenomena, principles, and contexts. 

 

Summary of Part 1 Results 

In summary, we observed that students must develop mental categories with 

which to appropriately sort the molecular entities involved in each of the target molecular 
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mechanisms. Some students appear to conflate one or more of these mental categories, 

leading to conflated mental models of the molecular mechanisms. Examination of how 

students connect molecular mechanisms to their overarching roles in the cell suggested 

that these two aspects of understanding molecular biology are not always linked by 

students. Finally, we found evidence of some students creating complex knowledge 

networks that reflect nested and overlapping ideas, suggesting a more nuanced 

understanding of these topics. 

 

Part 2. The Nature of Connections 

Through analysis of the previously described results, we uncovered several 

important differences in the ways in which students created connections. These 

differences suggested inherent differences in the nature of connections between ideas in 

MCB. To understand the nature of connections between ideas in undergraduate molecular 

biology, we took two approaches. First, we examined how students were connecting 

terms during a concept-mapping task. By analyzing the types of linking words students 

used to describe the relationship between two concept map terms, we were able to 

determine differences in types of connections. Second, we qualitatively examined 

students’ mechanistic explanations of the target mechanisms (DNA replication, 

transcription, and translation), with the lens of domain-specific reasoning strategies 

defined in existing literature. Findings included several characteristics of the connections 

between ideas within the mechanistic descriptions created by the students about DNA 

replication, transcription, and translation. 
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Characterizing the Nature of Connections through Concept Mapping: Associative, 

Functional, and Causal Connections. 

We examined the concept maps created by students during the concept-mapping 

task of the interviews. This revealed differences in the types of connections drawn 

between the same ideas (provided terms) by different students. A coding scheme was 

developed and applied to all student concept maps to systematically look at the nature of 

connections created between terms (Figure 3, A and B). Connections were coded as type 

3 connections when linker words indicated functional, causal, mechanistic, or action-

based ideas. Linker words that indicated vague actions or roles in a process, a type or 

example, or a structural indication (location, composition, etc.) were coded as type 2 

connections. And finally, associative or blank connections were coded as type 1. 

Results of the coding analysis indicated a significant difference between 

introductory and upper-division students’ average connection scores (independent-

samples t test, p = 0.013). Although roughly half of connection linker terms on 

introductory students’ concept maps indicated associative connections, only 23% of 

upper-division concept map connections were classified as associative (Figure 3B). The 

percentage of type 2 and 3 connections was higher for upper-division students compared 

with introductory students, 19% higher for type 2 and 8% higher for type 3. It is 

important to mention that these categories do not reflect the “correctness” of the 

connections but differences in the reasoning behind why two ideas might be related. It 

was possible for type 1 and 2 connections to be scientifically normative and for type 3 

connections to reflect misconceptions.  
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After establishing differences in the nature of connections between ideas through 

the concept-mapping activity, we returned to the students’ descriptions of the molecular 

mechanisms of DNA replication, transcription, and translation. By looking more deeply 

into the nature of connections between ideas, we found evidence to support the 

differences between causal, functional, and mechanistic connections in comparison with 

associative connections in students’ descriptions of the target mechanisms. Consider the 

following response when Mandy, an upper-division student, was asked why she included 

a particular piece of information (the directionality of synthesis of the newly made DNA 

strand) when describing the mechanism of DNA replication: “Um, I don’t know if I know 

the answer. I feel like that was just, I don’t know, I’ve just been told that ever since like 

eighth grade or something, so it’s like, ‘ok, 5-prime, 3-prime.’” After including the same 

piece of information about directionality in his explanation, Bobby was asked the same 

question and responded by saying “because on the, uh, 3-prime end there’s a hydroxyl 

group and that’s where, that’s where the phosphate of the 5-prime end of the next 

nucleotide, that’s where it attached to. On that 3-prime hydroxyl.” Whereas the first 

student’s connection between the events of DNA replication and this idea of 

directionality appears to be based on association, the second student’s same connection 

appears to be based on functional and mechanistic principles of the molecules involved. 

Thus, the different forms of reasoning that can be inferred from what students wrote on 

their concept maps are also evident in their verbal descriptions and explanations.  

The results of the coding analysis showed that individual students almost always 

included connections in more than one category. Furthermore, different students 

frequently linked the same two terms with different types of connections. Thus, we 



82 
 

hypothesize that the individual knowledge-integration process includes linking of ideas 

through a variety of reasoning processes, which is likely highly context-dependent and 

unique to the individual. However, while it may not be essential for all ideas in a 

knowledge network to be connected by mechanistic reasoning, our data suggest that 

associative connections are not typically as robust as causal, functional, and mechanistic 

connections. 

 

Characterizing Connections through Molecular Descriptions: Mechanistic Reasoning 

Finally, we provide our findings on the ways that students connected ideas within 

their descriptions of DNA replication, transcription and translation. Some students 

created causally connected descriptions, in which entities and activities were used to 

create a cohesive explanation. A small subset of students not only created productively 

continuous, cohesive descriptions, but also extended beyond basic causal chaining of 

ideas by inserting causal additions that reinforced causal connections. However, other 

students created fragmented explanations that were discontinuous and non-cohesive, 

often including non-normative ideas. 

 

Causal Connections: Mechanistic Reasoning 

Machamer, Darden, and Craver propose that mechanisms that explain phenomena 

are produced by tracing the continuous sequence of events, from setup to termination 

conditions (Machamer et al., 2000; Russ et al., 2008). Student descriptions that were 

considered causally connected recounted a sequence of molecular events in which 
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activities are carried out by entities with specific properties. These causally connected 

descriptions were defined by a continuous sequence of events that often included the 

temporal and spatial organization of entities and activities, often using activities as a 

causal driver for the addition of the next piece of the explanation. For example consider 

this student’s description of the mechanism of DNA replication: 

“And so when DNA is to be replicated, it’s double stranded and in order 

to replicate it the two strands have to be pulled apart from each other 

forming single stranded DNA. But still connected together. An enzyme 

called helicase is responsible … I could have drawn that … but it, [it] 

opens up the DNA, it forms the replication fork and then there’s various 

other proteins [single-stranded binding proteins] that bind to the DNA to 

prevent it from closing back in on its self, so you want to keep that 

replication bubble open. I forget what those proteins are called, but they 

just sit near helicase, I know, just to keep it from closing back up because 

of the complementary nature of the bases it’s always wanting to close so 

you need something to prop it open basically.” (James, upper-division 

student) 

This student creates a description of this mechanism by recounting a sequence of 

molecular events in which activities are carried out by entities with specific properties. 

Scientifically normative physical entities associated with the mechanism of DNA 

replication (helicase, replication fork, etc.) are connected through a causal sequence of 

events. This form of reasoning has been described in the literature as reasoning in which 

a scientist or a science student uses knowledge about the inherent causal nature of the 
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mechanism to articulate connections between ideas and create a mechanistic description, 

causally “chaining” through a sequence of ideas (Russ et al., 2008). We observed that 

some students, like this student, in addition to causally chaining through molecular 

events, inserted causal additions to build more nuanced explanations (illustrated in the 

example by underlining). These causal additions appear to reinforce and strengthen 

causal connections within a chain of molecular events, giving a causal rationale or further 

explaining the function of a particular connection. It should be noted that explanations 

including causal additions to a productively continuous causal chain of molecular events 

included only rare instances of incorporation of mechanism-inappropriate entities. In 

other words, this more expert form of reasoning did not seem to be associated with 

mechanism conflation. 

 

Fragmentation: Associative Reasoning. 

Fragmented descriptions, by contrast, were characterized by frequent disruptions 

to a chain of molecular events. Consider this excerpt from Jasper’s transcript: 

“I don’t really know what happens there … but all I know is … so like, 

you have this when it, like, splits … I know, like, an animal and, like, 

eukaryotic … they have, like … let’s see … so the DNA … um … so this 

could be, like, the leading strand and lagging [drawing] … and then there 

is something here … something that goes here … I think it’s, um, no RN … 

’cause all I know in the leading strand there is, like … ’cause, like, I don’t 

know which enzyme or protein … or whatever it is that … so like … I think 
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it’s in the lagging strand and something goes along and, like, fills in, like 

… it adds, like, temporary … I don’t know what it’s called … RNA-tides? I 

don’t know, but I have the image in my head, … but, like …” (Jasper, 

introductory student) 

We describe this explanation as fragmented due to its lack of productive 

continuity. However, this student does appear to be aware that the task of creating a 

description of a biological mechanism involves creating a sequenced description of 

molecular events but is unable to do so. When at a loss for a productive causal 

connection, this student relies on associative connections to bring in related idea 

fragments. This connection-building strategy led to frequent disruptions in his chain of 

events and resulted in a description consisting of weakly associated idea fragments.  

Other student transcripts revealed similarly fragmented descriptions of molecular 

events, in which students used associative connection making strategies. For example, 

when a different student was asked to describe the same mechanism of DNA replication 

she said: 

“Replication … gosh. It is in the, it’s starts in the nucleus. And then I want 

to say that it ends in the cytoplasm, and some things that are involved are 

DNA of course, ribosome, like the larger and the smaller subunit, DNA 

polymerase, primers, which are RNA primers, helicase, which is another 

enzyme, and then … so when, it’s when they are separated by … the DNA 

strand.” (Emma, upper-division student) 
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Although her description begins with the start and termination conditions of the 

mechanism, she quickly reverts to listing entities associated with this mechanism. Her list 

includes both mechanism-appropriate and mechanism-inappropriate entities. As with the 

first fragmented quote, the majority of this student’s connections appear to be associative 

in nature. Analysis revealed that these fragmented explanations were closely associated 

with the inclusion of mechanism-inappropriate entities. 

 

Summary of Part 2 Results 

In summary, we observed differences in the ways in which students create 

connections during the concept-mapping portion of the interview. We further investigated 

these differences through in-depth analysis of student descriptions of the target molecular 

mechanisms. Our findings suggest that more robust descriptions were associated with use 

of mechanistic connections instead of associative connections. In other words, differences 

in the ways student understand molecular mechanisms can be attributed to differences in 

the nature of the connections they form between the components of that mechanism. 

Further, we posit that associative rather than mechanistic connections could serve as a 

barrier to a deeper understanding of these biological processes. 

 

DISCUSSION 

In this paper, we provide the first evidence for how the knowledge-integration 

theory can be applied in undergraduate biology. We have identified key aspects of how 

students in molecular biology sort, connect, and integrate ideas into a knowledge 
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network. To our knowledge, this study represents the first effort to characterize domain-

specific knowledge integration at the undergraduate level. We discovered that students 

must develop mental categories into which they can appropriately sort the molecular 

entities involved in the biological processes of DNA replication, transcription, and 

translation. We characterized the different ways students use associative, heuristic, and 

mechanistic reasoning when connecting ideas, and we observed that these differences can 

have consequences for the scientific appropriateness of students’ ideas. We showed how 

students create nuanced knowledge networks that reflect the multilevel nature of 

phenomena in molecular biology. Overall, our results support prior work suggesting that 

knowledge structures are dynamic, emergent, and complex (Brown, 2013; Clark and 

Linn, 2013). Importantly, our data underscore that knowledge integration is an ongoing 

process, through which a network of connections are built and refined. Our analysis has 

revealed that a snapshot of student understanding for a given topic at any point may 

reveal both scientifically normative and non-normative ideas. Next, we provide our 

model of knowledge integration, highlighting several of our main findings (see Figure 4). 

 

Model Based on Study Findings 

Using the context of the molecular mechanisms of DNA replication, transcription, 

and translation, our model proposes several features of the process of knowledge 

integration (i.e., sorting, connecting, and integrating ideas into a knowledge network) in 

the domain of MCB. 
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First, we illustrate that fragmentation of ideas decreases as knowledge becomes 

more integrated. Second, the process of knowledge integration in this domain includes 

the creation of boundaries between mental categories, depicted as large dotted lines 

transitioning to solid lines that separate groups of ideas. Third, while overlapping 

biological ideas may initially result in conflation of mechanisms (“fragmented” section), 

ideas ultimately must be functionally overlapped in scientifically normative ways for 

students to create an integrated knowledge network (“nuanced” section). To illustrate our 

ideas, we describe each of the depicted levels, providing hypothetical examples of student 

thinking based on our study findings. 

In the first “fragmented” section you can see that a hypothetical student, when 

asked to describe the biological processes of DNA replication, transcription, and 

translation, names several molecular entities (depicted by the shaded squares). Though 

mechanistic entities are present, the hypothetical student is unclear which entities belong 

with which mechanisms. In other words, the student is uncertain where the boundaries lie 

between the three mechanisms—where one begins and the other ends. For example, 

while it might be appropriate to include the molecular entity of “DNA” in both DNA 

replication and transcription, it is not scientifically appropriate to include the molecular 

entity “ribosome” when describing the mechanics of DNA replication or transcription. 

We propose that students with “fragmented” descriptions are likely to have 

undifferentiated mental categories for the three target mechanisms, leading to category 

conflation or inappropriate idea coalescence. Students with “fragmented” descriptions 

often struggled to create productively continuous explanations. These student 

descriptions often have frequent disruptions in their descriptions of the chain of 
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molecular events and often name molecular entities that they associate with the 

mechanism while being unsure of their specific roles. Without understanding of a chain 

of molecular events, this student relies on vague and associative connections to attempt to 

build a mechanistic explanation (depicted by small dotted connections between entities). 

In the “transitional” section, we illustrate the beginnings of boundary definition 

between mental categories for the three target mechanisms for a hypothetical student. At 

this level, boundaries between mechanisms are still tenuous (dotted lines), and 

mechanisms may or may not be connected to appropriate biological contexts (labeled 

“transcription,” tentative label for “DNA replication,” and missing label for 

“translation”). Because boundaries between mechanisms are still ill-defined, occasional 

errors in the inclusion of mechanism-inappropriate entities persist. For example, this 

hypothetical student has discussed the role of RNA polymerase both in DNA replication 

and transcription, when DNA polymerase is the mechanism-appropriate entity for the 

activity of DNA polymerization. While vague and associative connections are still 

present, “transitional” descriptions include causal or functional connections between 

molecular events, depicted as solid arrows. 

In the third section, student descriptions can be described generally as 

“connected.” A hypothetical student has appropriately sorted all entities into the 

appropriate categories for DNA replication, transcription, and translation, and these ideas 

have been connected to (or nested within) scientifically normative roles in the cell 

(protein synthesis and cellular division). Molecular entities are connected by 

corresponding activities that are temporally and spatially defined within the mechanistic 

chain of molecular events (solid arrows). 
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And finally, in the fourth section, we illustrate a hypothetical student’s “nuanced” 

network of biological ideas. Here, the student has included mechanism-appropriate 

molecular entities into her or his description of the three target mechanisms, defined 

appropriate yet flexible boundaries between mental categories, and described a 

productively continuous chain of molecular events in which entities have corresponding 

temporal and spatial activities. In addition, this hypothetical student adds functional or 

causal connections to relevant biological phenomena and integrates several ideas to 

describe a nuanced and overarching biological principle. 

Our data suggest that conflation of molecular mechanisms is not uncommon 

among undergraduate students. This is perhaps not surprising, given the complex, 

multilevel nature of MCB. In particular, our model points to the importance of functional 

modules as a level of organization. Although functional modules have been previously 

described as inherent features of biological systems (Hartwell et al., 

1999; Hofmann et al., 2006), we propose that they also serve as mental organizers. 

Students must integrate knowledge about the mechanics of a molecular mechanism with 

its overarching role in the cell or organism, thereby housing the features and mechanics 

of a molecular mechanism within an overarching biological function. We hypothesize 

that experts within the field of MCB use functional modules as mental organizers, which 

works to drive the appropriate categorization of new knowledge into appropriate mental 

categories. As our model depicts, we suggest that, for knowledge to become more 

integrated, students must use functional and causal drivers as organizing pillars to create 

an integrated network of biological ideas. Overall, the process of mental category 

development appears to be a complex and sensitive process. This category development 
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requires that category boundaries be well enough defined to differentiate ideas but 

flexible enough to allow dynamic relationships between these ideas in order to construct 

a network of biological ideas. 

 

Organizing Ideas in Molecular and Cellular Biology 

Within the field of molecular biology, a biological mechanism and its role in the 

cell are inseparably linked. Our results suggest that, in an educational setting, these 

connections are not always apparent or intuitive to students. Whereas experts in the field 

of MCB might find it difficult to separate molecular mechanisms from their functions, 

our data suggest that the “mechanism” and “function” aspects of functional modules can 

be separated for students learning about molecular mechanisms. Our results suggest that 

students’ mental categories for molecular mechanisms do not necessarily develop in 

parallel to the development of their understanding of the functions of the mechanisms. 

Although many students could describe molecular events mechanistically, in some cases, 

these descriptions seemed to be disconnected, that is, mechanisms without a cause. 

A notable number of students struggled to connect the mechanism of DNA 

replication to its role in the cell. On the basis of prior work suggesting that it can be 

difficult for students to make connections between physical and ontological levels 

(Marbach-Ad and Stavy, 2000; Duncan, 2007; Duncan and Tseng, 2011), and more 

specifically between the molecular and cellular levels (Van Mil et al., 2013), we suggest 

that it may be difficult to build connections between the molecular level (mechanism of 

DNA replication) and cellular biophysical level (process of mitosis and meiosis). By 
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contrast, the molecular mechanisms of transcription and translation may be more easily 

connected to gene regulation and protein synthesis, which are also at the molecular level. 

While our results indicated disconnects like these in some students’ 

understanding, we also explored the more nuanced connections that students made. The 

“core features” previously described in the literature as underlying organizers for expert 

knowledge structure (Chi et al., 1981; Chi and Koeske, 1983; National Research Council 

[NRC], 2000) parallel the abstract, function-based principles we observed being used by 

a few students to nest and overlap concepts to create complex causal explanations. The 

mental categories that we describe bear similarity to what the expertise literature has 

defined as “chunks.” These “chunks” are collections of ideas organized based on 

underlying features and allow for rapid retrieval of information and enhanced problem-

solving abilities (De Groot, 1965; Chase and Simon, 1973; NRC, 2000). Experts must 

organize ideas about molecular mechanisms by underlying functional features, 

“chunking” ideas and creating complex networks between chunks. Thus, students of 

molecular biology must build a functionally connected knowledge network that includes 

organization into functional modules. Further, though it has been hypothesized that 

having an integrated knowledge network may contribute to the ability that experts have to 

solve novel problems (Linn, 1995; Jonassen, 2000), this idea has not been fully explored 

empirically. So, while we theorize that students in our study with a more nuanced 

network of ideas might be better prepared to approach scientific problems, it is not within 

the scope of this study to claim that integrated knowledge will improve transfer. 

 

Developing Integrated Knowledge 
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Our results suggest that learning is occurring between introductory and upper-

division courses, as demonstrated by a significant difference in performance on a basic 

concept assessment. Our results also demonstrate a difference in the type of connections, 

on average, between introductory and upper-division students. These results suggest that 

more novice students in introductory courses may be relying on associative connections 

between ideas and that, by upper-division courses, students are beginning to move toward 

more functional, causal, and mechanistic connections by reconnecting or modifying 

existing connections. Further, the explanations provided by students in our study, at both 

introductory and upper-division levels, primarily included mechanistic reasoning. Though 

heuristic (rule-based) explanations were occasionally used, we saw little evidence of 

teleological explanations. Overall, our results suggest that explanations in our study 

population were quite different from younger students in prior studies (Southerland et al., 

2001; Duncan and Reiser, 2007; Bolger et al., 2012). 

However, some aspects of forming an integrated knowledge network remain 

challenging for students across courses. This was demonstrated in our results showing no 

significant differences between introductory and upper-division student populations’ 

ability to sort entities into mechanism-appropriate mental categories and connect 

molecular mechanisms to their roles in the cell. The fact that conflation of categories 

persists among the population of upper-division students suggests that the creation and 

modification of mental categories, a process by which knowledge about the central 

dogma is organized, is continuous and ongoing as education proceeds. Although our data 

cannot suggest patterns in knowledge integration over time or make hypotheses about 

potential learning progressions, we do suggest that longitudinal studies are required to 



94 
 

track how sorting, connecting, and integration of ideas change over time for individual 

students. Further, while it might be attractive to think of our proposed model as steps 

along a learning progression, our data do not suggest this as a linear set of steps that 

students must go through to gain expertise. 

We were able to track a small number of students from their introductory courses 

to upper-division courses, because a few students volunteered for interviews in both their 

introductory and upper-division courses. Examination of transcripts from these students 

suggest, as you might expect, that some students showed significant improvement in the 

way they connected ideas between interviews conducted in the introductory course and 

interviews conducted in the upper-division course. However, we also saw evidence to 

suggest that some students, while showing some improvements in certain areas, also 

developed significant misconnections between introductory and upper-division courses 

that led to conflation of DNA replication, transcription, and translation. These examples 

hint at the nonlinear nature of learning, in which many students may take overarching, 

productive steps in building scientifically normative knowledge networks, but the day-to-

day restructuring and reorganizing of ideas is in fact a complex and dynamic process. 

Future studies will explore the impact of these ideas on conceptual change over time. 

 

Instructional Implications 

Our results suggest that some students have difficulties with appropriately 

differentiating mental categories for the biological mechanisms of DNA replication, 

transcription, and translation. Traditionally, in introductory courses and some upper-
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division courses, these three mechanisms have been taught within a narrow window of 

time, often an intentional design with the instructional objective of comparing and 

contrasting these similar processes. However, we suggest that instructional strategies that 

embed these three mechanisms within “big picture” contexts for each mechanism could 

be more effective in helping students to develop functional modules as mental organizers. 

By first creating a “need to know,” students may be more likely to make causal 

connections between mitosis and DNA replication, gene regulation and transcription, 

protein synthesis and the details of the mechanism of translation. 

We do not consider this persistence of conceptual difficulties into upper-division 

courses to be surprising, as similar results have been found in other studies that compare 

introductory and upper-division students (Songer and Mintzes, 1994). In fact, we suggest 

that it provides further evidence for the previously established idea that knowledge 

integration takes time (Clark and Linn, 2003). Introductory courses in our study spent 

between 1 and 2 wk of instructional time on DNA replication, transcription, and 

translation; there is a brief review of these concepts in upper-division courses before 

students are asked to connect these ideas to related topics. Therefore, it is not surprising 

that incomplete differentiation of mental categories or non-normative connections are not 

uncommon, even among upper-division MCB majors. Instead, we view our results as 

additional evidence suggesting that coverage of fewer topics in undergraduate biology 

courses is needed if students are to develop deeper understanding. 

Our findings also suggest that instructors should be careful when designing 

assessments on these topics. Assessments should reach into the types of connections 

students are making between ideas and the ways in which their ideas are organized. By 
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testing underlying reasoning patterns, instead of learned vocabulary, we can 

communicate to students the importance of knowledge organization and integration in 

addition to the ability to recite declarative information. To be productive, assessments 

must move away from tasks that allow students to rearrange causal language associated 

with surface features of mechanisms or to create answers that sound like expertise 

without revealing whether underlying knowledge remains organized by associative 

reasoning. 

The process of knowledge integration is neither linear nor straightforward. As 

instructors, when we observe non-normative ideas in our classrooms, it is only natural to 

return to the original lesson plan with a critical eye. However, our results support the idea 

that student knowledge integration is an essential, internal, and individual process by 

which students need to actively reorganize and reinterpret acquired knowledge. As a 

result, when assessments reveal non-normative ideas, we must be cognizant of what the 

particular non-normative ideas might reveal about underlying connections and 

organization in the students’ knowledge structures. We must be aware that these non-

normative connections often are not simply due to a lack of detail or effort on the part of 

the student but may reflect active restructuring of knowledge that sometimes creates 

inappropriate connections. These misconnections may result in ideas that are commonly 

referred to as “misconceptions.” However, the reasoning patterns that result in these 

misconnections may actually represent a misapplication of reasoning that could lead to a 

productive connection in another context. We urge instructors to cultivate intentional 

awareness of how students are sorting ideas, creating connections, and integrating 

knowledge, as these are integral to the dynamic and continual process of learning. 
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FIGURE LEGENDS 

 

Figure 1. Upper-division students (N = 31) perform better than introductory students (N 

= 22) on a basic seven-question concept assessment (two-tailed independent-samples t 

test, p = 0.006). 

 

Figure 2. Percentage of students within the group (introductory students: n = 21; upper-

division students: n = 25) who created molecular mechanistic descriptions of none, one, 

two, or three of the target mechanisms (DNA replication, transcription, and translation) 

using mechanism-appropriate entities. Error bars represent the calculated SE. (Seven 

students who missed one of the three target mechanisms due to time constraints in their 

interviews were not included.) 

 

Figure 3. (A) Examples of coded connections from the concept maps of three students. 

(B) Percent of concept map connections made by students that were coded as 

functional/mechanistic (type 3); vague, structural, or categorizing (type 2); or associative 

or blank (type 1). 

 

Figure 4. Theoretical model of knowledge integration in undergraduate molecular and 

cellular biology. 
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FIGURES 

 

 

Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4.  
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Table 1. DNA replication: connection between the molecular mechanism and its 

role in the cell 

 Normative connection to role 

in the cell a 

Non-normative 

connection to role in 

the cell a 

Description included 

mechanism-appropriate 

entities only 

29 9 

Description included  

some mechanism-

inappropriate entities  

10 5 

aNumber of students. N=53, combined introductory and upper-division students.  
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Table 2. Non-normative connections between DNA replication and its cellular role: 

what are they saying? 

Heuristic Studentsa Examples of heuristicb 

DNA needs to be kept 

“fresh”, “protected”,  

“young” 

6/14 DNA disappears (Rachel, UD) 

DNA wears out (Brittany, UD) 

Risky to use original DNA, so make copies 
(Amy, UD) 

Need “enough” DNA to 

make proteins or use for 

other processes.  

8/14 Needs lots of DNA for replication, 

transcription, translation, and mitosis (Lydia, 

IN) 
Need extra copies to make proteins (Maria, UD; 

Amy, UD; John, IN) 

The cellular “purpose” of 

the process of DNA 

replication is to create 

proteins 

2/14 Purpose of DNA replication is to make 

proteins (John, IN; Jasper, IN) 

aMost students displayed more than one heuristic in their non-normative explanations.  
bUD, upper-division students; IN, introductory students.  
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SUPPLEMENTAL MATERIALS 

SM1: Concept Assessment: Central Dogma Content Knowledge Survey  

Please answer the following questions to the best of your ability in the space provided for 

the short answer questions or by selecting the BEST answer for the multiple choice 

questions.  

 

1. What are proteins? (Short Answer) 

2. Fill in the blanks: 

Translation is a process by which ____________is used as a template to make 

_______________. 

Replication is the mechanism by which ______________ is copied. 

Transcription is a process by which _____________is used as a template to make 

_____________. 

3. Select the molecules that are actively used in the process of replication, 

transcription and translation  (there may be multiple answer choices): 

 

Used in the process(es) 

of… 

Replication Transcription Translation 

Example: DNA X X  

Ribosomes    

DNA Polymerase    

Helicase    
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tRNA    

RNA Polymerase    

 

 

5’ C  A  G  T  C   C  G C  T  A 3’ 

3’ G  T  C   A G   G C  G A  T 5’ 

 

4. The picture above shows a piece of double-stranded DNA.  Which of the 

following statements about the structure of the molecule WITHIN THE BOX is 

true? 

a) T is covalently bonded to C and to A. 

b) T is non-covalently bonded to C and to A. 

c) T is covalently bonded to C and non-covalently bonded to A. 

d) T is non-covalently bonded to C and covalently bonded to A. 

e) T is non-covalently bonded to A; C is non-covalently bonded to G; there is 

no bond between T and C or A and G. 

5. What is a mutation and how does it cause disease? (Short Answer) 

6. Proteins are mainly composed of:  

a) Lipids 

b) Nucleic acids. 

c) Amino acids. 

d) Carbohydrates 

e) Genes 

7. What do proteins do?  List a couple types of proteins and their function. 
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Type of protein    General Function 

1. Transcription Factors            Help turn on genes   _   _    

2. __________________  ____________________________________ 

3. __________________  ____________________________________ 

4. __________________  ____________________________________ 

5. __________________  ____________________________________ 
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SM2: Interview Protocol: Molecular Mechanistic Descriptions of the Processes of 

DNA Replication, Transcription, and Translation  

DNA Replication 

Interviewer: “Will you explain to me a little bit about what you know about the 

mechanism or process of DNA replication? For example what is physically happening, 

who are the players, and where does it happen.” 

Interviewer: “Now that we’ve looked at the specifics of replication, why does a cell 

undergo replication?” 

Transcription 

 Interviewer: “Will you explain to me a little more about what you know about the 

mechanism of transcription? Again, what is happening, who are the players and where it 

happens.” 

Interviewer: “Again, now that we’ve talked about the specifics, why does a cell undergo 

transcription?” 

Transcription 

Interviewer: “Take me through the same explanation process with translation, what do 

you know about the mechanism?” 

Interviewer: “And why does a cell undergo translation?”  
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SM3: Coding Scheme: Student Descriptions of DNA Replication, Transcription and 

Translation 

Sorting Entities into Appropriate Mental Categories 

Coding Scheme Mechanistic Description Excerpt Example (DNA 

Replication, Transcription, Translation) 

Normative: All 

molecular entities 

included in 

description of the 

mechanism of DNA 

replication are 

scientifically 

normative*, 

mechanism-

appropriate. 

“After transcription, you have this mature mRNA. So, mRNA. 

And you get this ribosome that comes and binds to it. From this 

mRNA, it basically reads them, the nucleotides in the mRNA, 

and you get these tRNAs, which are attached to amino acids. 

And the tRNAs match up with codons, and they have 

anticodons that are complementary to the codons in the mRNA. 

And they come in, and the order they come in determines the 

order that the amino acids attach, and then you get this amino 

acid chain--or a polypeptide--that is resulting from this 

process….” (Excerpt from translation explanation; Sally, upper-

division student) 

Non-Normative: 

One or more 

molecular entities 

included in 

description of the 

mechanism of DNA 

replication are 

scientifically non-

normative*, 

mechanism-

inappropriate. 

“DNA polymerase? [...] I think it happens in the ribosomes, 

either in the rough ER or just the cytosol. And it replicates the 

DNA with DNA polymerase, which just uses, makes the 

whatever it's called...replication forks which makes like the 

circle thing, and it like spreads apart [...] And, oh the replication 

bubble. That's what it's called. And it does that until it like splits 

I guess. There's like different enzymes but I don't remember 

which ones. I think helicase is the one that finishes it. I don't 

know.” (Excerpt from DNA replication explanation; Claire, 

introductory student) 

 

Entities highlighted in grey represent mechanism-appropriate entities. Entities 

highlighted in black represent mechanism-inappropriate entities.  

*Note: Scientifically normative within reasonable parameters for undergraduate 

understanding. 

**Note: Only student responses to the probes asking for students to describe the 

processes of DNA replication, transcription and translation were coded with this 

scheme. 

***Note: Only entities provided by the student during their verbal explanation 

were coded as normative or non-normative.  

 

Mechanism Connection to Cellular Function 
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Coding Scheme Mechanism Connection to Function Excerpt 

Example (DNA Replication, Transcription, 

Translation) 

Normative: Description 

contains scientifically 

accurate or plausible 

rationale(s). 

“So that it can express the protein that's encoded from 

the mRNA.” (Excerpt from student’s response to the 

prompt “why does a cell undergo translation?”; Nikki; 

upper-division student) 

Non-Normative:  

Description contains one or 

more scientifically non-

normative or implausible 

rationale(s).  

“The cell has to undergo replication in order to make 

more DNA in order to make more protein, essentially. 

This is normally due to some sort of environmental 

signal. I don't know...let's use puberty as an example. 

You need to synthesize more hormones. You would 

copy more of the DNA so you can make estrogen, or 

for other reasons. Yeah. So, it's just to make more of a 

certain molecule.” (Excerpt from student’s response to 

the prompt “why does a cell undergo DNA 

replication?”; Amy, upper-division student) 

 

*Note: Scientifically normative within reasonable parameters for undergraduate 

understanding. 

**Note: Only student responses to the probes asking for students to explain why a 

cell undergoes the processes of DNA replication, transcription and translation 

were coded with this scheme. 
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SM4: Interview Protocol: Concept Mapping Activity 

Introduction to Concept Mapping 

Interviewer: “A concept map is a tool developed by researchers who study how people 

learn. It serves 2 primary purposes: 1) It helps us become more aware of our own thought 

process as we learn a concept or look back on a previously learned concept (and many 

times will help us uncover any trouble spots we have in our understanding).  2) It helps 

visually put on paper how we organize our thoughts about a subject. The main idea of a 

concept map is that there are key ideas, or “terms”, that are attached by connections to 

show the relationship between them. Please take a look at the following example of a 

basic concept map on the central idea “freshman life”.” 
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Freshman Life 1 
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Freshman Life 2 

 

 

 

Note: Illustrative concept maps “Freshman Life 1&2” were shown to students during 

concept mapping introduction and available for reference at any point during interview. 

 

Interviewer: “Notice that the central term “Freshman Student” has connections linking it 

to descriptive topics such as “Dorm”, “Class”, “Studying”, etc. (Point to relevant parts of 

concept map as explaining) These connections include “linker words”, which are short 

descriptions of the connections between the concepts. More terms have been added to 

further describe and demonstrate connections between terms. Notice how this concept 

map draws multiple connections between terms, and used linker words to describe the 
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relationship. Again this is a very basic example, but gives you an idea of how concept 

maps are created. What are some other connections you could draw between these 

terms?” 

 

Interviewer: “Concept maps will look different between individuals even when centered 

on the same topic. Take a look at the following concept map “Freshman Life 2”. Here we 

have many of the same terms, but this individual connected them in different ways. Take 

a minute to look at this map and compare it to the first map. What are some similarities 

and some differences between the two “Freshman Life” concept maps?” 

 

Concept Mapping Activity  

Interviewer: “Now that we understand what concept maps are and a little bit about how 

they are created, I am going to ask you to construct a concept map using your knowledge 

of the Central Dogma. Use the following terms to begin creating a concept map 

integrating the things you have learned up to this point about proteins. Your concept map 

should begin with what you see as most central to the central dogma. Remember to 

describe the connections between terms by using short “linker words”. As you create 

your map, I would like you to say out loud everything you are thinking as you are putting 

together the concept map; why you are choosing to organize the terms in a certain way, 

how you are making decisions of what to link and why…etc. If you have never heard of 

one of these words, you can just leave it on the paper and not include it in your map. I 

also have extra sticky notes here if you would like to add any words at any point.” 
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Terms: 

Cell Phenotype Nucleic Acid Gene Regulation 

Inheritance Enzyme Membrane Protein 

DNA Transcription Ribosome Replication 

Mutations Gene Genetic Disease Amino Acid 

Neuron Translation RNA Skin Cell 

 

Brief Rationale for Concept Map Terms:  

 The terms “nucleic acid”, “enzyme”, “protein”, “DNA”, “transcription”, 

“ribosome”, “Replication”, “amino acid”, “translation”, and “RNA” were selected as 

concept mapping terms in order to explore how students discussed relationships between 

ideas related to the three target mechanisms (DNA replication, transcription, and 

translation). Terms such as “gene regulation”, “gene”, “phenotype”, “mutations”, “gene”, 

and “genetic disease” were included to observe how students discussed information flow 

in the central dogma of molecular biology and the impact of mutations. The terms 

“inheritance”, “mutation”, “genetic disease” were also used to observe how students 

would discuss the inheritance of genetic material. “Cell” and “membrane” were given to 

explore how students made connections between the molecular and cellular level. And 

finally, terms such as “skin cell” and “neuron” were used to observe whether students 

would connect gene expression/regulation to cellular differentiation.  

 

Note: Terms already labeled on sticky notes of a certain color, ordered as seen above. 

Another stack of sticky notes of a different color are available if the student feels it is 

necessary to add any terms to accurately represent her or his thinking.  
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Note: After the student completed the concept mapping activity, students were asked: 

“Can you walk me through your concept map?”  
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SM5: Coding Scheme: Student Concept Maps 

Concept 

Map Code 

Type 1 Type 2  Type 3 

Description  Blank or 

associative 

connections 

Connections 

indicating vague 

actions, structural 

associations 

(location, 

composition, etc.), 

vague role in 

process, or 

indicating the term 

as a type or example.  

Connections indicating 

function, causation, 

mechanism, or an 

action.   

Examples  - Mutations* related 

[to] genetic disease 

(Bianca, UD**) 

- Genetic disease 

“can affect” cell 

(Emma, UD) 

- Gene regulation 

influences 

translation (Bobby, 

UD) 

- DNA made up of 

nucleic acid 

(Brittany, UD) 

- Enzyme is a type 

of protein (Amy, IN) 

- DNA is enclosed 

[in] membrane 

(Cindy, IN) 

- Enzyme catalyzes 

translation (Ciara, IN) 

- DNA copied during 

replication (Lydia, IN) 

- Amino acid folds into 

protein (Bianca, UD) 

- Genetic disease caused 

by mutation (Jenny, IN) 

 

*Provided concept map terms highlighted in grey. Linker words or phrases 

provided by student highlighted in black.  

**UD refers to upper-division students. IN refers to introductory students. 
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APPENDIX B 

 

GENERATIVE MECHANISTIC EXPLANATION BUILDING IN 

UNDERGRADUATE MOLECULAR AND CELLULAR BIOLOGY 

 

 

 

 

 

 

 

 

 

 

 

 

 

-  Manuscript prepared for submission to Science & Education - 

 



124 
 

Generative Mechanistic Explanation Building in Undergraduate Molecular and 

Cellular Biology 

 

Running Head: GENERATIVE MECHANISTIC REASONING IN BIOLOGY 

 

Katelyn Southard, Melissa R. Espindola, Samantha D. Zaepfel, Molly S. Bolger* 

 

*Department of Molecular and Cellular Biology, University of Arizona, Tucson, AZ 

85721 

 

Corresponding author contact information: Molly Bolger, University of Arizona, 

Department of Molecular and Cellular Biology, 1007 E. Lowell Street, PO BOX 210106, 

Tucson, AZ 85721, E-mail: mbolger@email.arizona.edu, Phone 520-621-7157 

 

Key Words: Expertise Development, Mechanistic Reasoning, Generative Reasoning, 

Undergraduate Biology, Explanation Building, Multi-level Reasoning  



125 
 

ABSTRACT  

Experts in molecular and cellular biology (MCB) must use domain-specific reasoning 

strategies to create mechanistic explanations for the underlying causal features of 

molecular phenomena. In this study, we explore expertise development among 

undergraduate MCB students using two problem solving exercises which ask students to 

generate explanations of bacterial chemotaxis and explanations of plant development and 

evolution. We draw heavily from the philosophy of science literature to create a 

theoretical framework with which to explore expertise development among 

undergraduate students. By using the lens of multi-level molecular mechanistic 

reasoning, functional modules as mental organizers, and several previously described 

expert explanation building heuristics, we explore generative reasoning and the potential 

for expertise among undergraduate MCB students. Using this framework we ask: what 

are observable components of expert-like reasoning among undergraduate MCB students 

constructing explanations in a novel context?, and what are common patterns observed in 

undergraduate MCB students’ use of generative mechanistic reasoning? Clinical think-

aloud interviews were conducted with introductory (N=17) and upper-division (N=27) 

students at a large public university. Evaluation of the student responses included 

iterative transcript read-through analysis and qualitative coding analysis. Results 

demonstrate several features of domain-specific expertise in the student population, in 

particular: functionally subdividing the phenomena by asking “how” questions, 

instantiating mechanistic schema by hypothesizing the involvement of key entities and 

their properties, and flexible thinking across physical and ontological levels. While these 

problems presented opportunities for most students to engage in these reasoning 
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practices, several features distinguished differing levels of expertise. Results of coding 

analysis revealed that only the top quartile of students generated explanations that 

included molecular mechanisms for each relevant functional subdivision. However, other 

students used what seemed to be incomplete generative mechanistic reasoning, for 

example, suggesting the involvement of key molecular entities or identifying the need for 

a functional schema but providing no mechanistic details. Still other students did not 

consider all relevant functional subdivisions, creating inappropriate non-molecular 

mechanisms, or focusing on teleological explanations. Overall, findings suggest that 

many features of student reasoning in a problem solving context are analogous to the 

forms of reasoning used by scientists to solve authentic problems in MCB. Therefore, 

problems that require construction of an explanation hold promise as a useful tool to 

promote and assess students’ generative mechanistic reasoning.    
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INTRODUCTION 

 One of the foundational characteristics of authentic scientific pursuit in the field 

of molecular and cellular biology is in fact quite intuitive; scientists observe a 

phenomenon and ask themselves “how does this work?” In molecular and cellular 

biology (MCB), the pursuit of the answer to this question most often involves building 

mechanistic explanations for the causal events underlying the phenomenon in question. 

Researchers in MCB must use domain-specific (i.e., discipline-specific) reasoning 

patterns that reflect the nature of the phenomena studied in order to explore problems 

generatively and creatively and to create hypotheses. While the technical skills of 

experimentation are crucial components to research in the field, we also know that how 

scientists reason in domain-specific ways is an inherent component of authentic scientific 

inquiry in MCB. As educators in undergraduate MCB classrooms, our goal is to foster the 

development of these domain-specific reasoning patterns that, among other skills and 

competencies, define expertise in the field. As undergraduate classrooms move toward 

encouraging authentic learning experiences that engage students in the conceptual 

activities of science, we must better understand how to scaffold expertise development 

among our students. Fostering this type of conceptual change is complex, and the process 

is not yet well understood, particularly at the undergraduate level.  

 In recent years, the developing domain of discipline-based education research 

(DBER) in biology has been exploring domain-specific teaching and learning in 

undergraduate MCB classrooms. Results of many studies have convinced us that while 

this student population can no longer be considered true science novices, students’ 

networks of knowledge and approaches to problem solving are riddled with 
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misconceptions, non-normative ideas, and surface-level reasoning strategies (Andrews et 

al, 2012; Coley & Tanner, 2015; Smith et al., 2013; Smith & Knight, 2012; Songer & 

Mintzes, 1994; Southard et al., 2016). Accordingly, significant changes have been made 

in many undergraduate biology classrooms, and coordinated change has been called for at 

the national level (AAAS, 2011). Yet in many cases instructional formats do not give 

students the opportunity to approach a novel biological context, think creatively, 

hypothesize plausible explanations for observable phenomena, and explore these 

hypotheses through experimentation. As a result, students may unfortunately resort to 

rote memorization. For example, some students memorize the details of a molecular 

mechanism without understanding the overarching biological phenomenon it is intended 

to explain (Southard et al., 2016). The inquiry process is not simply an exercise in 

creative thinking, but is instead productively constrained by many domain-specific 

reasoning strategies, such as mechanistic and multi-level reasoning, in order to create 

generative, expert-like hypotheses.  To better inform instructional reform efforts, we must 

understand the types of reasoning strategies students employ when generatively problem 

solving.  

 Although many programs and institutions have made great strides in incorporating 

authentic hypotheses-driven exploration, there remains a shortage of research-derived 

instructional materials that provide students with opportunities to practice inquiry-based 

reasoning and exploration, particularly in non-laboratory, undergraduate MCB 

classrooms. By investigating expertise development in undergraduate MCB, we aim to 

advance the groundwork for development of materials that encourage generative 

mechanistic reasoning in courses through cognitive exercises in which students explore 
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authentic scientific questions in non-laboratory settings. We wish to promote the design 

and implementation of specific problems that may be used: 1) to elicit student generative 

mechanistic reasoning in the complex MCB field, 2) to reveal student thinking to 

promote formative assessment and metacognition, and 3) to give students a creative space 

to generate and grapple with their own hypotheses. These types of problems have the 

potential to encourage the development and practice of domain-specific reasoning 

patterns that we know experts use to explore problems in MCB. They also present 

instructors with the opportunity to make student thinking visible, allowing for the 

formative assessment of reasoning patterns employed by these students and the learning 

barriers they are facing. Additionally, instructors might use such problems to fuel 

classroom discussions that utilize the full range of diverse student-generated ideas.  

 In this study, we pose problems involving unfamiliar biological contexts to 

undergraduate MCB students in order to explore the how biological expertise might begin 

to develop in this population.  We developed or selected previously published probes 

which we hypothesized would prompt the forms of generative explanation building and 

hypothesis generation that we wished to investigate. In order to accomplish this, the 

probes were housed within biological contexts in which students were unfamiliar with the 

specific context, but presumably had some knowledge of the relevant underlying 

mechanisms based on their coursework. Our intent was that these contexts would provide 

students with the opportunity for productive transfer of mechanistic schema. We drew 

heavily from the philosophy of science literature to create a theoretical framework for the 

domain-specific reasoning patterns experts used to approach similar problems in the field 
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of MCB. In this way, we aimed to use a domain-specific lens to focus our analysis on 

students’ generative mechanistic reasoning.  

 

THEORETICAL FRAMEWORK 

Generative Reasoning in Science  

 Authentic scientific inquiry must, at least in part, be guided by generative 

reasoning. In order to generate hypotheses, creatively problem-solve, and build 

explanatory models, scientists must use creative and flexible thinking. Generative 

knowledge is not simply the reiteration of empirical observations or the application of a 

defined mechanism; it is instead the “leap” of reasoning that creates a new explanation in 

a novel context (Clement, 2013). Generative reasoning is defined as the creation of 

domain-appropriate explanations that, while not necessarily the true normative 

explanation for a phenomenon, must plausibly align with current understanding in the 

domain without violating any assumptions or constraints (Duncan, 2007). In general, 

these generative explanations do not have to be accurate, but must have plausible and 

productive explanatory power. In MCB, explanations that take scientific theory into a 

specific context, and use it flexibly to create new hypotheses and predictions, most often 

take the form of mechanisms (Machamer et al., 2000; Clement, 2013). When approaching 

novel or untested systems in science, experts likely employ prior knowledge schemas, but 

must extend those schemas and integrate them into the context of the novel system 

(Clement, 2006; Darden, 2002). Models have been found to be useful generative tools, 

providing a space from which to generate ideas in complex disciplines like MCB 
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(Nersessian, 2008; Odenbaugh, 2005; Schwartz et al., 2009). Prior research has focused 

on incorporating model-based reasoning into science classrooms (Schwartz et al., 2009; 

Windschitl et al., 2008). However, understanding how undergraduate biology students 

might use generative and domain-specific reasoning patterns to construct explanatory 

models is still largely unexplored. Because “the philosophy of science is concerned with 

both the nature of scientific explanations and the strategies scientists use to construct 

these explanations”, it is important for us to consider how these explanation building 

strategies develop (Van Mil et al., 2013). 

 

Constraining Generative Explanation Building: Biology-Specific Reasoning Patterns 

Mechanistic Reasoning 

As previously stated, in fields like MCB explanations of biological phenomena often 

require a mechanistic description of molecular events. Research pursuits in the field are 

most often a search to discover mechanisms that explain an observable phenomenon. As 

a result, experts in the field of MCB must use mechanistic reasoning to understand 

biological phenomena, as well as engage in research and scientific discourse. 

Mechanisms are comprised of entities, the physical doers of a system, and activities that 

the entities perform. These entities and activities are then organized temporally and 

spatially in such a way to give rise to the overarching behavior of the mechanism 

(Machamer et al., 2000; Russ et al., 2008; Craver 2002b). For example, when considering 

the mechanism of DNA replication, entities like helicase and DNA polymerase undergo 

activities such as “binding” and “elongation”. According to Machamer, Darden, and 
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Craver (2000), “thinking about mechanisms as composed of entities and activities 

provides a resource for thinking about strategies for scientific change”, and provide a 

starting point for building hypotheses about mechanistic schema, which can then be 

explored and modified through experimentation. In order to build mechanistic 

explanations, experts can use a number of mechanistic reasoning strategies. By ‘forward 

and backward’ chaining, one can reason about one component of the mechanism based 

on known or hypothesized components of another component (Machamer et al., 2000; 

Russ et al., 2008; Darden, 2002). One can also abstract a general framework from an 

adjacent context, apply it to the mechanism under study using ‘analogical reasoning’, and 

instantiate the schema by filling in the framework with context-relevant components 

(Clement, 2013; Darden, 2002; Darden & Craver, 2002). A full mechanistic description is 

not always required in science; in some scenarios a truncated, abstract description of the 

mechanism, known as a ‘mechanistic schema’, will suffice as explanation (Machamer et 

al., 2000). Mechanistic explanations often hypothesize about mechanistic components 

and can “show how possibly, how plausibly, or how actually things work” (Machamer et 

al., 2000).  

Multi-Level Reasoning  

 Reasoning patterns used by experts in the field of MCB in many ways reflect the 

nature of the phenomena under consideration. Most phenomena in biology span multiple 

bio-physical levels (such as biochemical, molecular, cellular, organismal, and population 

levels), and as a result require that experts use multi-level reasoning. Mechanisms in 

MCB are often nested in hierarchies (Machamer et al., 2000).Within these nested 

hierarchies, entities at lower levels interact to create a higher level event, and those 
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entities and activities interact to give rise to an even higher level event (Craver, 2002b; 

Machamer et al., 2000). Relationships among these levels work as elements of a whole, 

with each lower level acting as an interacting component to higher levels (Craver 2002a; 

Van Mil et al., 2013). However, satisfactory explanations of mechanisms are often 

naturally constrained by a particular lower level and higher level; these explanations will 

‘bottom out’ at the level in which components are generally accepted to be unproblematic 

or fundamental (Machamer et al., 2000; Darden, 2002) and ‘top off’ at the levels in which 

the mechanism no longer provides explanatory power (Russ et al., 2008). In MCB, most 

molecular mechanisms bottom out with macromolecules and biochemical activities and 

top off at the tissue or organismal level (depending on the mechanism). This often 

involves ‘looking up’ to levels in which the mechanism nests and ‘looking down’ to the 

interactions of the entities and activities at lower levels that give rise to the mechanism 

(Craver, 2002a). Creation of these multi-level explanations typically comes about in 

piecemeal fashion, with an integration of hierarchical levels (Craver, 2002a). Authentic 

mechanism building typically proceeds “gradually and piecemeal by revealing constraints 

on the mechanism, constraints from the behavior of the mechanism, the available entities 

and activities for the mechanism, and features of their active, spatial, temporal, and 

hierarchical organization” (Craver, 2002b, pg.72). In order to create descriptions of 

mechanisms that span multiple biophysical levels, bottoming out and topping off at 

appropriate levels, experts must use ‘interlevel integration’ to amalgamate all 

components into one coherent mechanism (Craver, 2002b). 

Modular Organization: Bio-Physical Levels and Conceptual Categorization Tools 
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 When the goal is to understand how components of a system interact to create an 

overarching phenomenon in MCB, it is necessary to consider molecular subassemblies 

that give rise to a particular behavior. In fact, discrete biological functions are rarely a 

product of individual entities in a system, but instead arise through the interactions of 

many entities. Hartwell et al. (1999) were the first to introduce the “functional module” 

as level of organization between the molecular and cellular level. These functional 

modules consist of an ensemble of molecules working together to give rise to a discrete 

and separable function. When creating mechanistic explanations, one uses the behavior or 

function of the mechanism to create constraints on the types of entities, activities, and 

resulting organization of the mechanism (Craver, 2002b). Although functional modules 

serve as inherent features of biological systems, functional modules may also serve as 

mental organizers allowing compartmentalization of knowledge about the mechanics of 

molecular mechanisms according to core functional features (Southard et al., 2016; 

Darden, 2002). It has been suggested that students might miss the nuance of “the idea that 

the behavior of the living cell emerges from the orchestrated functioning of 

macromolecules” (Van Mil et al., 2013). Along these lines, our previous work 

demonstrated that some undergraduate students struggle with defining boundaries 

between functional modules (Southard et al., 2016).  

Five Components of Explanation Building in Molecular and Cellular Biology 

 In order to build explanations in biology, experts must identify the entities and 

activities of a system, make predictions about their temporal and spatial organization, and 

build cohesive and productively continuous mechanistic explanations (Machamer et al., 

2000). Van Mil, Boerwinkel, and Waarlo (2013) proposed a framework for this multi-
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level molecular mechanistic explanation building in MCB, drawing heavily from 

Darden’s work on mechanism discovery (Darden, 2002) and a historical analysis of 

Adler’s discovery of the mechanism of bacterial chemotaxis (Adler, 1966; Alder 1975). 

Van Mil et al. (2013) propose five heuristics that may be used by experts in molecular 

and cellular biology to explore novel phenomena and build mechanistic explanations.  

When researchers are formulating mechanistic research questions, their pursuit 

entails explaining “how”. How does this work? How did it come to be? Van Mil et al. 

(2013) suggest that asking “how” questions act as an initial guide to mechanistic 

discovery. When observing a novel phenomenon, experts often identify the overarching 

activity of the phenomena and then divide this activity into composite parts. By 

functionally subdividing the overarching activity into sub-activities, experts are 

practicing “modular subassembly” by considering the how interactions of entities at a 

lower biophysical level give rise to the observed activity (Van Mil et al., 2013; Darden, 

2002). These modules that explain sub-activities are often hypothesized based on the 

expert’s prior knowledge and experiences, but must be tested experimentally. When 

beginning to build this type of explanation, no mechanistic components of the system, or 

at least very few, are often known. Therefore, even without knowing any of these parts, 

experts will hypothesize mechanistic schema. These schema are often proposed by 

considering the observable factors in the phenomenon and hypothesizing the involvement 

of key entities. Because these schema are created without knowing exactly the entities or 

activities involved in each component of the phenomenon, experts often draw on 

mechanistic components from adjacent and relevant contexts. This often looks like 

hypothesizing about the involvement of a key entity based on an observable activity from 



136 
 

within the system. Darden calls this “schema instantiation” and considers it a truncated 

abstract description of a mechanism that can be filled with more specific descriptions of 

component entities and activities” (Darden, 2002).  

Experimentation, often through the use of mutant organisms that display a 

“broken” activity, works to add potential entities to the list of component parts. However, 

isolating and confirming the existence of an entity in the system does not define the role 

that it plays in the mechanism. Therefore, experts must use the properties of entities to 

hypothesize about the possible activities that that molecule might engage in. Other 

experimentation can reveal sub-activities, which can be used to predict the involvement 

of entities, based on the known composition and function of the entity. This predicting 

molecular properties from activities and vice versa is often done through “forward and 

backward chaining” through the entities and activities; piecing together a complete 

mechanism by describing the mechanistic events from starting to termination conditions 

(Van Mil et al., 2013; Darden, 2002).  

Hypothesizing the involvement of entities and activities is pursued for the purpose 

of eventually hypothesizing and predicting organization in the mechanism. This final step 

is often the most difficult for molecular and cellular biologists (Van Mil et al., 2013). It 

requires consideration of the temporal and spatial location of all entities and activities, 

and explanation of how these components interact to give rise to the whole. While these 

five heuristics are not likely to be used sequentially, or in every situation by experts in 

MCB, it is likely that most multi-level explanation building contains some combination 

of these types of reasoning.  
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AIMS OF THE STUDY  

Aims of the Study and Research Questions  

The aim of this study is to understand the potential for generative, multi-level 

molecular mechanistic reasoning when undergraduate MCB students engage in novel 

problem solving. Two probes were used to elicit mechanistic explanation building in a 

“think aloud” interview setting (Someren et al., 1994). Probes invited students to consider 

two novel contexts: bacterial chemotaxis and plant development and evolution. 

Specifically, we investigated student explanations by exploring the following research 

questions:  

1. What components of generative mechanistic reasoning may be observed among 

undergraduate MCB students as they construct explanations in a novel context?  

2. What common patterns of generative mechanistic reasoning, or other forms of 

reasoning, are elicited in this setting? 

Bacteria Sensing Probe 

The Bacteria Sensing Probe about bacterial chemotaxis was designed and 

implemented by Ravit Duncan and colleagues, and has been used to elicit student ideas 

about molecular biology and genetics in studies exploring student ideas, ranging from 

middle school to undergraduate biology students (Duncan, 2007; Duncan & Reiser, 2007; 

Duncan & Tseng, 2011). This probe was selected for the present study because: (1) the 

phenomenon of bacterial chemotaxis is novel to our student population, but students were 

expected to have the background knowledge to generatively hypothesize about 

underlying mechanisms, (2) the probe has been successful previously in eliciting student 
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reasoning and demonstrating a range of conceptual understandings, (3) the probe asks 

students to explore a mechanism that spans from the molecular to cellular level, which 

has been described as a particularly difficult range for students (Van Mil et al., 2013), and 

(4) the probe is directly aligned with the topic of bacterial chemotaxis used by Van Mil et 

al. (2013) as a historical example to described expert heuristics in generating mechanistic 

explanations for novel phenomena.  

Bacteria Sensing Probe 

Most bacterial cells can sense and respond to substances in their surroundings. 

For example, if you put bacteria near food substances (sugar) they will sense the 

food and move towards the food; if you put them near poisonous substances they 

will sense the poison and move farther away from it. Some bacteria have 

mutations and can no longer sense substances in their environment. These 

bacteria do not move towards food or away from poisons and therefore are more 

likely to die from starvation or poisoning. 

1) How do you think “normal” bacteria sense stuff in their surroundings 

and move accordingly? What is going on inside the bacteria cell? 

2) What does “mutation” mean in this context? How do you think a 

mutation can cause a bacterium to lose its ability to sense substances in 

the surroundings? 

3) Do you think there could possibly be a mutation that made bacteria more 

sensitive to substances? How would that work? 

(Duncan, 2007; Duncan & Reiser, 2007; Duncan & Tseng, 2011) 
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Poisonous Peruvian Plant Probe 

After the first round of data collection and analysis, we decided to add an 

additional explanation building probe to the interviews. This probe was created by our 

research group to enable comparison of student explanations in two novel contexts. Like 

the Bacteria Sensing Probe, students have been exposed via prior coursework to 

explanatory mechanisms that are reasonable to hypothesize in this scenario, such as cell 

differentiation, differential gene expression, mutations, natural selection, and evolution. 

We therefore expected that students would have the knowledge needed to approach 

generative explanation building in this context. However, most of the students did not 

have previous course experience with plant development or evolution. While the probe 

first asks students to consider a linear causal mechanism in plant development (analogous 

to the reasoning that might be expected in the Bacteria Sensing Probe), it additionally 

asks students to consider a complex system involving natural selection and plant 

evolution that spans many biophysical levels. 

Poisonous Peruvian Plant Probe 

Ecologists studying vegetation in the rainforest of Peru have found a rare shrub 

that is poisonous to the foraging animals in the region.  The leaves and fruit of the 

plant are poisonous to the animals, but the branches and roots are non-

poisonous.  The plant grows from a seed. 

1) How does a single seed give rise to both the poisonous and non-

poisonous parts of the plant?  
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In a Peruvian mountain range, the foraging animal population is smaller than in 

the rainforest. Here the plant life is less diverse and more sparse. One of the plant 

species found in this mountain range is quite similar to the one found in the 

rainforest, but is not poisonous. 

2) Describe any possibilities you can think of for why this similar plant is 

not poisonous. 

 

METHODS 

Study Population  

We recruited students to participate in this study from three courses in the 

Molecular and Cellular Biology (MCB) program at large university in the Southwest 

United States: Introductory Biology (N=17), Molecular Genetics (upper-division, N=20), 

and Cell & Developmental Biology (upper-division, N=7). Most students enrolled in the 

introductory course were sophomores or juniors, and most students enrolled in the upper-

division courses were juniors or seniors. We recruited students on a volunteer basis 

through announcements in their classrooms, with specific language expressing our desire 

to include students that have a range of comfort with course materials. We conducted 

individual think-aloud interviews with the student volunteers at the end of each respective 

course within the 2-3 week period before their final exam. Occasionally, interviews 

transpired in the several days following the final exam, due to scheduling conflicts. We 

audio recorded all interviews and created transcripts from the audio recordings. Students 

were given pseudonyms to protect their identities, and only these pseudonyms will be 
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used to refer to individual students in this paper. The institutional review board at our 

university approved all data collection and analysis for this project. 

Recruitment occurred during Spring 2013, Fall 2013, and Fall 2014. We gave 

students recruited from all semesters the Bacteria Sensing Probe; however, the Poisonous 

Peruvian Plant Probe was not developed and administered until Fall 2013.Therefore, all 

students were asked to respond to the Bacteria Sensing Probe during their think-aloud 

interviews (N=17 introductory, N=27 upper-division), but only 24 students (N=17 

introductory, N=7 upper-division) participated in interviews where they were given the 

Poisonous Peruvian Plant Probe in addition to the Bacteria Sensing Probe. As the study’s 

recruitment was conducted over multiple semesters, three students participated more than 

once, specifically, in two interviews during each of their two upper-division courses. One 

upper-division student interview in which the student responded to the Bacteria Sensing 

Probe, was not included in the data set due to an inaudible audio recording. 

We recruited students from these three courses because each course is required for 

graduation with an undergraduate MCB major, and they cover (to varied extents) the 

prior knowledge needed for explanation building of the two probes. These concepts 

include topics such as cell signaling, signal transduction, cell motility, cell differentiation, 

differential gene expression, and mutations. They do not, however, explicitly cover the 

specific contexts of bacterial chemotaxis or plant development and evolution. Both 

upper-division courses were taught by a team of instructors and worked to incorporate 

components of active-learning, such as clicker questions, think-pair-share, data-

interpretation and model-based group worksheets, group discussions of primary 

literature, and problem solving sessions. The large introductory course is taught in several 
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sections, each by a different instructor. Although each instructor’s section follows a 

different progression through topics, most topics and overarching learning goals are 

shared between courses, and instructors openly share materials. Each instructor routinely 

used some combination of active learning techniques, such as small-group work, think-

pair-share, clicker questions, and whole-class discussions. Because we were interested in 

exploring a range of student ideas, rather than the impact of specific instructional 

methods, students were recruited from four sections of the introductory course.  

Clinical Think-Aloud Interviews 

 We conducted semi-structured, clinical think-aloud interviews with student 

participants. Each interview lasted approximately one hour and was conducted by one of 

six trained interviewers in the research group using a standardized set of questions and 

probes. During the interview, we asked all students to read and respond to the Bacteria 

Sensing Probe (N=44). Only during Fall 2014 interviews, did we give students the 

additional Poisonous Peruvian Plant Probe (N=24) that we had developed, in addition to 

the Bacteria Sensing Probe. Interviewers asked both standardized probes and 

individualized probes for further clarification, as deemed necessary.  Additionally, some 

students were asked to provide explanations for the familiar mechanisms of DNA 

replication, transcription, and translation, and to construct concept maps for these 

concepts. These additional activities were the focus of a previous study (Southard et al., 

2016), and will not be discussed here.  

Analysis  

Iterative Transcript Read-throughs 
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 The investigation of student reasoning began with a systematic read-through of a 

portion of the interview transcripts, and an examination of any related interview artifacts 

(including student drawings and interviewer notes about student gesturing) by the 

research team. This initial phase of analysis allowed us to identify themes that became 

the focus of further analysis, including development of schemes for qualitative coding. 

Read-throughs also helped us to select cases to examine in more detail, which became the 

basis for Part 1 of our results.  

Coding Schemes  

 Guided by our theoretical framework, we created coding schemes to capture 

features of students’ generative mechanistic reasoning for both the Bacteria Sensing 

Probe and Poisonous Peruvian Plant Probe. The three functional subdivisions historically 

created by Adler to describe bacterial chemotaxis were incorporated into the coding 

scheme for student responses to the first question of the Bacteria Sensing Probe: 

‘sensing’, ‘signaling’ and ‘motor’ functional modules (Van Mil et. al, 2013; Adler, 1966, 

1975). In order to code for expert functional subdivisions in student responses to the 

Poisonous Peruvian Plant Probe, we interviewed two experts to observe possible ways in 

which an expert might functionally subdivide the differential gene expression question 

and create mechanistic explanations for the evolution question. Expert 1 is a plant 

geneticist and Expert 2 is a developmental biologist, both are tenured professors at a large 

research (R1) university. Both were interviewed through informal think-aloud interviews. 

Interviews were audio recorded and transcripts were made of expert responses. Both 

experts included two functional subdivisions for the first question, “How does a single 

seed give rise to both the poisonous and non-poisonous parts of the plant?” We 
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characterized these subdivision as cell and/or tissue differentiation (i.e., parts of the seed 

must develop into the various components of the adult plant) and localized poison 

generation (i.e., certain parts of the adult plant will produce poison while others will not). 

These subdivisions were incorporated into the coding scheme for student responses to the 

first question. Expert 1’s multi-level mechanistic explanations spanning evolution, 

predation, natural selection, loss and gain of function mutations, and environmentally 

activated gene expression were used to understand the second question. (Full transcripts 

of both expert explanations can be found in the Supplemental Materials.) 

Mechanistic Coding of Functional Modules  

 For the Bacteria Sensing Probe, we coded student responses to question one using 

the following coding scheme (Table 1, N=43). Each code was exclusive, and each 

transcript was categorized into one of the five categories (‘Not Mentioned’, ‘Identified’, 

‘Non-Molecular Mechanism’, ‘Isolated Molecular Entity’, or ‘Molecular Mechanism’) 

for each module (‘Sensing’, ‘Signaling’, and ‘Motor’). Because the aim was to capture 

generative hypothesis building, we did not exclude any students’ explanations from any 

coding category on the basis of their inclusion of non-normative ideas. When students 

created explanations that encompassed multiple categories, their responses were 

categorized by the highest code observed. Coding analysis was performed by two 

independent coders. When coders encountered a disagreement between their two 

independently derived codes, they would discuss until consensus was reached for each 

instance. The first 26% of transcripts were used for coding scheme refinement, and 

agreement between two coders for the remaining data was 79% (total instances - 

disagreements / total instances). The ‘Identify’, ‘Non-Molecular Mechanism’, ‘Isolated 
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Entities’, and ‘Molecular Mechanisms’ categories were collapsed into a single 

‘Identified’ category in Results Part II: Subdividing the Overarching Mechanism into 

Functional Elements in order to  report simply whether students had identified or not 

mentioned each of the three modules.  

 For the Poisonous Peruvian Plant Probe, we coded student responses to question 

one using a similar scheme (Table 2, N=24), and the same methods for coding and 

reaching agreement were employed. Transcripts were placed into one of three exclusive 

categories (‘Not Mentioned’, ‘Identified Only’, and ‘Mechanism’) for the two modules 

(‘cell/tissue differentiation’ and ‘localized poison generation’). The first 25% of 

transcripts were used for coding scheme refinement, and agreement between coders for 

the remaining transcripts was 75%. Additionally, the coders made notes while 

independently coding about the biophysical level encompassed by explanations coded as 

‘Mechanisms’. Coders discussed these additional five categorizations (‘Molecular’, 

‘Cellular’, ‘Tissue’, ‘Population/Evolutionary-based’, and ‘Teleological’) and came to 

consensus for every student response originally coded as simply ‘Mechanism’. Codes for 

biophysical levels were not exclusive, as some student explanations spanned more than 

one level. The ‘Identify’ and ‘Mechanism’ categories were also collapsed into a single 

‘Identified’ category in Results Part II: Subdividing the Overarching Mechanism into 

Functional Elements in order to simply report identification of the two modules. 

Coding Student Transcripts for Adler’s Hypotheses 

 We coded transcripts of student responses to the Bacteria Sensing Probe question 

one for alignment with Alder’s historical hypotheses for a mechanistic schema to 

describe the sensing module. Adler’s two hypotheses were: 1) that the stimuli themselves 
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are detected, and 2) that the stimuli are metabolized by the cell and then the metabolite 

detected (Van Mil et. al, 2013; Adler, 1966, 1975). We coded these responses for whether 

or not students described the food or poison as being directly detected, which was coded 

as aligning with Adler’s Hypothesis 1. Since our student population was less familiar 

with the processes of phagocytosis and metabolism, student responses that described the 

food or poison as simply being internalized, and then detected, were coded as aligning 

with Adler’s Hypothesis 2. The two codes were not exclusive, and student responses 

could be coded as one or both. Coding analysis was performed by two coders, with 91% 

agreement (agreements-disagreements/total instances). All disagreements were resolved 

by discussion of the instance in question, and consensus was reached and reported for 

every instance.   

Coding Flexible Thinking about Mutations 

 Student responses to the Bacteria Sensing Probe question two were coded for 

flexible thinking about mutations. Transcripts of student responses to this question were 

first coded for whether or not they mentioned mutations as impacting a protein molecule 

in some way. Additionally, we coded for whether students connected the idea of 

mutations to the context of bacterial chemotaxis, namely, whether they hypothesized the 

mutation in a single specific protein in the pathway that would give rise to the altered 

phenotype, or whether they hypothesized that the mutation could arise in more than one 

protein along the pathway to give rise to the altered phenotype. Coding analysis was 

performed by two independent coders with 90% agreement (total instances – 

disagreements / total instances).  
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 Student responses to the Poisonous Peruvian Plant Probe question two were also 

coded for flexible thinking about mutations. Transcripts of student responses to this 

question were coded for whether they (1) described mutations in their explanation, 

including anything about genetic change, (2) included discussion of evolution, natural 

selection, or selective pressures in their explanation, and (3) whether they connected their 

ideas about mutations with their evolutionary ideas. Student explanations were 

additionally coded for alternative hypotheses, which often included discussions of the 

regulation of the poisonous gene expression based on environmental factors or stimuli. 

Coding analysis was performed by two independent coders with 91% agreement (total 

instances – disagreements / total instances). All disagreements for both schemes were 

resolved by discussion of the instance in question, and consensus was reached and 

reported for every instance for both the Bacteria Sensing and Poisonous Peruvian Plant 

Probe.  

Bacteria Sensing Probe Key Module Entity Count 

 In order to count students’ use of the key sensing entities “receptor” for the 

sensing module, and/or the key motor entities “cilia”, “flagella” or “lamellipodia” for the 

motor module, we used Nvivo text search query as a starting point to find instances of 

students using these entities in their responses to the Bacteria Sensing Probe. We then 

went back to each student transcript and coded transcripts as either including the key 

sensing entity “receptor”, or not. In some cases this included a description of the protein 

in context without use of normative vocabulary such as “membrane protein on the cell 

wall”. Additionally, each student’s transcript was coded in a similar manner for the key 

entities “cilia”, “flagella” or “lamellipodia”. Again, for a transcript to be coded as 
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including one of these key motor entities, students’ responses may also have included 

descriptions of these structures without formal vocabulary, such as “those motors that 

look like tails and create movement”, or “they have little tails which kind of swim”. As 

this coding scheme was merely counting the use or absence of a key entity, only one 

coder performed this count.  

Statistical Analysis 

 For the mechanistic coding sets of both the Bacteria Sensing and Poisonous 

Peruvian Plant Probes, we compared introductory and upper-division student populations. 

Mechanistic codes of functional modules for the Bacteria Sensing Probe were assigned a 

point value (1=‘Not Mentioned’, 2=‘Identified’, 3=‘Non-Molecular Mechanism’, 

4=‘Isolated Molecular Entity’, or 5=‘Molecular Mechanism’). We summed these values 

for the three modules (‘Sensing’, ‘Signaling’ and ‘Motor’) to give a total score between 3 

and 15, with a score of 15 indicating that the student created a molecular mechanism for 

all three modules. A two-sample, two-sided, t-test (pooled variances) was performed on 

the total scores. A small estimated mean difference between groups was observed 

(introductory students mean=11.59, SE=0.90; upper-division students mean=11.0, 

SE=0.73; mean difference=0.59, SE=1.16), but was not significant (p=0.62). Because the 

data were not normally distributed, the result was verified with a two-sided Wilcoxon 

Rank Sum Test, which confirmed non-significance (p=0.67).  

Mechanistic codes of functional modules for the Poisonous Peruvian Plant Probe 

were also assigned to one of two categories for both introductory and upper-division 

groups. The two categories indicated whether students created a ‘Mechanism’ for both 

modules (‘cell/tissue differentiation’ and ‘localized poison generation’) or whether they 
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did not create a mechanism for both modules. Fishers Exact Test (which was more 

appropriate than the chi-square test for the small sample size) revealed no significant 

difference between rates at which introductory and upper-division students’ created 

mechanistic explanations for the module (p=0.67). Computations were performed using 

IBM SPSS for Windows, Version 22.  

 

RESULTS 

Part I: Generative Mechanistic Explanations: Evidence from Two Case-Based 

Examples  

We analyzed student responses to the two probes, using the described theoretical 

framework, in order to address our first research question; what components of 

generative mechanistic reasoning may be observed among undergraduate MCB students 

as they construct explanations in a novel context? Through this analysis, several themes 

of generative mechanistic reasoning emerged. We begin the results section with two 

individual students’ explanations, Sally and Jason, unpacking their explanations in order 

to illustrate emergent themes.  As previously described, the Bacteria Sensing Probe was 

developed and used by Duncan et al. (Duncan, 2007; Duncan & Tseng, 2011) to elicit 

student explanations in genetics. We selected this probe for our student population due to 

its documented success in probing student thinking and due to its direct parallel in 

context to Van Mil et al.’s (2013) historical analysis of expert explanation building about 

bacterial chemotaxis. The Poisonous Peruvian Plant Probe was developed by our research 

group in order to elicit students’ generative mechanistic reasoning in the context of 



150 
 

embryonic development and evolution. While both probes draw on students’ 

understanding of mutations and biomolecules, the Poisonous Peruvian Plant Probe 

provides a complementary context to the Bacteria Sensing Probe by including complex 

systems. These complex systems require students to move beyond simple linear causal 

reasoning to consider an emergent phenomenon that crosses many more biophysical 

levels. Both are novel to the students in that the biological contexts are not commonly 

addressed in our students’ major courses; however, the prior knowledge necessary for 

transfer and explanation building for both phenomena, such as receptor-mediated 

signaling cascades, gene expression and tissue differentiation, should be familiar to 

students based on their coursework.  

Sally’s Approach to the Bacteria Sensing Probe:  

 Sally, a Molecular and Cellular Biology major in her junior year, was recruited 

from an upper-division Molecular Genetics course to participate in an interview at the 

end of the semester. In her response to the first question of the Bacteria Sensing Probe, 

Sally uses a variety of generative mechanistic reasoning strategies known to be employed 

by experts to build molecular mechanistic explanations. She begins by reading the 

prompt and the first question:  

Context and Question 1: Most bacterial cells can sense and respond to substances in 

their surroundings. For example, if you put bacteria near food substances (sugar) 

they will sense the food and move towards the food; if you put them near poisonous 

substances they will sense the poison and move farther away from it. Some bacteria 

have mutations and can no longer sense substances in their environment. These 

bacteria do not move towards food or away from poisons and therefore are more 
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likely to die from starvation or poisoning. How do you think ‘normal’ bacteria sense 

stuff in their surroundings and move accordingly? What is going on inside the 

bacteria cell? 

 

1 Sally: “Alright. So since it's a mutation that turns this off, probably there’s some kind  

2 of protein, that's sensing the stuff I guess. And it's probably a membrane protein. Just  

3 because those [the membrane proteins] are probably more exposed to the outside  

4 environment and able to get information from the environment. So yah, it probably is  

5 some kind of protein that binds to poisons or foods and has a reaction inside the  

6 bacteria that makes it either go toward or away from the substance.” 

 

7 Interviewer: “So thinking about that reaction that happens inside the cell, what do  

8 you think about when you think about that kind of reaction? What does that look  

9 like?” 

 

10 Sally: “Um, well, um. Let’s see. If it's some kind of membrane protein it’s probably  

11 something that the protein binds to on the outside of the membrane and on the  

12 inside of the membrane it causes some kind of conformation change in the protein  

13 that sends off kind of an amplification signal where it, um, may react with a different  

14 kind of protein that may release some kind of...other substance inside the cell that  

15 will activate other proteins that will tell the cell ‘oh you have to move this way or you  

16 have to go that way.’” 
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17 Interviewer: “How do those proteins, the ones that are downstream of this  

18 membrane protein, how do those tell the cell how to move?” 

 

19 Sally: “Um, so when I picture this there’s a cell, here's the protein [drawing model in  

20 Figure 1] and here's the substance on the outside and it binds to that. And this  

21 influences other proteins by changing its conformation and these might send out  

22 some kind of signal to the cell. And these signals might bind to other proteins. And  

23 when that's bound, these proteins, I'm not really sure how they would do it, but they  

24 would probably propel the cell in one way or the other. So like if this is a poison  

25 sensing protein, the poison is coming from this way [indicating top of model], then  

26 this might tell like a flagella over here [indicating flagella on model] ‘hey move  

27 because we need to go that way’ or something.”  

 

28 Interviewer: “So maybe these proteins here are communicating with the flagella and  

29 telling them ‘ok it's time to get moving’” 

 

30 Sally: “Yah or maybe just these binding to the flagella or something like that” 

Here we observe Sally immediately taking note of the event of mutagenesis and 

using that to hypothesize the involvement of a central molecular entity – a protein (lines 

1-2). Mutagenesis is a common technique used by scientists in molecular biology and 

genetics to understand a phenomenon through perturbation. We can think of mutagenesis 

most commonly as “breaking” a gene through mutation and thereby in many but not all 

cases “breaking” the function of the protein coded for by that gene.  Sally uses the idea of 
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“protein” to begin to explain how the bacteria might be sensing the stimuli. She further 

develops this idea by hypothesizing spatial properties of this key protein entity, 

suggesting that it would need to be on the membrane of the bacteria in order to perform 

the activity of “getting information from the environment”(line 3-4). Sally then connects 

her hypothesis of the involvement of a membrane protein to an explanation for the 

phenomenon, describing how this protein binds to the food/poison stimuli, which then 

creates a reaction inside the cell, which then confers movement toward or away from the 

stimuli (lines 4-6).  

In this initial portion of Sally’s explanation, we can see several features of 

generative mechanistic reasoning that resemble what have been described for experts in 

MCB. Without knowing the mechanism of chemotaxis or the components involved in the 

mechanism, we observe Sally begin to hypothesize a mechanistic schema from activities 

(Van Mil et al., 2013), or perform what Darden (2002) calls schema instantiation. Using 

the observable activities and information given through the perturbation of mutagenesis 

given in the probe, Sally hypothesizes the involvement of a membrane receptor that binds 

to the food/poison outside of the cell and transmits this information into the cell, leading 

to an internal reaction that triggers appropriate cellular movement. By collecting 

information given by the probe about the observable activities in the phenomenon, 

transferring her prior knowledge about mutagenesis, and hypothesizing the involvement 

of a key entity and its basic contributions to the overarching activity, Sally introduces the 

schema of receptor-mediated cellular signaling cascades. Her schema instantiation beings 

by first hypothesizing the involvement of a key membrane protein that binds to the 

stimuli and transmits the information into the cell. This strategy is similar to how 
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scientists might instantiate schema to explain molecular phenomena (Van Mil et al., 

2013; Darden, 2002). This schema choice is reinforced by her reasoning that the 

functional activity of receptor protein, receiving signals and transmitting them inside the 

cell, suggests a particular property of the receptor, its localization on the plasma 

membrane. This form of reasoning is related to how scientists predict molecular 

properties from activities in order to develop mechanistic explanations of molecular 

phenomena (Van Mil et al., 2013). Lastly, the initial explanation Sally provides for the 

phenomenon (lines 4-6) includes three functional subdivisions: “sensor”, “signaling”, and 

“motor”. Functional subdivision into these same modules were described in an historical 

analysis of scientists’ development of a mechanism to explain bacterial chemotaxis (Van 

Mil et al., 2013). 

When asked to elaborate on what happens “inside the cell”, Sally goes on to 

provide more detail (lines 10-16) about how the membrane receptor binds to a signal 

outside the cell, which leads to a change in the shape of that protein inside the cell, which 

leads to interactions with additional intracellular molecules, which bring about 

amplification and transmission of the signal inside the cell. In this expert-like response, 

we can see additional features of generative mechanistic reasoning. In particular, Sally is 

creating a molecular mechanism using a productively continuous chain of entities and 

activities to explain the underlying molecular events giving rise to this observed 

phenomenon (Machamer et al., 2000). While her initial explanation (lines 4-6) is simple 

and contains only a few entities and activities, here Sally includes a variety of entities and 

activities as she causally chains from starting to termination conditions. This addition of 
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hypothetical molecular detail is similar to the way that scientists “fill in” abstract schema 

with molecular mechanistic events (Van Mil et al., 2013). 

In lines 12-16, Sally connects the idea of intracellular signaling to cellular 

movement by stating “other proteins that will tell the cell ‘oh you have to move this way 

or you have to go that way’ ”. This relatively vague mechanism prompts the interviewer 

to ask Sally to consider how this might occur.  The interviewer’s question prompts Sally 

to draw a simple model based on her explanation of the phenomenon (Figure 1). Using 

this model, Sally again chains through a series of mechanistic events (lines 19-27), this 

time adding a new entity to further explain cellular motion – the flagella. In this last 

component of Sally’s explanation we see evidence of additional components of 

generative mechanistic reasoning. Here she appears to use the “earlier” components of 

the mechanism (sensing and signaling) to reason about the “later” component (cellular 

motion). This strategy is referred to as forward chaining and is commonly used by 

scientists to generatively reason about hypothetical mechanistic components (Machamer 

et al., 2000; Darden, 2002). The model Sally draws (Figure 1) and the explanations she 

provides in lines 10-16 and 19-27 suggest that although she utilizes “sensor”, “signaling” 

and “motor” subdivisions of the mechanism, she is not thinking of these as isolated 

modules. Instead, she is causally connecting the modules, treating them as functional 

elements that work together to give rise to the overarching observed phenomenon. 

Sketching the functional pieces of the overarching mechanism into a model in this way is 

indicative of hypothesizing and predicting organization in the mechanism, which is an 

essential component of how scientists must piece together the explanations they build 

through experimentation (Van Mil et al., 2013).   
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Next, in her response to the second question of the interview probe, Sally explores 

the relationship between mutagenesis and the chemotaxis phenomenon further. The 

nature of this probe asks students to carry the ‘change’ caused by this mutation across 

ontological levels, that alterations at the physical level of the protein are a result of 

alterations at the information level of the gene (Duncan, 2007).  

Question 2: What does ‘mutation’ mean in this context? How do you think a mutation 

can cause a bacterium to lose its ability to sense substances in the surroundings?  

 

1 Sally: “Alright so, if there's like a particular gene that encodes for this protein that  

2 senses this outside substance, and for some reason this gene has the wrong  

3 nucleotide somewhere and it either changes part of the sequence so you get a  

4 messed up protein, or if it like stops it, premature stop codon, and this protein just  

5 doesn't exist at all, then if that's not there then the substance will be floating around  

6 and the cell won’t be able to sense that it's there because it has...it doesn't have the  

7 correct protein to do it.”  

 Sally’s response to this question is to immediately hypothesize that the mutation 

in this context has arisen in the primary ‘sensing’ protein, the membrane protein 

previously described as the key entity of the sensing module, which performs the function 

of bringing information about the food or poison from outside the cell. She creates two 

alternative hypotheses about how this key membrane protein entity might be altered in 

ways that give rise to the ‘broken’ phenotype observed (lines 2-5). First, she wonders if 

the sequence of the gene, which typically carries the correct information to create a 

functional protein, has been changed due to a “wrong nucleotide somewhere”. She then 
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connects this casual event with its effect, a “messed up protein”. She then creates an 

alternative hypothesis in which she explores the idea that a stop sequence has been 

created in a premature location, causing the premature termination of protein creation, 

leading to no functional protein at all. Here she connects this second scenario with the 

altered phenomenon and provides a causal connection to the context at hand; because 

there is no longer a functional protein to perform its normal actions, the cell will not be 

able to sense (lines 5-7). In these ways, we see Sally flexibly thinking across ontological 

levels, from the information to the physical level (Duncan, 2007), and generating 

hypothetical scenarios regarding genetic mutations. These multi-level ways of thinking 

are essential for molecular biologists, but are often difficult for students (Duncan, 2007; 

Van Mil et al., 2013; Marbach-Ad & Stavy, 2000) 

  In summary, when asked to create an explanation for bacterial chemotaxis and 

consider the effects of mutations on the system, Sally uses several components of 

generative mechanistic reasoning when crafting her explanation. Without any familiarity 

with the normative mechanism underlying the phenomenon of bacterial chemotaxis, she 

generates creative hypotheses by transferring schema from her prior knowledge. She 

flexibly integrates these ideas into the context, disassembles the overarching phenomenon 

into functional components, and creates productively continuous molecular mechanisms 

as explanations. Additionally, she creates plausible hypotheses about the effects of 

‘breaking’ the system through mutations. 

Jason’s Approach to the Poisonous Peruvian Plant Probe  

Jason, a physiology major in his freshman year, was recruited as a volunteer from 

one section of the Introductory Biology course. Jason’s response to the Poisonous 
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Peruvian Plant Probe incorporates many aspects of generative mechanistic reasoning 

observed in Sally’s response to the Bacteria Sensing Probe. Even with the multi-level 

nature of this complex system, Jason approaches his explanation building using many of 

the same themes. During his interview, Jason begins by reading the prompt and the first 

question:  

Context and Question 1: Ecologists studying vegetation in the rainforest of Peru 

have found a rare shrub that is poisonous to the foraging animals in the region.  The 

leaves and fruit of the plant are poisonous to the animals, but the branches and roots 

are non-poisonous.  The plant grows from a seed. How does a single seed give rise to 

both the poisonous and non-poisonous parts of the plant?  

 

1 Jason: “It, hmm, sorry I don't know much about plant development.” 

 

2 Interviewer: “That's ok.” 

 

3 Jason: “But if it's at all similar to humans it would be a...when it's developing,  

4 depending on the...I guess environment it's developing in, there'd be different signals  

5 that would cause the plant cells to differentiate into these different parts of the plant  

6 like the leaves, the seed, the actual trunk itself of the plant. And depending on the  

7 differentiation, they would express more genes or they wouldn't express certain genes  

8 and some of those genes like... the genes in the leaves and the fruit would express the  

9 gene that create the poisonous chemical while the ones in the branches and roots  

10 don't express it.  
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11 Interviewer: “Could you think of a mechanism? So say, the leaves are expressing a  

12 gene that maybe the roots aren't, can you think of a mechanism for how that would  

13 happen during development? Or what would cause the gene to be ‘on’ in one and  

14 ‘off’ in the other?” 

 

15 Jason: “Like I said I have no idea how plants develop, but we just did a lecture on  

16 human and animal development and in that it was a...there was a very early proto- 

17 structure that would secrete certain hormones, or not hormones, just chemicals that  

18 would either activate or inactivate certain receptors and then it wouldn't let...or  

19 certain signaling molecules or something like that like... the root has a chemical that  

20 would bind to the signaling molecule so it could no longer bind to its proper receptor  

21 and stimulate that gene to be expressed. Something like that.” 

 Here we observe Jason immediately recognizing this context of plant 

development as an unfamiliar context. However, Jason immediately hypothesizes 

parallels between plant and human development in order to begin hypothesizing an 

explanation (lines 1, 3). He begins by positing that different signals from the environment 

(entities) cause differentiation (an action) of the cells in the plant (entities). By 

considering the key causal entity of environment-based signals causing the key activity of 

cell differentiation, Jason frames out a schema to explain how the different parts of the 

plant develop to look different from each other. Next, Jason connects his idea of cellular 

differentiation to the idea of gene expression (lines 6-8). By expanding on the idea of 

differentiation, in which genes are “turned on” or “turned off” to express signals leading 
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to different cell identities during development, Jason hypothesizes a relationship between 

gene expression and poison expression (lines 7-10). Specifically, by hypothesizing the 

properties of a key entity, the poison, to be a protein or a chemical created by proteins, he 

uses the gene expression schema to create an explanation for why the poison is observed 

in the fruit and leaves of the plant but not the roots or branches. When asked to elaborate 

by proposing a mechanism, Jason again verbalizes his transfer of prior knowledge from 

human and animal development (lines 15-16). He references the early structures in the 

embryo as using chemical signals to activate or inactivate target entities, possibly 

receptor proteins and/or signaling molecules, which will then stimulate the expression of 

genes (lines 16-21). 

 In Jason’s initial response to the probe we can observe, as in Sally’s response, 

several of the same features of generative mechanistic reasoning used by experts in MCB. 

Despite his recognition of this as an unfamiliar context, Jason hypothesizes the schema of 

“development” as he begins his explanation. First, we see that Jason uses the expert 

strategy of functional subdividing the overarching activity (Van Mil et al., 2013) into the 

activities of ‘cell differentiation’ and ‘localized poison generation’ aligned with the two 

modules our experts suggested when interviewed (see Methods). The functional 

subdivision into two modules appeared to be in response to Jason postulating internalized 

“how” questions like experts in the field, i.e., ‘how can a seed develop into a plant?’ and 

‘how can a plant have parts that produce poison and parts that do not?’(Van Mil et al., 

2013). Like Sally, Jason does not see these modules as isolated schema, but creates 

connections between them in order to create a productively continuous chain of events 

that describes the mechanism from its starting point as a seed to its termination condition 
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as a plant with poisonous leaves and fruit (Machamer et al., 2000). Using these two sub-

activities, he then instantiates the schema by filling in more abstract ‘cell differentiation’ 

and ’localized poison generation’ schema with context-relevant mechanistic entities and 

activities, i.e., details about ‘signals’ causing cells to ‘differentiate’ and ‘genes’ that 

‘create the poisonous chemical’ (Darden, 2002). 

  Next, Jason tackles the second question in the probe. Due to the multi-level 

nature of the complex system in this second question, Jason considers the impact of 

mutations across time and physical space through evolution. Like the second question in 

the Bacteria Sensing Probe, this question requires that students consider mutagenesis at a 

molecular level and also the role of mutagenesis in natural selection and evolution. Jason 

begins by reading the next question: 

 Context and Question 2: In a Peruvian mountain range, the foraging animal 

population is smaller than in the rainforest. Here the plant life is less diverse and 

more sparse. One of the plant species found in this mountain range is quite similar to 

the one found in the rainforest, but is not poisonous. Describe any possibilities you 

can think of for why this similar plant is not poisonous.   

 

1 Jason: I guess that would be more of an evolutionary question if there's not as ... if  

2 the investment in... producing this poisonous chemical isn't worth it because there are  

3 fewer animals, so there's not as much of a pressure to express this or develop this  

4 poisonous thing so these plants don't have to and can devote more energy to growth  

5 and propagation rather than not being eaten by foraging animals.   
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6 Interviewer: And how would that happen evolutionarily? The one plant having  

7 poisonous leaves and the other ones not having poisonous leaves? Can you think  

8 about a mechanism to explain how that is happening? 

 

9 Jason: Um, well if this is evolutionary, then it probably would just be, there's not  

10 much interbreeding between the ones on the mountain range and the ones in the  

11 rainforest, which is understandable because the mountain ranges are much more  

12 isolated. And then over time the ones that grew and propagated for some reason  

13 didn't produce this poison, were able to propagate twice as fast as the other one so  

14 that eventually they just... the mutation became prevalent in the population. 

 

15 Interviewer: Cool. So thinking of these two different types of plants, do the plants  

16 have the same DNA, different DNA…? 

 

17 Jason: Like I said I'm not sure because... I'm not sure if this has to be evolutionary or  

18 this could just be a response to certain stimuli in the environment.  Like I know that  

19 they are doing studies on how like your grandmother's actions can influence your  

20 DNA. 

 

21 Interviewer: Interesting. So maybe for each, so let’s say that it is evolutionarily what  

22 would... 

 

23 Jason: They would probably have small differences in DNA just a few base pair  



163 
 

24 changes. That would incapacitate this gene that produces the poisonous 

 

25 Interviewer: What if it wasn't evolution, what if it was environmental factors or  

26 something? 

 

27 Jason: I don't know as much about those but, hmm... maybe it was just a certain  

28 signaling pathway like I know that when I think it's the acacia tree in...when I  

29 heard about insects eating it they release a hormone I guess you'd say that's airborne  

30 and it diffuses to other plants in the kind of they grow in mostly strands, not strands  

31 clumps, so and then these other trees start to produce a bitter tasting chemical when  

32 prevents it from being eaten. So maybe a signaling cascade from the population.  

 As in his immediate recognition of the “development” schema in the first 

question, Jason immediately suggests an appropriate schema for this context: an 

“evolution” schema. After creating this frame, he then layers on several causal factors, 

including energy consumption/ conservation between poison expression and 

growth/propagation (lines 1-3) and the selective pressure in favor of a poison defense 

mechanism (lines 3-5). When asked to elaborate mechanistically, Jason considers the 

spatial location of the entities in this system (lines 10-12), and then he hypothesizes the 

possibility that the plants in the mountain range lost this poison generation ability through 

mutation and were able outcompete those that were expressing the poison (lines 12-14). 

Jason then continues on, wondering if their might be an alternative explanation for this 

phenomenon other than evolution, suggesting this might be a response to certain 

environmental stimuli (line 17-18). He goes on to instantiate this alternative schema by 
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providing an illustrative example (lines 27-32). In this example, Jason describes a 

chemical defense mechanism as a result of insect herbivory at the population level.  

  Through his response, we see Jason flexibly thinking across levels (Craver, 2001, 

2002a) as he considers the impact of mutations on one plant species, the relationship with 

local predators, and the effects of growth and propagation, all while presumably holding 

this scenario in contrast to the rainforest scenario. He provides what is known in genetics 

as a ‘loss of function’ schema in which mutations in a small portion of the genetic 

sequence can incapacitate the function of a protein, in this case a poison. This loss of 

function schema is used to explain, molecularly, the causal elements underpinning this 

population level divergence. Jason considers this multi-level evolutionary explanation, 

exploring it by connecting mechanisms at multiple levels, but he also proposes an 

additional non-evolutionary alternative explanation. Similarly to the alternative schema 

of herbivory-based defense mechanisms proposed by our Expert 1 (see methods and 

supplemental materials), Jason reasons through an analogy to a population-level signaling 

event that is  a result of insect herbivory.  

 In summary, when presented with the task of creating an explanation for the 

development of a plant with selectively poisonous tissues and the divergence of that plant 

species from a similar strain in a different location, Jason creates generatively 

mechanistic explanations. Although he explicitly states his unfamiliarity with plant 

development, Jason is able to draw from his prior knowledge and provide a creative 

explanation for the problem at hand. Then when asked to layer his explanation about this 

plant with the complex and multi-leveled system of population divergence through 
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natural selection Jason flexibly moves been causal factors to create not one, but two 

multi-level causal explanations.  

 

Part II: Common Patterns of Generative and Mechanistic Reasoning across Student 

Population   

Subdividing the Overarching Mechanism into Functional Elements  

 As we described earlier, when experts encounter a novel phenomenon they take 

the overarching activity and divide it into functional elements that each constitute a sub-

activity. Although these sub-activities work together to give rise to the whole, each 

contains its own causal explanation (most often a mechanism) for the sub-activity. When 

approaching the phenomena of bacterial chemotaxis, Van Mil et al. (2013) describe 

Adler’s historical decision to functionally subdivide the overarching activity in 

chemotaxis into “sense”, “signaling”, and “motor” modules. Similarly, when approaching 

the question of how a plant grows from a seed to contain a tissue-specific poisonous 

feature, we expect an expert to functionally subdivide this overarching phenomenon into 

the sub-activities of cell differentiation and localized poison generation, ideas we derived 

from posing this probe to experts (see methods). According to Van Mil (2013), these 

functional subdivisions are driven by the individual asking themselves “how” questions. 

During iterative transcript read-throughs, we discovered that many of our students, like 

Sally and Jason, were creating explanations that suggested their employment of this 

functional subdivision through asking underlying “how” questions.  
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Coding analysis was performed on all student responses to the Bacteria Sensing 

Probe. Explanations were coded for whether students identified or did not mention each 

of the three functional modules involved in bacterial chemotaxis. Across the student 

population, the sensing module was identified by all students, the signaling module by 

72% of students, and the motor module by 86% of students. At an individual level, 69% 

of students incorporated all three functional modules when creating their explanation. 

These results suggest that most students were able to use generative mechanistic 

reasoning to hypothesize the appropriate functional elements for this novel phenomenon.  

Similarly, for the Poisonous Peruvian Plant Probe, we discovered that many 

students were identifying the relevant functional subdivisions of the overarching 

phenomeonon. All students incorporated the localized poision generation module into 

their explanations, suggesting that these students asked themselves the underlying “how” 

question, “how is the poison only localized to some tissues but not others?” However, 

only 54% of these students mentioned the cell/tissue differentiation module, suggesting 

that only about half of the students created and pursued a explanation to answer the 

quesiton of “how do the different parts of the plant, the roots, leaves, fruit, and branches, 

all develop from a single seed?”  

Instantiating Mechanistic Schema 

Hypothesizing the Involvement of Key Entities and their Properties 

Because the problems we presented to students asked them to consider novel 

contexts, they needed to use generative mechanistic reasoning not only to identify the 

involvement of functional modules, but also to hypothesize schema for each module. As 
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we discussed in Part 1, this strategy of hypothesizing a mechanistic schema, which often 

involves making predictions about key entities in the schema and their relevant 

properties, without knowing the true composition of the system, is known as schema 

instantiation (Darden, 2002; Van Mil et. al, 2013).  

In the Poisonous Peruvian Plant Probe, we found that more than half of students 

hypothesized the involvement of genes as key entities for both modules. Using this 

hypothesized entity, they would often then instantiate a ‘gene expression’ scheme to 

explain both the development module and the localized poison generation modules. 

While the gene expression schema may be invoked to explain both modules, the way in 

which students incorporate this schema into each module is what gives it explanatory 

power. For example, Allison uses the gene expression schema here to consider the 

underlying features of the ‘localized poison generation’ module.  

“Ok. So...I don't know...I don't know much about seeds, but I assume it carries on 

the DNA of the original plant. And so, just like in bacteria and eukaryotes, it will 

code for RNA, which will code for proteins. And so I'm guessing that it expresses 

a poison protein, I guess, like a protein that controls the poison in the poisonous 

parts of the plant, and it just isn't expressed at all in the non-poisonous parts of 

the plant.” 

 Here we see Allison considering the origin of the poison, hypothesizing that it is a 

protein and that proteins are expressed by the genes of a plant. By hypothesizing the 

involvement of a key entity, a poisonous gene, she is able to “forward chain” (Machamer 

et al., 2000) to the involvement of another key entity, a poisonous protein. This 

instantiates the gene expression schema where a poisonous gene is expressed in some 
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plant tissues but not others. Similarly, when creating a mechanism for the cell/tissue 

development module, we see Evan notice that the difference between poisonous and non-

poisonous parts of the plant is due to tissue types. He instantiates the schema of gene 

expression by again hypothesizing the involvement of genes.  

“Well so the poisonous parts are the leaves and the fruit, and the branches and 

the roots are the non-poisonous. And the difference between those is the type of 

tissue, I guess, that's present in different parts. And different tissues are, um... I 

guess created by different regions of the, or I guess different coding regions of the 

DNA being able to be transcribed vs. not being able to be transcribed. And so if 

they, like the, there's probably some kind of mechanism in the seed that when it 

gets to a certain point, signals some cells to, or sends a signal to some cells, to 

have, I guess at the most basic level either induce methylation or acetylation to 

uh, bind up the DNA or expose it so that certain genes can be transcribed. Um, 

and then only the genes being transcribed will produce the proteins, that will 

eventually like of decide the type of cell that's made. And then that goes on to 

determine the type of tissue.” 

 While both Evan and Allison appear to use the same gene expression schema, 

namely “turning on” or “turning off” of certain genes, the way in which they use the 

schema requires integration of the schema into each module to create different 

explanations. Allison integrates the gene expression schema into the ‘localized poison 

generation’ module in order to begin building a mechanistic explanation for why poison 

is expressed in some tissue types but not others. On the other hand, Evan integrates the 
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gene expression schema into the ‘plant tissue development’ module to explain why 

different tissues are able to develop from a seed.  

For the Bacteria Sensing Probe, we observed that many students readily 

hypothesized the involvement of key entities in both the sensing and motor modules. 77% 

of students implicated the role of a membrane bound signaling protein, known as a 

receptor protein, to carry information or signals about the presence of food or poison 

from outside the cell to its interior. Students often used the salient activities of the 

functional modules, such as ‘sensing’ or ‘movement’, to hypothesize the involvement of 

these key entities. For example, Karla says, “Sense stuff… well they’ve probably got, 

like, receptors”. Through the properties and activities of this key receptor entity, many 

students went on to generate a schema for the sensing module. For example Evan, an 

introductory student, says “I would imagine that the bacterium has receptors in its cell 

membrane that are made up of integral proteins. When the correct signaling molecule 

either sugar or some kind of poison that will be toxic to the bacteria interact with those 

proteins, then it will trigger some kind of cell response”. A few students mentioned the 

role of an unspecified “protein” or the role of a cilia (a fingerlike protrusion found on 

many cells) as the key entity responsible for the sensing action.  

Of the students who identified the motor module in their explanation, 73% also 

implicated a key motor protein or structure for the module. These proteins or structures 

were most often flagella, cilia or even lamellipodia structures. For example, Holly 

hypothesizes the involvement of flagella:  

“I know a lot of them have, what is it? Flagella? So I'm guessing those, there's 

something in the cell that's in charge of those. So once that part of the cell knows, 
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either through the signals or from...a signal from even a different part of the cell, 

will know when to move and when to not.” 

Holly suggests that the flagella are key recipients of the information sent by the 

“signal”, responding with movement activities when appropriate. Using these key motor 

entities, some students were even able to instantiate a schema for the motor module. 

However because the signaling module does not have a centralized key entity, but rather 

a set of key entities in a molecular signaling cascade, students did not appear to use key 

entities to instantiate a schema for that module in the same way.  

Here we observe students hypothesizing about possible mechanistic schema to 

explain the observed activities, even without prior exposure to this system. Students often 

predicted these schema by hypothesizing the involvement of key entities and their 

relevant properties, thereby instantiating more abstract schema into the current context by 

adding descriptive elements.  

Adler’s Two Historical Sensing Schema Hypotheses 

While performing iterative read-throughs of the interview transcripts, we noticed 

that students appeared to be hypothesizing the same schema that Adler initially proposed 

in the 1960s when exploring the mechanism for the sensing module of the bacterial 

chemotaxis phenomenon (Van Mil et al., 2013; Adler, 1966, 1975). As previously stated, 

Adler suggested two hypotheses when considering the sensing module: 1) “the attractants 

[in this case food or poison] are themselves detected” or 2) “the attractants are first 

metabolized and then some metabolite of the attractant is detected”.  
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We coded student explanations to see whether students were hypothesizing 

schema similar to those first delineated by Adler. We discovered that 72% of students 

hypothesized that the attractants themselves are detected in the sensing module. For 

example Brittany says, “So chemical in the food or the poison affects...activates the 

receptor and the receptor activates signal processing things.” She is suggesting Adler’s 

first hypothesis, that the “chemicals” in the food or poison activate a receptor, and this 

receptor then carries the message inside the cell.  Few students (18%) suggested that the 

attractant might be internalized and then detected, as an additional alternative schema for 

the sensing mechanism. No student suggested this second hypotheses as the sole schema 

for this module. For example, Allison first suggests a schema that is likely indicating 

Adler’s first hypothesis, but then she goes on to describe an additional hypothesis that 

perhaps the stimuli enters the cell and is detected there. She says, “Maybe there's a 

receptor on it that recognizes that foreign antigen and just moves away from it […] Um, 

or maybe something could, maybe something poisonous could enter the cell and would 

recognize it and promote a cellular response”. These findings demonstrate that as our 

students were hypothesizing mechanistic schema, many even hypothesized the same 

schema that an expert in the field historically hypothesized as he explored, tested, and 

eventually creating a molecular mechanistic schema to describe the underlying 

mechanisms of bacterial chemotaxis. 

Creating Mechanisms 

 Functional subdividing, schema instantiation, and hypothesizing the involvement 

of key entities and their properties are all heuristics that guide experts toward the ultimate 

goal: building a productively continuous mechanism to explain the underlying causal 
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components of the phenomenon (Van Mil et al., 2013). Thus far, we have described how 

students used some of these same generative mechanistic reasoning strategies. Next, we 

characterize the mechanisms students created to explain the novel phenomena in both 

prompts. This level of analysis is where we saw the most diversity of expertise in our 

student population. Explanations ranged from productively continuous molecular and 

cellular mechanisms to those characterized by teleological, or inappropriate, non-

molecular reasoning. Additionally, some explanations were molecularly based, but 

suggested the involvement of a single entity without describing its activities. Finally, 

some students identified the need for a particular functional module without suggesting a 

mechanism to explain how it would work. In order to quantify trends across the 

population, we coded student explanations for these explanatory features. Details of the 

coding scheme are presented in the methods sections, and a codebook with example 

student quotes is provided in supplemental materials.   

Results of this coding analysis for the Bacteria Sensing Probe (Figure 2) revealed 

that more than half of students generated a molecular mechanistic explanation for both 

the sensing and signaling modules, with fewer students creating this type of explanation 

for the motor module. For this last module, students would often implicate the 

involvement of an isolated entity (typically flagella or cilia) without describing its 

mechanistic activities or they would simply identify the ultimate need for resulting 

“movement”. As we described earlier, a significant proportion of students either failed to 

mention the signaling module or identified the module without describing any entities or 

activities, for example, stating that there would be a “receptor” but providing no 

explanation for how it might work. For the Bacteria Sensing Probe, we occasionally 
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observed students creating non-molecular mechanisms. These explanations most often 

included discussing the role of organelles like cilia as key sensing entities, or 

explanations involving the bacteria’s ability to “feel” the stimuli or use mechanisms 

analogous to “smelling” higher organisms.  

 Our analysis suggests that overall many students in the targeted population can 

create molecular mechanisms to explain the sensing, signaling, and motor modules. 

However, analysis at the level of the individual student revealed that only twelve 

students, 28% of the study population, hypothesized molecular mechanisms for all three 

of the functional modules. Eleven students (26% of the population) created molecular 

mechanisms for two of the three modules and thirteen students (30% of the population) 

did not create a molecular mechanism for any of the three modules. Because we thought 

that the ability to construct cohesive molecular mechanisms for this probe might develop 

during the undergraduate major, we compared these results between introductory and 

upper division students.  We found no statistically significant difference between the two 

groups (two sample t-test, p=0.62).  

Similarly to the Bacteria Sensing Probe, we found that many students provided 

mechanistic explanations for the Poisonous Peruvian Plant Probe. However, due to the 

multi-level nature of this problem, we observed a range of mechanisms across 

biophysical levels. Therefore, the mechanism code was divided into four descriptive 

subcategories to describe the biophysical level of the mechanism in a student’s 

explanation: molecular mechanisms, cellular mechanisms, tissue-level mechanisms, and 

population level/evolutionary-based mechanisms. An additional descriptive category to 

capture teleological explanations was added as well, because students occasionally 
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expressed this type of reasoning. As we observed in Jason’s explanation, students’ 

molecular mechanisms most often described early signaling events leading to cellular 

differentiation for the ‘plant tissue development’ module, and gene activation or 

inactivation through tissue-specific signaling factors for the ‘localized poison generation 

module’ for this probe. Cellular mechanisms were only used by students to describe the 

development module, most often describing that cells must differentiate during 

development. Descriptions at the tissue level were often double coded as teleological, 

such as when Maggie says,  

“And the leaves and fruit, because they grow faster than branches and roots kind 

of subco--, not subconsciously, but they get to choose first what they want, like, do they 

want the poisonous part or the non-poisonous part? If I was the leaf or fruit I would be 

like, ‘well I want the poisonous part so I don't keep dying and people don't eat me.’” 

Evolutionary mechanisms often demonstrated students’ wonderings about how 

the poison came to be in this specific species as students asked themselves “how” 

questions like “how did this poison feature develop?” and “how might have natural 

selection played a role in the tissue-specific generation of this poisonous factor?” Results 

for coding of students responses to the Poisonous Peruvian Plant Probe are shown in 

Figure 3.  A large majority of students (88%) created a mechanism to explain the 

localized poison generation module; in most cases this mechanism included molecular 

reasoning.  The remaining 12% identified the module without a mechanism, simply 

mentioning that poison was generated in some plant tissues but not others. As described 

earlier, 46% of students did not include the development module in their explanation. Of 

those who did include the module, many (46%) provided a mechanism at the molecular, 
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cellular or tissue level. A small number of students simply identified the need for growth 

and development without mechanistic elaboration. Teleological explanations were 

present for both modules, but were not common. At the level of the individual, only nine 

students (38% of the population) created mechanisms for both modules. We found no 

statistically significant difference between the two groups in their ability to create 

mechanisms for both modules (Fisher’s Exact Test, p=0.67).  

Overall, results of coding analysis revealed a continuum for how students go 

about “filling in” abstract schema with mechanistic elements for both probes. After 

functionally subdividing the overarching activity, and identifying modules that must 

describe the sub-activities, it appears that most, but not all, students work toward 

hypothesizing a plausible mechanism.  

Flexible Thinking across Ontological and Physical Levels 

 In MCB, experts use multi-level reasoning to carry ideas across biophysical and 

ontological levels, often considering the impact of molecular events on an organism or a 

population. This type of reasoning is often employed when considering the impact of 

genetic changes. To generate and test hypotheses for the mechanisms underlying target 

phenomena, scientists use mutagenesis as a tool to implicate key entities by comparing 

wild type (normal) phenotypes with altered mutant phenotypes. Further, genetic changes 

are the underlying feature of evolution and biodiversity of organisms. Therefore, the 

ability for biology students to learn to apply generative mechanistic reasoning to contexts 

of genetic change is paramount. Both interview probes were designed to give students an 

opportunity to consider not only the mechanisms underlying biological phenomena, but 

to consider scenarios in which they should hypothesize the impact of mutations on a 
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biological system. Both questions call for students to use multilevel thinking and to think 

flexibly across levels.  

 In the Bacteria Sensing Probe, after students were asked to hypothesize a 

mechanism for the chemotaxis phenomenon, they were asked to consider a situation in 

which the bacteria are no longer able to sense substances in their environment and move 

accordingly. Specifically, they were asked to describe the meaning of “mutation” in this 

context and to hypothesize how a mutation could cause a bacterium to lose this ability. 

We developed a coding scheme to capture the ways in which students responded to this 

question. Some students created explanations in which they suggested that mutations 

could arise in the genetic codes for proteins anywhere along the mechanistic pathway 

they had just described and explained that mutations in any of those key proteins would 

lead to this altered phenotype. Other students simply suggested a single key protein that 

they considered the most likely target of this mutation, leading to the altered phenotype. 

Finally, others mentioned that mutations generally arise in proteins, but they did not 

describe the relationship between that idea and the bacterial chemotaxis context. Results 

of coding analysis revealed that only 16% of students considered multiple points in the 

mechanistic pathway from sensing to signaling to movement and suggested several 

proteins in which acquired mutations would lead to the observed altered phenotype. 

Carlos demonstrates this flexible thinking by generatively considering multiple places 

along the mechanistic pathway in which a mutation would lead to this loss of the 

bacteria’s ability to sense and respond to the stimuli.  

“So a mutation in this context means that the bacteria have lost their sense, in 

their ability to sense substances in their environment such as food or poisoning. 
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So this one is a loss of function mutation. How do you think it can lose this ability 

to sense substances? So, in the factors that I talked about earlier, perhaps there is 

a decrease in viability of the ligand to the receptor. Maybe the receptor is missing 

or broken. There could be a number of cascade factors that are missing or one is 

constitutively active or inhibited that it typically needs to be the opposite. Maybe 

the flagella could just... is continuously moving in one way or another. It didn't 

really say. So that could be broken as well. Maybe the cilia if there is a 

mechanical cascade of function that it can sense what's going on around it, maybe 

that's broken. So yah those are a number of hypotheses.” 

Although only 16% of students used flexible thinking to suggest several targets 

for mutations along the pathway, 60% of students created an explanation in which they 

hypothesized a single protein, which they considered the most likely target of this 

mutation, in order to cause the altered phenotype. Nate uses this flexible thinking to 

consider what he knows about mutations from his prior knowledge, and then he connects 

these ideas to the bacteria context and hypothesizes an altered sensory protein on the 

membrane as the likely cause of this altered phenotype.  

“Ok, well, if they have a mutation in their DNA, their proteins that they make 

might have a slight conformational change or they might not even be there at all. 

Basically, if they need to sense stuff on the outside by things attaching to these 

membrane proteins, but their shapes aren't perfectly the same, the might not even 

react, they might not even interact with the poisons that are around them. They 

might not sense that they're even there, and so then they can't send the signal 
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inside the cell. Can't get away from it, and they might end up starving or being 

poisoned if they can't sense what's on the outside of them, I suppose.” 

Like Nate, 88% of students specifically hypothesized the likelihood that the 

mutation altered the receptor protein, with the remaining 12% suggesting that a protein 

was altered in the signaling module. Additionally, 14% of the population created 

explanations in which they described proteins generally as the target of mutations, but 

they did not connect this idea to the context of bacterial chemotaxis. Bailey, for example, 

also describes some of her knowledge of mutations before suggesting that mutations 

would alter some protein in this context.  

“So ‘mutation’ means that, um, where there is a change in the DNA sequence, 

from replication or something, and when it made that mRNA it is able to make 

that protein that receives the signals at some step of the… point it had an altered 

protein which altered the...because the amino acid that was coded for by the 

mRNA was different and it ended up being a different protein which changes its 

function. So it became non-functional so like, it can be kinda like loss of function. 

[Moves to next question]” 

While Bailey suggests that this mutation would change the protein’s function, she 

does not connect these more abstract ideas about the effect of mutations on protein with 

the context of this altered bacterial chemotaxis. Finally, coding results revealed that only 

one person did not connect the idea of mutations with proteins at all. These data suggest 

that almost all students considered the effect of mutations on proteins, and many were 

able to use generative reasoning to hypothesize how these ideas would play out in the 

novel context of bacterial chemotaxis.  
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In the Poisonous Peruvian Plant Probe, students were asked to consider how this 

plant from the rainforests of Peru developed both poisonous and non-poisonous parts 

growing from a single seed. Next, they were asked to consider a similar plant in the 

sparse mountain ranges of Peru that does not demonstrate this poisonous feature. In this 

second situation students are prompted to consider why this similar plant species is not 

poisonous and to consider how this phenomenon came to be over time. Therefore, in this 

context students are primed to consider the impact of possible mutations on poison 

production, the influence of predation on natural selection for and against traits, and to 

consider the role of energy conservation in poison expression. However, unlike the 

Bacteria Sensing Probe, the word “mutation” is not explicitly mentioned in the questions. 

Compared to the Bacteria Sensing Probe, the Poisonous Peruvian Plant Probe is much 

more complex, both in terms of biophysical levels and causal organization of the system. 

This second probe is much more difficult to explain using only linear causal reasoning.  

We developed a coding scheme to describe the ways that students responded to 

this portion of the probe. Application of the scheme to student responses revealed that 

67% of students were creating hypotheses that drew connections between mutations and 

evolutionary mechanisms, suggesting generative mechanistic reasoning in this domain. 

For example, Allison explained: 

“I guess if you think about evolution, we all came from one common 

ancestor. So they had to obviously develop this mutation. And it...they...I 

don't know, it developed in this vegetation, um, in this rainforest plant 

because of the environment. Or, I guess maybe the mutation just arose 

spontaneously and they kept it because it was favorable. And then this one, 
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well, if it arose, it wasn't...the plant species that came of that mutation 

wasn't favorable, or it was expending too much resources producing that 

protein. So they were killed off during natural selection. So the one that 

survived is the one that isn't poisonous”. 

Other students (14%) hypothesized evolution as the most likely mechanism to 

explain the difference between the two species, but did not connect this mechanism to the 

idea of genetic changes through mutations. These students seemed to rely primarily on 

teleological reasoning to explain why plants became poisonous or not poisonous. For 

example, Victor explains: 

“Um it doesn't need to be [poisonous, refereeing to the mountain plant]. There 

are not any predators, or as many predators that are eating it. That seems to 

make the most sense to me. Cause if the mountain range it, in the mountain range 

animal population is a lot smaller than in the rain forest then the plants don't 

have as many predators, so they don't need to be poisonous. So they never 

adapted to be poisonous.” 

An additional subset of students (14%) did not focus on evolution, but instead created 

alternative hypotheses, such as a response of the two plants to different environmental 

conditions. Some students provided an explanation based on evolutionary mechanisms, 

and then they went on to provide an additional alternative hypothesis. For example, after 

Jane described a ‘gain of function’ mutation mechanism arising in the rainforest 

population and the selection for that trait through animal predation, she went on to 

suggest a different additional explanation.  
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“But it could also be that in the case that in the mountain range there could have 

the poison, but it is just not expressed because it takes energy, and they would 

rather spend their time trying to photosynthesize in the mountain range where 

there is going to be less really good soil, and probably less water, and probably 

less sun light than in the rain forest.” 

Overall, coding results revealed that students were able to use generative 

mechanistic reasoning to hypothesize the involvement of genetic changes in a complex, 

multi-leveled system. However, it should be noted that the ability to think in these ways 

did not mean that students were not still relying to some degree on teleological reasoning 

patterns to understand evolution. We saw several instances in which both forms of 

reasoning were expressed in parallel by an interviewed student.  

  

DISCUSSION 

Features of Expertise in Undergraduate MCB Explanation Building 

 Finding ways to engage students in authentic science is a critical challenge in the 

transformation of undergraduate biology classrooms.  This challenge can be addressed, in 

part, by promoting instruction that fosters students’ understanding of molecular 

phenomena and encourages mechanistic explanation building by scaffolding the 

development of expert reasoning patterns. However, to achieve this transformation, we 

must better understand how students build mechanistic explanations and we must 

investigate ways in which students employ expert forms of reasoning. In this study, we 

illustrate how a framework for experts’ investigation of molecular phenomena in an 
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authentic MCB research setting (based on Darden, 2002; Machamer et al., 2000; Van Mil 

et al., 2013; Craver, 2001, 2002a) is also applicable for characterizing undergraduate 

students’ approach to explanation building in novel settings. Through clinical think-aloud 

interviews with both introductory and upper-division students in MCB courses, we found 

that students were employing many of the forms of reasoning that have been documented 

as being used by experts when they build explanations.  

We discovered that, overall, students in our population were functionally 

subdividing the two novel phenomena of bacterial chemotaxis and plant development and 

evolution into functional modules that explained the sub-activities of the system. In fact, 

students were identifying the same modules for chemotaxis (‘sensing’, ‘signaling’, and 

‘motor’ modules) and plant development (‘cell/tissue differentiation’ and ‘localized 

poison generation’) as MCB experts, as defined through a historical analysis (Van Mil et 

al., 2013) and interviews (see Methods and Supplemental Materials). As suggested by 

Van Mil et al. (2013), the functional subdivision of these phenomena appeared to be 

driven by internal, and likely subconscious, “how” questions: “how are the bacteria 

sensing the stimuli?”, “how can a plant produce poison in some tissues but not others?” 

We also found that when students were given this creative space to consider biological 

phenomena, they hypothesized and instantiated plausible schema in a similar fashion to 

MCB experts. When presented with a task that does not permit the simple recitation of 

learned mechanisms, students were challenged to build plausible hypotheses about the 

components of the system in order to explain these novel phenomena. We saw both 

introductory and upper-division students hypothesizing these plausible schema, often by 

considering sub-activities or key features, such as mutagenesis and hypothesizing the 



183 
 

involvement of key entities and their properties. Similarly to MCB experts, many 

students considered the various features of the problems, selected plausible schema from 

their prior knowledge and experiences, and integrated these schema into the context at 

hand. Although students used a variety of ideas to build their own explanations, we 

observed students instantiating many of the same abstract schema that experts use when 

approaching the two novel contexts. Finally, we observed that many students can think 

flexibly about genetic alterations created by mutations, including a context that asked 

students to think across multiple physical levels (from molecules to tissues to organisms 

and populations).  

There were, however, components of expert-like explanation building that proved 

more difficult for students across the population. First, while many students functionally 

subdivided the target phenomena, some modules were more difficult for students to 

identify than others. For example, in the Bacteria Sensing Probe, the signaling module 

was identified much less often than the sensing module, which was readily identified by 

all students in the study. The ease of identification of the sensing module is likely due to 

its role in initiating the chain of events. However, in order to identify the signaling 

module, it is likely that a student would have to consider the overarching spatial 

organization of the mechanistic events in the bacterial cell. Only by recognizing the 

cellular space separating the “signal reception” events on the cell’s surface and the 

“movement initiation” structures, such as flagella, might one hypothesize the need for a 

“signaling module”. This module serves to create a mechanistic bridge that spans cellular 

space and mechanistic events, i.e., it carries “information” about the stimuli from the 

receptors to flagella. When faced with the Poisonous Peruvian Plant Probe, every student 
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identified the localized poison generation module, but only half identified the cell/tissue 

differentiation module. It is possible that students immediately recognized the need to 

tackle the conceptual problem of poisonous versus non-poisonous tissues. However, in 

order to recognize the need for the cell/tissue differentiation module, one must backward 

chain temporally in the mechanism to explain the less salient conceptual problem of how 

these different tissue arose from a single seed structure. Second, although many students 

were able to consider the effect of mutations across ontological and biophysical levels, 

only a few extended their explanations beyond this to flexibly think through the plausible 

effects of mutations at multiple places along the pathway and consider the role of those 

effects in generating the altered phenotype. Finally, we observed explanations for 

mechanistic events that ranged from productively continuous molecular and cellular 

mechanisms to explanations characterized by teleological or inappropriate non-molecular 

reasoning. Only the top quartile of the student population created molecular mechanisms 

for all functional modules in each individual probe. Their mechanistic explanations, 

however, ranged from detailed mechanistic descriptions down to basic descriptions of a 

single entity and its associated activity. In sum, our results indicate that, although 

students are implementing many elements of authentic scientific inquiry by employing 

several of the expert strategies to problem solving described in our theoretical 

framework, some challenges remain. For example, building cohesive mechanistic 

explanations that describe a productively continuous chain of mechanistic events from 

setup to termination conditions for a novel phenomenon is difficult for many students. 

However, we have demonstrated that despite these challenges, even introductory biology 
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students are able at least to begin employing the strategies necessary to build expert-like 

causal explanations.  

Other studies have explored empirically or hypothesized about problematic ideas 

and novice reasoning patterns in molecular biology and genetics at the K-12 level. These 

studies have identified difficulties in reasoning across the biophysical levels (Van Mil et 

al, 2013; Marbach-Ad & Stavy) and considered, through the lens of conceptual change, 

the development of biological ideas from naïve everyday ideas to basic scientific 

principles (Duncan et al., 2009; Duncan & Reiser, 2007; Duncan & Tseng, 2011; 

Southerland et al., 2001; Venville & Treagust, 1998). We observe some similar patterns 

of conceptual difficulty described by these studies in our undergraduate student 

population. For example, younger students (8-10th grade) often draw on macro level 

mechanisms or anthropomorphized ideas when considering cellular activities or genetic 

events (Duncan & Reiser, 2007; Duncan & Tseng, 2011). When given the Bacteria 

Sensing Probe, 8/9th grade students created explanations about the bacterium’s ability to 

“instinctively sense” stimuli or suggested “human-like senses and mental capabilities” to 

give rise to the observed cellular response (Duncan & Tseng, 2011). When students in 

our population did not create full or partial mechanistic explanations, some students fell 

back on similar non-molecular and human-like sensing mechanisms such as “smelling”, 

intuitive “feeling”, and nerve-like intracellular signaling. Southerland et al. (2001) 

reported frequent use of teleological reasoning across K-12 levels as students explored 

biological phenomena. We observed similar patterns of teleological reasoning, 

particularly as students considered ideas related to evolution. However, these teleological 

reasoning strategies were not frequently observed in our student population and were 
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often used in combination with patterns of partial mechanistic reasoning. And yet, 

overall, our students did not appear to struggle in the same ways as K-12 students when 

explaining macro level genetic phenomena at the cellular and molecular levels (Marbach-

Ad & Stavy, 2000), identifying proteins as central to genetic phenomena (Duncan & 

Reiser, 2007; Duncan & Tseng, 2011), or understanding genes as carrying instructions 

for protein structure (Duncan & Reiser, 2007; Duncan & Tseng, 2011, Venville & 

Treagust, 1998). For the most part, our student population carried basic ideas about 

mutations from the “informational” level of genes to alterations in protein structures, 

thereby altering protein function and leading to specific alterations in cellular activities or 

population-level events. They frequently hypothesized and describe the role of specific 

proteins in the target systems and described the impact of genetic changes on protein 

structure.  

Students’ Generative Mechanistic Reasoning 

 Generative reasoning, by definition, involves hypothesizing plausible ideas, not 

simply reciting memorized mechanisms (Duncan, 2007; Clement, 2013). Approaching 

these novel probes by using generative mechanistic reasoning is not simply an exercise in 

creative thinking. In this novel explanation building context, generative reasoning 

appears to be productively constrained by domain-specific reasoning. Although students 

hypothesized a variety of ideas in response to the probes, we observed patterns of 

common plausible schemas, with many of these schemas aligning with the schemas 

employed by experts building explanations in the same biological contexts. These 

findings suggest that domain-specific reasoning constrained the cuing and transfer of 

common schema from prior students’ prior knowledge. For example, we observed most 
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students across our population cuing and incorporating the same schema as experts in the 

field, such as “receptor-mediated cellular signaling” and “differential gene expression”. 

However, a continuum of expertise was clear as students worked to instantiate these 

schema into the context and create descriptive mechanisms.   

 By studying patterns of generative multi-level mechanistic reasoning among 

undergraduate students, we can begin to build a framework for what we can expect from 

students at this level of educational development. Many DBER studies have focused on 

characterizing previously unknown misconceptions, misconnected ideas, and barriers to 

learning in MCB classrooms, with the aim of better informing instructional design and 

promoting teaching strategies that foster the development of deep understanding. These 

foundational studies have laid the groundwork for understanding student learning in this 

complex field and have opened our eyes to the learning barriers in our classrooms. 

However, it is important that we do not underestimate our students in light of these issues 

(Maskiewicz & Lineback, 2013). We have shown here that despite many well-

characterized misconceptions and barriers to learning in MCB classrooms, many students 

at the undergraduate level are using expert-like reasoning, with the execution of these 

strategies naturally falling on a continuum of successful implementation. By 

demonstrating how undergraduates are using these reasoning strategies at both 

introductory and upper-division levels, we provide evidence of the potential for expertise 

development in this population. 

Taking the Philosophy of Science into Undergraduate MCB  

 Many national reform movements have called for educators to make science 

education more authentic to the practices of scientific researchers (AAAS, 2011; NGSS, 
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2013; Auchincloss et al., 2014; Wei & Woodin, 2011). Ideas from the philosophy of 

science have proved useful tools for rethinking science classrooms (Matthews, 2014). In 

the context of biology, examples include encouraging Model-Based-Reasoning 

(Nersessian, 2008) in K-12 classrooms (Lehrer & Schauble, 2006; Passmore et al., 2009) 

and similar ideas in K-12 genetics education (Gericke & Smith, 2014). The current study 

represents one of the first efforts to apply several domain-specific reasoning strategies 

from the philosophy of science into largely unexplored area of student learning.  

Much of what we know from the philosophy of science about expert reasoning 

patterns in MCB has been created through compiled hindsight, the process of analyzing 

historical scientific discoveries and extracting the reasoning strategies used to generate 

the discoveries (Darden, 2002). In order to utilize these discoveries to aid in thinking 

about student learning, it is important to empirically illustrate the ways in which students 

may use these reasoning patterns. Russ et al. (2008) did exactly this when they took the 

groundbreaking work of Marbach et al. (2000) and adapted it into a framework for 

analyzing students’ mechanistic reasoning, illustrating the themes through empirical 

evidence from young students’ explanations. Similarly, Bolger et al. (2012) explored 

young students’ employment of mechanistic reasoning strategies when considering lever 

systems. Van Mil et al. (2013) expanded on the idea of mechanistic reasoning, 

incorporating additional themes from the philosophy of science (Darden, 2002). Through 

an analysis of the literature on student ideas in MCB and a historical analysis of the 

discovery of bacterial chemotaxis, Van Mil et al. (2013) hypothesized: 1) that mechanism 

such as functional modules that span the molecular to cellular levels are particularly 

challenging for students, and 2) five heuristics that experts may use when creating 
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explanations in MCB. In this study we aimed to empirically define students’ reasoning 

patterns drawing from the framework described by Van Mil et al. (2013). We discovered 

that this framework could be directly applied to students’ explanations in our population. 

This finding suggests that most MCB students at this level have begun to adopt an 

approach to explanation building that utilizes generative mechanistic reasoning. Further, 

our findings suggest specific links between expert reasoning and student reasoning that 

might be useful for assessment of undergraduate student reasoning or evaluation of 

instructional materials.  

Implications for Education  

Barriers to learning that are related to domain complexity must be answered with 

efforts to support learning processes that encourage greater cognitive flexibility (Spiro et 

al., 1992). The results of this study support the use of problem solving to encourage 

generative mechanistic reasoning among undergraduate biology students. By 

incorporating opportunities for generative reasoning and domain-specific problem 

solving strategies into novel biological contexts, these types of problems can be used to 

promote and assess cognitive flexibility in undergraduate MCB courses. Because 

thinking and learning in this field is notoriously difficult for students, we must provide 

ample opportunities for students to engage in authentic scientific inquiry.  

By examining student responses to two explanation building probes involving 

novel biological contexts, we demonstrated that generative mechanistic reasoning 

patterns can be used by students, even in non-experimental and non-laboratory contexts. 

As instructors, we must present students with the opportunity and cognitive space to play 

with ideas, create hypotheses, manipulate schemas and test out domain-specific forms of 
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reasoning on mechanistic explanation building. Utilizing generative reasoning to derive 

mechanistic explanations for biological phenomena is an essential component of 

conducting scientific research.  By using cognitive tasks like those presented here, 

instructors allow students the opportunity to engage in aspects of authentic scientific 

inquiry that do not depend on research experiences in a laboratory setting. We see these 

tasks as a way to augment authentic, course-based laboratory experiences or 

undergraduate research opportunities.    

In order to serve as a useful educational tool in classrooms with students who 

have diverse conceptual understandings and educational backgrounds, problems should 

be accessible to students with less expertise and yet pose little limitation on the 

generative reasoning of those with greater expertise. The problems we used were 

accessible to students at different education levels and different levels of content 

knowledge. Every student, with one exception, was able to provide an explanation for the 

phenomena we posed. And in most cases these explanations were plausible. These same 

tasks enabled a subset of students and the experts we interviewed to provide detailed 

mechanistic explanations that included often included multiple plausible ideas. One of the 

tasks we used, the Bacteria Sensing Probe, has even been shown to be accessible to 

middle and high school biology students (Duncan & Reiser, 2007; Duncan & Tseng, 

2011). Our research calls for further development and use of such problem solving 

activities in undergraduate classrooms in order to encourage generative mechanistic 

reasoning at many different levels of conceptual understanding. 

National reform efforts have established goals for better alignment in 

undergraduate biology instruction with authentic scientific practices (AAAS, 2011; 
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NGSS, 2013). In response, many undergraduate biology programs have begun work 

toward incorporating disciplinary practices and skills, with a large efforts focused on 

creating authentic research experiences (Auchincloss et al., 2014; Wei & Woodin, 2011). 

However, the results of this study suggest that promoting the integration of learning 

objectives between content and cognitive reasoning skills is possible in undergraduate 

biology content-focused classrooms as well. By presenting students with frequent 

opportunities to engage in hypothesis generation and explanation building in novel 

contexts, we can encourage the development of scientific inquiry skills even in non-

laboratory settings. In order to foster greater cognitive flexibility among our students, we 

must first work to further understand how these expert cognitive reasoning skills develop, 

and second, give students frequent practice with authentic scientific inquiry in a variety 

of contexts.  
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FIGURE LEGENDS 

Figure 1. Sally’s sketched model of bacterial chemotaxis. 

Figure 2. Coded responses to the Bacteria Sensing Probe, Question 1. N=43.  

Figure 3. Coded responses to the Poisonous Peruvian Plant Probe, Question 1. N=24. 

Question were coded for whether they were “mechanism”, “identify”, or “not mentioned. 

The “mechanism” codes were given additional descriptors that represented the different 

biophysical levels of mechanisms described. Six transcripts were given more than one of 

the level-representative descriptors. 
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TABLES 

Table 1. Mechanistic Coding Scheme for Bacteria Sensing Probe 

 Sensing Module  Signaling Module Motor Module 

Module Not 

Mentioned 

Student does not 

mention any entities, 

activities, or general 

function for the 

sensing module. 

Student does not 

mention any entities, 

activities, or general 

function for the 

signaling module. 

Student does not 

mention any entities, 

activities, or general 

function for the 

motor module. 

Module 

Identified 

Only 

Student identifies that 

the bacteria senses its 

surroundings, even 

when cued from 

prompt introduction. 

Student identified that 

the bacteria has some 

type of intracellular 

signaling event. This 

description may be 

general or vague, or 

cued from prompt 

introduction.  

Student identifies that 

the bacteria 

undergoes some type 

of motion. This 

description may be 

general, vague, or 

cued from prompt 

introduction 

Non-

Molecular 

Mechanism 

Student provides a 

mechanism that is 

general and/or not 

primarily at the 

molecular biophysical 

level. The mechanism 

does not contain 

molecules. This may 

include mechanisms 

describing cilia organs 

as key sensing entities.  

Student provides a 

mechanism that is 

general and/or not 

primarily at the 

molecular biophysical 

level. The mechanism 

does not contain 

molecules. 

Student provides a 

mechanism that is 

general and/or not 

primarily at the 

molecular 

biophysical level. 

The mechanism does 

not contain 

molecules.  

Isolated 

Entity  

Student provides a 

single entity (such as a 

receptor), or more than 

one entity (such as a 

receptor and “ligand”) 

that do not perform 

any actions or contain 

causal connectors.  

Student provides a 

single entity (such as a 

kinase or signaling 

molecule), or more than 

one entity, that do not 

perform any actions or 

contain causal 

connectors. 

Student provides a 

single entity (such as 

a flagella or cilia), or 

more than one entity 

that do not perform 

any actions or contain 

causal connectors. 

Molecular 

Mechanism 

Student provides, at 

minimum, an entity 

and an activity. The 

boundaries of the 

sensing module will 

end with the entity and 

actions of a receptor, 

any intracellular 

signaling is considered 

Student provides, at 

minimum, an entity and 

an activity. The 

boundaries of the 

signaling module will 

end with proteins that 

bind/activate motor 

proteins, any motor 

protein activation is 

considered a part of the 

Student provides, at 

minimum, an entity 

and an activity.  This 

may include use of 

reasonable analogies 

such as “the flagella 

work like arms to 

help it move”.  
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part of the signaling 

module.  

motor module. Isolated 

use of the phrase 

“signaling cascade” will 

not be categorized as a 

mechanism or isolated 

entities.  

 

 

 

Table 2. Mechanistic Coding Scheme for Poisonous Peruvian Plant Probe 

Responses 

 Cell/Tissue Differentiation Localized Poison Generation 

Module 

Not 

Mentioned 

Student does not mention growth, 

cell differentiation, or even that the 

seed gives rise to different parts of 

the plant 

Student does not mention the 

plant containing poisonous vs. 

non-poisonous parts 

Module 

Identified 

Only 

Student mentions that as the plant 

grows, cells/tissues must specialize. 

This might include responses like 

mentioned that the plant grows 

different parts from the same seed 

or that cells must differentiate 

during development, without 

describing a mechanism as to how 

Student mentions that the poison 

must end up in the leaves and 

fruit, but not in the roots and 

branches, without describing a 

mechanism as to how 

Mechanism Student describes a mechanistic 

process, including at least an entity 

and an activity, for cell/tissue 

differentiation or simply describes 

the development of different parts 

of the plant. Make notes as to 

whether the mechanism is at the 

molecular, cellular, tissue, or 

population/evolutionary level. Make 

note when teleological 

Student describes a mechanism 

by which poison ends up in the 

leave and fruit but not in the 

branches and roots, including at 

least an entity and an activity. 

Make notes as to whether the 

mechanism is at the molecular, 

cellular, tissue, or 

population/evolutionary level. 

Make note when teleological 
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SUPPLEMENTAL MATERIALS 

SM1: Expert Responses to Poisonous Peruvian Plant Probe:  

Transcript of Interview with Expert 1 

Expert 1: [Reads question 1] “So the answer in my mind would be that a 

seed, a seed actually has a lot of differentiated cells in it already and in 

some of those differentiated cells you are going to generate the, well in the 

meristems that are in the seed you are going to generate the leaves and the 

fruit, but you just have... and those cells are not yet differentiated, but 

once they differentiate, then you are going to have... differentiation will 

lead to specific cell types and in those cell types you will have 

transcription factors that bind to the enhancers of whatever proteins are 

needed to make this particular protein. So that's one possible mechanism. 

Another possible mechanism might be that there's some kind of 

environmental component, maybe herbivory, of the plant that actually 

leads to induction of the transcription of the poison. Ok. That's less likely 

because...” 

Interviewer: “Can you tell me more [about] what that would be?” 

Expert 1: “Well that would mean you have a chewing response, wound 

response in the leaves that signals to the cells in the leaf that are wounded 

and to the surrounding cells, and then you generate the toxin.” 

Interviewer: In other words as-needed 
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Expert 1: ‘As-needed’ [inaudible additional comment] 

Interviewer: “Gene expression” 

Expert 1: “Yah, exactly. So but this says that the leaves and the fruit are 

poisonous and it doesn't really say that they are necessarily always 

poisonous or not always poisonous or only poisonous after feeding, so 

that seems less obvious.” 

Interviewer: “Ok so the first, just to recap then, would be that you start of 

as a seed with the, the different cells will differentiate differently, and then 

that will…” 

Expert 1: “And the seeds, the cells that give rise to the leaves and the fruit 

are definitely in seed they're stems cells, they're complete stem cells 

there's no differentiation at all at that point. So…” 

Interviewer: “Ok and then as they then develop into these tissues there is 

going to be a change” 

Expert 1: “Yah there'll be some, a series of changes in cell type and in the 

suite of transcription factors that are activated in those particular cells, is 

how I would describe it.” 

Interviewer: ‘Ok. Do you want to talk about this one?” 

Expert 1: [Reads second question] “The second one is a little bit harder, 

so I like this one. I mean this is a good question. So if the poison is not 

made it could be because you've had, you know the enzymes are all there 
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but you've had a mutation and it's no longer needed so that mutation has 

rendered that gene that makes that protein non-functional. The other 

possibility is that you have in either population either selection for making 

the poison or selection against needing to make it. It's kind of hard to 

make a poison, so it's probably the case that it is now no longer necessary, 

but it could happen either way. And then the other possibility is that you 

don't have as much, you don't have as much foraging here, so then again 

environmentally, you don't produce the conditions that induce the 

production of the compound.” 

Interviewer: “Going with the first hypothesis, as it's not due to the animals 

actually feeding that causes the, could you expand on what you mean by 

the selection stuff that you were talking about?” 

Expert 1: “Yah so basically the idea would be here that you have maybe, 

the question is what would happen, what would be the case in the 

ancestor, if the ancestor is having this case where you have the poison, it's 

pretty easy to break a system and have the poison not be made, that would 

be advantageous to the plant because you wouldn't need the energy to 

make the poison if you don't need it. Here you are making the poison all 

the time, so that has a cost. So, the other thing, the other case would be 

that the ancestor doesn't have the poison somehow you've got some 

mutations that have changed, that then allow you to make the poison, and 

then obviously you would have selective advantages here that allow you to 

make the poison, so you can't...” 
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Interviewer: “Here in the place where there is a lot of animals.” 

Expert 1: “Yah, and you can't really rule out the real possibility unless 

you look evolutionarily at the ancestors.” 

Interviewer: “Thank you...” 

Expert 1: “It could also be, I mean the energy thing is interesting so it 

could be that under, that you only get a poison under cases where you get 

good growth, and maybe when you don't have good growth, when plant 

life is less diverse and more sparse, and where nutrients are limiting 

maybe you don't have the energy to actually make the poison, so that's an 

interesting idea.” 

Interviewer: “Ok thank you!” 

Expert 1: “I don't have a mechanism for that, I know there are some, but I 

don't have a mechanism, so...” 

 

Transcript of Interview with Expert 2 

Expert 2:  [Reads question 1] “So the first one to me, that you have some 

protein is likely to be responsible for the poison. And it's likely under 

different temporal and spatial control via its promoter region. So that the 

promoter has regions specific for, what's the poisonous part?" 

Interviewer: “The leaves and the fruit” 
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Expert 2: “The leaves and the fruit. So that's how, that's how I would look 

at that problem. And then the second problem, why is the mountain one... 

So we don't know if it's the same species, it could just be a look-alike, and 

so the way to approach finding that out would be to get in and look at the 

DNA and see how similar the DNA is, alternatively if we discover that it is 

the same species but you just have a variant population that may have lost, 

it would have a small deletion it is promoter, or even just a snip that could 

give rise to some difference in the expression of the poison protein.” 

Interviewer: “Ok thanks, that's I think exactly what we were hoping for! 

Because something we have been thinking when looking at the first 

question we are trying to figure out if we are trying to systematically look 

for certain ideas among our students, then the two ideas we came up with 

for the first question was are they talking about cell differentiation, and 

are they talking about gene expression, differential gene expression as 

being like the two things you would need, like underlying principles you 

would need to think about. Would you agree with that?” 

Expert 2: Yah, I would say they [students] have a very hard time with that! 

[Continued conversation about student ideas, then Expert 2 asked to read 

the second question] 

Expert 2: “But the second question is one that we are having a harder 

time figuring out, like what underlying principles do you need to know in 

order to talk about this. And I'm thinking natural selection and evolution, 
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you know depending on how you talk about those, we're thinking 

something along the lines of loss or gain of function. In terms of you have 

to think about mutations. And I'm, I don't know.... And talk about its 

population variation. So the whole idea that you can have polymorphism 

in a population and those are the sorts of things, it's all the stuff they 

should learn in [a specific course in the major] and if they took any 

further evolution [classes]. But population variation arises from genetic 

variation and minor changes in a DNA region can lead to rather 

significant changes in morphology, right, or physiology or function or 

whatever.  

Interview: “Yah and maybe that's something to add to this [the way the 

research team is thinking about the problem], because when we wrote this 

we just assumed that they would talk about genetic changes giving rise to 

an ancestor giving rise to two different looking, or acting, types. But one 

of the things that we are hearing them saying is "well they aren't getting 

the signals from the environment that they need in the mountains, to 

develop the poison" which is… do you feel like that is? I feel like that's a 

valid explanation.” 

Expert 2: “Yah, so if there's some environmental cue that the leave and 

the seed need, oh yah I think that is a valid answer because they are cuing 

on that it's different, yah that's fine.” 
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SM2: Mechanistic Coding Schemes with Illustrative Examples 

Bacteria Sensing Probe Coding Scheme with Examples 

Each code category is generally described, with an exemplifying quote from student 

responses. These examples are all taken from the ‘sensing module’ to present contrasting 

descriptions of each code category.  

 

Molecular Mechanisms Code: 

Description of the Code: 

Responses were coded as “molecular mechanism” if students provided, at minimum, one 

entity and its associated activity. Each functional module (‘sensing’, ‘signaling’, and 

‘motor’) were coded individually. The boundaries between modules were as follows: 1) 

the ‘sensing module’ began with stimuli recognition and ended with the entity and 

actions of a receptor, 2) any intracellular signaling was considered part of the ‘signaling 

module’, and 3) the ‘motor’ module begins with proteins that bind/activate ‘motor’ 

structures and ends with movement related actions.  

Example from ‘Sensing Module’: 

I would imagine that the bacterium has receptors in its cell membrane that 

are made up of integral [membrane] proteins. When the correct signaling 

molecule, either sugar or some kind of poison that will be toxic to the 

bacteria, interact with those proteins, then it will trigger some kind of cell 

response. 

Evan, Introductory Student 

Isolated Entity Code:  
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Description of the Code: 

Responses were coded as “isolated entity/entities” if students provided a single entity or 

entities that do not perform any molecular activities or contain causal connectors. These 

single entities were often receptors for the ‘sensing module’, a single kinase or signaling 

protein for the ‘signaling module’, and flagella or cilia for the ‘motor module’.  

Example from ‘Sensing Module’:  

“Well because bacteria are unicellular, there is receptors on the outside 

of the cell.” 

Alexis, Upper-division Student 

Non-Molecular Mechanism Code:  

Description of Code:  

Responses were coded as “non-molecular mechanisms” if a student provides a response 

including a mechanism that is vague or general, and/or not primarily at the molecular 

biophysical level (i.e., not containing key molecular entities).  

Example from ‘Sensing Module’: 

“Um so I guess things like smell have to do with it. Not necessarily smell 

but like um, like what comes off the food or the poison has to do with the 

senses of the bacteria.”  

Victor, Introductory Student 

Identify Only Code:  

Description of Code:  

Responses were coded as “identify only” if the student simply identified that the bacteria 

1) senses its surroundings for the ‘sensing module’, 2) induces some type of intracellular 
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signaling event for the ‘signaling module’, and/or 3) undergoes some type of motion for 

the ‘motor module’. 

Example from ‘Sensing Module’:  

“So, um, I am just thinking that sugar and poison are stimulus somehow 

and they probably affect the environment and therefore affect how the 

bacteria respond to it.” 

Bianca, Upper-division Student 

Not Mentioned Code:  

Description of Code:  

Responses were coded as “module not mentioned” if the student’s response did not 

mention any entities, activities, or general function of the target functional module. 
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Poisonous Peruvian Plant Coding Scheme with Examples 

Each code category is generally described, with an exemplifying quote from student 

responses. These examples are all taken from the ‘localized poison generation module’ to 

present contrasting descriptions of each code category. 

 

Mechanism Code:  

Description of Code:  

Responses were coded as “mechanisms” if students described a mechanistic process, 

including at least one entity at its associated activity. Each functional module (‘cell/tissue 

differentiation’ and ‘localized poison generation’) were coded individually. The 

‘cell/tissue differentiation module’ included descriptions about the process of cell 

differentiation during development, with different plant tissues or parts developing from a 

single seed. The ‘localized poison generation module’ included descriptions of the 

mechanistic events by which the leaves and fruit, but not the branches or roots, gain this 

poisonous feature. Notes were made for each module as to whether the categorized 

mechanisms was at the molecular, cellular, tissue, or population/evolutionary level.  

Example from ‘Localized Poison Generation Module’:  

“So, in any specific cell in the body of a multicellular organism, not all of 

the genes are active because then you wouldn't have any differentiation 

between the cells. So, there's probably specific genes that are involved in 

making leaves and fruit poisonous and branches and roots non-poisonous, 

and they're probably-- whatever's coding for the poison is turned on in the 

leaves and the fruit, but that gene would probably not be turned on in the 
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branches and roots […]: So, it's probably more of a regulation thing on 

the DNA. So, maybe in the branches and roots that DNA sequence that 

codes for the poison is wrapped up in histones, or maybe there's a 

repressor on that particular gene so RNA polymerase can't bind to it. Or 

there's a lack of the enhancers that RNA polymerase needs to bind to that 

piece of the DNA. So the mRNA transcript is never made in those 

particular cells.”       Sally, 

Upper-division Student 

 (Mechanism noted by coders as “molecular”) 

 

 

Module Identified Only Code:  

Description of Code:  

Responses were coded as “module identified only” when students simply mentioned 

plant growth and/or the idea that cells/tissues must specialize for the ‘cell/tissue 

differentiation module’, and when students simply mentioned that the poison must end up 

in the leaf and fruit structures, but no in the root or branch structures for the ‘localized 

poison generation module’ without describing a mechanism that explains how these 

events might occur.  

Example from ‘Localized Poison Generation Module’:  

 “And so, some cells, for whatever reason, are destined to become these 

poisonous ones, and other ones in different parts of the plant are non-
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poisonous, the same way that an ear is supposed to become an ear and a 

liver is supposed to become a liver.” 

Michelle, Upper-division Student 

 

Module Not Mentioned Code:  

Description of Code:  

Responses were coded as “module not mentioned” if students did not mention growth, 

cell differentiation, or even that the seed gives rise to different parts of the plant for the 

‘cell/tissue differentiation module’. This code was also given to responses that did not 

mention the plant as containing poisonous verses non-poisonous parts for the ‘localized 

poison generation module’.    
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