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ABSTRACT

Understanding genetic mechanisms affords the ability to provide causal explanations
for genetic phenomena. These mechanisms are difficult to teach and learn. It has been
shown that students sometimes conceive of genes as traits or as trait-bearing particles. We
termed these “nonmechanistic” conceptions of genetic phenomena because they do not
allow the space required for a mechanism to exist in the learner’s mind. In this study, we
investigated how ninth- and 12th-grade students’ conceptions of genetic phenomena af-
fect their ability to learn the underlying mechanisms. We found that ninth- and 12th-grade
students with nonmechanistic conceptions are less successful at learning the mechanisms
leading from gene to trait than students with mechanistic conceptions. Our results suggest
that nonmechanistic conceptions of a phenomenon may create a barrier to learning the
underlying mechanism. These findings suggest that an initial description of a phenomenon
should hint at a mechanism even if the mechanism would be learned only later.

INTRODUCTION

Mechanisms are central to understanding and describing how phenomena are gener-
ated. Scientists use mechanisms to explain, predict, and control natural phenomena
(Craver and Darden, 2013). In science education, there has been a focus on promoting
mechanistic explanations over teleological and anthropomorphic ones (Tamir and
Zohar, 1991; Abrams and Southerland, 2001). The importance of mechanistic reason-
ing lies in its use to suggest mechanisms underlying unexplored phenomena (van Mil
et al., 2013).

In the past two decades, research in biology education had put much emphasis on
students’ understanding of genetic mechanisms (e.g., Marbach-Ad and Stavy, 2000;
Stewart et al., 2005; Duncan and Tseng, 2011; Freidenreich et al., 2011; Shea et al.,
2015; van Mil et al., 2016). These studies show that understanding genetic mecha-
nisms is challenging. Specifically, students have difficulty understanding the genetic
mechanisms by which genes determine traits (Lewis and Kattmann, 2004; Dos Santos
et al., 2012; Gericke and Wahlberg, 2013). When referring to gene-to-trait mecha-
nisms, we relate to the more general process leading from gene to protein production
in a cell, the so-called central dogma in biology, as well as to more specific cellular
mechanisms leading to the expression of different traits. The differences between
these mechanisms lie in the various functions of the translated proteins (e.g., protein
kinase, cellular receptor) and, accordingly, their involvement in many cellular pro-
cesses leading to traits (e.g., eye color, height).

It has been shown that students of various ages often conceive of genes as passive
particles passed from parents to offspring (Venville and Treagust, 1998). Even when
students conceive of genes as controlling traits, they experience difficulties explaining
how this occurs (Marbach-Ad and Stavy, 2000; Duncan and Reiser, 2007; Todd and
Kenyon, 2015).

High-school students struggle with explaining what genes are (Marbach-Ad and
Stavy, 2000). Similarly, students often use explanations that imply that genes are traits
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or carry traits (Lewis and Kattmann, 2004; Venville et al.,
2005). These alternative conceptions of genes were suggested
to stem from using the terms “genes” and “traits” interchange-
ably (Thorne et al., 2013). Conceiving of genes as traits or as
carriers of traits could be educationally problematic, because
this view may abolish the need for a mechanism; as such, it may
form a barrier to learning about possible mediating mecha-
nisms (Lewis and Kattmann, 2004; Venville et al., 2005; South-
ard et al., 2016).

Although many studies have characterized the difficulties
experienced by students in understanding the mechanisms by
which genes determine traits and have focused on improving
instruction, less attention has been paid to the origin of the
differences in students’ gains from such instruction—the rea-
son some students fail to understand these mechanisms,
while others succeed with the same instruction. As already
noted, conceiving of genes as traits, or as trait-bearing parti-
cles, is suggested to hamper the learning of the mechanisms
by which genes affect traits, because these alternative
conceptions abolish the need for such mechanisms in the
learner’s mind.

During our evaluation of students’ understanding of the
mechanisms underlying genetic phenomena, we frequently
identified the aforementioned alternative conceptions. We were
interested in assessing how these conceptions might affect stu-
dents’ understanding of the underlying mechanisms. Assessing
the relationship between students’ conceptions of genetic phe-
nomena and their ability to understand genetic mechanisms
may shed light on the origin of students’ difficulties in this field:
Is it only the objective, an intrinsic difficulty of the domain, or
does it also have a subjective origin that is dependent on stu-
dents’ conception of genetics?

In this study, we investigated how ninth- and 12th-grade
students’ conceptions of genetic phenomena, namely, their
understanding of the relationship between genes and traits,
affect their ability to learn the mechanisms underlying genetic
phenomena. Specifically, we asked,

1. What is the prevalence of alternative conceptions of the rela-
tionship between genes and traits among ninth-grade stu-
dents who have not yet learned genetics in school?

2. Do these possible alternative conceptions affect learning the
gene-to-trait mechanisms in high school, and how?

THEORETICAL FRAMEWORK

Difficulties in Understanding Genetic Mechanisms

In biology, the importance of molecular mechanistic reasoning
lies in its use to generate ideas and hypotheses about the mech-
anisms underlying unexplored biological phenomena (van Mil
et al., 2013). In the field of genetics, explanatory models of
classical genetics extend into the realm of the cellular and mole-
cular mechanisms underlying patterns of inheritance. The abil-
ity to provide a causal explanation for genetic phenomena is
limited without an understanding of these mechanisms (Stew-
art et al., 2005; Duncan and Reiser, 2007). In addition, knowl-
edge about the mechanisms by which genes determine traits
allows understanding the hierarchy of biological processes
through which the environment can influence an organism.
This understanding may prevent notions of genetic determin-
ism (Venville et al., 2005).
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Research shows that, despite its importance, understanding
these mechanisms is challenging (e.g., Marbach-Ad and Stavy,
2000; Duncan and Reiser, 2007; Freidenreich et al., 2011;
Haskel-Ittah and Yarden, 2017). Marbach-Ad and Stavy (2000)
reported that ninth- and 12th-grade students offer explanations
for organisms’ traits by using the concept “gene,” but cannot
explain what a gene is or how it affects traits. In addition, the
authors showed that students fail to grasp the connection
between protein and trait. This may be the result of a limited
understanding of proteins and their relationships with higher
organizational levels. Thus, students are often not aware of the
central roles played by proteins in biological processes, and
they do not presume that biological phenomena with genetic
origins are mediated by proteins.

Learning molecular genetic mechanisms is not sufficient for
the understanding that these mechanisms explain genetic phe-
nomena. Several studies have shown that students sometimes
separate knowledge about the phenomena from knowledge
about molecular components that take part in executing these
mechanisms (Duncan and Reiser, 2007; Gericke and Wahlberg,
2013; Haskel-Ittah and Yarden, 2017). When students were
asked to connect different genetic concepts, they connected
genes to traits and separated these two concepts from mole-
cular concepts, such as enzymes or proteins, which are central
parts in genetic mechanisms (Marbach-Ad, 2001). Gericke and
Wahlberg (2013) reported that upper secondary-level science
students have distinct clusters of molecular genetic concepts
and of concepts related to classical genetics. This information is
in accordance with a study that indicated that novice under-
graduate students form mainly nonmechanistic connections
between genetic concepts, and it is only during their studies
that some students move toward more functional, causal, and
mechanistic connections (Southard et al., 2016). Results
obtained by Southard et al. (2016), Gericke and Wahlberg
(2013), and Marbach-Ad (2001) indicated that difficulties in
understanding how molecular genetic mechanisms explain
genetic phenomena are widespread among students of all ages.

One of the reasons for these difficulties is that the mecha-
nisms involved are incoherently presented in textbooks and by
teachers (Gericke and Hagberg, 2007; Flodin, 2009; Thérne
and Gericke, 2014). For example, proteins—central entities in
the gene-to-trait mechanisms—are described as the products of
genes, while at the same time, the gene’s role is described as
affecting traits. This has been shown to be a major source of
confusion that might eventually lead to the conception of genes
as having two distinct roles—one being protein production
and the other being trait determination (Gericke et al., 2013;
Gericke and Wahlberg, 2013).

Several studies have indicated the importance of emphasiz-
ing the role of proteins as mediators between genes and traits
when teaching genetic phenomena (Lewis and Kattmann,
2004; Duncan et al., 2009; Todd and Kenyon, 2015). Duncan
et al. (2009) proposed a learning progression (LP) for learning
genetics. This LP offers various basic ideas in genetics that
should be learned progressively, starting in the fifth grade. Basic
ideas are presented in the early stages of the LP, and as students
move along the progression, their understanding of this com-
plex process increases. Ideas include the dual understanding of
genes as instructions for proteins and proteins as mediators
between genes and traits.
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Several instructions that were built upon this LP were shown
to improve, to a certain extent, students’ understanding of
the mechanisms by which genes determine traits. However,
these studies also indicated that a nonnegligible number of stu-
dents do not improve as much as others (Duncan et al., 2011;
Freidenreich et al., 2011; Todd and Kenyon, 2015; Haskel-Ittah
and Yarden, 2017). These findings were similar when instruc-
tions were not based on the LP (Reinagel and Speth, 2016).

Learning the Underlying Mechanisms

Mechanisms are composed of entities and activities that are
organized in a specific manner. Entities are the physical parts in
the mechanism, and activities are the things that the entities do
(Machamer et al., 2000; Craver, 2001; Darden, 2008). Entities
in a mechanism have specific properties, such as shape and ori-
entation, which allow them to perform certain activities that
will produce the change underlying the phenomenon (Boogerd
et al., 2005; Craver and Darden, 2013). Thus, understanding a
mechanism means understanding the characteristics of its
entities, the relationship between them, and how they are
organized.

For example, the mechanisms by which genes affect traits
include the entities genes with specific DNA sequences, proteins
with specific structures, other substances that interact with the
proteins, certain kinds of cells that are affected by the proteins’
activities, and so on. The relationship between these entities
may be, for instance, that a gene encodes a protein or that the
protein binds with another substance, affecting the cells in a
certain way.

The entities and activities in a mechanism can be schemati-
cally represented by the names of the entities connected by
arrows that represent activities. Craver and Darden (2013)
described various potential flaws in such schemas. A schema
such as A — D, instead of A - B — C — D, is classified as a
superficial description. This representation merely describes a
phenomenon and is thus termed a “phenomenal model”
(Craver, 2006; Craver and Darden, 2013). Phenomenal models
do not describe a mechanism; however, they do suggest a causal
relationship that allows space for a mechanism to exist in the
learner’s mind. This means that although the schema gene —
trait does not describe a mechanism, it holds the potential to
discover one, thus reflecting mechanistic conception of the phe-
nomenon. In contrast, the nonmechanistic schema derived
from stating that genes are traits, which can be represented as
gene = trait, does not. The schema gene = trait describes the
phenomenon incorrectly by not allowing, and not even reflect-
ing, the need for the existence of a mediating mechanism. A
similar case is the description of genes as bearing or composed
of traits, which can be described schematically as gene c trait.
This gene c trait description, similar to the gene = trait one,
does not hold the potential for the existence of a mechanism,
and therefore also reflects a nonmechanistic conception.

We were interested in understanding how the two cases of
nonmechanistic conceptions of genetic phenomena, which we
represent as gene C trait, as opposed to gene — trait , might
affect the learning of the underlying mechanisms. We hypothe-
sized that such conceptions of the phenomena would affect
the learning of genetic mechanisms, because in the course of
learning, students form connections between new knowledge
and their prior knowledge (Ausubel, 1963). The conception
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gene — trait may allow the integration of knowledge about
entities, such as proteins, with the prior knowledge. This inte-
gration probably occurs because describing genes as affecting
traits suggests a causal relationship that may be mediated by
other entities. However, the conceptions gene C trait may not
allow this space for a mechanism, thereby preventing the inte-
gration of knowledge about entities involved in a possible
underlying mechanism into these conceptions.

METHODS

The Context of the Study—the “Learning Genetics on the
Fly” Environment

“Learning Genetics on the Fly” (stwww1.weizmann.ac.il/1gof)
is a teaching and learning environment that is based on authen-
tic examples from the genetics of the fruit fly, Drosophila mela-
nogaster. This learning environment consists of a “fly lab” and
computational activities. When this study was conducted, the
learning activities were assimilated into the Moodle learning
management system. The learning activities deal with the role
of proteins in mediating the formation of traits through genes
and were specifically designed to support understanding of this
issue. Each activity focuses on one gene and prompts the stu-
dents to construct explanations regarding the proteins encoded
by specific genes as mediators between the genes and visible
traits in the fly. We previously showed that use of this learning
environment improves 10th-grade students’ understanding of
the mechanism mediating between genes and traits (Haskel-
Ittah and Yarden, 2017).

Population

Prevalence of the nonmechanistic conception gene C trait
(research question 1) was characterized among 152 students in
the ninth grade from three different schools. For assessment of
the effect of this conception on learning genetic mechanisms
(research question 2), analysis was focused on another group of
ninth-grade students (n = 21) (who learned in two different
classes taught by the same teacher) and 25 students in the 12th
grade. These 12th graders were part of a group of 30 students
from two different classes. We focused on only the 25 students
who formed a link between the concepts “gene” and “trait.” Out
of these 25 students, 18 were taught by one teacher and seven
by another. The ninth-grade students performed one computa-
tional activity in the environment that focused on how a certain
protein is involved in a genetic mechanism. Their teacher used
other examples from the learning environment to stress the cen-
tral role of proteins in genetic mechanisms. The 12th graders
performed two activities, each focusing on a different protein.
In these activities, students were asked to explain how a specific
gene and its different variations, termed “alleles,” affect the fly’s
appearance. Posttests were administered after the activities
were completed.

Data Sources and Analysis

To evaluate the prevalence of the gene c trait conception
among ninth-grade students, we analyzed concept maps cre-
ated by the 152 students. Concept mapping is a technique for
externalizing concepts and the propositions that express the
relationships between concepts in the learner’s mind (Novak
and Gowin, 1984). Students were asked to create a concept
map using eight genetic concepts that were provided to them
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TABLE 1. Examples of students’ conception classifications according to their linking sentences in the concept maps

Mechanistic conception (gene — trait)

Nonmechanistic conception (gene ¢ trait)

‘A gene affects a trait.”
‘A gene determines a trait.”
“A trait is the result of a gene.”

‘A gene is a trait.”
‘A trait is inside the gene.”
“[Genes and traits are] the same thing.”

(gene, protein, trait, chromosome, DNA, meiosis, parents, and
offspring). Students were instructed to create as many connec-
tions as they could and write a linking sentence above each
connecting line between two concepts. Before preparing the
concept map, students learned how to build concept maps
using simple concepts such as rain, water, sea, rivers, and
clouds (White and Gunstone, 2014).

In this part, we focused on the connections formed by stu-
dents between the concepts “gene” and “trait” in the concept
maps. These connections were analyzed to classify students
according to their conceptions regarding the gene—trait relation-
ship before learning genetics. Students who formed a connection
between the concepts “gene” and “trait” and used a linking sen-
tence suggesting a causal relation (mechanistic relationship)
were classified as having the mechanistic conception of gene —
trait. Students who formed a connection and used a linking sen-
tence suggesting a nonmechanistic relationship between the con-
cepts “gene” and “trait” were classified as having the conception
of gene c trait (for examples, see Table 1). Students who did not
form this connection were classified as “no connection.” For rep-
resentative concept maps, see the Supplemental Material.

To examine the effect of these conceptions on learning
genetic mechanisms (research question 2), we

1. Classified students’ conception of the relationships between
genes and traits into gene — trait and gene C trait. At the
same time, we ranked students’ preliminary understanding
of the underlying mechanism (using a pretest that will be
described later).

2. Ranked students’ understanding of the underlying mecha-
nism (using a posttest that was similar to the pretest).

3. Compared the level of mechanistic understanding among
students whose conception was characterized as gene —
trait at the beginning of the genetics course and students’
whose conception was characterized as gene C trait at the
beginning of the genetics course.

Between step 1 and step 2, students used the “Learning
Genetics on the Fly” environment to learn about genetic mech-
anisms. It should be noted that students’ conceptions were only
characterized at the beginning of their genetics course: we were
not interested in how this conception changed over time but in
how it affects students’ learning abilities.

Pretests and posttests were composed of two open-ended
questions and the concept maps described earlier. This test was
used in another study that evaluated mechanistic understand-
ing among 10th graders (Haskel-Ittah and Yarden, 2017). The
first open-ended question (in both the pretest and posttest)
was: “What are genes?” The second open-ended question had
two versions:

A. Flowers of a certain plant are either red or white. Explain
how genes might affect the color of the flowers.

B. A certain kind of lettuce can have either toxic leaves or edible
ones. Explain how genes might affect the leaves’ toxicity.
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Half of the students were given version A of the second ques-
tion in the pretest and version B in the posttest, and vice versa
for the other half. Open-ended question 1 and concept map
instructions were the same in the pretest and posttest.

As previously mentioned, classification of students’ concep-
tion was done using the concept map. Analysis was focused
only on students whose gene-trait conception could be classi-
fied, namely, those who formed a connection between the con-
cepts “gene” and “trait” in the concept map. To further support
our classification to gene — trait or gene C trait , we analyzed
students’ descriptions of genes in one of the open-ended ques-
tions that appeared in the pretest (“What are genes?”). Stu-
dents’ conceptions that were probed using the concept map had
96% accordance with the conceptions probed using this open-
ended question. Namely, 96% of the students who were classi-
fied as having one type of conception in the concept map
described genes in the open-ended question using phrases that
suggested the same type of conception (e.g., “genes determine
traits,” “genes carry the traits we get from our parents,” or
“genes are traits”).

The pretest and posttest were compared to evaluate changes
in students’ understanding of the mechanisms by which genes
affect traits. One of the basic levels of mechanistic reasoning is
the ability to identify entities that are involved in the mecha-
nism (Russ et al., 2008). All gene-to-trait mechanisms have a
common central entity, which is the protein. Our analysis
focused on students’ understanding of proteins as central enti-
ties in this mechanism and observed whether students con-
ceived proteins as such. We focused on proteins, because it has
been previously shown that, despite their central role in all
gene-to-trait mechanisms, students tend to ignore this entity or
have difficulties explaining how proteins are involved in these
mechanisms (Duncan and Reiser, 2007; Gericke and Hagberg,
2007; Reinagel and Speth, 2016; Haskel-Ittah and Yarden,
2017).

To assess students’ understanding of the role of proteins as
mediators in the mechanisms of trait determination, we ana-
lyzed students’ concept maps and responses to open-ended
questions. Specifically, we focused on whether students formed
the gene—protein and protein-trait connections in concept maps
and whether students referred to the concept of “protein” in the
open-ended question. Four parameters were examined, each
ranked as 1 or 0. The total score for conceiving proteins as cen-
tral entities in gene-to-trait mechanisms was the sum of these
parameters. The four parameters were

1. Correctly connecting the concepts “protein” and “gene”
(concept map)

2. Correctly connecting the concepts “protein” and “trait” (con-
cept map)

3. Referring to proteins when asked what genes are (open-
ended question 1)

4. Using proteins to explain the effect of genes on traits (open-
ended question 2)
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As noted, only connections with a correct linking sentence
were counted. For example, students who linked gene to pro-
tein and wrote “The gene encodes a protein” or “The gene
contains information for protein production” were counted as
correctly referring to the protein level. However, a gene—protein
connection with the sentence “The gene is a protein” is a mis-
take and was counted as wrong. For representative concept
maps, see the Supplemental Material.

The two open-ended questions asked students to explain the
effect of a gene on a given plant trait. In both questions, stu-
dents could either refer to proteins or not. An answer that fails
to refer to the protein level is not wrong, but it ignores the
mechanisms by which genes determine traits. Thus, we ranked
these answers as referring to or ignoring the protein level.

Ten percent of the data were given to another researcher for
validation. The agreement on the coding was ~86% at the
beginning and reached 100% after discussion.

RESULTS

Prevalence of Nonmechanistic Genetic Conceptions
among Ninth Graders

We aimed to focus on how students’ conceptions of genetic phe-
nomena affect their ability to learn the mechanisms underlying
those phenomena. Therefore, we first characterized these con-
ceptions and examined their prevalence among ninth-grade
students before their genetics studies. We classified the concep-
tions that genes are traits or bear traits as nonmechanistic con-
ceptions of genetic phenomena and represented these as gene
trait. The conception of genes as affecting or determining traits
(gene — trait) was classified as a mechanistic conception of
genetic phenomena because it suggests the existence of a medi-
ating mechanism.

The ninth-grade students who were at the beginning of their
first genetics course (n = 152) were asked to create a concept
map with the different genetic concepts provided to them (see
Methods). Students were instructed to create as many connec-
tions as they could and to write a linking sentence above each
connecting line between two concepts. Analysis of students’
concept maps revealed that 28% (n = 42) of the ninth graders
participating in this part of the study formed a gene c trait-type
connection between the concepts “gene” and “trait.” These stu-
dents used phrases such as “A gene is a trait” or “A trait is inside
a gene” to connect the two concepts; 41% (n = 62) of the stu-
dents formed a gene — trait-type concept connection by indi-
cating a causal relationship between the two (e.g., “A gene
determines a trait”); 31% (n = 48) of the students did not form
any connection between the concepts.

These results indicate that almost one-third of the ninth-
grade students examined here began their genetics education
with a conception that genes are traits or are trait-bearing par-
ticles. The predominance of this nonmechanistic conception
among these students encouraged us to examine its effect on
understanding the mechanisms by which genes determine
traits.

Effect of Students’ Preconceptions on Mechanistic
Understanding

According to the Israeli high school biology curriculum, stu-
dents who choose to major in biology study genetics in the 12th
grade in addition to the ninth grade. We were interested in
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analyzing the effect of the aforementioned alternative concep-
tions on learning the gene-to-trait mechanisms among both
ninth and 12th graders. We studied a group of 30 ninth-grade
students and 31 students in 12th grade. Among the ninth grad-
ers, nine students (30%) were classified as holding a gene
trait conception, 12 students (40%) held a mechanistic gene —
trait conception, and nine students (30%) did not form a con-
nection between gene and trait in their concept maps. Surpris-
ingly, the proportion of students demonstrating the gene c trait
conception among 12th graders was the same as among the
ninth graders—about one-third (nine students, 29%); 16 stu-
dents (52%) were classified as demonstrating the gene — trait
conception, and six students (19%) had no connection between
gene and trait in their concept maps. Students who did not
form any connection between gene and trait were not further
analyzed in this study. Following this classification of students’
conceptions, we turn to a study of their understanding of the
mechanisms by which genes affect traits.

Proteins constitute a central entity that is common to all
gene-to-trait mechanisms. Thus, students’ understanding of
these mechanisms was evaluated using parameters that should
reflect their understanding of proteins as central for these
mechanisms to take place (see Data Sources and Analysis section
in Methods). In the pretest, none of the ninth-grade students
formed a connection between the concept “protein” and the
concepts “gene” and “trait,” and none mentioned proteins in
their answers to the open-ended questions. This means that,
although students had different conceptions regarding the rela-
tionships between genes and traits, they all shared the concep-
tion that proteins are not part of this relationship.

The 12th-grade students had some knowledge about pro-
teins. Nonetheless, no significant differences in their under-
standing of the centrality of proteins were observed between
the gene c trait group and the gene — trait one.

During their genetics course, students performed activities
in a computational learning environment (see The Context of
the Study section in Methods). These activities were designed to
foster an understanding of the mechanisms underlying the
gene—trait connection. Along with these activities, the teacher
combined parts of the learning environment with conventional
instructional strategies for teaching genetics.

After instruction, students’ conception of proteins as media-
tors between genes and traits was reexamined. Analyzing
students’ outcomes following instruction revealed striking differ-
ences between the gene — trait group and the gene c trait
group (Figure 1). Students’ improvement from pretest to posttest
was significantly higher in the gene — trait group than in the
gene C trait group (Wilcoxon two-sample test: ninth grade,
signed rank test [S] = 69.5, p < 0.05; 12th grade, S = 85, p <
0.05). In fact, an understanding of proteins as central entities in
mediating genes and traits was significantly improved among
students who were classified as having a mechanistic gene—trait
conception (gene — trait group; signed-rank test: ninth grade, S
=18, p < 0.01; 12th grade, S = 32.5, p < 0.01). In contrast, stu-
dents who were classified as having a nonmechanistic gene—trait
conception (gene c trait group) did not show any such improve-
ment (ninth grade, S=0.5, p=1; 12th grade, S=1.5,p=0.7).

Table 2 presents the relative percentages of students who
succeeded in each parameter for each group in the posttest.
Note again that none of the ninth-grade students knew about
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FIGURE 1. Differences in scores for ninth (A) and 12th (B) graders from pretest to posttest among students with mechanistic and non-

mechanistic conceptions of the gene—trait relationship. Scores were based on the four parameters mentioned in the Methods section.
(A) Ninth graders: gene — trait (mechanistic), n = 12; gene ¢ trait (nonmechanistic), n = 9. Wilcoxon two-sample test: S=69.5, *p < 0.5,

n = 21. (B) Twelfth graders: gene — trait (mechanistic), n = 16; gene c trait (honmechanistic), n = 9. Wilcoxon two-sample test: S = 85,

*p<0.5 n=25.

the involvement of proteins in determining traits before learn-
ing (0% success for all students in all protein parameters in the
pretest; Table 2, left part). However, after instruction, the gene
C trait group outcomes were much lower than those of the gene
— trait group. In fact, in the posttest, none of the gene C trait
group students connected gene to protein or used proteins to
explain the effect of genes on plant traits. In addition, only 11%
(one student, n = 9) of these students connected protein to trait
and referred to proteins when asked to explain what genes are
(Table 2). In contrast, in the gene — trait group, more than 40%
of the students (five students, n = 12) connected the concepts
“protein” and “gene” in the concept map; 50% (six students,
n =12) connected the concept “protein” to trait; and 33% (four
students, n = 12) created the mechanism schema gene—protein—
trait in their concept maps. In answer to the question “What are
genes?,” 25% of the gene — trait group (three students, n = 12)
referred to proteins, and 17% (two students, n = 12) used pro-
teins to explain how genes determine traits.

The same trend of differences between the gene — trait
group and the gene C trait group was observed among 12th
graders (Table 2, right part); for example, in pretest concept
maps, 11% of the gene c trait connected protein to trait, and
this was unchanged after instruction. In contrast, 12.5% of the

gene — trait group formed a connection between protein and
trait in the pretest, and 50% of this group formed the protein—
trait connection in the posttest. This indicates that in both ninth
and 12th grades, students who were classified as having the
gene C trait conception, as opposed to the gene — trait concep-
tion, did not gain understanding of the central role of proteins.

To address the possibility that the two groups differ in their
overall biological capabilities and not specifically in parameters
that relate to understanding the mechanisms by which genes
affect traits, we analyzed the students’ connections between the
concepts “gene” and “chromosome” in their pre- and posttest
concept maps. The “chromosome” concept and the fact that it
contains genes was studied before these students’ genetics stud-
ies as part of learning the subject of reproduction. This chromo-
some-gene connection is a structural one and was not expected
to be influenced by alternative conceptions regarding the con-
nections between genes and traits; it does not contradict the
alternative conception that genes are or contain traits, and thus
it may be integrated with knowledge about genetics regardless
of whether a nonmechanistic or mechanistic conception exists.
Results of both groups were very similar, with no significant
difference being observed in the pretest or posttest (chi-square
test: ninth grade, pretest x?> = 0.17, p = 0.7, posttest x> = 0.66,

TABLE 2. Ability of ninth and 12th graders with different conceptions of gene—trait relationships to understand the protein’s role in the

mediating mechanism, before and after instruction

Ninth grade: Percentage out of each group

12th grade: Percentage out of each group

Pretest Posttest Pretest Posttest
Group: Group: Group: Group: Group: Group: Group: Group:
gene C trait gene — trait gene C trait gene — trait gene C trait gene — trait gene C trait gene — trait
(n=9) (n=12) (n=9) (n=12) n=9) (n=16) (n=9) (n=16)
Gene-protein connection in 0 0 0 42 0 25 11 62.5
concept map
Protein-trait connection in 0 0 11 50 11 12.5 11 50
concept map
Referring to proteins when 0 0 11 25 11 18.7 22 37.5
asked what genes are
Using proteins to explain the 0 0 0 17 11 12.5 22 43

effect of genes on a
plant’s trait

17:ar36, 6

CBE—Life Sciences Education « 17:ar36, Fall 2018



p = 0.8, 12th grade, pretest x> = 1.2, p = 0.25, posttest x> = 1.8,
p = 0.16). This means that the gene C trait and gene — trait
groups had similar abilities with respect to making a structural
connection between gene and chromosome, as expected.

These data suggest that the nature of students’ conceptions
regarding the relationship between genes and traits before their
genetics studies affects their ability to understand the central
role of proteins in the mechanisms by which genes determine
traits.

DISCUSSION
Nonmechanistic Conceptions of Genetic Phenomena Are
Already Predominant among Students at the Beginning of
Their Genetics Studies in School
It has been shown that students are familiar with some genetic
concepts before their genetics studies (Nelkin et al., 1997;
Venville et al., 2005; Venville and Donovan, 2007). The fact that
some students begin their genetics studies with a certain concep-
tion of genetic concepts suggests that this conception might be,
at least in some cases, scientifically wrong. In this study, we
characterized two types of conceptions of genetic phenomena:
mechanistic and nonmechanistic. In both cases, the conception
is that genes are related to traits. The difference is that the mech-
anistic conception suggests that genes affect traits. Describing
genes as affecting traits does not account for a mechanistic
explanation, but it does describe the causal relationship between
genes and traits, thereby providing the need for a mechanism
(Craver and Darden, 2013). The nonmechanistic type of concep-
tion is that genes are synonymous to traits or that genes are
trait-bearing particles, as previously reported (Lewis and Katt-
mann, 2004; Venville et al., 2005). These two conceptions depict
the relationship between genes and traits in a nonmechanistic
manner because they do not reflect the need for a mechanism.
We found that nonmechanistic conceptions are common
among students before their genetics studies. One-third of
ninth-grade students who were at the beginning of their first
genetics course in school described the relationships between
genes and traits in a nonmechanistic manner. Among the other
students, one-third held a mechanistic conception. We found
almost the same proportion of nonmechanistic conceptions in a
class of 12th-grade students. This suggests that these nonmech-
anistic conceptions are established before formal genetics edu-
cation and may continue to be held by the students during their
advanced studies.

Nonmechanistic Conceptions of Genetic Phenomena
Affect Students’ Ability to Learn Genetic Mechanisms
Lewis and Kattmann (2004) raised the possibility that, because
nonmechanistic conceptions abolish the need for a mechanism,
they might form a barrier to learning such mechanisms. More-
over, it has been suggested that ideas that are acquired through
learning, but that cannot be integrated with prior knowledge
into a coherent idea, are isolated and forgotten (Ausubel, 1963;
Linn and Eylon, 2011). We thus hypothesized a dependence
between holding a nonmechanistic conception and the ability
to learn the mechanisms by which genes affect traits.

We found that, in both ninth and 12th grades, students hold-
ing nonmechanistic conceptions of the relationship between
genes and traits were less successful in learning the mediating
mechanisms involving proteins than other students. Although
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they underwent instruction that is specifically designed to target
the function of proteins as mediators, these students did not
seem to understand the centrality of proteins in providing expla-
nations for genetic phenomena. On the other hand, students
who held a mechanistic conception regarding the gene—trait rela-
tionship before instruction understood the centrality of proteins
after instruction. We showed that these differences in learning
ability apply only to learning the genetic mechanisms by which
genes determine traits and not to learning other genetic issues,
such as structural relationships between concepts.

We suggest that the reason for this barrier to learning these
mechanisms is the inability to connect new knowledge about
proteins into nonmechanistic conceptions of the relationships
between genes and trait. This suggestion is based on the knowl-
edge integration (KI) perspective, according to which students
form connections between ideas: some are spontaneous and
temporary, and some are stable (Clark and Linn, 2013). KI
motivates students to recognize gaps between ideas and to seek
ways to fill them (Linn and Eylon, 2011). Students who con-
ceive of genes as traits or trait-bearing particles may not be able
to identify a mechanistic gap in their knowledge; therefore, one
can assume that the role of proteins cannot be coherently incor-
porated into their prior conceptions and will be isolated and
forgotten (following Linn and Eylon, 2011).

Our results suggest that focusing on proteins as mediators
between genes and traits is important for a mechanistic under-
standing of genetics (Duncan et al., 2009; Duncan and Tseng,
2011; Gericke and Smith, 2014; Todd and Kenyon, 2015); how-
ever, it is not sufficient. These results may explain, at least in
part, why not all students benefit from mechanism-centered
instruction and continue to have difficulties explaining genetic
phenomena (Duncan et al., 2011; Freidenreich et al., 2011;
Reinagel and Speth, 2016; Haskel-Ittah and Yarden, 2017). Our
results suggest that one of the factors leading to these differ-
ences is the conception of the relationships between genes and
traits. This means that genetic mechanisms are difficult to learn
not only because of some intrinsic factors of the domain, such as
the fact that most concepts are invisible to the naked eye or the
multidisciplinary knowledge it requires (Marbach-Ad and Stavy,
2000; Duncan et al., 2009), but also because of their subjective
origin, which is dependent on students’ conception of genetic
phenomena. Future studies should characterize more factors
that may lead to such difficulties. These characterizations may
enable providing tools for personalized teaching and learning.

The Importance of Correctly Describing the Target
Phenomenon

Russ et al. (2008) developed a framework for mechanistic
reasoning that draws on the definition of a mechanism from
Machamer et al. (2000). This framework offers a coding scheme
for mechanistic reasoning that is composed of seven hierarchi-
cally ordered categories. Although this hierarchy considers a
logical connection between categories, it is hypothetical and
based on the authors’ intuition. According to Russ et al. (2008),
the first category is “describing the target phenomenon.” OQur
results support the assumption that a description of the target
phenomenon should be the first step in mechanistic reasoning.
As we showed, many students described genetic phenomena in
a nonmechanistic manner, and this perception might inhibit
their progress in learning genetic mechanisms. This suggests
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that, without a mechanistic description of the phenomenon,
one cannot move toward an understanding of other aspects of
the mechanism.

It has been shown that teachers’ phrasing sometime implies
a nonmechanistic description of the phenomenon. Thorne et al.
(2013) performed a linguistic analysis of teachers’ discourse
during genetics classes and revealed that they sometimes use
the terms “genes” and “traits” interchangeably (Thorne et al.,
2013). This type of wording may imply that genes and traits are
synonymous. In view of our results, the risk in that lies not only
in confusing the learner and developing scientifically incorrect
conceptions; this incorrect description of genetic phenomena
may also lead to the formation of a barrier to learning gene-to-
trait mechanisms.

Implications for Teaching and Learning

Our findings suggest a tight dependency between students’ con-
ception of the relation between genes and traits and their ability
to learn its underlying mechanisms. The KI perspective describes
learners as holding various, occasionally isolated ideas about
scientific issues. These ideas sometimes contradict scientifically
normative views. This perspective argues that ignoring those
contradictory ideas may result in isolating scientifically norma-
tive ideas from the students’ prior knowledge and suggests that
isolated ideas may eventually be ignored or forgotten. Thus, KI
places the emphasis on respecting these ideas and building on
them to ensure that new and old ideas will be compared, mod-
ified, and integrated in a coherent manner (Linn and Eylon,
2011).

It has been shown that, to form an integrated model of
genetics, students should be able to form connections between
concepts in a coherent manner (Marbach-Ad, 2001; Gericke
and Wahlberg, 2013). Our results suggest that the concept “pro-
tein” cannot be integrated into a nonmechanistic conceptual
model of genetics. According to these findings, we suggest that
students’ conception of the relationship between genes and
traits be classified before teaching the underlying mechanisms.
Students with a nonmechanistic conception should first undergo
instruction that promotes reconstruction of the connection
between genes and traits and assists in finding a mechanistic
gap; only then can they learn genetic mechanisms. The effi-
ciency of such instruction remains to be determined.

Duncan et al. (2009) offered an LP for learning genetics.
This LP is based on basic ideas whose complexity is presented
gradually. One of these ideas (referred to in the LP as “construct
B”) deals with the concept of genes as instructions. This idea
was refined to include six levels of understanding (Shea and
Duncan, 2013; Todd and Kenyon, 2015). Lower levels refer to
genes as determining traits or affecting the body, midlevels
refer to genes as instructions for biological entities and, at the
higher levels, instructions for proteins. Another idea (construct
C) deals with proteins as central functional entities in cells that
connect genes and traits. The higher levels of this construct deal
with proteins as central in connecting genes and traits, while
the lower levels deal with proteins in a more general manner
that is disconnected from traits or genes.

When this LP was developed, it did not include any hypoth-
eses regarding dependencies between constructs. Shea and
Duncan (2013) examined contingencies between constructs B
and C. They found that the ideas presented by constructs B and
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C could be integrated to allow reasoning only when level 4 was
reached in construct B (understanding that genes are instruc-
tions for molecules) and level 3 was reached in construct C
(understanding that proteins are functional).

The present study suggests that this contingency is due to
the fact that, as long as students conceive of genes as nonin-
structional or as instructions for the trait itself, they do not have
the need for a mechanism and thus probably will not integrate
ideas about genes with ideas about proteins. This implies that
ideas regarding proteins in construct C should be learned only
after reaching levels of higher sophistication (4 or higher) in
construct B; otherwise, ideas about proteins will not be inte-
grated into a coherent idea with the concept of genes and thus
will be forgotten (Linn and Eylon, 2011). The splitting of this
construct into “proteins do the work of the cell” and “proteins
are the mechanism that connects genes and traits,” as suggested
by Todd and Kenyon (2015), is also supported because these
two ideas may be integrated coherently only after understand-
ing the mechanistic relationships between genes and traits.

One limitation of this study is the small number of students
participating in the pretest and posttest parts of the study. These
two small groups of ninth and 12th graders were not meant to
represent the whole population, but they do reflect a trend in
both age groups. In addition, our analysis led to clear-cut results
from which our conclusions arise in a straightforward manner.
Another limitation of this study is that inferences to students’
cognitive understanding were strictly based on concept maps
and open-ended questions. A deeper understanding of the char-
acterized conceptions and the levels of mechanistic understand-
ing remain to be determined in future studies.

In conclusion, this work describes how conceiving a phe-
nomenon in a nonmechanistic manner may disrupt the learning
of the mechanism underlying the phenomenon. This result sug-
gests that characterizing the phenomenon is a crucial step in
learning the mechanism. One cannot move forward to learn the
mechanism underlying a phenomenon that has been described
as nonmechanistic, namely, a phenomenon that is conceived as
having no intermediating mechanism. The fact that students
have some knowledge about natural phenomena before learn-
ing about them in school suggests that at least some students
may have nonmechanistic conceptions of these phenomena.
According to our findings, it is highly important that these non-
mechanistic conceptions be identified and dealt with before
teaching the underlying mechanism. The question that still
remains is which interventions will assist students in shifting
their conception of phenomena toward a more mechanistic one.
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