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1 | INTRODUCTION

1.1 |

Energy is a key crosscutting concept in the physical and
life sciences." Although the physical laws governing
energy are universal, different academic disciplines adopt
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Abstract

Energy is a crosscutting concept in science, but college students often perceive a
mismatch between how their biology and chemistry courses discuss the topic.
The challenge of reconciling these disciplinary differences can promote faulty
reasoning—for example, biology students often develop the incorrect idea that
breaking bonds is exothermic and releases energy. We hypothesize that one
source of this perceived mismatch is that biology and chemistry textbooks use
different visual representations of bond breaking and formation. We analyzed
figures of ATP hydrolysis from 12 college-level introductory biology textbooks
and coded each figure for its representation of energy, bond formation, and
bond breaking. For comparison, we analyzed figures from six college-level intro-
ductory chemistry textbooks. We found that the majority (70%) of biology text-
book figures presented ATP hydrolysis in the form “one reactant — multiple
products” and “more bonds in reactants — fewer bonds in products”. In con-
trast, chemistry textbook figures of the form “one reactant — multiple products”
and “more bonds — fewer bonds” were predominantly endothermic reactions,
which directly contradicts the exothermic nature of ATP hydrolysis. We hypoth-
esize that these visual inconsistencies may be a contributing factor to student

struggles in constructing a coherent mental model of energy and bonding.
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different conventions when discussing and teaching the
topic of energy,”® which can lead to students construct-
ing a fragmented understanding of the concept. Prior
studies show that college students conceptualize energy
differently depending on course context and struggle to
transfer their knowledge about energy across disci-
plines.®” This is a problem because developing a complete
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understanding of energy is a necessary prerequisite for
understanding many biological and physical phenomena.

One of the most commonly held misconceptions
about energy is that breaking chemical bonds releases
energy, when in fact the opposite is true.**° This miscon-
ception is especially prevalent in biology students’ reason-
ing about adenosine triphosphate (ATP), a molecule that
plays a key role in bioenergetics and cellular metabo-
lism."" When a molecule of ATP is hydrolyzed, ATP
reacts with water to produce adenosine diphosphate
(ADP) and inorganic phosphate (P;). This reaction
involves breaking a covalent bond in the ATP molecule
to remove the terminal phosphate group, a process that
requires an input of energy (consistent with any process
that involves breaking a chemical bond). This energy
input is offset by the energy released in forming new,
more stable bonds in the products (ADP and P;). Since
more energy is released than consumed in this reaction,
ATP hydrolysis is overall an energy-releasing, exothermic
reaction.'”

When biology students are asked to explain why ATP
hydrolysis releases energy, their answers often reveal, errone-
ous mental models of energy being ‘liberated’ upon bond
breaking.”'>!" In one qualitative study, a student stated that
“ATP, when the bond's broken, energy is released ... when one of
the phosphates is broken off, it releases energy. That’s, I think,
what's getting me. Because when the bond's broken, it should
absorb energy. So, I'm getting very confused.”.” Other biology
students perceive a similar dissonance between chemistry
and biology courses, with one student stating “I just learned
something (bonding) in two opposite ways... I actually still don't
really understand it, to be honest. I don't really know which
one's right”.” This confusion is likely exacerbated by the com-
mon explanatory shorthand of describing ATP as containing
“high-energy bonds”."*""” This phraseology has historically
been widely used in biology textbooks'® and may contribute
to the problematic mental model of ATP's bonds as ‘bursting’
to break, akin to an unstable dam that releases a flood of
energy upon collapse. Misconceptions about exothermic
bond-breaking are also likely influenced by students' lay-
theories about energy, formed outside of the biology class-
room. For example, in one survey of 600 biochemistry and
physiology students, 80% selected bond breaking as the main
cause of energy release during the combustion of fuels, which
may reflect the ubiquity of lay-explanations involving “break-
ing down chemicals” for energy."

Furthermore, the emphasis placed on ATP hydrolysis
in biology textbooks may itself be misleading because
ATP is rarely actually hydrolyzed in biological systems.
ATP hydrolysis is typically characterized as the one-step
conversion of ATP to ADP and inorganic phosphate (P)),
accompanied by energy release.”” In reality, ATP-coupled
processes in biology actually involve energy transfer,

typically via a reactive phosphorylated intermediate.®
Nonetheless, ATP hydrolysis continues to be a standard
part of introductory biology curricula, evident in the
ubiquity of this topic across all introductory biology text-
books. Furthermore, ATP hydrolysis has been specifically
singled out as a topic that contributes to the misconcep-
tion of exothermic bond breaking,*'° making it a topic
that warrants further investigation. Therefore, we con-
strain the scope of the present study to representations of
ATP hydrolysis since this topic most directly elucidates
potential discrepancies between chemists’ and biologists'
ways of thinking.

1.2 | Resources framework

A helpful theoretical framework for characterizing stu-
dent conceptions of energy is the resources framework,
initially developed by physics education researchers.'™*!
The resources framework posits that learners possess a
set of cognitive resources, each of which represents a sep-
arate piece of their conceptual knowledge. Students acti-
vate different resources in different contexts, and
accessing incomplete subsets of these resources can lead
to erroneous conclusions. For example, biology students
may possess the conceptual resources that ‘ATP hydroly-
sis releases energy’ and that ‘ATP hydrolysis involves
breaking a phosphodiester bond’. Even though these
resources represent correct statements in their own right,
if activated in isolation they can lead to the erroneous
conclusion that ATP hydrolysis releases energy because
breaking the phosphodiester bond releases energy.
Indeed, biology students may also possess the conceptual
resource that ‘breaking chemical bonds requires energy’,
likely acquired from prior or current chemistry course-
work. But if this critical resource is left inactivated, this
important fact may be ignored, thus leading students to
the erroneous conclusion that bond breaking releases
energy. In this way, the resources framework provides a
more fine-grained lens of explaining errors in students'
reasoning; instead of viewing errors as fixed, monolithic
beliefs, we can instead view them as stemming from
incomplete activation of disparate conceptual resources.
This framework explains how students can arrive at erro-
neous conclusions even when the underlying pieces of
knowledge are all individually correct. Furthermore, the
resources framework accounts for the tension students
experience when they detect having “learned something
in two opposite ways”, for instance when they devise an
explanation (e.g., “breaking the bond in ATP releases
energy”’) that directly contradicts with an existing con-
ceptual resource (e.g., “breaking chemical bonds requires
energy”).
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1.3 | Characterizing disciplinary
differences

An important first step in understanding why students
perceive the same concept (ATP hydrolysis) differently in
chemistry versus biology is to characterize what instruc-
tional resources students encounter in biology and chem-
istry classrooms. We propose that one source of
disciplinary mismatch is that each field uses distinct
visual representations of chemical bonding, which may
expose students to mutually contradictory models of
bond breaking and formation. Visual representations are
essential for biology and chemistry because they “help to
make the unseen seen and the complex simple”.** Often,
there is no one “correct” way to represent something in
the molecular world. For example, a single protein can
be represented using a ball-and-stick model, space-filling
model, or a ribbon backbone. This example demonstrates
both the utility and limitation of visual representations;
representations can highlight different important features
of phenomena, but they are necessarily incomplete and
must leave out crucial details. When learning a concept
for the first time, a student’s task is to connect these
visual representations into a unified whole. However,
prior studies show that students struggle to connect mul-
tiple visual representations of the same phenomena,
focusing on surface-level differences despite the underly-
ing concept being the same.”** Therefore, if biologists
and chemists use different visual representations of ATP
and bonding, those surface visual differences may
obscure for students how the underlying laws of energy
are in fact the same across both disciplines.

There is a large body of literature on visual represen-
tations in biology and chemistry instructional resources,
typically focusing on science textbooks. Several groups
have tabulated the number, types, and levels of represen-
tations in chemistry textbooks,”>®* and others have
focused on biology textbooks.?>** To our knowledge, all
such studies have focused on either biology or chemistry,
and none make a direct comparison between the two.
Given that college students struggle with connecting dif-
ferent visual representations, and they especially struggle
to reconcile chemistry and biology concepts, we sought to
precisely characterize how visual representations of
bonding differ across introductory biology and chemistry
textbooks. Specifically, we explored the following
research questions.

1. What visual representations are used in biology text-
books to depict energy and ATP hydrolysis?

2. How do representations of energy and ATP hydrolysis
in biology textbooks compare to representations of
bond breaking, bond formation, and energy in chem-
istry textbooks?

Studying textbook figures is pertinent because many
instructors often use these as the basis for their lecture
slides; even if students themselves may not read text-
books, they will often encounter the figures from those
textbooks in their course materials. Therefore, if biology
textbooks contain features that contradict what students
learn in chemistry, this can lead to confusion. Further-
more, some biology instructors may feel unconfident
teaching about ATP'® and often use textbook materials to
refresh their own subject knowledge before teaching. By
pinpointing which visual representations are used across
biology and chemistry instructional resources, we hope
to motivate future work on whether and how those differ-
ences may contribute to students' alternative conceptions.
The present study represents a first step toward attaining
this goal, by unpacking how biology and chemistry text-
books differ in their visual presentation of these crosscut-
ting concepts.

2 | METHODS

2.1 | Selecting figures for analysis
First, we identified a set of 10 college-level introductory
biology textbooks (Supplementary Table 1), all of which
were published within the past 8 years. This set of text-
books was chosen using Simon et al.*' textbook list as a
starting point. In total, we identified 30 figures depict-
ing ATP hydrolysis, ranging from one to five figures per
textbook. To maximize objectivity in the figure selection
process, one coder (M.Y.) identified the first figure in
which ATP hydrolysis was represented in each text-
book. Then, all subsequent figures depicting ATP
hydrolysis from that same chapter were compiled for
analysis. Since all textbooks had essentially the same
content order, every figure ultimately originated from
the ‘introduction to metabolism’ chapter. Any figures
in later chapters, even if they contained ATP, were
excluded from analysis. This strict inclusion criterion
was chosen so that all figures were specifically about
ATP hydrolysis, as opposed to illustrations that focused
on other biological phenomena in which ATP happens
to play a role. For example, every textbook also con-
tained figures depicting membrane transport and mus-
cle physiology in later chapters, which included ATP,
even though the focus of each illustration was not ATP
itself. Such figures were excluded from the scope of
analysis. Our goal was for the figures to capture what
students are exposed to during their first exposure to
ATP hydrolysis as an energy-releasing reaction.
Furthermore, figures from the subsequent respira-
tion and photosynthesis chapters, which contained
‘ATP’ written in almost every figure and metabolic
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pathway, were also excluded from the current scope.
An additional biological reason to justify this exclusion
is because ATP-mediated reaction coupling is more
complex than just a simple hydrolysis reaction. Many of
these ATP-dependent processes included in the respira-
tion and photosynthesis chapters involve phosphoryla-
tion to form a reactive intermediate, for example in
glutamine synthesis'®; arguably, ‘hydrolysis’ alone
would be an overly reductionist label for the role that
ATP plays in these reactions. We chose to limit our
scope to ATP hydrolysis because (a) there are widely
documented misconceptions about this topic in particu-
lar, (b) for better or worse, the topic is widely taught in
biology classrooms, indicated by its ubiquity in biology
textbooks, and (c) our goal was to take a deep dive into
the visual representations used for one specific concept,
as opposed to provide a holistic view of ATP-coupled
reactions in general. In all biology textbooks studied,
figures of ATP hydrolysis directly preceded figures of
more biologically meaningful, ATP-coupled reactions
involving phosphorylated intermediates. Future work
will investigate how these more complex (and more
biologically relevant) ATP-coupled reactions are pre-
sented. We argue that the focus of this study is not
actually about ATP hydrolysis itself, but rather how this
reaction is a case study for how biology textbooks visu-
ally represent energy and chemical bonding.

Then, we analyzed a convenience sample of six
college-level introductory chemistry textbooks
(Supplementary Table 2), all of which were published
within the past 8 years. Since ATP hydrolysis is not a core
topic of general chemistry curricula, as expected, most of
these textbooks contained at most one figure representing
ATP, if at all. We instead focused on the visual represen-
tation of chemical bonding, bond formation, and bond
breaking in general. To do this, we identified a total of
33 figures across the chemistry textbooks, ranging from
six to eleven figures per text. To determine which figures
to select, we searched the textbooks for the words “exo-
thermic reaction” and “breaking bonds” and found the
first chapter in which both phrases co-occurred. As a
result, these figures all originated from the chapters in
which chemical bonding and energy are first introduced,
much in the same way that the biology figures originated
from the chapter in which ATP hydrolysis was first
introduced.

2.2 | Developing a codebook

One coder (M.Y.) selected one biology and one chemistry
textbook and used an inductive approach®’ to list as
many visual features as possible in each figure selected.

This list of features was the preliminary codebook, which
was subsequently revised through discussion with other
researchers (D.L.N. and L.K.W.). Where possible, we
tried to make each code an objective, visual property that
did not require any biology or chemistry knowledge to
detect (e.g., ‘includes water’, ‘features a lightning bolt
motif’). This was in an effort to increase inter-rater reli-
ability and to allow the codes to transcend specific disci-
plinary content, thereby allowing the same coding
scheme to be applicable to both biology and chemistry
figures. Based on this approach, we generated the code-
book shown in Table 1.

TABLE 1
chemistry textbook figures.

Description of codebook for analyzing biology and
Code Description

Level of structural
representation

Full chemical structure, partial
structure/cartoon, or whole with no
parts (e.g., ATP represented as a
monolithic circle with the text ‘ATP’
in it)

Inclusion of energy Is ‘energy’ listed in words
somewhere in the figure, together
with either the reactants or the
products?

Inclusion of water (Specific to biology textbook figures) Is
‘water’ either listed in words or

illustrated somewhere in the figure?

Use of lightning bolt/
halo motif

Is a lightning bolt design found
somewhere in the figure (e.g., a
reactant and/or product that is
encased in a yellow saw-toothed
shape?).

Number of bonds in How many bonds are illustrated in
the reactants versus in the products?
For partial structures/cartoons,
number of points of contact shown
within the reactant versus product

molecules.

reactants versus
products

Number of distinct
reactants versus
products

How many distinct reactants versus
products are there? (e.g., the
reaction A + B — C would be coded
as two distinct reactants and one
distinct product.)

Other visual aids What other visual aids are present to
support reasoning? We coded for
whether the figure singled out one
bond as being a ‘high-energy bond’,
whether the figure used a reaction
coordinate diagram or illustrated an
energy cycle, and whether the figure
fully enumerated the bonds broken
and formed in the reactants and

products.
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2.3 | Coding and determining inter-rater
reliability

Two coders (M.Y. and B.C.A.) independently coded the
figures from the same two biology and chemistry text-
books, using the codebook categories outlined in Table 1.
Then, the coders met to refine the coding criteria and dis-
ambiguate edge cases, and they each independently
coded the remaining figures. We used the R package
psych to calculate Cohen's kappa coefficient®>*** for inter-
rater reliability, which was 0.84 and 0.88 for the biology
and chemistry figures, respectively, indicating strong
agreement. The coders then met to reach resolution on
disagreements and finish coding all figures to full consen-
sus. The data shown in the rest of this paper represent
the consensus code between M.Y. and B.C.A.

3 | RESULTS
3.1 | Visual representations of ATP in
college biology textbooks

We coded each figure of ATP hydrolysis based on its level
of structural representation, categorizing each figure into
one of three groups: whole with no parts, partial struc-
ture/cartoon, and full chemical structure. Figure 1 shows
recreations of a representative figure from each category.
Note that the ‘full chemical structure’ category also con-
tained visual representations featuring partial skeletal
structures, such as where the nitrogenous base (adenine)
and ribose were drawn in skeletal form. As long as the
phosphate groups (the main active participant in
the hydrolysis reaction) were drawn in full, a figure was
binned into the ‘full chemical structure’ category. The
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FIGURE 1

majority (57%) of ATP hydrolysis figures represented
ATP as a whole with no internal subparts, 47% of figures
included a partial structure/cartoon, and 20% showed the
full chemical structure. These percentages sum to above
100% because some figures used multiple levels of repre-
sentation within the same illustration, for example show-
ing ATP in cartoon form with a call-out box zooming
into the phosphate groups’ chemical structure.

We also coded each biology textbook figure for its rep-
resentation of energy. The majority (74%) of biology fig-
ures included the text ‘energy’, although the location was
inconsistent. Many (27%) of the figures positioned
‘energy’ adjacent to the hydrolysis products (i.e., at the
same level as ADP and P;), while others (47%) positioned
‘energy’ next to the reaction arrow (i.e., in between the
reactants and products). Furthermore, the vast majority
(86%) of figures included some variant of a lightning
bolt/halo motif (Figure 2), although the location and
meaning of this halo were heterogeneous both across
and within texts. In 43% of figures, the halo motif
encircled the ATP molecule; in 23% of the figures, the
halo encircled the word ‘energy’; and in 20% of figures,
both the ATP molecule and energy were encircled by a
halo. Furthermore, none of the figure captions included
any text description that explicitly referred to the halo
motif or what it meant.

3.2 | Comparison of visual
representations across biology and
chemistry textbooks

We found that both biology and chemistry textbook fig-
ures used visual aids to further reinforce the mechanism
and directionality of energy transformations. Biology,

1 full chemical structure

whole with no parts

o

10 20 30 40 50 60

percentage of figures (%)

Level of structural representation of ATP hydrolysis in college biology textbook figures (n = 30).
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chemistry textbook figures (n = 33).

and to a lesser extent chemistry, textbook figures used
energy cycles (like shown at the top of Figure 3) to illus-
trate the directionality of energy input and output and to
emphasize the reversibility of chemical reactions. While
37% of biology textbook figures explicitly employed a
cycle to represent ATP hydrolysis/synthesis, only 18% of
chemistry figures illustrated an energy cycle.

Whereas energy cycles were common to both biology
and chemistry textbooks, other visual aids were more
siloed by discipline. Notably, 13% of biology figures sin-
gled out a “high-energy bond” in the reactant as the driv-
ing force for the reaction, whereas no chemistry figures
highlighted a singular bond in this way. Although 13% is
a relatively low percentage (perhaps indicating a general

Use of halo motif to describe energy and/or ATP in college biology textbook figures (n = 30).

drawing an

singling out a ‘high-

energy bond’ -

enumerating all bonds
broken and formed I

chemistry

. biology

drawing a reaction
coordinate diagram I

0 10 20 30 40 50 60 70 80
percentage of figures (%)

Prevalence of visual aids to support reasoning about energy in college biology textbook figures (n = 30) and college

trend away from this type of representation), this finding
still highlights that the metaphor of breaking a “high-
energy bond” is essentially absent in chemistry.
Chemistry textbooks also used other visual aids that
were largely absent in biology textbooks. The majority
(74%) of chemistry figures used a reaction coordinate dia-
gram to indicate how energy changed as a function of
reaction extent, whereas only a single biology figure used
this in the context of ATP. Furthermore, 50% of chemis-
try figures explicitly enumerated all the bonds broken
and formed in the reactants versus the products, whereas
this was done in only one biology figure. Every chemistry
textbook enumerated the bonds in service of calculating
the overall reaction energy, subtracting the energy
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(a) Biology textbooks
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FIGURE 4 Ratio of distinct reactants and products in biology and chemistry textbook figures. (a) Representative illustration of ATP
hydrolysis in college biology textbooks, showing one reactant (ATP) becoming multiple products (ADP and P;) (b) Stacked bar charts
comparing the reactant: product ratio in endothermic versus exothermic reactions in chemistry textbook figures.

released through forming the products’ bonds from the
energy required to break the reactants’ bonds. Such
examples explicitly highlight the exothermic nature of
bond formation and the endothermic nature of bond
breakage, a key idea that is either implicit or absent in
biology figures.

We next characterized the specific attributes of the
reactants and products depicted in biology and chemistry
textbook figures. We found that 64% of biology figures
did not include water despite its critical role in ATP
hydrolysis. In other words, 64% of all biology figures were
of the form ATP — ADP + P; (Figure 4a). To generalize
this result beyond ATP, we decided to classify these fig-
ures as being ‘one reactant — multiple products’, to cap-
ture the ratio of reactants versus products explicitly
drawn. Next, we looked for all chemistry textbook figures
of the form ‘one reactant — multiple products’ or ‘multi-
ple reactants — one product’, and we determined
whether each reaction was exothermic or endothermic.

Figure 4b shows that 100% of chemistry figures of the
form ‘one reactant — multiple products’ depicted endo-
thermic reactions. Almost all such reactions were
instances of thermal decomposition, where a singular
reactant breaks down into its constituent parts. One
caveat is that in later chapters of chemistry textbooks
(outside the scope of this analysis), there are occasionally
reactions that appear to violate this trend. For example,
ozone breakdown (O; — O, + O) appears to be ‘one
reactant — multiple products’ but is in fact exothermic.
However, ozone breakdown is actually a multi-step reac-
tion consisting of smaller elementary steps, and within

these elementary steps, all reactions that are ‘one reac-
tant — multiple products’ are endothermic. Our present
analysis shows that students generally do not encounter
such multi-step reactions that appear to violate the trend
early on in their chemistry textbooks. In addition, we
found that 100% of chemistry figures of the form ‘multi-
ple reactants — one product’ depicted exothermic reac-
tions. These results are notable because they are
completely at odds with representations of ATP hydroly-
sis in biology textbooks. Even though ‘one reactant —
multiple products’ is universally used for endothermic
processes in chemistry, 67% of biology figures represent
ATP in this way, when ATP hydrolysis is fact exothermic.
Put differently, not a single chemistry textbook figure
represents exothermic processes in the form ‘one reactant
— multiple products’, even though this is the modal rep-
resentation of ATP hydrolysis in biology textbooks.

Of course, ATP hydrolysis is not actually ‘one reac-
tant — multiple products’ despite being illustrated as
such. If water were included in these figures, the process
would instead be ‘multiple reactants — multiple prod-
ucts’. Unlike ‘one reactant — multiple products’ or ‘mul-
tiple reactants — one product’, which were universally
associated endothermic and exothermic reactions respec-
tively, ‘multiple reactants — multiple products’ can be
both exothermic and endothermic. Indeed, in chemistry
textbook figures there were numerous examples of both
exothermic and endothermic reactions that were ‘multi-
ple reactants — multiple products’, indicating that this
configuration is amenable to both reaction types. This is
chiefly because if a reaction exothermic, then its reverse
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(a) Biology textbooks
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FIGURE 5

Ratio of bonds in reactants and products in biology and chemistry textbook figures. (a) Representative illustration of ATP

hydrolysis in college biology textbooks, showing more bonds in the reactants (ATP) and fewer bonds in the products (ADP and P;)

(b) Stacked bar charts comparing bond ratios in endothermic versus exothermic reactions in chemistry textbook figures.

reaction is endothermic and vice versa (both forward and
reverse reactants still being ‘multiple reactants — multi-
ple products’).

In addition to the number of reactants and products
shown, another salient feature of both biology and chem-
istry figures is the total number of bonds shown in the
reactants and products. Consider the representative fig-
ure of ATP hydrolysis shown in Figure 5a. Even though
this is a cartoon representation of ATP, there are still four
distinct subparts shown (adenosine and three separate
phosphates), joined by a total of 3 connecting lines/
bonds. In contrast, only two connecting lines/bonds are
depicted in the products. In fact, 80% of biology figures
represent ATP in this way, of the form ‘more bonds in
the reactants — fewer bonds in the products’. Once
again, we identified all chemistry figures of the form
‘more bonds — fewer bonds’ and ‘fewer bonds — more
bonds’ and categorized each reaction as either exother-
mic or endothermic.

Figure 5b shows that 92% of chemistry figures that
were ‘more bonds — fewer bonds’ are endothermic, and
8% are exothermic. The distinction is even sharper in the
‘fewer bonds — more bonds’ category, where 100% of
these reactions were exothermic. Note again the contra-
diction between chemistry and biology textbook figures.
Even though ATP hydrolysis is drawn as ‘more bonds —
fewer bonds’ in biology textbooks, in chemistry textbooks
the overwhelming majority of such reactions are
endothermic.

Importantly, the result in Figure 5b is not as black-
and-white as that of Figure 4b. Indeed, there can be

exothermic reactions that are ‘more bonds — fewer
bonds’, since the exothermicity of a reaction is about
more than just counting the number of bonds. Bond
strength is ultimately the deciding factor; if a reaction
releases more energy in forming the products’ bonds than
it requires to break the reactants’ bonds, then that reac-
tion is exothermic. Therefore, it is entirely possible for an
exothermic reaction to be of the form ‘more bonds —
fewer bonds’, provided that the bonds broken in the reac-
tants are relatively weak, and the bonds in the products
are strong and release enough energy when formed to
offset the initial energy input required. However, such
examples are in the minority (7%), and the vast majority
of exothermic reactions that chemistry students see are
‘fewer bonds — more bonds’. This exemplifies yet
another key representational contrast between biology
and chemistry.

4 | DISCUSSION
4.1 | Representations of ATP hydrolysis
in biology textbooks

Our work has elucidated a number of key differences
between visual representations of ATP hydrolysis in biol-
ogy textbooks and representations of exothermic reac-
tions in chemistry textbooks. First, we found that biology
and chemistry textbooks use distinct visual aids to sup-
port reasoning about the underlying energy transfers in a
reaction. Biology figures highlighted “high-energy bonds”
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in the reactants, whereas no chemistry figures singled out
one bond as the causal agent for a reaction. Furthermore,
chemistry figures were more likely to use reaction coordi-
nate diagrams and enumerate every bond broken and
formed. An important caveat to these findings is that the
context varied from figure to figure. Although all the biol-
ogy textbook figures were designed specifically to explain
ATP hydrolysis, the chemistry textbook figures were
drawn from a broader chapter on reaction energetics in
general. Since the context varied across figures, the
change in context may preferentially motivate the use of
certain visual aids over others. For example, a chemistry
textbook figure drawn from the context of explaining
ionic compound formation is more likely to use a reac-
tion coordinate diagram to draw a Born-Haber cycle.
Therefore, this context-dependence limits our ability to
make direct one-to-one comparisons between biology
and chemistry. Even so, we believe that making general
comparisons is still valuable because all the chemistry
textbook figures still focus on the common theme of why
reactions are exothermic or endothermic from a bond
breakage/formation point of view. Furthermore, we tried
to draw chemistry textbook figures from the most generic
chapter on chemical energetics most broadly, as opposed
to one that had more specific contextual focus (e.g., ionic
bonding). Therefore, key distinctions between chemistry
and biology figures are still valuable to pinpoint - for
example, it is notable that even with this broad chemistry
context, the concept of a singular “high-energy bond”
does not appear once in any chemistry textbook figure to
justify reaction energetics. Unfortunately, this context
variability is not a variable we could control, although we
attempted to choose a chemistry textbook chapter that
was most thematically related to bond breaking/
formation and exothermicity/endothermicity, since these
are the particular topics that students most struggle with
in explaining ATP hydrolysis."”

Secondly, biology textbooks are inconsistent in their
use of visual halos to represent energy and ATP. Prior
studies already document that students are sometimes
confused about the nature of ATP and energy. For exam-
ple, in one study a student described ATP as “a form of
energy that can help a reaction take place”.” Other stu-
dents provided similarly oversimplified descriptions of
ATP as being equivalent to energy itself, as opposed to
the more accurate characterization of ATP as a storage
molecule. We speculate that one source of this confusion
could be textbook figures in which ATP and energy are
both highlighted with halos or symbolized with explosive
bursts. Such figures could lead students to draw a false
equivalence between the ATP molecule and energy,
potentially implying that an ATP molecule is more

similar in constitution to energy than to a molecule of
ADP (which is drawn with no halo around it).

Furthermore, we found that the majority of biology
textbook representations of ATP hydrolysis were of the
forms “one reactant — multiple products” and “more
bonds in the reactants — fewer bonds in the products”,
which was the opposite of how chemistry textbooks typi-
cally represented exothermic processes. One reason why
biology textbooks may choose to omit water (thus creat-
ing the impression of “one reactant — multiple prod-
ucts”) is because all biological reactions are assumed to
take place in aqueous medium, therefore one could argue
that including H,O in diagrams may appear redundant.
While an undergraduate student may know that cells are
70% water, not explicitly showing a water molecule in the
hydrolysis reaction may inadvertently remove important
context for the learner. Therefore, future work will
explore the extent to which the exclusion of water leads
to meaningfully different interpretations of the image by
students. We speculate that showing ATP hydrolysis as
“more bonds — fewer bonds” could also be a contribut-
ing factor in students' thinking that ATP hydrolysis is
purely a reaction of bond breakage and not bond forma-
tion. Importantly, future work is required to verify these
hypotheses and determine which visual representations
are meaningful to students’ interpretations of the figures.
Nonetheless, we believe our study represents an impor-
tant first step in highlighting what those visual represen-
tations actually contain, providing a set of variables to
manipulate in future work.

4.2 | A proposed framework for students’
conceptual resources about ATP hydrolysis

Based on our results, we propose the model shown in
Figure 6 of a student's cognitive resources regarding
energy and bonding. In this model, conceptual resources
that are typically acquired in biology instructional
resources are color-coded in blue, and those from chemis-
try are color-coded in orange. Based on this model, we
can hypothesize how partial inactivation of a student's
resources can lead to erroneous conclusions about the
mechanism of ATP hydrolysis. For example, if a student
only activates resources 1 and 2 of Figure 6 (“ATP hydro-
lysis involves breaking a phosphodiester bond” + “ATP
hydrolysis releases energy”), this can lead to the errone-
ous conclusion that “ATP hydrolysis releases energy
because breaking unstable bonds releases energy”. In
drawing such a conclusion, a student is not accessing
their chemistry resources that “forming bonds releases
energy” and “breaking bonds requires energy”.
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breaking unstable bonds releases energy.
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ATP hydrolysis releases energy because forming
more stable bonds in the products releases
energy.

FIGURE 6

Proposed model for a student's conceptual resources about energy and bonding, and how partial activation of these

resources can lead to erroneous conclusions about ATP hydrolysis. Erroneous conclusions are indicated by an asterisk.

We hypothesize multiple reasons for students leaving
their chemistry-specific conceptual resources inactivated.
One possibility is that particular resources are missing to
begin with. For example, students may lack the knowl-
edge that “ATP hydrolysis involves forming new, stable
bonds in the products”, instead erroneously believing
ATP hydrolysis to solely involve bond breakage. There-
fore, if bond formation is not recognized as a key compo-
nent of the reaction, there is no reason to activate the
chemistry resource that “forming bonds releases energy”.
In addition, different visual representations may differen-
tially prime students to activate particular subsets of
resources. For example, if students are always seeing
ATP hydrolysis in the form “more bonds in the reactants
— fewer bonds in the products”, this may further direct
their attention toward bond breakage as being the essen-
tial component of ATP hydrolysis. Finally, students may
be aware of their chemistry conceptual resources but
actively suppressing them, because they anticipate that
surfacing the resource can create cognitive dissonance.
For example, one student in a previous study stated “I feel
like I can ration [sic] it out both ways, so then, I under-
stand why someone would say either/or, but then I know
for biology what [the instructor] wants us to say and then
for chemistry what we have to say”.” Future work will
explore the extent to which different visual representa-
tions contribute to students developing a unified or dis-
cordant set of conceptual resources.

4.3 | Limitations and future work

There are a number of limitations with this work.
Although we sought to characterize differences between
biology and chemistry visual representations, the present
work does not survey students about how they respond to
those differences. Future work will investigate how stu-
dents interpret the different kinds of visual representa-
tions identified here, and whether different
representations  bias students toward activating
different conceptual resources. Precisely characterizing
the differences in what students see is a necessary prereq-
uisite to understanding the effects of those differences on
student reasoning.

Secondly, the scope of our textbook analysis focused
only on the images and not the text. This focus on visual
representations over text represents a broader trend in
textbook analysis studies,?® and future work will explore
how ATP hydrolysis is described in the body of biology
textbooks. In addition, we hope to explore how instruc-
tors are explaining ATP hydrolysis and bonding within
their actual classroom context. Furthermore, textbooks
are just one of many instructional resources used by stu-
dents: future work could focus on characterizing online
biology videos to broaden the scope of resources
characterized.

In summary, this work presents a possible contribut-
ing factor to students' fragmented understanding of
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chemical bonding and energy. We propose that conflict-
ing visual representations across chemistry and biology
courses may lead to conflicting conceptual resources
about ATP and bonding, and we provide a starting point
for future work investigating the impact of these visual
differences on student knowledge.
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