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Diagrams are considered to be invaluable teaching and learning tools in biochemistry, because they help
learners build mental models of phenomena, which allows for comprehension and integration of scientific
concepts. Sometimes, however, students experience difficulties with the interpretation of diagrams, which
may have a negative effect on their learning of science. This paper reports on three categories of difficulties
encountered by students with the interpretation of a stylized textbook diagram of the structure of immu-
noglobulin G (IgG). The difficulties were identified and classified using the four-level framework of Grayson
et al. [1]. Possible factors affecting the ability of students to interpret the diagram, and various teaching and
learning strategies that might remediate the difficulties are also discussed.
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Over the past three decades, a major focus of science
education research has been the identification of the rea-
soning and conceptual difficulties of students. Further-
more, it has been shown that if such difficulties are not
addressed they can hinder students’ learning and under-
standing of science [2]. A large number of student difficul-
ties have been reported in physics (e.g. see Ref. 3), chem-
istry (e.g. see Ref. 4), and biology (e.g. see Ref. 5). In
biochemistry, however, only a few such difficulties have
been identified by formal research. Fisher [6], for exam-
ple, has published research on student difficulties with
protein synthesis, whereas Anderson and Grayson [7] and
Anderson et al. [8] have identified a range of conceptual
and reasoning difficulties in the area of metabolism. Re-
cently, a methodological framework has been developed for
the identification and classification of such difficulties [1].

Research in various disciplines has shown that diagrams
can be extremely useful for clarifying and integrating con-
cepts, for the mental representation of text, and for the
construction of useful mental models of abstract phenom-
ena such as chemical structures and biochemical reac-
tions and processes [9, 10]. What has not, however, al-
ways been acknowledged is that the interpretation of
diagrams is a highly cognitively demanding task [11] that
can lead to numerous misconceptions and incorrect ways
of reasoning that are very difficult to correct through con-
ventional teaching methods [12, 13]. Although extensive
literature exists on the general use of, and difficulties with,

diagrams in other scientific fields (e.g. see Refs. 14–17),
very few research reports have been published on the
effectiveness of diagrams in the field of biochemistry.
Nuñez de Castro and Alonso [18] have shown that text-
book diagrams of enzyme-catalyzed reactions are often
too simplified and exclude essential chemical steps,
whereas Menger et al. [19] have reported that the presen-
tation of micelle structure in texts can be misleading, es-
pecially when they are presented as “spokes of a wheel.”
Crossley et al. [20] have presented preliminary results that
suggest that some students misinterpret diagrams of the
electron transport chain of mitochondria.

The results presented in this paper are part of a much
broader study aimed at identifying and classifying stu-
dents’ conceptual and reasoning difficulties with the inter-
pretation of various types of diagrams representing the
structure of immunoglobulin G (IgG)1 and its interaction
with antigens. Types of diagrams being investigated range
from realistic types (e.g. an electron micrograph of anti-
body-antigen complexes) to more abstract types (e.g. an
ELISA graph). In this paper we present evidence for diffi-
culties shown by students when interpreting a stylized-
type diagram of IgG (see Fig. 1) and suggest possible
sources of each difficulty and potential ways of remediat-
ing them during teaching.

STUDY DESIGN AND METHOD

The study was done in 2000 with 130 second-year bio-
chemistry students who had studied a module on immu-
nology, as well as 21 third-year students who had studied
the same course the previous year. The textbook diagram* This research was supported by financial grants from the

National Research Foundation and the University of Natal Re-
search Fund.
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1 The abbreviations used are: IgG, immunoglobulin G; V, vari-
able; C, constant; I, interviewer; S, student.
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(Fig. 1) used for this study was presented to students in
printed coursework lecture notes with accompanying text
and additional oral explanation. The diagram represents
the tertiary structure of IgG with its variable (V) and con-
stant (C) domains shown in light red and gray, respectively.
The solid black lines are meant to represent the two iden-
tical heavy (�) and two identical light (�) polypeptide
chains, connected by interchain disulfide bonds. These
lines also depict the characteristic “Y” shape of the IgG
molecule in a �2�2 structural designation. The bivalency of
the IgG molecule is represented by two antigen molecules
(shown in dark red) attached to the variable regions of the
antigen-binding domains of the antibody.

Student understanding of the diagram was investigated
at the end of the module by means of written tests and
interviews questions. Both the diagram and its caption
were supplied to students during the questioning processes.
Whereas the written questions were given to both groups of
students, only ten volunteers participated in interviews,
which employed the interview methods proposed by Rubin
and Rubin [22] and Posner and Gertzog [23]. The interviews
lasted 1 h each and were audio-taped and transcribed.

Initially, only free response-type questions (also termed
“probes” as we use the questions to probe for student
understanding and difficulties) were used to collect data
during the written tests and interviews. This ensured that
students were free to respond with what came to mind and
reveal their understanding of the diagram, without being
led into giving a particular answer. Examples of this type of
probe used in the study include the following.

a) Describe everything you think this diagram represents
or shows.

b) Is there anything in the diagram that you don’t under-
stand or find confusing? If so specify.

As more insight was gained into the nature of each
difficulty, the probes became increasingly more focused
and more specific for each difficulty. Only the second-year
students answered these sorts of probes, which included
the following.

c) With the aid of separate sketches, explain which part
of the diagram represents the following:

i) the antibody; ii) the antigen
d) What do the various black lines on the diagram

represent?
e) What do the colored areas represent?
f) How do the colored areas relate to the black lines on

the diagram?
g) Use the diagram to explain what happens to the antigen

(i.e. what does it do?) after it has bound to the antibody.
Student answers were analyzed by inductive analysis

[24] in which the categories of student difficulties emerge
from the data themselves, rather than being predeter-
mined. As the process of sorting students’ responses pro-
ceeds, the nature of the categories, and hence the under-
lying difficulties, becomes clearer, and subcategories may
emerge [25]. The four-level methodological framework of
Grayson et al. [1] was used for the classification of diffi-
culties according to how much information and under-
standing the researchers had about the nature of each
difficulty. Difficulties that are well established across vary-
ing contexts (e.g. different courses, student groups, and
institutions) and for which there is a stable description are
classified at Level 4 or established, whereas those that are
known to researchers but have not been extensively ex-
plored are classified at Level 3 or partially established.
Level 2 difficulties are those that are suspected on the
basis of teaching or learning experience, whereas difficul-
ties that emerge unexpectedly from analysis of the data
are classified at Level 1. In each case the incidence of the
difficulty was calculated and recorded.

RESULTS AND DISCUSSION

The results revealed the existence of three general cat-
egories and several subcategories of difficulties with the
diagram. This paper will focus only on the three general
categories, namely process-type difficulties, structural-
type difficulties, and DNA-related difficulties.

Process-type Difficulties—Students demonstrating the
process-type difficulty thought that the IgG diagram rep-
resented various complex processes, rather than a simple
non-covalent binding interaction between antibody and
antigen molecules. For instance, some students inter-
preted the diagram as showing an antigen either in the
process of entering the antibody structure or attacking the
antibody, analogous to the way a foreign agent might
“attack” or “invade” a host, i.e. they may have incorrectly
linked the everyday meaning of the body being prone to an
attack to their interpretation of the single biomolecular
event of antibody-antigen interaction. This is illustrated by
the following examples of student quotations.

“Antigen entering the � and �. Shows the pathway on
which the antigen goes through. The V region first, then the
C region.” (Response to probe a).

Interviewer (I): Now . . . the next step . . . then you told
me a bit . . . now tell me related to this (points to antigen).

Student (S): Related to this . . . mmmm . . . I think it
(antigen) goes straight and breaks those two strands (S-S
bonds).

“The diagram is trying to represent regions . . . regions
where an antigen may attack.” (Response to probe a).

Other students showing the process-type difficulty
thought that the antibody itself was capable of performing

FIG. 1. Schematic illustration of the three-dimensional
structure of an IgG antibody molecule. Tertiary structure show-
ing V and C regions. Reprinted with permission from Pearson
Education, Inc., Upper Saddle River, NJ 07458 [21].
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the major immune function of destroying the antigen, ei-
ther directly by some chemical process or by surrounding
and engulfing the antigen as in the case of phagocytosis
i.e. they were unable to distinguish between the concept of
antibody-antigen binding and other secondary immune
response processes. This is shown by the following three
student quotations.

“After binding to the antibody, antigen will be destroyed
due to a chemical rxn (reaction) that may take place be-
tween the binding sites.” (Response to probe g).

“Region(s) V and C show the different parts of the anti-
body which are meant to destroy the antigen. The com-
position of chemicals released in region V are different to
the one(s) in region C. (Response to probe a).

I: Ok, once it is joined (Ag) what does it do?
S: Umm . . . (pause) . . . then I would think that the an-

tibody surrounds it (Ag) and kills it.
A student who thought that the diagram represented an

antibody undergoing cell division showed another pro-
cess-type difficulty. The following quote supports this
interpretation.

“Cell (C), cell division takes place, two cells (V) are
formed. Cell C old mature structure attaches 2 cells with
black lines or bonds. Young immature cells (V) are at-
tacked by Ag.” (Response to probe a).

Finally, related to the difficulty above, some students in
interviews appeared to interpret the heavy and light
polypeptide chains as being able to grow from an origin
within the structure of the antibody. The following two
quotes demonstrate this interpretation.

S: These strings (polypeptide chains) . . . they . . . I
would say they originally came from this big black mole-
cule (C-region) . . .

I: Ja (yes) . . .
S: . . . and it . . . they come apart (indicates at hinge

region), they bind into the antigens and they start . . . they
know where to bind because they start at the C-region . . .

I: All right, so, if the antibody was by itself here, if the
antigens weren’t here on this picture, how would it look?

S: These black lines (heavy/light chains) wouldn’t be out
here (points), it (they) will (would) be compacted inside so
there’s just one sphere (lower C-region) . . .

I: . . . Yes . . .
S: . . . And then umm, it will come into contact with the

antigens, and then sense the contact, and then these lines
will protrude in and change the . . . (pause).

The student quoted above also thought that the anti-
gens were represented in the diagram by the entire top two
spheres, probably because the student interpreted the
arrow-shaped feature, used for the antigen, simply as a
diagram label.

The difficulties described above suggest that, in many
cases, the students are focusing on surface-level features
of the diagram when extracting meaning from it, a type of
reasoning that has been shown to be common among
novices. In a seminal study conducted by Chi et al. [26],
novices (beginning physics students) and experts (experi-
enced physicists) were asked to sort a number of mechan-
ics problems into categories. The novices generally
grouped problems together that involved similar surface
features, such as inclined planes, whereas the experts

grouped problems according to the physics principles
needed to solve them, such as conservation of energy. In
other words, novices tended to focus on the surface struc-
ture of the problems, whereas experts focused on the
deep structure of the problems. In this paper, we shall use
the term “surface-level reasoning” to mean the cognitive
process employed by students who focus on the surface-
level features of the diagram and “deep-level reasoning” to
describe a process in which students focus on the deeper
structure of the diagram. Deep-level reasoning may be
used, for example, to understand a structure or cellular
process or to solve a problem.

The interpretation given above of difficulties shown by
students may originate from the way the features of the
diagram are artistically presented. For example, in the
case of the cell division-type difficulty, students may have
inappropriately transferred what they had previously
learned about biology diagrams and concepts of mitosis or
binary fission to what was being presented graphically in
the diagram. Such inappropriate transfer of information
may well be a consequence of surface-level reasoning.
Furthermore, students probably interpreted the diagram
literally instead of recognizing the stylized nature of the
diagram when suggesting that the arrow-shaped antigen
(Fig. 1) was in the process of penetrating the antibody
(another example of surface-level reasoning). This interpre-
tation might have been enhanced further by the fact that, in
the diagram, the antigen is both pointing at the space be-
tween the light and heavy chains and is of the same width as
the space, suggesting a possible pathway of entry. Thus it is
possible that the arrow shape of the antigen and channel-
like features of the diagram led students to consider incor-
rectly the processes of phagocytosis and endocytosis when
attempting to interpret the diagram.

The process-type difficulty category initially emerged
unexpectedly (level 1) from student answers to free re-
sponse questions. Thereafter, more specific written
probes and interview questions helped us gain greater
insight into the nature of each difficulty, allowing the diffi-
culties to be classified higher up the framework at Level 3.
At this level the incidence of the difficulty was found to
range from 15 to 54% depending on whether second or
third-year students responded to the probes and which
probes they were given.

Structural-type Difficulties—Students who showed the
structural-type difficulties interpreted incorrectly the way in
which various structural features of IgG were represented
in the diagram. These included the way in which disulfide
bonds, variable and constant amino acid regions, and light
and heavy chains were represented. The following student
quotes illustrate these difficulties.

“Heavy and light chains and (with) H-bonds between
them.” (Response to probe d).

“Show(s) how three atoms are bonded to form a mole-
cule. The antigen binds to the V region of the molecule. It
shows that all three atoms are bonded by the C region . . .”
(Response to probe a).

“Black lines (are) some form of bond or attachment
holding the three cells together, blood cells, biconcave-
type shape.” (Response to probe a).

“The colored areas represent different areas . . . of red
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blood cells.” (Response to probe e).
“The colored (gray) region represents different amino

acid residues attached to the backbone (black line) of the
antibody.” (Response to probe f).

From the quotes above it is clear that the spherical
structures, used in the diagram to represent the three-
dimensional structure of the constant and variable do-
mains, were confusing for those students who thought that
the spheres were red blood cells, whole atoms, or even
amino acids. In addition, the black lines in the diagram
were also confusing to the students who thought that the
shorter ones represented hydrogen bonds (rather than
disulfide bonds) and the longer ones single bonds (rather
than amino acid chains) holding the spheres together.

A possible source of the structural-type difficulties is the
fact that biochemistry textbooks often use more than one
convention to represent a single structural feature of a
molecule and that many of the conventions that textbook
authors use are not conventions at all but are idiosyncratic
representations. For instance, whereas the disulfide bond
is represented as a short straight black line in the present
diagram (Fig. 1), it is often represented in other diagrams
either as “-S-S-” or as a yellow colored bar, presumably to
denote the presence of sulfur (this in itself could cause a
misconception, because not all chemical compounds con-
taining sulfur are yellow in appearance). Student confusion
might have been compounded further by the fact that in
the diagram both the disulfide bond and the polypeptide
chain are represented as straight black lines, whereas the
rigid, frame-like appearance of the black lines implies a
mechanical support capability. The way in which the vari-
able and constant regions are depicted as large spheres
may also be a source of confusion. They look like separate,
ball-like structures, possibly leading some students to be-
lieve that they are not part of the actual antibody structure.

Following the unexpected emergence of these difficulties
in response to free response-type questions, more focused
written and oral probes were designed to gain further insight
into the nature of each difficulty. The results confirmed the
existence of structural-type difficulties, with incidences
ranging from 13 to 70%, depending on the specific subcat-
egory of this difficulty. The difficulties were classified on the
framework as established partially at Level 3.

DNA-related Difficulties—Students showing the DNA-
related difficulty interpreted incorrectly the diagram as rep-
resenting a form of DNA processing, such as replication or
elongation. This difficulty is illustrated by the following
quotes.

“Structure of DNA as it unfolds due to RNA interpreta-
tion of the DNA template. Ag is (a) protein molecule that is
required according to the nitrogen base pairing of both the
DNA and RNA. The whole process occurs in macrophages
which are represented/shown by circles.” (Response to
probe a).

“DNA molecule replication, where the Ag bind(s) to the
DNA molecule.” (Response to probe a).

“This is meant to represent a DNA molecule, leading
strands and a lagging strand of DNA . . .” (Response to
probe a).

I: Ok . . . so, if I were to ask specifically about this line,
the shorter one (light chain), what would you say?

S: It looks like a new replicating strand of DNA . . .
possibly replicating the same information which is on this
C region (points), and then building it onto the Ag mole-
cules so you are going to get identical molecules with the
same DNA conformation.

I: . . . So there is a building process occurring here?
S: Ja (yes) . . . it is nucleotide synthesis, communica-

tion . . .
I: Alright . . . so, you called the shorter one a . . .
S: The new strand.
I: The new strand, ok, and the long one?
S: Like the parent strand, but . . . that is coding for the

new strands.
Prior to this investigation, students had just completed a

module on nucleic acids in which they had been exposed
to diagrams of DNA replication and synthesis (e.g. see Ref.
27). Because the replication fork, with lagging and leading
strands, in these diagrams looks similar in appearance to
how the “Y” shape of the immunoglobulin heavy and light
chains are represented in Fig. 1, it is possible that these
students were inappropriately transferring their knowledge
of DNA elongation or processing to the context of IgG
structure [28]. This inappropriate transfer may well be a
consequence of surface-level reasoning. Thus, once
again, the black lines in the diagram were causing confu-
sion, this time leading students to make inappropriate
connections to other areas of biochemistry. Evidence for
such a connection is found in the first quote above in
which the student thought that antigens were able to in-
teract with DNA. In addition, this quote reinforces the idea
that the spheres (circles) represent macrophages.

The DNA difficulty initially emerged unexpectedly from
second-year written responses. Following further investi-
gations, with the aid of interviews, this difficulty was re-
classified from a suspected Level 2 to Level 3 or partially
established with incidences ranging from 11 to 20%.

CONCLUSIONS

The difficulties identified in this study suggest that there
are at least three factors affecting the ability of students to
interpret a diagram, the ability of students to reason with
the diagram, students’ understanding (or lack thereof) of
the concepts of relevance to the diagram, and the mode in
which the desired phenomenon is represented diagram-
matically. These three factors are interdependent, making
it difficult to establish which factor is playing the major role.
Nonetheless, it is useful to consider each factor independ-
ently to develop a clearer idea of where the difficulties lie
and how they could be remediated.

With regard to reasoning difficulties, Hill [12] and Lowe
[17] have shown that the ability of a learner to interpret
abstract diagrams is related to the prior experience of the
learner with such diagrams and requires the acquisition of
good reasoning skills. Moreover, knowing how to read a
diagram, in itself, is a skill that must be learned. Published
teaching and learning strategies that might improve the
diagrammatic reasoning skills of the learners and remedi-
ate their reasoning difficulties with diagrams include the
following: explicitly explaining diagrams to learners and
teaching them skills and strategies for reading, interpret-
ing, and understanding diagrams [13, 29]; explicitly teach-
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ing them diagram conventions [13]; cueing them to think
more deeply about diagrams when interpreting them;
getting them to consult with multiple representations of
the same phenomenon; and getting them to draw their
own diagrams of the same phenomenon depicted by the
diagram [30].

Various strategies can also be used to try and remediate
the conceptual difficulties relating to the diagram. If the
conceptual difficulty has resulted from the exposure of the
students to the diagram, it could be addressed in a pre-
ventative manner by either improving the way the diagram
is represented or the ability of the students to reason with
it by supplying them with the necessary domain-specific
diagrammatic skills [30]. By contrast, if the conceptual
difficulty already exists as part of the prior knowledge
(before exposure to the diagram) of the students it would
require special strategies to correct the difficulty as such
difficulties tend to be resistant to change. Strategies that
may be effective could include the following: making ex-
plicit to students what part of the immune reaction was
being covered when teaching about IgG structure and
function; clarifying to students what concepts the diagram
is and is not representing; cueing them to make links to
such concepts; and placing the role of IgG in the context
of the overall immune response with, for example, the use
of an overview flow diagram.

Concerning difficulties related to the mode of represen-
tation of the diagram, factors such as artistic embellish-
ments, the particular visual devices and symbols used to
represent the elements of the diagram, the confusing sim-
ilarity of certain diagrams across different contexts, and
attempts to portray the submicroscopic environment
could all have contributed to student difficulties. The sci-
ence education literature has a range of advice to textbook
writers as to how these factors might be addressed to
improve the usefulness of diagrams as teaching and learn-
ing tools (e.g. see Ref. 31). First, it is important to realize
that a diagram that seems clear to an author may not be
clear to a learner, and experts should not assume that
novices would interpret diagrams and their conventions in
the same way as they would. It follows that diagrams
should contain sufficient visual support to help students
conceptualize relationships and build mental models [11].
In particular, conventions should be standardized or spe-
cially designed for optimal clarity. In this regard, some
biochemistry textbook authors (e.g. see Ref. 32) present
the various conventions, as well as color codes, symbols,
and icons used in the textbook, in a preface to help read-
ers interpret their diagrams.

In conclusion, the findings presented in this paper con-
firm the results of other studies (e.g. see Refs. 12–14 and
30), which show that incorrect interpretation of, and rea-
soning with, diagrams in science can lead to misunder-
standings and conceptual difficulties. Future research will
focus on student difficulties with other diagrams in bio-
chemistry with a view to devising criteria for evaluating the
effectiveness of diagrams in achieving the intended under-
standing and learning outcomes in biochemistry. The re-
sults of such research will hopefully yield guidelines on
how diagrams should best be used by teachers and learn-
ers and designed by textbook writers.
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der Naturwissenschaften, Kiel, Germany, pp. 86–88.

[9] W. Winn (1991) Learning from maps and diagrams, Educ. Psychol.
Rev. 3, 211–247.

[10] W. Schnotz (1993) Introduction to special issues on comprehension
of graphics in text, Learn. Instruct. 3, 151–155.

[11] R. K. Lowe (1996) Background knowledge and the construction of a
situational representation from a diagram, Eur. J. Psychol. Educ. 11,
377–397.

[12] D. M. Hill (1988) Difficulties with diagrams, J. Science Math. Educ.
South East Asia 11, 32–40.

[13] A. E. Wheeler, D. Hill (1990) Diagram-Ease: why some students
misinterpret diagrams, Science Teach. 57, 59–63.

[14] S. Johsua (1984) Students’ interpretation of simple electrical dia-
grams, Eur. J. Science Educ. 6, 271–275.

[15] W. Winn (1988) Recall of the pattern, sequence, and names of con-
cepts presented in instructional diagrams, J. Res. Science Teach. 25,
375–386.

[16] R. E. Mayer (1989) Systematic thinking fostered by illustrations in
scientfic text, J. Educ. Psychol. 81, 240–246.

[17] R. K. Lowe (1999) Extracting information from an animation during
complex visual learning, Eur. J. Psychol. Educ. 14, 225–244.
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