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ARTICLE

ABSTRACT
Understanding student ideas in large-enrollment biology courses can be challenging, be-
cause easy-to-administer multiple-choice questions frequently do not fully capture the 
diversity of student ideas. As part of the Automated Analysis of Constructed Responses 
(AACR) project, we designed a question prompting students to describe the possible 
effects of a mutation in a noncoding region of DNA. We characterized answers from 
1127 students enrolled in eight different large-enrollment introductory biology courses 
at three different institutions over five semesters and generated an analytic scoring sys-
tem containing three categories of correct ideas and five categories of incorrect ideas. 
We iteratively developed a computer model for scoring student answers and tested the 
model before and after implementing an instructional activity designed to help a new set 
of students explore this concept. After completing a targeted activity and re-answering 
the question, students showed improvement from preassessment, with 64% of students in 
incorrect and 67% of students in partially incorrect (mixed) categories shifting to correct 
ideas only. This question, computer-scoring model, and instructional activity can now be 
reliably used by other instructors to better understand and characterize student ideas on 
the effects of mutations outside a gene-coding region.

INTRODUCTION
In high-enrollment biology courses, student understanding is often measured through 
multiple-choice questions, as grading written answers presents a significant time and 
resource burden for instructors (Simkin and Kuechler, 2005). Multiple-choice ques-
tions can also be used effectively for rapid in-class feedback to both instructors and 
students and can be paired with peer instruction and technological tools such as click-
ers to create an effective active-learning environment (Smith et al., 2009; Hubbard 
and Couch, 2018). However, from an assessment perspective, multiple-choice ques-
tions offer a relatively limited view of student conceptual understanding, because they 
force students to select the one answer with which they most strongly agree, but do 
not necessarily include or allow them to express all of their ideas on a particular topic 
(Birenbaum and Tatsuoka, 1987; Kuechler and Simkin, 2010; Couch et al., 2015). 
Students can also hold both scientific and naive conceptions simultaneously, shifting 
toward only holding scientific conceptions as they become more expert-like; such 
nuances cannot be captured in multiple-choice answers (Opfer et al., 2012). Addition-
ally, multiple-choice questions tend to test a lower cognitive level of understanding 
(Bloom, 1956). Students answering multiple-choice questions are more likely to use 
convergent thought processes to arrive at a single correct answer rather than employ 
divergent thought processes to think of all possible solutions to a problem (van den 
Bergh, 1990; Danili and Reid, 2006). Furthermore, students may use study strategies 
that privilege memorization and surface-level learning rather than pursuing a deep 
understanding of biological content when they know they will be asked to answer low 
cognitive-level questions typical of the multiple-choice format (Ward et  al., 1980; 
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Martinez, 1999; Stanger-Hall, 2012). Although it is possible to 
write multiple-choice questions that access higher levels of crit-
ical thinking such as analysis and evaluation, instructors do not 
always expend the extra effort required to do so (Simkin and 
Kuechler, 2005). Several modifications on the multiple-choice 
format, such as two-stage and multiple true/false questions, are 
better at revealing “mixed” ideas that contain both correct and 
incorrect ideas, even among relatively advanced students 
(Couch et al., 2015, 2018). However, the high guess rate inher-
ent in this multiple true/false format (50%) and the forced 
nature of selecting an answer rather than constructing one’s 
own answer still result in a relatively surface-level diagnosis of 
student ideas (Couch et al., 2015). Alternatively, open-ended or 
constructed-response questions prompt students to respond in 
their own words rather than selecting an answer that most 
closely resembles their thinking (Martinez, 1999). Such ques-
tions can better reveal when students only partially understand 
a concept and when they hold both correct and incorrect ideas 
simultaneously (Hubbard et al., 2017). Students themselves are 
also aware that constructed-response questions allow them to 
better communicate depth of knowledge, and they report alter-
ing their study strategies to focus more on conceptual applica-
tion than knowledge-level recall when they know their exams 
will use this format (Scouller, 1998; Martinez, 1999; Simkin 
and Kuechler, 2005). Despite these advantages, resource and 
time limitations often prevent instructors from using construct-
ed-response questions to understand student thinking, in both 
formative and summative assessment.

Recently, computer assisted–scoring models have begun to 
offer an economical and effective tool to combat the limita-
tions of constructed-response questions. A variety of such com-
puter assisted–scoring models exist, such as SPSS Text Analy-
sis, in which text from student answers is extracted using large 
libraries of terms developed by the researchers (Nehm and 
Haertig, 2012; Prevost et al., 2016). Another tool, Summariza-
tion Integrated Development Environment analytics (Kang 
et al., 2008), identifies patterns in student responses and uses 
these patterns to categorize the student-submitted responses 
into categories developed by the research team (Nehm et al., 
2012). All computer assisted–scoring techniques rely on 
humans first scoring a large number of student answers, ide-
ally reflecting a wide range of student ideas. Computer 
assisted–scoring models are then constructed using the human-
scored data to create categories of student responses. Once a 
computer assisted–scoring model is functional, instructors can 
administer the developed question to students using existing 
course management or other software, upload deidentified stu-
dent answers, and receive rapid and detailed feedback inform-
ing them about the ideas represented in their students’ answers. 
This method circumvents reading hundreds of answers and 
provides information to instructors quickly enough for them to 
use student ideas as formative feedback. The computer scoring 
of answers is not intended to be used for grading, as even 
under the best circumstances it cannot yet achieve a human-
level of grading accuracy; rather, it is intended to provide feed-
back to instructors, who can then share this feedback with stu-
dents (Ha et al., 2011). The Automated Analysis of Constructed 
Responses (AACR) group has developed questions and com-
puter assisted–scoring models on a diverse set of topics (Ha 
et  al., 2011; Haudek et  al., 2011, 2012; Nehm and Haertig, 

2012; Nehm et al., 2012; Weston et al., 2015; Prevost et al., 
2016). The set of AACR questions for which computer models 
are currently available comprise topics commonly covered in 
introductory biology, biochemistry, chemistry, and statistics 
(see https://msu.edu/∼aacr). In this paper, we respond to a 
need for additional questions regarding topics in introductory 
biology.

Ideas relating to the processes of cellular transcription and 
translation, as well as the effect that mutations can have on 
these processes, are difficult for students to grasp (Marbach-Ad, 
2001; Fisher, 2006; Duncan and Reiser, 2007; Wright et  al., 
2014; Haskel-Ittah et al., 2018). To address this, Prevost et al. 
(2016) developed a series of questions and a computer model 
based on a multiple-choice question from the Genetics Concept 
Assessment (Smith et al., 2008) to score student ideas about the 
consequences of a nonsense mutation. While more than half of 
the students surveyed correctly reported that such a mutation 
will stop translation, many students incorrectly indicated that 
the effect on translation was due to an earlier halting of replica-
tion, transcription, or both. To further explore these misconcep-
tions, Pelletreau et al. (2016) developed an activity to help stu-
dents understand the possible effects of mutations on these 
processes. They administered the stop-codon mutation ques-
tions developed by Prevost et al. (2016) before and after this 
activity as a pre/posttest and showed that students from multi-
ple institutions with different instructors and different class-
room norms improved their understanding of the effect of a 
nonsense mutation after the activity. Thus, there is clearly value 
in developing and using questions with computer-assisted scor-
ing to characterize the efficacy of instructional activities on stu-
dent learning.

While misconceptions about nonsense mutations are preva-
lent, the question developed here specifically builds on a previ-
ous research finding from the Introductory Molecular and Cell 
Biology Assessment (IMCA) that students struggle to under-
stand the roles of promoter and coding regions of DNA and how 
to distinguish them from noncoding and nonregulatory regions 
(Shi et al., 2010). A question in the IMCA asks about the effect 
of replacing the coding sequence of a bacterial gene with the 
coding sequence of a similar human gene, while preserving the 
bacterial promoter. This change creates a human gene whose 
expression could be driven by the bacterial promoter. However, 
more than 70% of students tested answered the question incor-
rectly; almost half of these students thought that the amino acid 
sequence would consist of a “hybrid” bacterial gene sequence. 
This suggests that students misunderstood the role of the pro-
moter as a regulatory sequence, believing instead that the pro-
moter sequence contributes to the actual gene product.

In this study, we developed a constructed-response question 
about the effect of an insertion mutation before the promoter 
region of a gene, characterized more than 1000 student 
answers, developed and tested the viability of a computer 
assisted–scoring model, and used this question to measure the 
impact of an activity designed to help teach this concept.

METHODS
Question Development
We designed the question for this study using published guide-
lines for developing constructed-response questions, including 
minimizing jargon as much as possible in the prompt; using 
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wording that elicits answers of several words to several sen-
tences in length, rather than single-word answers; and using 
wording to avoid responses with chains of reasoning (Haudek 
et  al., 2011; Nehm and Haertig, 2012). We pilot tested the 
value of a draft version of this question by giving it to students 
from three introductory biology classes and found that it elic-
ited an appropriate range of correct and incorrect ideas 
(unpublished data) that could be used to further explore stu-
dent understanding of this concept. We then clarified the 
wording and formatting of the question based on feedback 
from 10 faculty associated with the AACR project and 10 inter-
views with students enrolled in an introductory biology course. 
A draft version of this question showed the sequence of both 
strands of DNA and was universally described as confusing in 
interviews with students. Accordingly, we chose to show only 
a single strand of DNA and to use the common descriptor of 
“coding strand,” as that term could be correctly defined and 
used by interviewees. We also chose to use the word “pro-
moter” rather than a more general descriptor, because stu-
dents are commonly taught the definition of a promoter 
sequence and correctly identified that the promoter was criti-
cal for the binding of RNA polymerase to the DNA strand. The 
final version of the “noncoding mutation” (NCM) question is 
shown below.

The following is a eukaryotic DNA sequence. The coding 
sequence of the gene is in bold and italicized, and the pro-
moter is underlined.

DNA 5′ T G*A A G G A A T TA T A A T A C G A C C … A T G A 
T G T A C G C A T AAAC G T 3′

A mutation occurs in which a base (T) is inserted into the DNA 
sequence after the G, at the position marked with an asterisk, 
before transcription begins. How will this alteration influence 
the mRNA produced?

Data Collection
We collected a total of 1127 student responses from students 
enrolled in eight different large introductory biology courses at 
three institutions over five semesters. The concepts of muta-
tions and their potential effects on transcription and translation 
were taught in four of these courses (introductory biology and 
genetics courses); students in the other four courses were also 
enrolled in introductory biology courses in which they learned 
about mutations and genes in a more general sense, not explic-
itly being taught the content of this question. We took this 
approach purposefully, so that we could collect a wide range of 
ideas and better characterize student thinking on this topic. All 
students received completion extra credit for answering the 
question through online course management software as part of 
a normal homework assignment. For an additional set of stu-
dents, we administered the question pre- and postinstruction, 
separated by an in-class activity designed to help teach these 
concepts. For these students, we matched individual student 
answers pre- and postactivity (n = 259).

For all students, identifiers were removed by course instruc-
tors before sharing data with research personnel. This research 
was approved by the University of Colorado Human Subjects 
Institutional Review Board (protocol 0610.10).

Characterizing Student Answers
Two authors (S.A.S. and J.A.K.) constructed an initial scoring 
system by categorizing answers from 301 students, working 
together to iteratively group student ideas into categories. Com-
puter assisted–scoring models require large numbers of human-
scored student answers in each of the chosen categories to pro-
vide examples of the language diagnostic of category 
membership, so we did not include categories for infrequent 
ideas (those that occur less than 2% of the time) in the scoring 
system. Further, computer assisted–scoring models are ineffi-
cient at recognizing categories that require inferential interpre-
tation on the part of the reader, so student responses that 
alluded to ideas without explicit statement were not included as 
members of a given category. As we coded additional sets of 
student answers from different institutions, collected at differ-
ent points during introductory courses, we continually modified 
the categories to reflect the full set of student ideas. To ensure 
interrater reliability, three of the authors (S.A.S., B.B.M., and 
J.A.K.) individually coded the same 21 student answers and 
agreed upon 91% of items graded across eight scoring catego-
ries. Each of authors then characterized 220 answers individu-
ally. All answers were then sequentially checked by the other 
two authors, and all disagreements were resolved. The final 
eight categories of student answers, with definitions and exam-
ples, are shown in Table 1.

Developing a Computer Assisted–Scoring Model
We generated a computer assisted–scoring model by using a 
machine-learning text classification scheme to assign nonexclu-
sive categories to student writing (see Aggarwal and Zhai, 
2012, and the references therein). Using this method, each indi-
vidual student response became a “document” and each cate-
gory in the scoring model became a “class.” The system then 
made predictions on whether each given document (student 
answer) was a member of each class (scoring category). To gen-
erate these predictions, we used an ensemble of eight individual 
machine-learning algorithms, one for each of our desired cate-
gories of student ideas (Jurka et  al., 2012). Each individual 
algorithm was trained using the 1127 hand-scored student 
responses, resulting in the production of a set of scoring models 
capable of generating category predictions for new unscored 
student writing. For this question, we produced a total of 64 
scoring models during the training phase (eight individual 
machine learning–algorithm scoring models for each of the 
eight categories). Each individual model returned a prediction 
of the probability that each student answer was a member of 
each category. We then combined the predictions of the set of 
individual algorithms using a naive Bayes optimal classifier 
stacking routine (Mitchell, 1997) to produce a single prediction 
for each category. A 10-fold cross-validation was performed to 
evaluate the performance of the scoring model. Each of these 
validations was assembled by sampling the full training set such 
that the class distribution of each validation matched the class 
distribution of the full sample and each response was used 
exactly once across the 10 validations. The Cohen’s kappa (κ) 
values generated by this cross-validation process were used as 
the primary metric to evaluate the interrater reliability between 
human scoring and computer scoring. For each of the scoring 
categories shown in Table 2, κ reports the level of agreement 
between each scorer (human vs. computer), taking into account 
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random chance (Cohen, 1960). Typically, a value of 1 indicates 
perfect agreement, 0.81–0.99 indicates almost perfect agree-
ment, 0.61–0.80 indicates substantial agreement, and 0.41–
0.60 indicates moderate agreement (McHugh, 2012). Also 
shown in Table 2 are the frequency of answers in each category 
and the precision and recall values for each category. “Precision” 
is defined as the fraction of predicted positives that match the 
human reference score (the ratio of true positives to predicted 
positives), and “recall” is defined as the fraction of human refer-
ence positives that match the predicted score (the ratio of true 
positives to human reference positives). The precision and recall 
provide an additional helpful diagnostic tool to understand the 
limitations of lower-performing rubric bins (those with lower 
Cohen’s kappa). Here, we note that the lower-performing rubric 
bins also have low recall values, or high false-negative rates, 
indicating that the scoring models are more likely to underscore 
than overscore the relevant rubric bins. There are many possible 
reasons for this behavior, with the most likely being that the 
training data set is insufficient to fully describe all possible ways 

student writing could display the concepts indicative of rubric 
bin membership.

It is important to note that the computer model can only 
score the question for which it was designed, not related or 
transfer questions. A new model has to be generated to score 
each new question. In addition, the performance of the scoring 
models described here is not independent of the student popu-
lation used to produce them. Although we assembled a training 
set representative of the students enrolled in introductory biol-
ogy and genetics courses at several institutions, students at 
institutions with different demographics or in more advanced 
courses will likely display writing content and styles not found 
in our training set. As a result, the scoring of student writing 
from such populations may not perform as well when processed 
with these models as the results presented here.

To improve the accuracy of computer scoring for categories 
in which the κ value was initially low, we wrote 73 additional 
“mock” student answers, resulting in a total data set of 1200 
answers for the computer model. These mock responses 

TABLE 1.  Category of student ideasa

Category Definition Example student answer

Transcription Unaffected The mutation does not affect the process of 
transcription.

“The mutation will have no alteration to the mRNA 
produced.”

Outside Promoter Region The mutation occurs outside of the promoter region; 
the location of the mutation is in a noncoding 
region.

“Because the mutation occurred before the promoter 
sequence and outside of the coding region…”

Enhancer Region The mutation, if in an enhancer region, could have an 
effect on the amount of mRNA produced or on the 
rate of transcription.

“It is possible, however, that this mutation could 
affect an enhancer which would only affect the 
speed of the production of mRNA.”

mRNA Different Composition The mRNA sequence is different, longer, shorter, 
changed, altered, mutated, incorrect, or inter-
rupted; codons are altered, affected, shifted, or 
changed.

“The insertion of T will be read by the RNA poly-
merase and ultimately make the RNA 1 base pair 
longer than it would have been without the 
mutation.”

Function Disrupted The mutation will cause a change in the function of 
either the mRNA or the protein product resulting 
from this gene.

“The mRNA will be totally random and will not be 
able to make a functioning protein.”

Frameshift The mutation is or causes a frameshift. “The mRNA will be frameshifted by one base.”
Protein or Translation Affected The mutation will change the amino acid or protein 

sequence, or translation is affected in some 
general way, apart from enhancer effects.

“This mutation will be made up of different amino 
acids.”

Stop Codon Translation will be terminated, the protein will be 
truncated, or a stop codon will be produced as a 
consequence of the mutation.

“This mutation will create a stop codon that will 
truncate the protein significantly.”

aStudent ideas were coded into eight categories. The table shows each category name, a definition of the answers that fall into that category, and an example student 
answer. Blue shading denotes correct ideas, and red shading denotes incorrect ideas.

TABLE 2.  Model statisticsa

Category Frequency Cohen’s kappa Precision Recall

Transcription Unaffected 0.53 0.82 0.913 0.916
Outside Promoter Region 0.42 0.83 0.912 0.890
Enhancer Region 0.10 0.82 0.930 0.756
mRNA Different Composition 0.29 0.59 0.785 0.621
Function Disrupted 0.09 0.67 0.875 0.572
Frameshift 0.22 0.88 0.917 0.889
Protein/Translation Affected 0.19 0.71 0.879 0.668
Stop Codon 0.05 0.70 0.788 0.651
aCohen’s kappa values range from high (0.81 and above) to moderate (0.4–0.6; Cohen, 1960; McHugh, 2012).
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included specific phrasings and vocabulary to help train 
the computer model. For the remainder of the paper, when 
describing student ideas, we used only the 1127 stu-
dent-submitted answers and excluded the mock answers writ-
ten by the research team. The complete computer assisted–scor-
ing model is publicly available for use through the AACR project 
website (https://apps.beyondmultiplechoice.org/AutoReport). 
The input required to use this model is a sheet with student 
answers stored as plain text in a single column (.xlxs or .csv). 
This computer model rapidly analyzes the student-submitted 
answers and then generates an instructor report.

Developing a Classroom Learning Activity
We designed an in-class activity to address several areas of stu-
dent confusion regarding the effects of mutations in different 
gene regions. The activity, which included a handout (Supple-
mental Figure 1) and a series of clicker questions (Supplemental 
Figure 2), provided students with practice differentiating 
between mutations that affect transcription and those that affect 
translation. The handout asks students to work through solu-
tions on their own or in small groups of two to three, filling in a 
table to determine the effects of a DNA base deletion in different 
gene regions (Figure 1A and Supplemental Figure 1). The ques-
tions ask about transcription and translation separately, encour-
aging students to consider whether these processes would initi-
ate normally, and whether the amount or sequence of mRNA or 

FIGURE 1.  In-class activity in which students explore the effects of single-base insertions 
in different noncoding and coding regions of DNA. (A) Students worked with their peers to 
determine how a single-base insertion into the DNA sequence in regions A through G 
would affect the initiation and products of transcription and translation. This figure shows 
the first part of this activity with suggested responses; see Supplemental Figure 1 for the 
complete activity. (B) Following time to work on the worksheet, the whole class respond-
ed to clicker questions to check understanding and prompt whole-class discussion. An 
example of one of these clicker questions is shown; see Supplemental Figure 2 for the 
complete list of clicker questions.

protein produced would be different. After 
students worked on the activity for approx-
imately 10 minutes, they answered the set 
of clicker questions (Figure 1B and Supple-
mental Figure 2), which are intended to 
spot-check student understanding of the 
activity and allow for further discussion. 
We captured students’ initial ideas by hav-
ing them answer the NCM question on a 
homework assignment immediately before 
the in-class activity and their postactivity 
ideas by having them answer the same 
question again on the next homework 
assignment following the activity, both for 
extra credit. Overall, 308 students provided 
preactivity (“pre”) responses and 285 pro-
vided postactivity (“post”) responses, for a 
total of 258 matched students who 
responded both pre and post. We then 
tracked individual student responses to 
measure changes in student thinking as a 
result of the in-class activity (Supplemental 
Table 1).

Statistical Analysis
We illustrated the data as a network dia-
gram (Figure 2) to impart the relative fre-
quencies of each category of student ideas, 
as shown by the diameter of each circle, 
and the frequency at which two categories 
co-occur in a student’s answer, as shown 
by the width of the connecting lines. We 
calculated the percent co-occurrence by 
using the frequency that any two codes 

were present in a particular answer when either one or the 
other code was present. Co-occurrences of less than 5% were 
not shown, and co-occurrences were grouped into 5% bins. 
The Sankey diagram (Figure 3) illustrates the transitions of 
individual students from fully incorrect, mixed, or fully correct 
ideas before a classroom activity, to fully correct, mixed, or fully 
incorrect ideas after the activity. We used a chi-square test to 
compare the transition of student ideas pre- to postactivity. All 
statistical analyses, the creation of the network and Sankey dia-
grams, and the interrater reliability between human and com-
puter coding were accomplished using RStudio v. 3.4.3 and the 
following packages: crossprod, igraph, networkD3, stats, and 
carat.

RESULTS
Student Responses Demonstrate a Range of Ideas
Student responses to the NCM question fall into eight distinct 
categories, illustrating three correct and five incorrect catego-
ries of student thought (Table 1), with human-computer scor-
ing accuracies ranging from Cohen’s kappa 0.59 (moderate) 
to 0.88 (near perfect; Cohen, 1960; Table 2). In general, the 
computer model was more accurate at scoring correct categories 
than incorrect categories. Correct student ideas ranged from 
simple (“the mutation will have no alteration to the mRNA pro-
duced”: Transcription Unaffected) to more explanatory (“muta-
tion occurred before the promoter sequence and outside of the 
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coding region before the promoter”: Outside Promoter Region). 
Some answers also included the qualifying idea that, if the 
mutation happened to occur in a regulatory region, the rate of 
transcription could be altered (coded as Enhancer Region). Only 
1.4% of student answers included ideas that were not captured 
in the eight categories. Many of these answers were off-topic or 
incoherent, so we did not create an additional rubric category to 
represent them. Two correct ideas were also represented: that a 
mutation might not have an effect if it were present in an intron 

and that the cell may repair the mutation before transcription 
begins. As both of these ideas were rare, and are captured by the 
larger rubric category of Transcription Unaffected, we also did 
not create additional rubric categories for them.

Incorrect student ideas were more diverse than correct ideas. 
Because the computer model relies on consistent terminology 
as one means to identify categories, the varied use of student 
vocabulary challenges the development of a computer-scoring 
model. This is seen in the lower kappa values, which compare 
human and computer scoring, for incorrect versus correct cate-
gories (Table 1, red vs. blue categories). For example, student 
answers in the mRNA Different Composition category describe 
that the mRNA will be different, longer, shorter, changed, 
altered, mutated, incorrect, or interrupted, in addition to stat-
ing that codons can be altered, affected, shifted, or changed. In 
contrast, in the category Protein or Translation Affected, for 
which there is a higher human to computer-scoring agreement, 
students state that the mutation will change the amino acid or 
protein sequence or that translation is affected in some general 
way. In the category Frameshift, student use of only one or two 
descriptive words (“frameshift” or “shift”) leads to a high scor-
ing agreement.

In addition to looking at the individual ideas in student 
answers, we also categorized their entire responses as wholly 
correct—containing only correct ideas, wholly incorrect—con-
taining only incorrect ideas, or mixed—containing both correct 
and incorrect ideas (Table 3). Wholly correct answers (∼53%) 
contained one or more ideas that fell into correct categories 
exclusively. For example, a student may simply state, “There 
will not be a change” (one idea), or may include all three cor-
rect ideas, as shown in the table. Wholly incorrect answers 
(∼36%) ranged from statements that “the mRNA would contain 
an additional base” (one idea) to answers that described a cas-
cade of negative effects, for example, “if there is a frameshift, 
the mRNA will have a different composition, resulting in an 
altered protein.” Mixed answers (∼11%) contained one or more 
correct and incorrect ideas, representing the types of mixed 
understanding that are difficult to capture using forced-re-
sponse multiple-choice questions.

Students Often Express Multiple Ideas in One Response
In addition to describing the frequencies of individual ideas, we 
can also visualize how often students link different ideas 
together. In a single answer, students generally tend to combine 
correct ideas with other correct ideas (Figure 2A, lines between 
blue nodes) or incorrect ideas with other incorrect ideas (Figure 
2A, lines between red nodes). Figure 2A shows each coded cat-
egory as a circle, sized to represent its relative frequency, out of 
the total number of student ideas. Lines between circles repre-
sent the co-occurrence of ideas, with the thickness of each line 
representing the frequency with which the two categories co-oc-
curred when either category was present. In correct responses, 
for example, ∼30% of student responses contained the idea of 
Transcription Unaffected, and ∼24% of student responses con-
tained the idea that the mutation occurred Outside Promoter 
Region; in ∼42% of answers in which a student mentioned one 
of these two idea categories, the student mentioned both. In 
incorrect answers, students described the presence of a Frame-
shift in ∼12% of all responses, mRNA Different Composition in 
∼13% of responses, and Protein/Translation Affected in ∼9% of 

FIGURE 2.  Frequency and co-occurrence of student ideas. The 
diameter of the circles indicates the frequency at which each 
category occurred relative to the total number of student ideas, 
and the shaded lines represent the percent of student responses in 
which any two categories were stated together in the same answer. 
This co-occurrence is calculated as the frequency at which an 
individual category is represented, divided by the total number of 
times each of these two categories is used. This way, co-occur-
rence functions as a measurement of how “linked” two ideas are, 
normalized by their frequency of category occurrence. Data were 
plotted from (A) the whole data set of student ideas and (B) only 
those 11% of responses that contained mixed ideas. Correct 
categories are shown in shades of blue, while incorrect categories 
are shown in shades of red.
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responses. Similar to co-occurrence of correct ideas, three incor-
rect ideas are closely linked. The ideas mRNA Different Compo-
sition and Protein/Translation Affected co-occur in ∼22% of 
responses, mRNA Different Composition and Frameshift co-
occur in 18% of responses, and Frameshift and Protein/Transla-
tion Affected co-occur in ∼21% of all student responses (Figure 
2A). This co-occurrence can also be visualized by normalizing 
the fraction to the overall number of observed student ideas 
(the AACR report generated from the website for faculty uses 
this visualization technique; see Supplemental Figure 3A).

In ∼11% of student answers, the ideas expressed fall into the 
“mixed” category, containing both correct and incorrect ideas. 
To better visualize the correct and incorrect ideas that students 
hold simultaneously, we generated a network diagram contain-
ing only the 340 statements found in mixed-idea responses 
(Figure 2B). Ideas that frequently occur together in mixed-idea 
answers are Frameshift and Transcription Unaffected, as well as 
Frameshift and Outside Promoter Region. Frameshift co-occurs 
with the correct ideas Outside Promoter Region and Transcrip-
tion Unaffected more than 30% of the time. For example, “The 
mRNA will be one nucleotide longer after that point [the 
insertion], but will not alter transcription [sic].” Another high 
co-occurrence exists between mRNA Different Composition 

and Transcription Unaffected, where 26% 
of student mixed-idea answers contained 
both ideas.

Student Ideas Become More 
Expert-like in Response to an 
In-Class Activity
We used the information about the nature 
of correct and incorrect student ideas to 
develop a classroom activity and then test 
the efficacy of this activity. The activity 
asks students to consider the effects of a 
mutation at seven different regions of a 
DNA sequence and to describe the possi-
ble effect on the processes of transcription 
and translation and on the sequences of 
their products: mRNA and amino acids 

(Figure 1; complete activity shown in Supplemental Figure 1). 
We collected and matched answers to the NCM question from 
258 students who completed the question both pre- and postac-
tivity in order to chart how students’ answers change after 
experiencing an activity designed around these concepts. The 
computer assisted–scoring model performed similarly on this 
smaller data set: scoring of the preinstruction responses was 
marginally better on average than the postinstruction responses 
(0.12 SEκ—the standard error difference in Cohen’s kappa), 
but by rubric category, no single pre/post difference rose to the 
level of statistical significance (maximum standard error differ-
ence 0.52 SEκ). We present the human-scored results of stu-
dent answers here. Before the activity, ∼71% of students 
expressed only correct ideas; an additional ∼15% expressed 
mixed ideas, and ∼14% expressed only incorrect ideas. After 
completing the activity in class, ∼81% of students expressed 
only correct ideas (Figure 3). This increase in the number of 
correct student responses corresponds to a decrease in the num-
ber of both mixed and incorrect ideas. Approximately 67% of 
students with mixed answers and 64% of students with incor-
rect answers expressed completely correct ideas after the activ-
ity, significantly more than moved toward incorrect ideas 
(p < 0.001 via chi-square test). A small percentage of students 

FIGURE 3.  Categorization of student ideas before and after in-class instruction. The 
Sankey diagram shows the number of students with wholly correct, wholly incorrect, or 
mixed (containing both correct and incorrect) ideas when responding to the AACR 
question preinstruction (left) and postinstruction (right). Line thickness represents the 
number of students whose answers fall into each category.

TABLE 3.  Examples of student answers coded into holistic and analytic categoriesa

Holistic 
category Answer Analytic categories represented

Student 
responses (%)

Correct “This alternation will not affect the production of the mRNA since it 
doesn't affect the promoter sequence nor the gene sequence itself. 
The polymerase will bind after the insertion. It is possible, 
however, that this mutation could affect an enhancer 
which would only affect the speed of the production of 
mRNA.”

Transcription 
Unaffected

Outside 
Promoter 
Region

Enhancer 
Region

53

Incorrect “The addition of a base (T) will cause a frameshift mutation, in 
which it will change the codons on the mRNA strand 
following the inserted base. This will most likely produce a 
non-functioning protein.”

mRNA Different 
Composition

Function 
Disrupted

Frameshift 36

Mixed “It will lead to a frameshift mutation sinceit is before the promoter 
region, but sinceit is before the promoter region it would not 
affect the gene or the gene product.”

Transcription 
Unaffected

Outside 
Promoter 
Region

Frameshift 11

aUsing a holistic model, student responses were categorized as fully correct, fully incorrect, or mixed (containing at least one idea from both a correct category and an 
incorrect category). This table shows an example of a student answer in each of these three broad holistic categories, with the analytic categories displayed in the next 
three columns. Individual ideas within an answer are differentiated here by italics, underlining, and bold type. This table also shows the percent of total student answers 
(n = 1127) that fall into these three broad holistic categories.
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who initially expressed mixed or correct ideas preactivity 
shifted to incorrect ideas postactivity. Most students who went 
from initially correct to mixed (eight out of 14) said that tran-
scription will not be affected but that mRNA will have a differ-
ent sequence. None said that the resulting mRNA or protein 
will be nonfunctional, and only one student described that the 
mutation would result in a stop codon. On the other hand, the 
10 students who moved from correct to incorrect had ideas 
spanning all incorrect categories.

Similar to the set of answers used to train the computer 
model, answers from students in this specific course expressed 
many ideas concurrently in their responses. Preactivity, many 
students linked the correct ideas in the Transcription Unaffected 
category, present in ∼37% of student responses, with those from 
the Outside Promoter Region category, present in ∼32% of stu-
dent responses, with a ∼45% co-occurrence of these two ideas 
(Figure 4A). Students also linked incorrect ideas: ∼38% of stu-
dent responses were categorized as both Frameshift and Differ-
ent Sequence, and ∼35% of responses were categorized as 
Frameshift and Function Disrupted. We also observed “mixed” 
ideas of ∼5–9% co-occurrence between Frameshift and Tran-
scription Unaffected, Frameshift and Outside Promoter Region, 
Frameshift and Enhancer Region, and mRNA Different Compo-
sition and Transcription Unaffected.

As a consequence of the activity, students changed how they 
answered the NCM question. Postactivity, students significantly 
increased their use of Enhancer Region, which co-occurred with 
Outside Promoter Region in ∼19% of student answers and Tran-
scription Unaffected in ∼24% of student answers (Figure 4B 
and Supplemental Figure 3B). When only correct student 
answers were examined, ∼7% contained the enhancer region 
idea preactivity, while ∼52% contained this idea postactivity. We 
also observed a decrease from pre- to postactivity in the number 
of individual incorrect categories and their co-occurrences. For 
example, the category mRNA Different Composition decreased 
from ∼10 to ∼6%, Frameshift decreased from ∼9 to ∼4%, and 
their co-occurrence decreased from ∼38 to ∼15%. Finally, the 
co-occurrence of both correct and incorrect ideas, which charac-
terizes mixed-idea responses, decreased. Only mRNA Different 
Composition and Transcription Unaffected had a more than 5% 
co-occurrence, our threshold for visualization (Figure 4B).

Students Maintain Their Understanding 
on an Exam Question
We measured whether students maintained their understand-
ing of this topic by looking at matched student performance on 
a single multiple-choice exam question similar to the NCM 
question (Supplemental Figure 4). Two hundred fifty-six stu-
dents answered both the postactivity NCM question and the 
exam question. Of the 206 students who answered the postac-
tivity NCM question with only correct ideas, ∼91% went on to 
answer the exam question correctly. Of the 21 students who 
answered the NCM question with mixed ideas, ∼90% answered 
the exam question correctly. Of the 29 students who answered 
the NCM question with only incorrect ideas, ∼62% answered 
the exam question correctly (Supplemental Table 2).

DISCUSSION
The constructed-response question described in this paper, 
about a single-base insertion before the promoter region of a 

FIGURE 4.  Frequency and co-occurrence of student ideas 
(A) preactivity and (B) postactivity. In each panel, correct categories 
are shown in shades of blue, while incorrect categories are shown 
in shades of red. The diameters of the circles indicate the frequen-
cy with which each category occurred relative to the total number 
of student ideas in the data set, and the shaded lines represent the 
percent of student responses in which any two categories were 
stated together in the same answer. The co-occurrence is the 
frequency at which an individual category is represented, divided 
by the total number of times each of these two categories is used.

gene, reveals a variety of student incorrect and mixed ideas 
about how mutations affect transcription and translation and 
can be efficiently analyzed using a computer-scoring model to 
facilitate quick feedback to both instructors and students.

The Computer-Scoring Model Accurately Categorizes 
Student Answers
We used extensive iterative analysis to create a computer 
assisted–scoring model with generally very good predictive 
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value. With the exception of the category mRNA Different 
Composition, all kappa values for human-computer scoring 
were at the level of substantial or near-perfect agreement 
(Table 1). This level of agreement, although not appropriate 
for individually grading students, is accurate enough to sup-
port the use of the question for formative assessment to look 
at overall trends of student answers and co-occurrences of 
ideas (Ha et  al., 2011; Haudek et  al., 2012; Prevost et  al., 
2016).

Incorrect Student Answers Suggest a Failure to 
Understand Components of the Process of Transcription
Even before high school, students often have difficulty in 
understanding genetic mechanisms (Bolger et  al., 2012; 
Haskel-Ittah et al., 2018). Haskel-Ittah et al. (2018) showed 
that nearly a third of students entering high school–level 
biology classes demonstrate a nonmechanistic misunder-
standing of “genes” and “traits,” referring to traits as “inside 
of genes” or “genes and traits are the same thing.” Further, 
undergraduates in biology courses still demonstrate diffi-
culty with understanding the underlying mechanisms of 
transcription and translation (e.g., Duncan and Reiser, 2007; 
Southard et al., 2016). Wright et al. (2014) found that 36% 
of students described transcription as “a chemical conversion 
of DNA into RNA,” and 16% stated that “RNA existed before 
the process of transcription began.” In addition, Southard 
et al. (2016) found that only 69% of introductory- and upper-
level biology undergraduates were able to describe “mecha-
nism-appropriate entities” such as RNA polymerase being 
used for transcription. Such fundamental misunderstandings 
are likely to lead to many of the incorrect ideas seen in the 
student answers presented here. Students who are unable to 
describe the mechanism or components of transcription 
might fail to recognize the importance of the promoter region 
or imagine that RNA polymerase transcribes in both direc-
tions from the location of the promoter region. Similarly, if 
students view the process of DNA → RNA as a chemical con-
version, they are likely not considering the positioning of the 
promoter region, resulting in a prediction that the RNA will 
contain an extra base no matter where a nucleotide in 
inserted. Additionally, if students hold the conception that 
RNA exists before the process of transcription begins, they 
might reasonably predict that any DNA insertion will be pres-
ent in the RNA, regardless of location. Once students imagine 
that an extra base in present in the mRNA, their conclusion 
that the extra base causes a frameshift mutation, leading to a 
truncated or otherwise nonfunctional protein, is logically 
consistent. Many wholly incorrect answers in our data set fol-
lowed this general chain of reasoning, in which the original 
incorrect assumption was the addition of the base in the 
mRNA product. Thus, although student responses may 
express a variety of incorrect ideas, there is an internal logical 
consistency in their models.

Another component of student thinking that may lead to 
errors is a tendency to link words together, thus developing an 
immediate association of ideas. For example, Haudek et  al. 
(2012) observed that strong word associations between the 
terms “amino” and “acid” led to students believing that func-
tional amino groups have acidic properties. An example of such 
word association coloring conceptual understanding has also 

been observed with the terms “stop” and “codon.” Students link 
the definition of the common term “stop” to “stop codon,” and 
thus imagine that such a codon stops all cellular processes, 
including DNA replication, RNA transcription, and translation 
(Prevost et al., 2016). In the current study, students linked the 
terms “frameshift” and “deletion/insertion,” leading to the idea 
that a nontriplet insertion or deletion anywhere in the genome 
is defined as a frameshift mutation, rather than the true defini-
tion, which requires this alteration to occur only in a coding 
region.

In mixed-idea student answers, we saw two common pat-
terns: a correct description of why the process of transcription 
would remain unaffected combined with either the incorrect 
idea that the mRNA would have a different sequence or the idea 
that the mutation would result in a frameshift. These mixed-
idea answers demonstrate that, even when students correctly 
state that alterations to the DNA outside the promoter and cod-
ing regions do not impact transcription, they may still visualize 
that the insertion affects the mRNA sequence, likely for one of 
the reasons described earlier. With regard to the idea that this 
insertion will lead to a frameshift, we postulate that students 
likely have an incorrect definition of a frameshift mutation. Stu-
dents commonly learn about frameshift mutations in conjunc-
tion with insertion or deletion mutations, and almost always in 
the context of the coding region of a gene. If students have not 
explicitly studied noncoding regions, it is not surprising that 
they associate an insertion of a single base or any nontriplet 
addition or deletion to a DNA sequence, regardless of whether 
the sequence will be transcribed and translated with a frame-
shift mutation. A typical example of such a student answer is: 
“It will lead to a frameshift mutation since it is before the pro-
moter region, but since it is before the promoter region it would 
not effect [sic] the gene or the gene product.” Thus, the coding 
system and analysis reveals combinations of student ideas that 
may otherwise remain hidden.

An In-Class Activity Helps Students Move Toward More 
Expert-like Answers
To help students grapple with the roles of different gene regions, 
we designed an in-class activity that directed students to predict 
the possible effects of mutations in different gene regions. 
Because NCM question uses the scenario of a single base inser-
tion, we used a conceptually similar setup, a single base dele-
tion, in the activity, allowing students to practice applying 
knowledge on an easily transferable scenario (Bransford and 
Schwartz, 1999). Before participating in this pre/postassess-
ment and activity, students had learned about different kinds of 
mutations and different gene regions and their roles in tran-
scription and translation. Accordingly, a relatively high percent-
age of students expressed wholly correct ideas when answering 
the question preactivity (∼71%) compared with the population 
of students used to generate the scoring system (∼53%). Never-
theless, many students who had incorrect or mixed answers 
shifted to wholly correct answers. In addition, postactivity, 
many more students included the more sophisticated idea that, 
if the mutation were to occur in an enhancer region, there could 
be an effect on transcription rate (∼4% preactivity to ∼21% 
postactivity). This suggests that students deepened their under-
standing of the complexity of gene expression as a result of 
instruction.
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Students also generally maintained their understanding of 
this concept at least until the unit exam that followed instruc-
tion. More than 90% of students who correctly answered the 
postactivity NCM question subsequently answered a similar 
multiple-choice exam question correctly. Very few students (less 
than 10%) who answered the post-NCM question with correct 
ideas answered the exam question incorrectly. Additionally, 
many of the students who had answered the post-NCM ques-
tion incorrectly subsequently answered the exam question cor-
rectly. This suggests that the in-class work students do to under-
stand this concept may help them build enough understanding 
to correctly answer the exam question, even if they do not 
immediately answer the extra-credit follow-up post question 
correctly. Students may also study the concept further after 
class if they realize they still do not understand. Thus, the activ-
ity and the NCM question, if challenging to the students, may 
raise their metacognitive awareness and stimulate them to 
engage in different learning strategies to master the concept 
(Dye and Stanton, 2017).

Limitations
Because of the nature of computer-assisted scoring, the scoring 
rubric developed here can only be used to gather information 
from students on this specific question. The question can help 
diagnose different ideas that students hold regarding the roles 
of different regions of DNA, the impact of mutations on the 
initiation of transcription, and their understanding of certain 
principles such as frameshifts and how RNA sequences relate to 
DNA sequences. However, the answers cannot be used to infer 
student understanding on other related topics, such as the 
impact of mutations in different locations of a DNA sequence, 
or the depth of their understanding of the many facets of gene 
regulation.

Suggestions for Instruction
This activity aims to help students by prompting them to iden-
tify and explain the downstream effects of a deletion mutation 
occurring at varying locations along the gene region. Visualiza-
tions can help students understand difficult mechanisms that 
are too small to see or occur too rapidly to observe directly 
(Offerdahl et al., 2017), such as the processes of transcription 
and translation. In addition to encouraging students to visual-
ize the gene regions, the activity also asks students to consider 
the effects of these mutations on transcription and translation 
separately. Considering the effects on transcription and transla-
tion individually may help students separate the mechanisms of 
the two processes, which are often conflated (Southard et al., 
2016). Engaging with a visual aid (in this case, a diagram) may 
encourage students to draw their own representations to pre-
dict possible outcomes, a technique shown to have a positive 
impact on student learning (Quillin and Thomas, 2015). An 
extension to this activity could also include an incomplete or 
unlabeled diagram with instructions for the student to com-
plete the visual representation of a gene and its possible regula-
tory sequences.

The student answers collected and analyzed here provide 
evidence that students struggle with biology terminology and 
have difficulty understanding the roles of different gene 
regions as influenced by a single base mutation. The NCM 
question can be used easily by instructors in several different 

ways to help students master these concepts. The question 
can be used pre- and postinstruction using online submission 
tools, such as learning management systems or Google forms, 
to measure whether students build a more complete under-
standing after instruction, and they can be used in combina-
tion with the in-class activity we designed to facilitate such 
instruction. With the computer assisted–scoring model, cate-
gorizing student ideas into the three correct and five incorrect 
categories, in addition to more holistically grouping student 
answers as wholly correct, incorrect, or mixed, can be done 
quickly and with large numbers of students. Importantly, if 
instructors wish to share information about student incorrect 
ideas as part of the learning process, sample student answers, 
proportions of student answers in each category, and co-oc-
currences of ideas are all easily visualized using the automat-
ically generated instructor report accessible by uploading stu-
dent answers at https://apps.beyondmultiplechoice.org/
AutoReport. Instructor reports also show an estimate of the 
probability that the computer scoring of each individual stu-
dent answer would agree with a human scorer for each cate-
gory. In addition, the reports include co-occurrence Web dia-
grams similar to those shown in Figures 2 and 4, which 
instructors may also find useful for diagnosing and addressing 
mixed ideas.

In using the in-class activity, we suggest that instructors 
allow students to explicitly discuss the roles of different gene 
regions with one another. Explaining why mutations do or do 
not affect the processes of transcription and translation and 
comparing the processes to the products may be a key step in 
building understanding (Smith et al., 2009; Knight et al., 2015). 
We also suggest that instructors encourage students to work on 
problems involving DNA and RNA sequences before or after this 
activity, so students can make molecular-level connections with 
the concepts of sequence alterations (Wright et  al., 2017). 
Finally, given the relatively high proportion of incorrect defini-
tions of “frameshift” in student answers, instructors should 
engage students in thinking about the many examples of muta-
tions that do not result in a frameshift, such as an insertion in 
an intron. Instructors can also help students practice this con-
cept through clicker questions, drawing exercises, or other types 
of in-class activities, so students can recognize that the defini-
tion of frameshift dictates that the disrupted sequence must be 
in the reading frame of the gene.

This question and accompanying activity may also be useful 
as a follow-up to the three stop-codon mutation questions also 
generated by the AACR group (Prevost et  al. 2016), which 
revealed that many students misunderstand the meaning and 
consequences of nonsense mutations. Some students think 
(preinstruction) that such mutations stop the process of replica-
tion, and a larger portion think such a mutation stops transcrip-
tion, which then results in a stop in translation. Both of these 
ideas can be repaired with an activity designed to be used along 
with the AACR question to help teach these concepts (Pelletreau 
et al., 2016). Because the stop-codon mutation questions and 
the current NCM question all address the potential effects of 
mutations on transcription and translation, the two sets of 
questions and activities can be used within the same unit to 
highlight incorrect student ideas and engage students in learn-
ing these challenging concepts. The two activities together pre-
pare students to think about how mutations affect transcription 
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and translation differently depending on whether they occur in 
a regulatory region, a coding sequence, or a noncoding, non
regulatory region.

While creating constructed-response questions requires more 
investment than multiple-choice questions, such questions 
increase the cognitive level of the learning task. The question we 
have shared here, as well as others in the existing AACR data-
base, will help instructors learn more about their students’ think-
ing and use this information to improve student understanding.
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