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ARTICLE

ABSTRACT
Previous work has shown that students have persistent difficulties in understanding how 
central dogma processes can be affected by a stop codon mutation. To explore these dif-
ficulties, we modified two multiple-choice questions from the Genetics Concept Assess-
ment into three open-ended questions that asked students to write about how a stop co-
don mutation potentially impacts replication, transcription, and translation. We then used 
computer-assisted lexical analysis combined with human scoring to categorize student re-
sponses. The lexical analysis models showed high agreement with human scoring, demon-
strating that this approach can be successfully used to analyze large numbers of student 
written responses. The results of this analysis show that students’ ideas about one process 
in the central dogma can affect their thinking about subsequent and previous processes, 
leading to mixed models of conceptual understanding.

INTRODUCTION
The topic of information flow has been cited by many groups as a fundamental 
biological concept (e.g., the Vision and Change in Undergraduate Education document 
[American Association for the Advancement of Science, 2011] and the Next Generation 
Science Standards [NGSS, 2013]), yet students at both the secondary and postsecond-
ary levels have difficulty understanding how genetic information is stored and 
exchanged (e.g., Lewis et al., 2000; Mills Shaw et al., 2008). Students also display 
conceptual difficulties about the related subtopic of the central dogma, the process by 
which genetic information, DNA, is encoded into proteins via an RNA intermediate. 
For example, students often believe that the amino acids used in translation are man-
ufactured by the translation process itself (Fisher, 1985). In addition, students often 
fail to accurately explain the relationship between DNA and protein or between genes 
and proteins (Wood-Robinson, 2000; Marbach-Ad, 2001; Mills Shaw et al., 2008). 
Students’ misunderstandings about these relationships are further revealed in their 
ideas about the impact of mutations on transcription and translation (Smith et al., 
2008; Smith and Knight, 2012).

A strong conceptualization of the central dogma is important for understanding 
basic cell functions and the origin and expression of genetic disorders, yet several bar-
riers potentially confound students. For example, biologists typically summarize the 
central dogma with diagrams such as: DNA → RNA → protein. This visual representa-
tion may cause difficulties for students when they do not understand the processes 
represented by each arrow (Wright et al., 2014). Even students who do understand the 
meaning of each arrow may not understand the multiple steps within each process of 
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replication, transcription, and translation, or how the processes 
relate to one another. Ultimately, diagnosing student difficul-
ties on concepts such as these is the first step in understanding 
how to help students repair their incorrect ideas and develop a 
deeper understanding of the processes involved.

To this end, many concept inventories have been devel-
oped to address a variety of known difficult topics (e.g., 
Garvin-Doxas, 2008; Kalas et al., 2013; Price et al., 2014). 
Two concept inventories in particular, the Genetics Concept 
Assessment (GCA; Smith et al., 2008) and the Genetics Liter-
acy Assessment Instrument (Bowling et al., 2008), specifically 
address genetic information flow and the potential effects of 
mutations. Studies on student conceptual change and on 
learning progressions have also demonstrated that students 
seldom hold only novice ideas or only expert scientific ideas 
(Chi et al., 1981; Vosniadou and Brewer, 1992); instead, both 
novice and scientific ideas can coexist in students’ minds. 
Multiple-choice assessments, in which students are restricted 
to selecting only one option, reveal whether students hold one 
scientific or one novice idea but do not capture multiple ideas 
that students may hold. To understand the details of student 
thinking on these topics, instructors need more sensitive tools 
that allow measurement of the sequence of student thinking 
and that indicate whether students hold both correct and 
incorrect ideas simultaneously.

Constructed-response assessments, in which students 
answer questions in their own words, can be used to reveal 
more nuanced levels of student understanding, thus provid-
ing instructors with deeper insight into student thinking 
(Birenbaum and Tatsuoka, 1987; Martinez, 1999; Kuechler 
and Simkin, 2010). For example, constructed-response 
assessments can be used to determine whether students’ 
mental models use purely scientific concepts, only novice 
ideas, or a combination of both scientific and novice ideas 
(Opfer et al., 2012). Additionally, writing gives students prac-
tice in scientific discourse, which not only helps them to com-
municate their pre-existing ideas but to construct new ideas 
about scientific phenomena (Lemke, 1990; Keys, 1999). 
Despite the advantages of written assessments, the consider-
able time and effort required to read, assess, and provide 
feedback on student responses limits their use by instructors. 
Automating the process of analyzing student responses can 
greatly reduce this barrier (Nehm and Haertig, 2012), and 
recent innovations in lexical analysis and machine learning 
have enabled successful analysis of student writing on a vari-
ety of biological concepts (Ha et al., 2011; Haudek et al., 
2012; Weston et al., 2015).

In this paper, we build on the previously reported result 
from the GCA—that students fail to understand the effects of a 
stop codon mutation on transcription and translation (Smith 
et al., 2008; Smith and Knight, 2012)—by developing open-
ended questions modified from GCA multiple-choice items. We 
then apply lexical analysis to examine whether student written 
responses can provide additional insight into their thinking. By 
following sequential student responses to each of three ques-
tions about the effect of a stop codon mutation on replication, 
transcription, and translation, we explore whether students 
have incorrect ideas about each of these processes, or whether 
their ideas about one process affect their descriptions of subse-
quent or previous processes.

METHODS
In this section, we describe the questions we developed and a 
novel approach to understanding student ideas that combines 
lexical and statistical analyses to examine student responses.

Questions and Administration
The GCA consists of 25 multiple-choice questions designed to 
assess nine learning goals in undergraduate genetics courses. 
This study examines one of the learning goals of the GCA: com-
pare different types of mutations and describe how each can 
affect genes and the corresponding mRNAs and proteins. Two 
GCA questions that address this learning goal ask students to 
identify which of several mutations would result in a shortened 
mRNA, and which would result in a shortened polypeptide 
(Figure 1A). For the first GCA question, none of the changes 
will result in a shortened RNA, but 47% of majors and nonma-
jors students (n = 352 students) from multiple classes selected 
the stop codon mutation as their answer (Smith and Knight, 
2012). For the second GCA questions, 35% of students did not 
answer that a frameshift mutation can produce a stop codon, 
which would lead to a shorter protein. For the work described 
in this paper, we modified these questions to create three open-
ended prompts that ask students to explain how a mutation 
that results in a premature stop codon would affect replication, 
transcription, and translation (Figure 1B).

We administered the three open-ended questions to under-
graduate biology majors enrolled in introductory cell and mole-
cular biology–focused courses at two large public research 
universities. Demographic data for students in these courses are 
included in Table 1. The questions were administered as part of 
a regular online homework assignment after the instructors had 
completed teaching a unit on central dogma. Students were 
encouraged to give their best effort and received one point for 
completion of the entire assignment. We collected responses 
from 1043 students who answered all three open-response 
questions.

Lexical Analysis
We used IBM (2011b) SPSS Text Analysis for Surveys and IBM 
(2011a) SPSS Modeler to analyze the responses to each ques-
tion. Before this analysis, student responses were preprocessed. 
Preprocessing included removal of HTML characters and 
spell-checking. Student answers were uploaded to the lexical 
analysis software. Words and short phrases were extracted 
using preprogrammed libraries that came with the software 
package and custom libraries that were built to capture words 
commonly used in biology courses (for more details, see 
Haudek et al., 2012; Kaplan et al., 2014). For creation of new 
custom libraries, words that were not available in the prepro-
grammed libraries were added to a new library. Commonly 
misspelled words were also added to the library so that, if these 
words were left uncorrected in these or future responses, the 
misspelled words could be recognized by the software. For the 
software to correctly match the misspelling to the correctly 
spelled word, these words were grouped as synonyms. For 
example, the misspelled word “transcripted” was added as a 
synonym of “transcribed.” Extracted words and short phrases 
were then grouped into categories. A category contains all 
words including synonyms and phrases in students writing that 
express a homogeneous idea. Categories could also contain 
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Boolean characters (e.g., AND, NOT, OR) to create detailed 
phrases that express specific ideas.

Throughout this paper, categories will be represented in ital-
ics to help identify them. For example, both of the responses in 
Table 2 were assigned to the replication category. The replication 

category was represented by the phrase “replication process” in 
the first example response and “DNA replication” in the second 
response. Both responses were also assigned to the replication 
unaffected category. The first response contained the phrase 
“will not have any effect” and the second the phrase “will not 

FIGURE 1. (A) Original question from the GCA (Smith et al., 2008). Correct answers in bold. (B) Open-response stop codon questions used 
in this study.
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1. Correct: no effect on replication or transcription
2. Incomplete/irrelevant: contains some but not all correct infor-

mation or irrelevant response (e.g., discussing translation)
3. Incorrect: replication or transcription stops

For the translation responses, the rubric was

1. Correct: translation stops
2. Incomplete: contains some but not all correct information
3. Incorrect: no effect on translation

The raters achieved an interrater reliability (IRR) of 0.8 or 
higher in scoring responses to each of the three questions for 
the initial 211 responses. We calculated the intraclass correla-
tion (Cronbach’s alpha), which can be used to compare agree-
ment among more than two raters. Values of 0.7 and higher are 
considered acceptable levels of IRR (Shrout and Fleiss, 1979; 
Cronbach, 1984; Crocker and Algina, 1986). Because accept-
able IRR levels were achieved, each rater was assigned one 
question; one rater (J.K.K.) coded the remaining replication 
responses, the second rater (M.K.S.) coded the remaining tran-
scription responses, and the third rater (L.B.P.) coded the 
remaining translation responses.

Model Building using Multinomial Logistic Regression
We used all the categories developed during the lexical analysis 
and expert coding to build predictive models to automatically 
score new responses. Because answers from students at each 
institution displayed a comparable distribution of categories 
with similar frequencies, we pooled the data from the two insti-
tutions. We randomly selected 70% of the responses as a train-
ing set (n = 730) and built one model for each question using 
the training set. The remaining 30% of the responses were 
reserved to test each model (n = 313).

We used multinomial logistic regression to build each model. 
In our analyses, the dependent variable was the expert coding 
for each question, which includes values of 1, 2, or 3 (correct, 
incomplete, or incorrect, as described above). The multinomial 
logistic regression uses one value of the dependent variable as 
a reference. In this case, the reference is bin 1 (correct) from 
the human scoring. The independent variables in the model 
were the lexical analysis categories. Each lexical analysis cate-
gory variable is binary and indicates the presence or absence of 
that category in a student’s response. The multinomial logistic 
regression builds one model whose fit is determined using a 
Pearson chi-squared–based maximum-likelihood test (Menard, 
2002). We used a stepwise regression with Fin = 0.05 and 
Fout = 0.10 criteria for inclusion and exclusion of each category 
in the model to determine the subset of the lexical analysis 
categories that were most predictive of human scoring.

The multinomial logistic regression model predicts the likeli-
hood that a response will be classified as incomplete/irrelevant 
(bin 2) or incorrect (bin 3) compared with correct (bin 1, the 
reference value). For each question, one model is created. How-
ever, two sets of regression coefficients are generated for each 
comparison. One set of regression coefficients is used to predict 
the likelihood that a student’s response would be classified as 
incomplete compared with correct, and the second set of regres-
sion coefficients is used to predict the likelihood that a student’s 
response would be classified as incorrect compared with correct.

We evaluated the regression coefficients (β) to determine 
the contribution of each lexical category to the model logit. The 

TABLE 2. Responses to the replication question and their assigned 
lexical categories
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It will not have any effect on the replication process √ √
It will not influence DNA replication as a new stop 

codon will only affect translation.
√ √ √ √

aAll terms in categories are underlined and highlighted in colored text that corre-
sponds to the category to which they belong.

TABLE 1. Demographic data from the two introductory cell and 
molecular–focused courses

Demographic data
Institution 1 

(%)
Institution 2 

(%)

Gender
Female 51 56
Male 49 44

Ethnicity
Native American/Pacific Islander 2 <1
Asian 9 7
Black 3 8
Hispanic 8 4
White 74 80
Other 4 2

Year in school
First year 68 13
Second year 18 61
Junior 6 17
Senior 5 8
Other 3 1

Major
Biology 53 52
Other arts and sciences 35 29
Engineering 7 11
Other 5 8

influence,” both of which convey the homogeneous idea of not 
having an effect on replication. The second response in Table 2 
also was assigned to the categories stop codon and translation. 
Each student response can be assigned to zero, one, or multiple 
categories based on the words and phrases it contains. In 
Table 2, the first response is assigned to two categories, and the 
second is assigned to four categories.

Response Coding
The authors coded the same subset of 211 responses to each of 
the three questions using a holistic rubric in which each 
response was characterized as a 1, 2, or 3. Examples of student 
responses in each bin are given in Table 3. We have presented 
student responses exactly as they were written but have made a 
few edits to correct misspellings or grammar in order to make 
responses easier to read.

For the replication and transcription responses, the following 
rubric was used to categorize each student response into bins:

 by guest on February 15, 2018http://www.lifescied.org/Downloaded from 

http://www.lifescied.org/


CBE—Life Sciences Education • 15:ar65, Winter 2016 15:ar65, 5

Student Thinking about the Stop Codon

logit is the natural log of the odds ratio for the model. We used 
the Wald statistic to evaluate the significance of the regression 
coefficients in the model, that is, whether the regression coeffi-
cient is different from zero or whether the odds ratio is different 
from correct (bin 1). In each model, the regression coefficient 
represents the degree to which that lexical analysis category 
would affect the model logit if its value increased from 0 to 1, 
holding other categories constant.

The exponent of the regression coefficient gives the odds 
ratio. Odds ratios vary from zero (0) to infinity (∞) and describe 
the odds of the comparison expert coding changes corresponding 
to the reference coding (correct or bin 1 in these analyses) when 
the category variable changes from 0 to 1 (Menard, 2002; Peng 
et al., 2002). Thus, we present the likelihood that a category 
would increase or decrease the chance that a response is assigned 
to bin 2 compared with bin 1, or bin 3 compared with bin 1. We 
can illustrate how to interpret these odds using the incomplete/
irrelevant response bin: the regression compares bin 2 with bin 1 
(correct; the reference bin). An odds ratio of 1 indicates that it is 
equally likely that a score will be assigned to bin 2 or bin 1. An 
odds ratio greater than 1 indicates that it is more likely that the 
presence of a category would cause a response to be assigned to 
bin 2 (incomplete/irrelevant) than bin 1 (correct). Inversely, an 
odds ratio smaller than 1 indicates that it is less likely that the 
presence of a category would cause a response to be classified as 
incomplete/irrelevant rather than correct.

Finally, we compared the model’s ability to correctly predict 
human scoring. The predictive models were tested using a test 
data set composed of 30% of the student responses. Models 
were deemed acceptable when they achieved an IRR between 
the computer prediction and human scoring of Cronbach’s 
alpha 0.7 or greater.

RESULTS
Students provided written explanations for the effect of a base 
change in DNA on each of the processes of replication, tran-
scription, and translation. The authors binned the student 
answers as 1, 2, or 3, as described in the Response Coding sec-
tion of the Methods. Lexical analysis was used to identify cate-
gories of terms that students use in their writing about each 
process. The variables produced in the lexical and human scor-
ing were then used to build a statistical model that can predict 

the human scoring of student responses. In addition, we identi-
fied any patterns in student answers that provided information 
about how students’ understanding or misunderstanding of one 
process impacted their answers to subsequent questions.

Lexical Analysis
The lexical analysis identified sets of categories for each set of 
student answers: 34 categories for replication, 27 categories for 
transcription, and 24 categories for translation. All categories 
were used in our analyses; however, for ease of viewing, 
Figure 2 shows the most common categories for each question, 
grouped by the question in which they most frequently occur. 
For example, the categories replication, replication unaffected, 
and replication stops are unique to the replication question. Two 
categories, DNA and stop codon, are common to all three ques-
tions. The category stop is frequently used in responses to the 
translation and transcription questions.

Multinomial Logistic Regression Analysis
For each of the three questions (replication, transcription, and 
translation), we used the categories of word choices derived 
from the lexical analysis as predictors of expert human coding 
in a multinomial logistic regression analysis. Each predictive 
model achieved a human–computer IRR of 0.7 or greater for 
both the training and testing data sets (Cronbach’s alpha; 
Table 4). Each model identified the subset of lexical analysis 
categories that best predict human expert coding.

For the replication question, the odds ratios for lexical analy-
sis categories that best predict human expert coding are shown 
in Table 5. For this model, the incomplete/irrelevant (bin 2) and 
incorrect (bin 3) answers are compared with the correct (bin 1) 
category. For the incomplete/irrelevant bin, student responses 
are more likely to be classified as incomplete/irrelevant if they 
contain terms in the categories transcription, amino acids, 
protein, replication stops, and stop codon (odds ratios signifi-
cantly greater than 1). Responses are less likely to be scored as 
incomplete/irrelevant if they contain terms in the categories 
DNA, base, normal, and replication unaffected (Table 5; odds 
ratios significantly less than 1). For the incorrect bin, student 
responses are more likely to be classified as incorrect if they 
contain terms in the categories replication stops, stop codon, 
protein, and short (odds ratios significantly greater than 1). 

TABLE 3. Examples of student responses and rubric coding, with each response shown given by a different student.

Question

Bins

1: Correct 2: Incomplete/irrelevant 3: Incorrect

Replication It will not have any effect on the 
replication process.

This would be an example of a nonsense 
mutation.

The DNA will stop replicating when it 
reaches the stop codon.

Transcription It will not have any effect on 
transcription.

This will cause a mutation in the 
transcription process.

In the process of transcribing DNA into 
RNA, the newly added stop codon 
will inhibit the rest of the chain from 
being transcribed into RNA.

Translation This will influence translation because 
the stop codon will cause the amino 
acid sequence to end before it 
should. This will create a different 
polypeptide or protein that will either 
not function or function differently 
than it should have.

The code will be translated with a 
different base and will be read 
differently. This will result in a 
different protein being built.

This will have no influence on 
translation.

 by guest on February 15, 2018http://www.lifescied.org/Downloaded from 

http://www.lifescied.org/


15:ar65, 6  CBE—Life Sciences Education • 15:ar65, Winter 2016

L. B. Prevost et al.

responses were shared by the two cate-
gories. Dotted lines connecting two cate-
gories show that 11–25% of the 
responses were shared by the two cate-
gories. Categories that share fewer than 
11% of the responses share the catego-
ries are not connected. The idea maps 
for each of the three questions (replica-
tion, transcription, and translation) are 
described in more detail in the following 
sections.

Replication
Correct Responses (Bin 1). About half of 
the student responses to the replication 
question (56%) indicated that the base 
change had no effect on replication (Figure 
3A). The frequency and association of the 
categories significant in predicting a cor-
rect response (bin1: “replication is unaf-
fected”) are displayed in Figure 3B. Only 
two categories, replication unaffected and 
DNA, have high frequencies for predicting 
correct responses, as represented by the 
large circles.

Incomplete or Irrelevant Responses 
(Bin 2). Twelve percent of the replication 
responses were categorized as incom-
plete or irrelevant. These responses var-
ied widely and often did not give enough 

information to ascertain whether the student understood the 
effect of the mutation on replication. Some students did not 
write about the effect on replication. This shift away from 
describing replication is illustrated by the relative sizes of the 
categories shown in Figure 3C.

For example, many responses discussed transcription or 
translation but did not mention replication (67%). Smaller per-
centages of students talked generally about kinds of mutations 
(16%) or mentioned only that the DNA, RNA, or protein would 
be “different” (18%).

Incorrect Responses (Bin 3). About one-third (31%) of the 
replication responses were classified as incorrect. Responses 
were frequently categorized into replication stops, DNA, and 
stop codon (Figure 3D, larger circles), and these categories are 
associated with one another (dotted lines). Responses in this 
bin typically described the stop codon terminating the process 
of replication (Table 5).

TABLE 4. Evaluation of multinomial logistic regression models

Model
Pearson’s goodness-of-fit  

chi-squared statistica Degrees of freedom p Valuea

Prediction accuracyb  
(Cronbach’s alpha)

Replication 1480.6 802 <0.05 0.84
Transcription 1436.0 828 <0.05 0.74
Translation 1277.3 742 <0.05 0.70
aGoodness-of-fit statistics and p value evaluate whether there is a significant relationship (p < 0.05) between the dependent and independent variables.
bAccuracy values provided for testing data set n = 313.

FIGURE 2. Distribution of responses by lexical analysis category for each question: 
replication (blue), transcription (yellow), and translation (black). The first four categories 
are the most commonly used terms for the replication question. The next four are most 
common to transcription, and the last seven are most common to translation. Some 
terms, such as “DNA,” were used in answering all three questions. Only categories that 
garnered 15% or more of student responses are shown.

Responses are less likely to be scored as incorrect if they contain 
terms in the categories replication unaffected, base, translation, 
protein, mutation, and DNA (Table 5; odds ratios significantly 
less than 1). For brevity, we have included the odds ratios for 
the transcription and translation questions in Supplemental 
Tables S1 and S2.

Student Answers and Idea Maps
Once student responses were scored as 1, 2, or 3, the rela-
tionships between the terms students used were visualized 
(Figures 3, 4, and 5). These idea maps illustrate the propor-
tion of responses (denoted by size or circle or node) within 
each bin that have been assigned to each lexical category. 
The connections between two categories represent the pro-
portion of responses shared by these two categories. Solid 
lines connecting two categories show that more than 50% of 
the responses were shared by the two categories. Dashed 
lines connecting two categories indicate that 26–50% of the 
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FIGURE 3. Student performance (A) and idea maps (B–D) for replication. Idea maps illustrate the frequency and cooccurrence of concepts 
in student writing.

Transcription
Correct Responses (Bin 1). Slightly more than half of the 
responses (55%) correctly identified that the base change 
would have no effect on transcription (Figure 4, A and B). The 
most frequent categories in correct responses are mutation, 
translation, different, DNA, and no effect. The associations 
between the categories transcription and no effect, and tran-
scription and DNA (Figure 4B), reflect the two primary 
responses: 1) the alteration would not influence transcription, 
and 2) the alteration would cause a mutation in the DNA and/
or the mRNA. Some students went on to describe that the 
complementary mRNA transcript would have a uracil base (U) 
instead of a cytosine (C) base.

Incomplete or Irrelevant Responses (Bin 2). Seven percent of 
responses to the transcription question fell into this category. 
Incomplete responses often indicated that something would go 
wrong during transcription without specifying the problems 
that may occur. Most responses (58%) were incomplete in 
some way, such as mentioning that there would be an impact 
on the transcription process without any detail about that 
change. Irrelevant responses mentioned other stages of the cen-
tral dogma (37%) or discussed kinds of mutations (6%) rather 
than discussing transcription.

Incorrect Responses (Bin 3). Thirty-eight percent of the 
responses to the transcription question incorrectly stated that 
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transcription stopped (Figure 4D). The categories transcription, 
stop, transcript, and stop codon were the most frequent. The 
strongest association occurred between transcription and stop. 
Incorrect responses included two primary, related incorrect 
ideas: 1) transcription would be stopped, and 2) the transcript or 
RNA product would be shorter because the alteration in the DNA 
strand produced a stop codon (Table 6).

Translation
Correct Responses (Bin 1). More than half of the students 
(57%) responded that translation stops and/or a shorter pro-
tein is produced (Figure 5, A and B). The most frequently used 
categories are protein, stop, stop codon, and short as shown by 
the larger circles in the idea map. These categories are also com-
monly used together in the same response. For example, more 
than 25% of the responses that were assigned to the category 
stop were also assigned to the category protein as demonstrated 
by the dashed line between these two categories in Figure 5B.

Incomplete or Irrelevant Responses (Bin 2). Twenty percent 
of responses to the translation question were classified as 
incomplete or irrelevant (Figure 5C). Most responses that were 
irrelevant (88%) described that translation will not occur prop-
erly or that the protein will function differently. Thus, some of 
the most frequent categories in this idea map were protein, dif-
ferent, improper translation, and DNA. Responses assigned to 
the category DNA referred to translation being different because 
of the change to the DNA sequence. Some responses catego-
rized as incomplete were not detailed enough to ascertain 
whether the student knew that translation will be stopped due 
to the stop codon or that the protein formed would be shorter. 
Other responses discussed another stage of the central dogma 
rather than translation (9%). A few responses talked about 
mutations in general (3%).

Incorrect Responses (Bin 3). Twenty-three percent of students 
answered this question incorrectly (Figure 5D). The categories 
DNA, mRNA, different, protein, and short were most common 

among the answers. Of the student answers in this bin, about 
one-quarter (26%) stated that translation would not be altered 
by the creation of a stop codon. Another group of students indi-
cated that translation would not occur at all (14%; Table 6). 
Other students (11%; Table 6) revealed a problem with replica-
tion or transcription that carried on to translation. For example, 
the base change would result in a shorter DNA strand during 
replication, but translation would proceed unaffected.

Tracing Student Thinking across Central Dogma Processes
By tracing the path students took when answering all three 
questions rather than focusing on their answers to individual 
questions, we were able to follow student thinking about how 
a mutation that produces a stop codon affects all three pro-
cesses. Figure 6A shows the path taken by the 57% of students 
who answered the replication question correctly. Figure 6B 
shows the path taken by students who gave incomplete/
irrelevant answers to the replication question. Finally, the 
paths taken by students who answered replication incorrectly 
are displayed in Figure 6C. We found that just more than 
one-quarter of students (26%) answered all three questions 
correctly, even though more than 50% of student responses 
were correct for any single question. This “all correct” path is 
illustrated in Figure 6A by the green circles and arrows. 
Fifty-seven percent of the students (n = 586) answered the rep-
lication question correctly. Of these students, 68% (n = 401) 
also answered the transcription question correctly. And of 
these 401 students who answered the replication and tran-
scription questions correctly, 68% (n = 272) answered the 
translation question correctly. Conversely, ∼5% of all students 
had completely incorrect explanations for all three questions. 
We obtained this percentage by following the red circles and 
arrows in Figure 6C. Thirty-one percent of students incorrectly 
answered the replication question, 61% of these students also 
answered the transcription question incorrectly, and 27% of 
this latter group answered the translation question incorrectly. 
Thus, most students displayed mixed mental models—
combinations of correct and incorrect ideas across the three 

TABLE 5. Odds ratios and confidence intervals for multinomial logistic regression for the open-response replication questiona

Text analysis category

Incomplete/irrelevant (bin 2)b Incorrect (bin 3)b

β OR CI Sig β OR CI Sig

Transcription 2.02 7.57 (2.09–27.46) ↑ −0.10 0.90 (0.17–4.74) NS
Amino acids 1.78 5.92 (2.00–17.49) ↑ −0.85 2.34 (0.75–7.24) NS
Protein 1.40 4.07 (1.87–8.85) ↑ −1.32 0.27 (–0.10–0.74) ↓
Replication stops 1.17 3.22 (1.32–7.88) ↑ 3.94 51.22 (23.28–112.7) ↑
Stop codon 0.83 2.30 (1.10–4.83) ↑ 1.55 4.71 (2.39–9.28) ↑
DNA −1.19 0.31 (0.16–0.58) ↓ −0.56 0.57 (0.31–0.78) ↓
Base −1.96 0.14 (0.06–0.36) ↓ −2.43 0.09 (0.03–0.24) ↓
Normal −2.32 0.10 (0.16–0.59) ↓ −1.24 0.29 (0.07–1.17) NS
Replication unaffected −4.30 0.1 (0.01–0.43) ↓ −2.98 0.05 (0.02–0.11) ↓
Mutation 0.41 1.50 (0.82–2.76) NS −0.74 0.48 (0.24–0.96) ↓
Translation 0.28 1.32 (0.59–2.94) NS −1.55 0.21 (0.08–0.57) ↓
Short 0.83 2.29 (0.73–7.20) NS 2.79 16.34 (5.31–50.26) ↑
Replicate −2.22 0.11 (0.1–1.04) NS −1.82 0.16 (0.03–1.00) NS

aReference value of the dependent variable score = correct.
bβ, regression coefficient; OR, odds ratio; CI, 95% confidence interval; Sig, significance. ↑, Significant increase compared with reference value p < 0.05; ↓, significant 
decrease compared with reference value p < 0.05; NS, no significant change in odds ratio compared with reference value p > 0.05.
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questions. These mixed models are represented by the addi-
tional pathways in Figure 6.

Mixed-Model Student Answers
There are several different ways in which students displayed 
mixed ideas, demonstrating correct understanding of one 
process but incorrect understanding of other processes. We 
have illustrated some of these mixed ideas below.

For example, students can answer translation correctly but 
answer both replication and transcription incorrectly. Strikingly, 
51% of students who answered the replication and transcription 
questions incorrectly arrived at a correct explanation for transla-
tion (bin 3 → bin 3 → bin 1; Figure 6C, purple arrow). This 
group of students represents 10% of all students who responded 

to this suite of questions. Thus, 10% of all students correctly 
identified that translation would be stopped and/or the protein 
produced would be shorter despite incorrect ideas about the 
effect on both replication and transcription. These students 
thought that the base change would cause replication and tran-
scription as well as translation to stop. For example, one student 
wrote: “This change to a stop codon will halt DNA replication 
and the genes that follow the stop codon will not be replicated. 
>> This stop codon will affect transcription because once again 
all of the DNA after the stop codon will not be transcribed into 
mRNA and therefore won’t be expressed as genes. >> Transla-
tion will be affected because all of the mRNA codons after the 
stop codon will not be translated into its corresponding amino 
acid. Therefore important genetic information has been lost.”

FIGURE 4. Student performance (A) and idea maps (B–D) for transcription. Idea maps illustrate the frequency and cooccurrence of 
concepts in student writing.
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Twenty-one percent of students also answered translation 
correctly but provided a mixture of incomplete/irrelevant and 
incorrect answers for replication and/or transcription (bins 2 
and/or 3). These students are represented by multiple paths 
shown as thick black arrows in Figure 6, all ending in a green 
circle for translation.

For one of these paths, a student answered replication 
incorrectly, transcription correctly, and translation correctly 
(Figure 6C, bin 3 → bin 1 → bin 1): “The DNA strand will be 
too short due to the stop codon, causing huge deleterious 
mutations and likely a null allele. Replication will occur but 
stop at the new stop codon. >> It will not influence transcrip-
tion. >> Translation will stop at the STOP codon instead of 
continuing normally.”

FIGURE 5. Student performance (A) and idea maps (B–D) for translation. Idea maps illustrate the frequency and cooccurrence of concepts 
in student writing.

In another path, students answered replication correctly, 
transcription incorrectly, but still answered translation correctly 
(Figure 6A, bin 1 → bin 3 → bin 1): “This will not alter DNA 
replication. >> Transcription will stop when the stop codon is 
reached. >> Proteins will only be made up until the stop codon.”

Some students provided an incomplete or irrelevant 
response to the replication question, then answered transcription 
incorrectly, yet arrived at a correct answer for translation 
(Figure 6B, bin 2 → bin 3 → bin 1): “This is a nonsense muta-
tion which will usually render the protein to be nonfunctional 
by stopping the reading sequence before transcription is com-
plete. >> [T]ranscription will probably be stopped at the stop 
codon. >> [I]t won’t occur for the remaining amino acids after 
the stop codon.”
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arrived at correct responses to translation despite incorrect ideas 
regarding replication and transcription. This outcome demon-
strates that conceptual difficulties about the central dogma can 
be hidden if students are asked to describe only one process or 
stage. We discuss below how these and other conceptual diffi-
culties shown in Table 6 can be linked to the term “stop codon.”

Some of student difficulties observed within our data set 
may come from the common understanding of the word “stop” 
compared with the meaning of the phrase “stop codon.” While 
an expert would describe the role of the stop codon only in 
terminating translation, students often wrote that the stop 
codon causes replication and/or transcription to stop, produc-
ing shorter DNA and mRNA strands. Additionally, some stu-
dents also appear to think that a stop codon will prevent the 
processes of transcription and translation from occurring; that 
is, these processes will not even begin. Incorrect conceptual 
understanding due to word association has been previously 
observed in students’ responses to genetics and acid–base 
chemistry (Fisher, 1985; Haudek et al., 2012). Students may 
create incorrect relationships between words that are frequently 
used in other science contexts. For example, students may 
incorrectly associate amino functional groups as having strongly 
acidic properties because of the cooccurrence of “amino” and 
“acid” in the term “amino acid” (Haudek et al., 2012). In our 
study, stop codons can be deduced from the DNA and RNA 
sequences. Thus, students may erroneously associate stop 
codon, and thus stopping, with DNA and replication and/or 
RNA and transcription, as well as translation.

Because the correct product of translation in the presence of 
the introduced mutation is a shortened polypeptide chain, stu-
dents who think that the DNA or mRNA is shortened are able to 
correctly answer a question about translation through an incor-
rect thought process. Therefore, students in this group would 
not experience any cognitive dissonance, as the outcome of a 
shortened polypeptide occurs despite their mistakes in thinking 
about replication and transcription. Accordingly, it is difficult to 
determine whether students have a complete understanding of 
the effect of a stop codon when students are only asked about 
the end product of translation, because their incorrect reason-
ing may be hidden. Therefore, to determine students’ under-
standing of the processes of the central dogma, it is necessary to 
have them describe each of the processes individually.

To help students understand that the stop codon has a role 
only in terminating translation, we suggest that instructors 
change the way they refer to stop codons. Instructors can assist 
students with learning new vocabulary like “stop codon” by 
emphasizing 1) when the stop codon plays an active role (in 
translation) and 2) when the stop codon or precursors to the 
stop codon are inactive (during replication and transcription). 
Currently, the authors are collaborating with faculty at multiple 
institutions to develop an in-class activity to address students’ 
difficulty understanding the role of the stop codon. In this activ-
ity, two points are emphasized to help student thinking: 1) the 
polymerases involved in replication and transcription read only 
one base at a time, and 2) the ribosome recognizes triplets (not 
single bases) during translation. Another way to prevent possi-
ble incorrect misinterpretations is to only use the phrase “trans-
lational stop codon” in the classroom. This more precise term 
could minimize potential ambiguity and make the association 
between stop codon and translation explicit.

TABLE 6. Conceptual difficulties identified in student responses

Process Conceptual difficulties

Replication Stop codon stops replication, resulting in a shorter 
DNA strand.

A shorter DNA strand results in a shortened mRNA 
strand and a shorten protein.

Transcription Stop codon stops transcription and results in a 
shorter mRNA strand.

Translation Translation does not take place when a stop codon 
is present.

Translation does not stop when a stop codon is 
present, yet a shorter protein is produced.

No protein would be produced.
Fewer proteins would be produced during 

translation when a stop codon is present.

DISCUSSION
Lexical Analysis Can Successfully Group Diverse 
Responses That Exhibit Similar Levels of Correctness
In this study, student responses to questions posed about 
the effects of a mutation on replication, transcription, and 
translation were classified as correct, incomplete/irrelevant, or 
incorrect by both human scorers and through lexical and statis-
tical analyses. As has been shown for questions in evolution (Ha 
et al., 2011; Nehm and Haertig, 2012) and metabolism (Haudek 
et al., 2012; Weston et al., 2015), we have demonstrated that 
computerized lexical analysis can be used to identify student 
scientific and nonscientific ideas about the central dogma. Lex-
ical and regression analyses successfully classified student 
responses, showing agreement with human coding (Tables 4 
and 5). The majority of student responses were classified as 
correct or incorrect, with a small percentage of responses 
(7–20%) classified as incomplete or irrelevant (bin 2). This 
small group of incomplete/irrelevant responses (10%) was also 
observed in a previous study using lexical analysis to analyze 
student writing on acid–base chemistry (Haudek et al., 2012). 
We were also able to trace student thinking across concepts, 
revealing connections between their ideas about all three pro-
cesses. This analysis showed that ∼30% of students had concep-
tual difficulties related to replication and transcription that 
would not have been revealed had they only been asked about 
translation (Figure 6). During learning, scientific and nonscien-
tific ideas that students hold compete for use, with scientific 
ideas becoming more frequently and consistently used as exper-
tise develops (Chi et al., 1981; Opfer et al., 2012). We conclude 
that constructed-response assessment coupled with lexical 
analysis can be a useful tool for capturing students’ mixed men-
tal models and evaluating how these models change over time.

Potentially Hidden Conceptual Difficulties 
and Their Causes
While student responses clearly displayed the previously identi-
fied conceptual difficulty that a stop codon causes a shorter 
mRNA strand to be produced (Smith et al., 2008), we were able 
to elaborate on student ideas regarding these phenomena. When 
responses to each question were examined individually, more 
than one-third of students answered the translation question 
correctly. However, when we analyzed responses across all 
questions, we observed that an additional 30% of students 
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Finally, to address potentially hidden conceptual difficulties, 
instructors may need to make changes in how they assess stu-
dent understanding of the role of a stop codon within the cen-
tral dogma processes. Assessments on the effects of stop codon 
mutations typically ask about just translation. Asking about 
how a mutation that produces a stop codon affects each of the 
central dogma processes can more fully reveal a student’s 
sequence of thinking. For example, if students are not prompted 
to address each stage of a set of processes, they may omit infor-
mation in their responses, because 1) they think this informa-
tion is not relevant to the question, or 2) they cannot explain 
that stage or process. By explicitly asking students to write 
about each process, instructors can more easily diagnose the 
source of student misunderstanding.

Classroom Administration of the Question Set
We have shown that computer-assisted lexical analysis can be 
successfully used to identify student thinking from construct-
ed-response assessments. This approach can be used in 
large-enrollment courses in which grading written assessments 
is too time-consuming. The analysis of student responses can 
then be used to provide feedback to both students and instruc-
tors about student thinking. There are a number of ways the 
questions can be used, including immediately after instruction 
to identify whether students are still struggling with these con-
cepts and immediately before and after an activity specifically 
designed to target these concepts. In either use, student misun-
derstandings can be diagnosed and reported back to the stu-
dents to further assist their learning in the spirit of just-in-time 
teaching (Novak et al., 1999; Prevost et al., 2013). For exam-
ple, an instructor may administer these questions as homework 
after a module on the central dogma. The instructor may then 
use examples of student responses from each bin (correct, 
incomplete/irrelevant, and incorrect) to create a clicker ques-
tion that prompts classroom discussion. Using students’ own 
words as distractors can allow students to confront their incor-
rect understanding during class discussion. Alternatively, 
instructors may choose to use this feedback for more compre-
hensive changes, such as redesigning their lessons, activities, 
or homework, to be implemented the next time the course is 
taught.

Instructors interested in using these suites of questions, 
custom libraries, and scoring models for automated analysis of 
student responses may visit the Automated Analysis of Con-
structed Response (AACR) research group website at www 
.msu.edu\~aacr or contact the corresponding author.

FIGURE 6. Relationships among student responses to each of the 
three questions. Correct (bin 1) responses are represented by green 
circles, incomplete/irrelevant responses (bin 2) by yellow circles, 
and incorrect responses (bin 3) by red circles. The size of circle 
represents the frequency of responses assigned to the bin. 
Numbers in parenthesis in a circle represent the percentage of 
responses in the bin. Numbers on the arrows represent the 

percentage of students who move from one bin to another. 
(A) Pathways for students who answered replication correctly. 
Students who answered all three questions correctly are repre-
sented by the green circles and arrows. (B) Pathways for students 
who answered replication incompletely/irrelevantly. (C) Pathways 
for students who answered replication incorrectly. Students who 
answered all three questions incorrectly are represented by the red 
circles and arrows. The purple arrow represents the students who 
got transcription and replication wrong but answered the 
translation question correctly. The thick black arrows (shown in all 
three panels) represent other pathways taken by students who 
arrived at correct answer for translation but show errors in their 
answers to replication and/or transcription.
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