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Abstract
The TAS2R38 alleles that code for the PAV/AVI T2R38 proteins have long been viewed as benign taste receptor variants. However, recent studies have demonstrated an
expanding and medically relevant role for TAS2R38. The
AVI variant of T2R38 is associated with an increased risk of
both colorectal cancer and Pseudomonas aeruginosa-associated sinus infection and T2R38 variants have been implicated in off-target drug responses. To address ethical
concerns associated with continued student TAS2R38 gene
testing, we developed an alternative to the traditional laboratory genotyping exercise. Instead of determining their
own genotype, introductory level students isolated plasmid
DNA containing a section of the human TAS2R38 gene

from Escherichia coli. Following PCR-mediated amplification of a section of the TAS2R38 gene spanning the SNP at
position 785, students determined their assigned genotype
by restriction enzyme digestion and agarose gel electrophoresis. Using the course wide genotype and phenotype
data, students found that there was an association between
TAS2R38 genotype and the age of persistent P. aeruginosa
acquisition in cystic fibrosis “patients.” Assessment data
demonstrated that students taking part in this new
TAS2R38 laboratory activity made clear learning gains.
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Introduction
The TAS2R38 gene is one of a large family of taste receptor
genes and the corresponding T2R38 protein is a G-protein
coupled receptor [1, 2]. TAS2R38 genotype correlates with
the ability to taste the chemical phenylthiocarbamide
(PTC), and thus originally TAS2R38 was thought to be a
Mendelian inherited trait. However, the broad spectrum of
PTC sensitivity across different worldwide populations led
to a closer investigation of the gene. The ability to taste
PTC is actually much more complex, with 21 different single nucleotide polymorphisms (SNPs) identified in the coding region of the gene and the majority of these occurring
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solely in African populations [3]. In most other populations
there are five common SNPs encoding seven different haplotypes [4]. These seven haplotypes include the two most
common haplotypes, PAV, corresponding to the ability to
taste PTC and AVI, corresponding to the inability to taste
PTC [3, 4].
In recent years a number of new potential associations
have been found between TAS2R38 genotype and disease
risk. Carrai et al. demonstrated an association between
AVI/AVI individuals and an increased risk of colorectal cancer in Caucasian populations [5]. This association was not
seen in a more recent study, but the study did not have sufficient statistical power to detect a possible association in
the Caucasian population [6]. A 2012 study claimed that
TAS2R38 genotype is associated with an increased risk of
schizophrenia, but scientific evidence regarding this association has been controversial [7, 8]. A new study proposes a
role for the T2R family of receptors, including T2R38, in off
target effects of pharmaceuticals [9]. In addition, evidence
suggests that the PAV version of T2R38 functions in innate
immunity by binding to acyl-homoserine lactones (AHLs)
secreted from Pseudomonas aeruginosa [10]. Thus, individuals with the AVI version of T2R38 are more susceptible to
P. aeruginosa sinus infection because their cells are unable
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to bind to the AHLs produced by P. aeruginosa. As a result,
downstream events that would lead to pathogen clearance
attempts are not as effectively triggered in AVI/AVI or AVI/
PAV individuals [10]. These findings have important implications for the possible role of T2R38 variants in chronic
rhinosinusitis and respiratory disease susceptibility [11–13].
Taken together, recent studies demonstrate that T2R38
functions as more than simply a taste receptor.
Before the nontaste functions of T2R38 were known,
Merritt et al. described a laboratory exercise in which students determine their PTC-tasting phenotype and their
TAS2R38 genotype [14]. This laboratory exercise makes
use of a SNP at position 785 of the TAS2R38 gene to determine genotype. Presence of a C at position 785 in the DNA
is most commonly associated with the PAV (proline-alanine-valine) protein variant that is able to bind to the PTC
chemical. In contrast, a T at position 785 in the DNA is typically associated with the AVI (alanine-valine-isoleucine)
protein variant that is unable to bind to PTC [14]. Educational laboratory exercises designed to analyze student
TAS2R38 variants have become quite widespread, and Carolina Biological sells a TAS2R38 genotyping kit [15, 16].
Students in the BISC110/112 Introductory Cellular and
Molecular Biology with Laboratory course at Wellesley College participated in a version of the Merritt TAS2R38 laboratory for several years until reports of potential disease
risks associated with TAS2R38 genotype were published. In
deciding whether to continue student TAS2R38 genotyping
in light of the expanding knowledge of the biology of taste
receptors, faculty at Wellesley explored how others have
dealt with similar concerns [17, 18].
Many university instructors have tried to address the
ethical concerns associated with student DNA testing by
implementing an informed consent process in which students are given the ability to opt out of such exercises or
in which instructors ask for volunteers for the testing [19,
20]. However, some worry that students may feel pressure
to participate in the testing out of concern that their grade
will be affected if they opt out [17, 21]. Stanford Medical
School addressed this issue of perceived coercion by having students send testing out to a third party and mandating that students do not tell their professors whether they
got tested [19]. The University of California at Berkeley
provided incoming students with aggregated data on three
metabolically relevant genes after the California Department of Public Health determined that students could not
receive their individual test results upon arrival to campus
in the fall of 2010 [22]. Others have opted to anonymize
the samples during the DNA testing process and then provide students with aggregated data [23].
After considering how best to respond to the expanding
understanding of taste receptors, we developed a new laboratory exercise in which students are assigned cloned versions of TAS2R38 alleles and experimentally determine their
“genotype.” In addition, students are assigned a phenotype
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so that they are still able to analyze course-wide data to
determine whether there is an association between genotype
and phenotype. Given the concern that the removal of the
student genotyping might affect student engagement with
the laboratory series as well as the ability to generate and
analyze authentic data, we took the opportunity to add a
complex simulation to model the process of scientific investigation [17, 24–27]. Thus, our modified TAS2R38 laboratory
unit allows instructors to avoid the ethical issues associated
with student DNA testing while still providing students with a
laboratory experience focused on the increasingly relevant
issue of human DNA testing.

Laboratory Series Background and
Design
In this laboratory unit, students experimentally determine
their assigned TAS2R38 genotype by isolation of a section
of human TAS2R38 DNA. Instead of providing students
with human genomic DNA, they are given cloned TAS2R38
DNA in the context of a bacterial plasmid. After amplifying
a region of the TAS2R38 gene by PCR, students are able to
determine their assigned genotype based on restriction
enzyme mediated analysis of the SNP at position 785. Using
this approach, students gain experience with the same
experimental techniques that are used in traditional student TAS2R38 DNA testing laboratory exercises.
After each student has determined her assigned genotype, she then conducts a course-wide analysis of data to
see if there is an association between assigned phenotype
and TAS2R38 genotype. While this laboratory exercise historically has used PTC-tasting ability as the associated phenotype, we took the opportunity to choose a more medically
relevant phenotype since students would not be working
with their own DNA. Since evidence from the scientific literature suggested an interesting potential (and untested)
association between TAS2R38 genotype and the ability of
cystic fibrosis (CF) patients to respond to P. aeruginosa
exposure, we chose to assign students a phenotype based
on the age at which persistent P. aeruginosa is acquired in
CF patients [5].
CF is an autosomal recessive disease caused by a faulty
chloride channel, termed the cystic fibrosis transmembrane
conductance regulator (CFTR) [28, 29]. While the mutant
chloride channel affects many organs, the resulting thick,
sticky mucus in the lungs is responsible for significant morbidity and mortality in CF patients. As a result of the thick
mucus and possibly the altered ion content in the CF lung,
individuals with CF are prone to serious bacterial infections
[30]. One such bacterium, P. aeruginosa, is present in
many CF patients and increased morbidity and mortality is
associated with early P. aeruginosa acquisition [31].
Many factors contribute to the age of persistent P. aeruginosa
acquisition,
including
both
genetic
and
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environmental influences [32]. As mentioned above, a study
of sinonasal surgery patients (excluding patients with CF)
demonstrated that infection with P. aeruginosa is influenced by the TAS2R38 genotype [10]. In the individuals
studied, the PAV variant of the T2R38 protein is able to
bind to AHLs produced by P. aeruginosa, resulting in calcium flux, increased ciliary beat frequency, and clearance
of P. aeruginosa. In contrast, the AVI variant of the T2R38
protein is not able to recognize the AHLs produced by P.
aeruginosa. As a result, homozygous AVI/AVI and heterozygous PAV/AVI individuals have an increased risk of P. aeruginosa-associated sinus infection [10].
Given the role of TAS2R38 genotype in P. aeruginosa
infection of individuals without CF and the association of P.
aeruginosa with morbidity in CF patients, we had students
explore the simulated association between age of persistent
P. aeruginosa acquisition in CF patients and TAS2R38
genotype.

Methods
Laboratory Schedule
This laboratory unit is placed in the schedule such that the
lecture portion of the course has covered the basic information regarding DNA, mutation, and heritability. The lab
series is designed to expand upon this knowledge and
introduce new concepts like SNPs and the “taster” gene
TAS2R38 as well as lab techniques including PCR, restriction enzyme digestion, and agarose gel electrophoresis. We
also use this lab as an opportunity to introduce students to
the ethical issues associated with personal genetic testing.
During week 1 of the module, we begin with a lecture
providing the scientific background associated with the
experiment. During this time, we also discuss gene testing
in the context of direct to consumer genetic testing and
informed consent. Students watch the NOVA scienceNow
Personal DNA Testing video as a starting point for future
discussions regarding the ethical issues associated with
DNA testing [33]. To begin the experiment, students are
given Escherichia coli containing either a plasmid with the
T at position 785 of the TAS2R38 gene, a C at position 785,
or a combination of both types of bacteria. Students are
also assigned an age of acquisition of P. aeruginosa as the
phenotype of the cystic fibrosis “patient.”
After isolating the plasmid DNA from their assigned E.
coli sample, students practice dilutions by serially diluting
their DNA for use in a PCR reaction. Part of the class is
reserved for working as a group to discuss the process of
PCR and the design of the primers used to amplify a 303
base pair region surrounding the SNP at position 785 of the
TAS2R38 gene. The students set up a PCR reaction using
their diluted DNA, the reaction is run in the thermocycler
overnight, and the instructor freezes the reactions until the
next lab period. In addition, each pair of students amplifies
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a “control” heterozygous DNA sample to facilitate analysis
in the second week.
In week 2, the students digest their amplified TAS2R38
gene fragment with the restriction enzyme Fnu4HI. This
enzyme recognizes the restriction site 5’-GCNGC-3’. The
“taster” C785 variant of the TAS2R38 gene creates an
Fnu4HI cut site (5’-GCTGC-3’), while the “nontaster” T785
variant does not (5’-GTTGC-3’). The ability of Fnu4HI to differentiate the TAS2R38 variants allows the students to visually determine the genotype of their “patient” via agarose
gel electrophoresis. At the beginning of lab the students set
up digests of “patient” and heterozygous control DNA.
While the DNA is being digested by the restriction enzyme,
pairs of students work together to pour 1.5% agarose gels.
Students then separate both undigested and digested DNA
samples by agarose gel electrophoresis. While waiting, students discuss possible outcomes to prepare for the subsequent interpretation of their gels.
Next, genotypes are recorded on a course data sheet
(Supporting Information A) next to the corresponding
“patient” number and age of acquisition. The students then
analyze the data (101 samples during the fall 2013 semester) to determine if there is an association between age of
acquisition of P. aeruginosa and genotype at position 785
in the TAS2R38 gene. The analysis results in students writing a partial lab report in the style of a scientific article.
This article includes Title, Authors, Introduction, and
Results text with at least three figures, References, and a
short student self-assessment about the lab and writing
process. The lab work is completed in pairs, yet the final
written work is completed independently. A writing workshop a week before the article is due allows the students to
present their figures to their lab section for peer review
and analysis before incorporation into their final article.
Throughout the unit, the simulated nature of the experiment is stressed.

Generation of T785 and C785 TAS2R38 Plasmids
The instructors generated the TAS2R38 plasmids before
the laboratory unit commenced. To this end, purified
genomic DNA from a T785/C785 individual was used to
amplify a 303 bp region of the TAS2R38 gene by PCR with
illustra PuReTaq Ready-To-Go PCR beads (GE Healthcare
catalog #27–9559-01). Primers were designed such that the
303 bp section of TAS2R38 DNA contained the SNP at position 785 (Forward primer: 50 AACTGGCAGATTAAAGATCT
CAATTTAT 30 ; Reverse primer: 50 AACACAAACCATCACC
CCTATTTT 30 ). The PCR product was visualized by 1.5 %
agarose gel electrophoresis with SYBR Safe DNA Gel Stain
(Life Technologies catalog #S33102) and then purified using
the QIAQuick Gel Extraction kit (Qiagen catalog #28704).
To ultimately clone both the T785 and C785 alleles, the
PCR product was ligated to the pGEM-T Easy vector (Promega catalog #A1360). DH5 alpha E. coli were transformed
with the pGEM-T Easy ligation reaction and colonies
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containing TAS2R38 inserts were selected by blue/white
screening using X-gal (Promega catalog #V3941). Plasmids
containing TAS2R38 inserts were purified using the QIAprep Spin Miniprep Kit (Qiagen catalog #27104) and the SNP
at position 785 was determined by restriction enzyme
digestion with Fnu4HI (New England Biolabs catalog
#R0178S).

Data Analysis

Isolation of Plasmid DNA Containing the TAS2R38
Gene

Assessment Methods

Each student was given a microfuge tube containing a frozen pellet of E. coli that contained the plasmid with the 303
bp TAS2R38 gene segment (see Generation of T785 and
C785 TAS2R38 Plasmids for cloning procedure). Each student then isolated the plasmid DNA using the manufacturer
instructions included with the Qiagen QIAprep Spin Miniprep Kit (Catalog #27104).

PCR of the Region Surrounding SNP 785 in
TAS2R38
Students diluted their isolated plasmid DNA (see Isolation
of plasmid DNA containing the TAS2R38 gene) 1:10,000 in
water. The diluted plasmid DNA was mixed with illustra
PuReTaq Ready-To-Go PCR beads (GE Healthcare catalog
#27–9559-01). The same primers from Generation of T785
and C785 TAS2R38 Plasmids were used to amplify a 303
bp region around the SNP at position 785 in the TAS2R38
gene. Amplification occurred using the following conditions:
95 C for 10 min; 40 cycles of 95 C for 1 min, 55 C for 1
min, and 72 C for 1 min; followed by a final 10 min incubation at 72 C. Each pair of students also amplified a prediluted heterozygous sample of TAS2R38 DNA to use as a
control in their analysis.

Restriction Enzyme Digest of the SNP at Position
785 in TAS2R38
Following PCR amplification of the 303 bp region surrounding SNP 785 in TAS2R38, each sample was digested with
the enzyme Fnu4HI (New England Biolabs catalog
#R0178S) following manufacturer instructions. Digests
were incubated at 37 C for 1 h to allow for complete digestion of the DNA.

Agarose Gel Determination of Genotype at SNP 785
Each pair of students was tasked with working through all
calculations and procedures necessary to make and pour a
1.5% agarose gel dissolved in 13 TBE (89 mM Tris Base
(TRIZMA), 89 mM boric acid, 2 mM EDTA (pH 8.0)). Students mixed their cut and uncut DNA samples with 63
loading dye (0.4% Ficoll 400, 1.8 mM EDTA, 0.55 mM TrisHCl, 0.001% SDS, 0.025% Bromophenol Blue pH 8.0 at
25 C) and loaded the samples into individual wells. Gels
were stained with SYBR Safe DNA Gel Stain (Life Technologies catalog #S33102) and photographed under UV light.
Banding patterns of the “patient” DNA were compared with
the known heterozygous control and the PCR Marker ladder (NEB catalog #N3234S).
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Genotypes determined by each student from their analysis
of the agarose gel were recorded on a composite data sheet
(Supporting Information A). The students then sorted the
data using Microsoft Excel or any other spreadsheet program in order to create figures that best answered their
experimental question.

Formal evaluation of this laboratory unit was conducted
during fall 2013, the second semester this unit was offered,
during which 108 students were enrolled in eight laboratory sections. The two identical surveys, pre- and postunit,
are included as Supporting Information B. The survey is
divided into four multiple choice sections. Part 1 (one question) addresses prior student exposure to biology in high
school. Part 2 (five questions) identifies prior student experience with the techniques in this laboratory unit, with
responses ranging from “I can perform this procedure on
my own” to “I have never heard of this procedure.” Part 3
(four questions) is designed to highlight general knowledge
about genetics concepts and Part 4 (five questions) highlights knowledge surrounding concepts specific to the laboratory unit. Part 4 has “I do not know” as one of the
answers for each of the five questions to prevent students
from guessing. Participation in the survey was anonymous
and did not involve any personal identifying information, so
the study was exempt from review by the Wellesley College
Institutional Review Board.

Results
Determination of TAS2R38 Genotype
The two most common T2R38 receptor variants, PAV and
AVI, can be determined by analysis of a single SNP at position 785. To determine their assigned genotypes, students
in the BISC 110/112 laboratory course at Wellesley College
isolated human TAS2R38-containing plasmid DNA, amplified a 303 bp region of the gene by PCR, digested the
resulting PCR product with the enzyme Fnu4HI, and separated the DNA fragments by 1.5% agarose gel electrophoresis. As seen in Fig. 1, the three possible TAS2R38 genotypes
can easily be distinguished using this technique. Although
the 65 bp band is often difficult to see, the two larger bands
can be used to determine genotype. Students with the
assigned T785/T785 genotype will have a single band at
303 bp and students with the assigned C785/C785 genotype
with have bands at 238 bp and 65 bp. Students with the
heterozygous C785/T785 genotype will have three bands at
303 bp, 238 bp, and 65 bp. Once each student completed
the genotyping analysis, results were entered into a course
wide spreadsheet. The resulting data sheet, containing
course wide assigned genotype and assigned phenotype
data, was used by students to determine if there was an
association between TAS2R38 genotype and age of
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FIG 1

Determination of TAS2R38 genotype. Plasmid
DNA containing a section of the TAS2R38 gene
was isolated from E. coli and a 303 bp region of
the TAS2R38 gene was amplified using PCR. The
PCR products were digested with Fnu4HI and the
resulting DNA fragments were separated by 1.5%
agarose gel electrophoresis and visualized with
SyberSafe DNA stain. A single 303 bp band corresponds to the T785/T785 genotype and the
C785/C785 genotype is represented by two bands
of 238 bp and 65 bp. The heterozygous C785/
T785 genotype is represented by three bands of
303 bp, 238 bp, and 65 bp. The three possible
fragment sizes are indicated by arrows to the
right of the gel.

persistent P. aeruginosa acquisition. The fall 2013 course
data sheet can be seen in Supporting Information A.

Student Analysis of Genotype and Phenotype Data
Students in the BISC 110/112 laboratory course are asked
to write a partial article based on the genetics data. Using
the simulated data, students determine whether there is an
association between TAS2R38 genotype and the age of persistent P. aeruginosa acquisition in CF patients. At least
three distinct figures addressing this question are required.
Many students begin their analysis by presenting a figure
of their gel. Their second figure often represents the mean
age of persistent P. aeruginosa acquisition for each genotype. As shown in Fig. 2a, the mean age of persistent
P. aeruginosa acquisition in cystic fibrosis patients with the
TAS2R38 T785/T785 genotype is 5.5 (62.7) years. In contrast, the mean age of P. aeruginosa acquisition is 11.6
(63.2) and 12.1 (63.1) years in C785/T785 and C785/C785
individuals, respectively. Students generating this type of
figure conclude that the mean age of P. aeruginosa acquisition is lower for cystic fibrosis patients with the T785/T785
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TAS2R38 genotype as compared with those with the C785/
T785 or C785/C785 genotypes.
For their third figure, students will often look at the
TAS2R38 genotype distribution either in different age
groups or at each age individually. As seen in Fig. 2b, one
student analyzed, for each TAS2R38 genotype, the percentage of cystic fibrosis patients who acquired P. aeruginosa
in the 2- to 8-year and 9- to 18-year age ranges, deciding
to cut the range of acquisition from 2 to 18 years in half.
She found that the majority of cystic fibrosis patients with
the T785/T785 TAS2R38 genotype acquired P. aeruginosa
during the younger age range of 2 to 8 years. In contrast,
the majority of cystic fibrosis patients with the C785/T785
and C785/C785 TAS2R38 genotypes acquired P. aeruginosa
at the older age range of 9 to 18 years. Another student
looked in even more detail at the relationship between
TAS2R38 genotype and age (Fig. 2c). Based on this analysis
of simulated data, it is clear that cystic fibrosis patients
who acquire P. aeruginosa at younger ages are more likely
to have the T785/T785 TAS2R38 genotype. As the age of P.
aeruginosa acquisition increases, the TAS2R38 genotype is
more likely to be C785/T785 or C785/C785. Thus, students
are able to see a clear relationship between TAS2R38
genotype and age of P. aeruginosa acquisition through
analysis of the simulated course wide data. Note: student
figures and legends are presented as they were designed
and written. No modifications were made for publication.

Evaluation of Student Outcomes
To evaluate the efficacy of the TAS2R38 laboratory unit, we
asked students to complete anonymous pre- and postunit
surveys (see Materials and Methods and Supporting Information B). Wellesley College has a diverse student background, with students from all walks of life and from many
different countries throughout the world. Since Wellesley
College does not give course credit for high scores on AP/IB
biology exams, all students interested in a major in several
biologically relevant fields must complete the BISC 110/112
course with lab. To assess their variable backgrounds, we
asked students to provide us with information regarding
their high school biology coursework (Fig. 3). We found
that 99% of our students had a prior biology course. More
specifically, 68% of students had AP/IB biology with or
without lab, while 31% had regular or non-AP/IB biology
with or without lab. Interestingly, 26% of our students had
no prior laboratory experience.
In addition to the high school biology background of
our students, we sought to assess their general genetics
knowledge by asking multiple-choice questions covering
concepts such as molecular biology, genotype, and phenotype. Responses demonstrated very little if any increase in
student knowledge comparing pre- and post survey data
(Fig. 4, questions 2–4). This outcome was expected, as we
felt that most students with a high school biology background should be able to correctly answer these questions.
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(a) Correlation between average age of acquiring P. aeruginosa and SNP position 785 on the TAS2R38 gene. Average
age at which cystic fibrosis patients were infected with P. aeruginosa was determined for each genotype group, where
C represents C785 and T represents T785. C/C and T/T are homozygous alleles for cytosine and thymine bases, respectively, while C/T is a heterozygous allele for both cytosine and thymine bases. Standard deviation is depicted as error
bars on the graph. Data was collected from 101 individuals. (Figure and legend prepared by Christina Lepore, a Fall
2013 BISC110/112 Laboratory student at Wellesley College.) (b) Percentage of cystic fibrosis (CF) patients who acquired
P. aeruginosa in certain age groups sorted by genotype of TAS2R38 gene. One hundred one CF patients were sorted
according to their genotype through PCR and restriction enzyme analysis. (A) Shows CF patients with genotype T785/
T785; (B) shows CF patients with genotype C785/T785; (C) shows CF patients with genotype C785/C785. CF patients
were also separated into two groups based on age: 2 to 8 yrs and 9 to 18 yrs. These divisions were made based on
data from Fig. 2. In A, 91.7% of CF patients with T785/T785 genotype acquired P. aeruginosa in the 2 to 8 yrs group. In
B, however, 83.5% of CF patients with C785/T785 genotype acquired P. aeruginosa between 9 and 18 yrs. In C, the split
is even clearer, with 95.8% of CF patients with C785/C785 genotype who acquired P. aeruginosa between 9 and 18 yrs.
These results suggest that CF patients with a C allele at position 785 are more likely to acquire P. aeurginosa at a later
age than those without a C allele at position 785. (Figure and legend prepared by Crysti Wang, a Fall 2013 BISC110/112
Laboratory student at Wellesley College.) (c) Early acquisition of P. aeruginosa in cystic fibrosis patients associated with
T785 SNP in the TAS2R38 gene. Genotypes of 96 individuals with cystic fibrosis were determined by using PCR, restriction digestion with enzyme Fnu4H1, and gel electrophoresis analysis. Phenotypes, age of P. aeruginosa acquisition,
were given by each individual. Phenotypes of early acquisition of P. aeruginosa had the highest percentage of individuals with the genotype T785/T785. Phenotypes of late acquisition of P. aeruginosa had the highest percentage of individuals with the genotype C785/T785 and C785/C785. Early acquisition of P. aeruginosa in cystic fibrosis patients is
associated with the T785 SNP within the TAS2R38 gene. Late acquisition of P. aeruginosa in Cystic Fibrosis patients is
associated with C785 SNP within the TAS2R38 gene. (Figure and legend prepared by Anna Ha, a Fall 2013 BISC110/112
Laboratory student at Wellesley College.) [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIG 3

Variation in student preparedness before enrolling in BISC110/112 at Wellesley College. 108 students completed the genetics survey.

However, we were surprised by the moderate student
understanding of DNA (Fig. 4, question 1). We had
expected that the vast majority of students would be aware
of the three important features of DNA included in the
question, yet those who answered incorrectly chose only
the unabbreviated name of DNA rather than all of the
above. While the most students had at least a very basic
understanding of DNA, a more detailed discussion of the
structure of DNA in class may be important.
Students were also asked multiple choice questions
covering unit specific concepts such as the definition of a
SNP, the symptoms involved in cystic fibrosis, and the basic
methodology behind the relevant laboratory tools. Students
exhibited varying levels of understanding on the preassessment surveys, yet approximately 89 to 99% of the
students responded with the correct answer on the postassessment survey (Fig. 4, questions 5–9). Before the lab
unit, only 18% of the students knew that a SNP was a specific location in the genome where greater than 1% of the
population has been shown to have a different nucleotide
present. After the lab unit, 92% of the students answered
this question correctly (Fig. 4, question 5). Only 40% of the
students understood before the unit that cystic fibrosis is
characterized by abnormal transport of chloride and
sodium ions across an epithelium, leading to thick, viscous
secretions. This increased drastically to 90% after the unit
(Fig. 4, question 6). When asked to define what a restriction enzyme is, only 44% of students answered correctly
before the unit. In contrast, 92% of students correctly
defined a restriction enzyme at the end of the unit. Similar
results were obtained for understanding the concept of
PCR. Before the lab unit, only 35% of students knew that
PCR allows scientists to amplify a few copies of DNA to generate thousands to millions of copies of a particular
sequence. In contrast, 94% of the students could properly
define PCR at the end of the unit. When asked about agarose gel electrophoresis before the unit, 64% of students
knew that smaller pieces of DNA move faster through the
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gel matrix. At then end of the lab unit, 99% of the students
answered the question correctly. These data demonstrate
that students taking part in the genetics laboratory unit
made important conceptual knowledge gains about
advanced topics and methodologies.
In addition to evaluating student understanding of relevant scientific concepts and laboratory techniques, we also
assessed levels of self-determined competency with laboratory methods (Fig. 5). We were interested in analyzing student perceptions of their laboratory skills, as many Wellesley students go on to work in research labs on campus and
the methods we emphasize in this laboratory unit are all
basic techniques in molecular biology. Before the lab unit,
46% of students felt they could perform a plasmid miniprep on their own or with guidance, while 21% had never
heard of the procedure. At the end of the unit, 99% felt
confident they could perform a mini-prep on their own or
with guidance. Performing a PCR reaction showed similar
pre- and postcompetency levels (43% pre and 97% post).
Interestingly, restriction enzyme digestion showed the highest gains from pre- to postlaboratory in that 32% of students before the unit and 98% at the conclusion of the unit
felt they could perform a restriction enzyme digest on their
own or with guidance. Students were initially most comfortable with agarose gel electrophoresis (66% could perform on their own or with guidance before and 99% after
the lab unit) and using Microsoft Excel to sort and analyze
a large data set (89% could perform on their own or with
guidance before and 99% after the lab unit). Taken
together these data suggest that a majority of students feel
an increased competency with methods commonly used in
a molecular biology lab.

FIG 4

Percent of students who answered concept questions correctly one week before the beginning of
the laboratory unit (pre) and after the unit was
completed (post). Questions 1 to 4 highlight general knowledge about genetics concepts and
questions 5 to 9 highlight more advanced knowledge surrounding concepts specific to this laboratory unit. See Supporting Information B for
specific questions). Using a two-tailed t-test, significant differences are indicated by *p < 0.01 or
**p < 0.0001.
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FIG 5

Student self-determined competency with laboratory unit methods. One hundred eight students
completed the genetics survey. Using a twotailed t-test, significant differences are indicated
by *p < 0.01 or **p < 0.0001.

Given the concerns regarding lower student interest
associated with removing student DNA testing from this
lab, we also compared end of semester student responses
about personal relevance from before and after the simulation was introduced. While this comparison asks students
about the entire semester of laboratory concepts, the only
substantial change that was made in that time period was
to the genetics series. As shown in Fig. 6, student perception of personal relevance was not negatively impacted by
the switch from student DNA testing to analysis of plasmid
DNA. Overall, these data demonstrate that the simulated
laboratory exercise results in student learning gains and
does not affect student perceptions of personal relevance.

able to generate or obtain cloned versions of the possible
alleles of the gene of interest.
Our assessment data demonstrate that this new alternative to student DNA testing resulted in clear student
learning gains. Not only did students learn important information about SNPs and cystic fibrosis, they also learned
about a number of molecular biology laboratory techniques
(Fig. 4). We saw an increase in student-perceived competency with the tools used in lab, such as DNA mini-prep,
PCR, restriction enzyme digest and agarose gel electrophoresis (Fig. 5). Furthermore, students taking part in the
simulated laboratory reported that the semester lab experience was at least as personally relevant to them as it was
to students who had done their own genotyping in the original iteration of the TAS2R38 laboratory at Wellesley.
While we found our approach to be quite effective, a
very different approach to dealing with the ethical concerns
of student DNA testing has been taken by Taylor and Rogers [18]. Instead of carrying out genotyping with cloned
DNA, students at Wabash College did only the first part of a
traditional genotyping experiment. In this case, students isolated their own DNA and amplified a region of the p53 gene,
variants of which are associated with increased cancer risk.
Instead of completing the genotyping component of the laboratory, a genetic counselor was brought in to discuss the ethical implications of such a laboratory experience [18]. Using
this approach, they avoided some of the ethical concerns associated with traditional student p53 analysis that has been

Discussion
It is important that instructors have alternatives to traditional student DNA testing laboratories, so that they can
decide how best to address ethical concerns raised by such
educational experiences. In fact, the FDA has expressed concerns with personal genetic testing that provides consumers
with medically relevant information. In November of 2013,
the FDA sent a warning letter to the personal genotyping
company 23andMe asking them to stop marketing a genotyping kit until they could provide evidence of clinical and analytical validity [34]. Due to continued FDA involvement as of
October 2014, 23andMe is no longer marketing their health
product or providing customers with health reports [35, 36].
The role of the FDA in regulating personal genomics,
although contested by some, further highlights the need for
careful consideration of student DNA testing. In this study,
we present a viable alternative to the student TAS2R38 genotyping laboratory that eliminates the ethical concerns associated with student DNA testing. Our approach could be
applied to virtually any current laboratory exercise in which
students genotype their own DNA, provided instructors are
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FIG 6

Student perceptions of personal relevance of the
semester long laboratory series. This exit survey
is distinct from the genetics survey and was
taken at the end of the laboratory session each
semester indicated. Answers are in response to
the question “The concepts that we covered in
lab were relevant to my personal life.” 155 students took the S11 survey, 152 students took the
S12 survey, 63 students took the S13 survey, and
94 students took the F14 survey.
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described in the classroom setting [37, 38]. Thus, several viable alternatives are available to those who wish to address the
ethical issues associated with student DNA testing by avoiding
the student testing altogether, as opposed to other approaches
such as anonymizing results or allowing students to opt out of
the experience. Furthermore, these alternatives to student
DNA testing still allow for rich classroom discussion about the
socioscientific topic of genetic testing in general [39, 40]. By
covering the topic of genetic testing in the context of the
hands-on laboratory simulation, students are introduced to
some of the ethical issues associated with personal genetic
testing before possibly being faced with the decision to obtain
individual genetic test results in the future [41].
We chose to have students analyze the association
between TAS2R38 genotype and the age of persistent P.
aeruginosa acquisition in cystic fibrosis patients, but many
other approaches could be taken using the genotyping portion of the laboratory series that we developed in conjunction with different phenotypic assignments. When we first
implemented this new lab using cloned TAS2R38 DNA in
place of student DNA, we assigned students a phenotype
based on PTC tasting ability instead of using the cystic
fibrosis disease phenotype. Students were assigned the phenotype of taster, partial taster, or non-taster. The TAS2R38
genotype and PTC-tasting phenotype combinations were
assigned based on the distributions seen in earlier iterations of the Wellesley College BISC 110/112 laboratory
course (when our students determined their TAS2R38
genotype after isolating their own DNA). However, the phenotype and genotype distributions could also be determined
based on published literature on this topic [3, 42]. This
approach would presumably be the easiest for instructors
to implement in their courses if they are currently having
students genotype their own TAS2R38 DNA, because all
that would need to be changed is the initial laboratory
component in which students isolate their own DNA.
If instructors wish to move away from the PTC phenotype but time constraints don’t allow for sufficient background regarding cystic fibrosis, another option is to have
the phenotype be simply the presence or absence of P. aeruginosa associated sinus infection in patients without cystic
fibrosis. In this case, one could make genotype/phenotype
assignments based on the findings of Lee and colleagues,
such that students assigned T785-containing genotypes
would predominantly be assigned the phenotype of P. aeruginosa associated sinus infection [10]. Alternatively, labs
could be designed using other published phenotypes associated with TAS2R38 variants, such as schizophrenia or colorectal cancer [5, 7, 8]. Finally, if instructors prefer that students meet the learning objective of working with
authentic, student-produced data and they are comfortable
dispensing with the human DNA testing learning objective,
a variety of alternative labs could be implemented [43–45].
As discussed above, our revised TAS2R38 laboratory in
which we use plasmid DNA in place of student DNA can be
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modified in a variety of ways to best suit instructor and student needs. The use of plasmid DNA allows instructors to
eliminate ethical concerns associated with student DNA testing, yet students are still exposed to all of the relevant laboratory techniques used in the original version of this lab. We
have shown through this modified laboratory series that
students gain important knowledge about general and unit
specific concepts, as well as an increase in self-perceived competency with several basic molecular biological methods.
Using this approach, we were able to engage students
personally and scientifically while eliminating the complex
ethical issues surrounding the analysis of student DNA in the
classroom.
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