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Abstract
With limited time available for laboratory activities, introductory science courses for non-science majors typically use the 
laboratory period to reinforce material that was previously presented during lecture. This practice was true of a human 
biology course at the University of Minnesota, in which most lab activities centered on organ dissections. To break from 
this mold, we designed a new laboratory module to introduce students to their “forgotten organ”, the human microbiome. 
We chose this topic partly due to the explosion of recent research in this area, as well as the opportunity to expose 
students to online tools and techniques. Student motivation arose from the opportunity to determine the types of microbes 
that might be growing inside their mouth, and piqued their interest in how microbes could positively affect their health. 
Through a series of activities, a group of students from a large-enrollment course sampled and analyzed a subset of their 
oral microflora.  Using the NCBI BLAST tool, they were able to tentatively identify microbial sequences amplified using 
primers specific for 16S rRNA. The activities greatly expanded on topics covered only briefly in lecture and provided 
hands-on experience with scientific techniques. This module could be adapted to fit into a number of different formats. 
It has been used in an introductory biology course as a multi-week activity, and as a two-day activity with high school 
biology teachers. It could also be modified to be an in silico activity, with instructors guiding students to public databases 
to obtain sequence data.

Learning Goal(s)

Students will:
•	Explore the role of the microbes in the human body, and apply this 

knowledge in terms of both health and disease
•	Apply their understanding of biological concepts to molecular 

laboratory technology
•	Demonstrate the ability to locate and evaluate information

Learning Objective(s)

Students will be able to:
•	Explain both beneficial and detrimental roles of microbes in 

human health.
•	Compare and contrast DNA replication as it occurs inside a cell 

versus in a test tube
•	Identify an unknown sequence of DNA by performing a BLAST 

search
•	Navigate sources of scientific information to assess the accuracy of 

their experimental techniques

INTRODUCTION 
The University of Minnesota offers a number of introductory 

biology courses in a variety of “flavors” for non-life science 
majors. There is a “sex” course, an “environmental” course, 
as well as a “human interest” course, which focuses on 
biology as it relates to the human body. This course, Human 

Biology (BIOL 1010), has traditionally been focused on human 
anatomy and physiology, with a laboratory emphasis on organ 
dissections. In keeping with the objectives of the Vision and 
Change report (1), we wanted to introduce more student-
centered, inquiry-based learning into the laboratory activities 
offered to our non-majors students. We chose to focus on 
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one of the Vision and Change goals, to provide students 
experience interpreting data and using large databases. Part of 
our reasoning behind this focus is the burgeoning amount of 
genome sequence data that is available to the public, allowing 
analysis of hundreds of thousands of organisms. Given the 
implications that genome sequencing holds for the future of 
health and medicine, our goal was to introduce students to 
this new wealth of information and provide them with tools for 
utilizing it. As HHMI-supported postdoctoral teaching fellows, 
we were given this challenge in the spring of 2012 and asked 
to develop an activity that met the following criteria: 1) it could 
be run as a pilot module that fall; and 2) it could be run at the 
same time as the other activities already being done in the lab. 

The first question we had to address was how to encourage 
non-majors primarily interested in the human body as a whole 
to look instead at the genetic blueprint for building the body. 
Around this same time, a number of papers were published 
on the human gut microbiome. These papers suggested that 
different human populations could be characterized by 
the bacteria that reside in their intestinal tract (2,3). Further 
studies suggested that these microbial populations could 
potentially be altered based on factors such as diet, genetics 
and/or disease state (4). Other areas of the human body were 
also shown to have distinct microbiomes (5). We thought this 
might be a good “hook” for our students, in part because the 
research suggested these microbes played a very important 
role in human health. In addition, most students we spoke 
with seemed to be intrigued by the idea of “poop sampling”. 
In the end, we decided that it would be too difficult to get 
students to do the actual poop sampling (this was before 
companies started offering “do-it-yourself” sampling kits). We 
decided instead to focus on the microbiome of the oral cavity, 
as it is much easier for students to sample. This focus had the 
added benefit of being potentially more inquiry-based, as 
fewer papers had been published at the time describing the 
sequences of the oral microbiome.

A few inquiry-based projects using genomic sequencing 
technology have been reported in the literature, although 
many of these have focused on introducing biology or other 
STEM majors to sequencing and bioinformatics. For example, 
Banta et al. report on a number of modules developed as part 
of the Genomics Collaboration to introduce undergraduate 
science majors to sequencing technology (6). In one of the 
modules, upper-level biology majors amplified and analyzed 
sequences of a polymorphic olfactory receptor gene in canines 
(6). Other modules in the Genomics Collaboration include 
metagenomic analysis of Winogradsky columns, and using 
BLAST searches to construct phylogenetic trees (see http://
serc.carleton.edu/genomics/activities.html for examples). Similar 
activities for biology majors have been previously described 
by Boomer et al. (7), who developed a ten-week module 
to analyze the microbial diversity present in Yellowstone 
National Park. Fewer examples have been published that focus 
on introducing non-biology majors to genomic research. One 
program that has had some success with non-STEM majors is 
the SEA-PHAGE course described by Caruso et al. (8). Students 
enrolled in the SEA-PHAGE program learned to “hunt” 
for bacteriophage in the environment. They collected and 
characterized soil phages, ultimately isolating and sequencing 
the viral genomes. This project has been used with both majors 
and non-majors, and was recently described in an article that 
lists many of the undergraduates as co-authors (9). Closer 
to home, a non-majors introductory biology course at the 
University of MN was recently modified to utilize a genomic 

database of the microbes present in the Mississippi River in the 
laboratory portion of the course (the M3P project, Minnesota 
Mississippi Metagenomics Project) (10). This course has been 
successfully implemented over several semesters, introducing 
students to functional and sequence-based metagenomics 
(Brian Gibbens, personal correspondence and unpublished 
results). We wanted to continue expanding the introduction 
of bioinformatics tools to non-majors, and chose to focus our 
approach on microbes found in the oral cavity of students. 

The second question we had to address was how to fit this 
activity into the lab structure that was already in place. This 
challenge was partly because only a small percentage of the 
class of ~200 would be participating in the module. These 
48 students still had to complete all the other required lab 
activities that their classmates were doing in their two-hour lab 
periods. Choosing to focus on the oral microbiome allowed 
us to incorporate many of the initial experimental steps into 
activities that were already being performed in the lab (e.g. 
microscopy, loading a gel). For the later steps, it provided 
additional hands-on experience with scientific methods 
that students had only read about previously (PCR, DNA 
sequences). 

Our ultimate goal was to expose students to the wealth of 
information available to them within genomic sequencing 
databases, and to have students ask questions that interested 
them about this data. With the number of DNA sequences 
available for analysis rising exponentially and the increasing 
interest in applying this knowledge to the treatment of human 
disease, it is clear that even students outside of science majors 
should have an understanding of the types of information 
available to them and how these sequences could be analyzed. 
The activity we describe here was designed to address all of 
these criteria, and has been presented to a number of different 
audiences. It can be expanded or pared down as needed, but 
is a good starting point for introducing students to the online 
resources available to them (especially genomic and research 
databases).
•	 Intended Audience:   This module is intended for an 

introductory biology course. It is primarily targeted at non-
life science majors, typically first or second year students.

•	 Learning time:   This activity is written as a seven-week 
activity with appropriate breaks in between. However, the 
number of days could be changed to meet course needs. The 
specific length of time needed for each activity is provided 
in Table 1 (on page 4).

•	Prerequisite student knowledge: The module does not have 
any specific prerequisite knowledge, as we have attempted 
to provide the necessary information throughout the 
activity. However, the activity fits best in a course in which 
students have been introduced to the following biological 
concepts: central dogma of molecular biology (DNA, RNA, 
protein); eukaryotic and prokaryotic cells; cell structure; 
DNA replication. Although microbiology is not typically 
covered extensively in introductory courses, microbial cells 
are typically mentioned in comparison to eukaryotic cells. 
In addition, this activity could be used as an opportunity to 
use microbial examples for introducing taxonomy, a topic 
that is typically covered in introductory biology course. 
Additional guidance may be needed to analyze sequence 
data, depending on your specific course goals, but students 
can also perform the necessary BLAST searches with the 
instructions provided in the activity. We have included a 
short introduction to 16S rDNA in the laboratory handout 
for students (Supplemental File S1). However, this is not 
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meant to be an exhaustive primer. For more information 
on this subject, we recommend additional background 
reading on 16S rRNA from a book such as “Introduction to 
Genomics” by Arthur M. Lesk (11), or a minireview on using 
16S rRNA by Janda and Abbott (12).

SCIENTIFIC TEACHING THEMES

Active Learning: 
•	Students were actively engaged by hands-on activities that 

included: swabbing their mouth, growing bacterial colonies 
on LB plates and isolating and assessing the fidelity of their 
microbial DNA samples. In addition, students analyzed 
their Sanger sequencing results using BLAST and reported 
their bacterial strain(s). The results of their inquiry based 
research projects were completely unknown. 

Assessment: 
•	Our primary teaching assessment tool was the BLAST search 

results exercise (see Supplemental File S1 and Supplemental 
File S4). Through a series of questions, we asked students to 
determine whether their BLAST search yielded a reasonable 
sequence result. Student learning was also assessed through 
questions asked on the mid-term lab practical exam (see 
Supplemental File S6). More importantly, students self-
evaluated their learning at a number of stages. They assessed 
their learning of technical skills by determining whether 
they had growth on their colony plates, whether appropriate 
bands could be visualized in their gel after PCR, and if they 
had obtained DNA sequences to analyze. They were able 
to assess learning of computational skills through their 
BLAST searches and the ability to find information about 
the organisms they identified.  

Inclusive Teaching: 
•	Students worked in pairs during the lab sessions. This pairing 

helped them work together to solve the more technical 
aspects of the experiment as outlined in the module 
(Supplemental File S1). We anticipated that some students 
would choose not to swab their own mouth and were 
prepared to provide them with a previously isolated DNA 
sample. Using this DNA sample, they could participate in 
the BLAST search and analysis. Had students chosen not 
to swab their oral cavity, they could make observations 
from a fellow classmate’s plates, provided they did not 
handle an opened plate themselves. This is in compliance 
with the biological safety policy at the University of MN. 
Students are allowed to handle cultured samples of their 
own body microflora because it is presumably part of their 
own normal flora. However, they must still wear personal 
protective equipment when handling cultured bacteria, 
including long pants, closed-toed shoes, disposable gloves, 
eye protection and a laboratory coat.  We were pleased to 
note that all of our students participated and were able to 
identify a diversity of microbes in their mouths. In order 
for students to more fully appreciate this diversity, the de-
identified results were pooled and shared between the two 
sections that participated in the pilot study. Students were 
able to observe the differences between the two sections 
and think about how this difference might impact human 
health and disease. 

Teaching assistant training
All of the introductory biology courses at the University of 

MN are large-enrollment courses, with over 200 students in 
each lecture section. These students are divided into at least 
twelve lab sections with 20 students each. We typically rely on 
teaching assistants (TAs) to take the lead on instruction for the 
laboratory-based aspects of the course. The TAs for our course 
were either upper level science majors at the top of their class 
in ranking, or graduate students hired as teaching assistants. 
In either case, the TAs must have successfully completed an 
anatomy and physiology course and show competence in 
anatomy and physiology. In addition, our TAs typically have at 
least one semester of research experience. 

For this module, although the authors of the activity (AKS, 
KBV) were primarily responsible for presenting the biological 
concepts, it was done in conjunction with the TAs who took 
the lead in running the laboratory sections. The TAs in the 
laboratory sections undergo a weeklong training session with 
the course instructor and lab manager prior to the start of the 
semester. During the semester, they attend weekly training 
meetings lead by an experienced head TA, who was also one of 
the TAs involved in teaching the Oral Microflora module. These 
weekly training meetings include a discussion of upcoming 
activities and any potential problems that might arise. The 
authors of this activity worked with the two TAs leading the 
Oral Microflora sections at least one week in advance of 
the activity being presented to students to train them on the 
experimental techniques and answer any questions or safety 
concerns for the TAs. This preparation provided the TAs with a 
level of comfort with the activity but did not necessarily make 
them experts in all aspects of microbiology. Senior lab staff was 
always available during laboratory sections to lend assistance 
for troubleshooting technical problems that TAs were unable 
to handle themselves (usually involving focusing on bacteria).

A word on safety
This activity requires students to work with bacteria cultured 

from inside the surface of their mouths. The safety policies of 
the University of MN allow students to handle bacteria isolated 
from their own bodies as long as they observe appropriate 
safety precautions. This assumes that the bacteria isolated from 
their body surfaces are part of their own personal microflora 
and should not pose a threat to them. The precautions required 
include wearing personal protective equipment such as 
disposable gloves, goggles, lab coats, long pants and closed-
toed shoes whenever they are working with cultured bacteria. 
If biological safety is a concern, this activity could be modified 
by skipping the culturing steps and providing students with 
sequences to analyze from the database. We would still 
recommend doing a cheek swab on day one and staining the 
slide with methylene blue to compare the bacterial cells to 
cheek epithelial cells. We did not observe any safety issues 
during the running of this module in the fall of 2012, or again 
when the activity was presented in the summer of 2013 to 
secondary-school science teachers.

LESSON PLAN 
Initial preparation: The Oral Microflora module is a “wet-
lab” activity, so preparation is needed to ensure that all the 
necessary materials and supplies are available to students at 
the appropriate times. We strongly recommend piloting the 
Oral Microflora module to make sure all the kinks are sorted 
out (Supplemental File S1). In addition to familiarizing you 
with the module, a pilot run will yield supplementary BLAST 
sequences for any students who choose to opt out of swab-
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Topic In class activity Learning Objective Approximate time in lab

Week 1

Introduction to microbes Cheek swab
Propose hypothesis on ways 
to alter oral microflora 

15-30 min

Week 2

What do microbes need to grow?
Observe microflora macro- 
and microscopically

Become comfortable 
working with microbes; learn 
microscope techniques

30-45 min

Week 3

Introduction to genomics Extract DNA
Describe DNA structure and 
function

30-45 min

Week 4

DNA replication, PCR, bacterial 
sequencing

PCR Explain DNA replication
20 min set-up

2 hours run time (hold samples)

Week 5

Molecular tools and techniques Gel electrophoresis
Describe molecular 
techniques to look at DNA

10 min to load gel 

5 min sample clean-up

Week 6

DNA sequencing and metagenomics Sequencing Reactions
Explain the use of 16S rDNA 
for identifying species

10 min set up

Week 7

Analyzing sequence data
BLAST analysis to identify 
microflora; revisit hypothesis 
from Week 1 

Analyze DNA sequences and 
navigate websites to identify 
accurate information

Outside of class

Strain, A.K. and Vang, K.B. 2014. You and Your Oral Microflora: Introducing non-biology majors to their “forgotten organ”. CourseSource. 

Table 1: You and Your Oral Microflora-Teaching Timeline
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bing their oral cavity. It also gives you the chance to show 
students a small sample of what has been growing in your 
own mouth! The materials needed for the module can be 
found in Supplemental File S1, with a weekly breakdown of 
the major components needed provided in Supplemental File 
S2. Once the materials have arrived, basic lab-prep activities 
need to be done: prepare reagents according to the manufac-
turer directions, prepare LB plates, autoclave any necessary 
components, program the thermocycler (provided in Supple-
mental File S1), and contact the sequencing facility of choice 
(if doing this step). After the reagents have been prepared you 
may want to aliquot the reagents to partition them into as 
many laboratory sections as required. We made master mixes 
and reagents for two to four students to share. 

Laboratory notebooks: In keeping with the format for 
other sections of this course, the students in our lab sections 
were not required to record their results and observations 
in a “certified” laboratory notebook. Because keeping track 
of their data is important for the success of certain aspects 
of this activity, we provided adequate space for them to 
record their observations in the laboratory handout. Although 
note-taking was not a graded activity, we noted that most 
students recorded and kept track of relevant information. We 
would like to stress that the purpose of this activity was not to 
have students perform exactly like scientists. Even though the 
module was technical in detail, our goal was for students to 
focus on the big picture of microbial diversity in the mouth, 
and the positive and negative effects of these microbes on 
health.  As such, this lesson provides students the opportunity 
to isolate and analyze bacteria from their mouth and explore 
scientific databases in order to identify their isolates.

Lab Day 1: Sample collection

Teacher preparation: Although a familiarity with bacteria 
is useful for this activity, it is not required that you be a 
microbiology expert in order to complete this activity. You 
can familiarize yourself with some background reading on 
microbes in general or for the oral cavity, specifically, by 
looking through an introductory textbook or checking out 
the excellent resources online (e.g. the American Society for 
Microbiology provides great information at MicrobeWorld 
(13). We presented a short introduction to students on Day 
1 of the module that could be used as a short refresher 
(Supplemental File S3). On this day, a tray should be prepared 
with all required reagents for students to use (see Supplemental 
File S1 and S2).

Student preparation: We will only emphasize it once, 
but students should be reminded that they should come to 
the laboratory prepared for whatever experiments they have 
planned for the day. Also, we expect them to complete the 
background reading beforehand. Questions about the material 
are always welcome, but students should have a working 
knowledge of the day’s experimental procedure. 

In class summary/laboratory: We start by introducing 
students to microbes, some of their characteristics, the sheer 
number of microbes that have been identified and their 
potential roles in human health and disease. It is important 
to highlight that most microbes are beneficial. For example 
the “good” microbes may out-compete the “bad” microbes for 

colonization of surface areas such as the mouth or the gut. 
(Supplemental File S3 is the presentation file used for Day 1.)  
Students are encouraged to write their thoughts on a piece of 
paper in response to two questions (see Supplemental File S1). 

Laboratory activity: 
1.	Students select a sampling site in their oral cavity. Students 

have the option of choosing a combination of multiple sites 
such as teeth and tongue, or can choose one site. In addition, 
students could choose sites in response to an activity such 
as before and after mouth washing.  For a detailed look at 
the laboratory procedures see Supplemental File S1. Table 1 
provides an overview of the teaching timeline.

2.	Once a sampling strategy has been determined, students 
sample their oral cavity with sterile cotton swabs, streak 
labeled agar plates with their cotton swabs, and then 
incubate the plates for 2 days at 37ºC.

*NOTE: During this activity, we emphasized sterile 
technique and that students should handle only their own 
samples, in compliance with standard safety protocols in 
place at the University of MN as noted above. 

After lab 1: The instructor or TA should incubate plates for 
24-48 hours at 37°C. It is helpful to check after 24 hours to 
determine the size of colony formation. If the colonies are 
small, incubate an additional 24 hours at 37°C. If the colonies 
are very large, they can be removed from the incubator and 
stored, wrapped in plastic, at 4°C until the next lab period.    

Lab Day Two: Observing and describing bacteria

Teacher preparation: The most important aspect of this lab 
day is for students to observe the variety of different colonies 
that form after incubation, and to develop their microscopy 
skills. We emphasized the fact that the colonies on the plate 
can be formed only by organisms that can grow on the medium 
and under the conditions provided, so they only represent 
a small fraction of the microbes in their mouths. Students 
filled out a colony morphology worksheet (bacterial colony 
morphologies (size, shape, color, height, etc.) are described 
in Supplemental File S1). An example of some of the student 
plates from our course are shown in Figure 1A.

This observation activity was done in conjunction with 
learning about human cells and cell structures, so students also 
used microscopes to look at their bacterial cells. Instructors 
should be familiar how to set up compound microscopes and 
how to prepare a wet mount slide (Supplemental File S1). The 
activity emphasizes the difference in size between prokaryotic 
and eukaryotic cells. We did not use any stains to visualize 
the cells; you may include this if desired, but students were 
able to find some cells without stains. An optional extension to 
this activity would be to have students prepare a simple cheek 
swab with a methylene blue stain. This allows visualization 
of the large, nucleated epithelial cells and the tiny bacterial 
cells that can be seen scattered amongst the larger cheek cells. 
This provides a nice comparison of the contrast in size and 
shape of these two distinct cell types. Protocols for methylene 
blue-stained cheek swabs can be found online as well as in 
standard laboratory protocols (see http://www.microbehunter.
com/heat-fixing-and-staining-human-cheek-cells/ for one 
possible example).  



CourseSource  | www.coursesource.org 2014  | Volume 016

You and Your Oral Microflora: Introducing non-biology majors to their “forgotten organ”

Figure 1. Sample student data. A. Oral swabs grown on LB plates. Plates shown were incubated at 37°C for 36 hours. B. Gel electrophoresis of 
16S rDNA PCR reactions (~75% of student reactions worked; for those students for whom none of the reactions worked, we provided a sample 
for them to use in the following lab activities). Asterisks indicate lanes in which NO product was visible. C. Result of one student’s sequencing 
reaction, used to obtain BLAST search results.

Student preparation: Students should read Day 2 activities 
and respond to the questions asked as their “ticket for entry to 
lab” for the day. 

In class summary/laboratory:
1.	Students observe the bacterial colonies on their plates. They 

record their observations: color, shape, height and they 
count the number of colonies on a worksheet (Supplemental 
File S1). Students are encouraged to take photos of their 
plates and/or draw their observations. We then ask several 
questions:

•	 Based on this information, how many different kinds 
of bacterial colonies do you have on your plate?

•	 Does any particular colony morphology seem to 
predominate? 

2.	Next, students make a wet mount slide preparation of 
some of their colonies and observe their slides under the 
compound microscope. Here we emphasize how and why 
wet mount slides are made (Supplemental File S1) and have 
students make basic comparisons between prokaryotic and 
eukaryotic cells. The purpose is to help students develop 
a better understanding of the differences in size and scale 
between microbes and human cells and tissues.
After lab 2: Once done, plates are collected and stored at 

4°C until the next lab period, and students clean up using 10% 
bleach. 

Lab Day Three: Extracting DNA

NOTE: Depending on your course goals and resources, you 
could skip the following three lab days and provide students 
with access to sequences from the Human Oral Microbiome 
Database (14) for the BLAST search activity (see Lab Day 
Seven).  

Teacher preparation: Students will be extracting DNA from 
some of their bacterial colonies today. The materials we used 
for this are described in Supplemental File S1. You or your lab 
staff will need to prepare these reagents ahead of time. It was 
helpful for us to aliquot the Chelex beads and sterile water. 
You may want to read the introduction in Supplemental File 
S1 on the size of the bacterial genome. In addition, we give 
a brief overview of what the 16S rRNA gene is and why we 
are interested in using it in their PCR reactions (Supplemental 
File S1). 

Student preparation: Students should read through the 
protocol for the day. For our course, this week aligned with 
discussions in lecture about cellular macromolecules. This 
gave students a starting point for understanding the work with 
the 16S rRNA gene. 
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In class summary and laboratory: SAFETY NOTE: Students 
are now working with organisms isolated from the human 
body. It is important to stress the need for lab safety this week. 
Students MUST wear gloves, lab coats and eye protection this 
week when working with their samples, especially after steps 
involving the boiling water bath or centrifugation. Samples 
must be allowed to cool on ice before being opened, and 
students must wait at least 30 seconds before opening the 
centrifuge to allow potential microaerosols to settle.  

1.	 Students select three bacterial colonies to sample, draw 
a circle around each colony, and label the circle (1, 
2, or 3), so they can refer back to this information in 
later weeks. Students use sterile toothpicks to transfer 
a small amount of a colony from their plates into a 
microcentrifuge tube containing sterile water, using 
one toothpick and one tube per colony. They pellet the 
cells in the microcentrifuge. 

2.	 Using the Chelex method of DNA extraction, students 
isolate their bacterial DNA (Supplemental File S1).  On 
a technical note, Chelex beads settle quickly, so remind 
students to mix the beads well between each of their 
samples. Remind students to use a new tip between 
each addition of Chelex to a microcentrifuge tube. 

After lab 3: Students should place their tubes containing 
their DNA samples into a microcentrifuge rack or freezer box 
at the end of the lab. Instructors or TAs should store the DNA 
samples at -20°C until the next lab period.

Lab Day Four: DNA amplification using PCR

Teacher preparation: Prepare the reagents and equipment 
for PCR. If you need a refresher on PCR and why we selectively 
amplified the 16S rRNA gene (16S rDNA) of their isolated 
bacterial colonies, see Supplemental File S1.

Student preparation: Students should read through the lab 
activity for the day. Our students had covered cellular DNA 
replication by this time, but a review of DNA replication as it 
occurs in the cell would be useful here.

In class summary/laboratory:
1.	 Students set up their PCR reactions. We included a 

discussion of experimental controls, and why these are 
important. This discussion was especially important 
because we provided controls rather than having each 
student prepare their own. 

After lab 4: We collected all the students’ PCR tubes in a 
single ice bucket, prepared appropriate controls, and ran the 
thermocycler using the protocol indicated in Supplemental 
File S1. We had two thermocyclers available for use, so were 
able to stagger the runs. Once the thermocycler run was 
completed, the PCR samples were stored at 4°C until the next 
lab period. We placed their original DNA samples back into 
the freezer; you may choose to hold onto the original DNA or 
dispose of it at this time.

Lab Day Five: Visualizing DNA

Teacher preparation: Read through the activity for the day 
to be sure you are prepared with gels and gel boxes. You 
will need to prepare the appropriate number of 2% agarose 

gels needed for your students. Examples of results from our 
students are shown in Figure 1.

Student preparation: Students should read through the 
activities for the day before coming to lab. 

In class summary/laboratory: The focus of this day was for 
students to explain the PCR reaction of the previous week in 
terms of DNA replication. We discussed ways to visualize 
DNA, and the method used in the lab was agarose gel 
electrophoresis. Students predicted what their gels should look 
like based on the samples loaded, and then compared their 
predictions to the actual results.

Students checked the fidelity of their PCR reactions by gel 
electrophoresis. This also provided a qualitative assessment of 
how much DNA they would need to use the following week, 
as they only ran a small amount of their PCR reaction.

After lab 5: The remainder of the student PCR reactions 
should be returned to storage at 4°C until the next lab period.

NOTE: This day included a lab practical exam on other 
activities performed up to this point (Oral Microflora questions 
were not asked on this exam). Students in our two lab sections 
were required to stay for the full length of the lab period in 
order to analyze their DNA gel results. 

Lab Day Six: DNA Sequencing

Teacher preparation: You should gather all the appropriate 
reagents for Sanger sequencing (Supplemental Files S1 and S2), 
depending on the requirements of your sequencing facility.   A 
review of Sanger sequencing can be found in Supplemental 
File S1. 

Student preparation: Students should complete the reading 
for Lab Day Six in Supplemental File S1. 

In class summary/laboratory: We reviewed the results of the 
gel electrophoresis from the previous week and then provided 
an introduction on Sanger sequencing (see Supplemental File 
S1 for a more detailed discussion).

1.	 Students selected the sample which produced the best 
result (i.e. a single bright band) and added the 16S 
primer (and water, if necessary) to the corresponding 
microcentrifuge tube to prepare it for sequencing 
(Supplemental File S1).   Students provided a personal 
code for their sample so that the data would remain 
anonymous.

After lab 6: The samples were sequenced by the Biomedical 
Genomics Center (University of Minnesota) (www.bmgc.umn.
edu).  To keep everything running smoothly, we transferred 
the student samples into a 96-well plate, as needed by the 
sequencing facility. Sequencing at our facility typically takes 
less than 72 hours. An example of student sequence results is 
shown in Figure 1C. Remaining student PCR reactions were 
collected and stored at 4°C mainly for later use. They could 
be disposed at this point if you do not foresee a use for them.
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Lab Day Seven: Identifying Your Bacteria- What was 
that in your mouth?

Teacher preparation: For our students, we chose to do the 
“clean up” of the sequence results for them, trimming away the 
ends of the sequences that were not readable. This decision 
was partly due to time constraints and partly because it was 
the process they would be least likely to repeat in the future, 
because sequences in databases are already trimmed. On this 
day, students learn how to analyze their data. If you have not 
used BLAST or are unfamiliar with at looking at sequencing 
results, we advise you to check out the Supplemental File 
S1. There is also an excellent tutorial available for using the 
BLAST tool (15) including several YouTube videos (http://
www.ncbi.nlm.nih.gov/books/NBK1734/; http://www.youtube.
com/playlist?list=PLH-TjWpFfWrtjzMCIvUe-YbrlIeFQlKMq). 
For the sequence analysis, we used the free trial version of a 
sequence analysis tool called Geneious (http://www.geneious.
com/), which allowed us to do the minimal sequence clean 
up required. We then uploaded the trimmed sequence files 
to the course website so students could access their data at 
home. They used this data to complete the BLAST assignment 
worksheet provided in Supplemental File S4. An answer key 
with suggested responses and an example of actual student 
responses is provided in Supplemental File S5.

Student preparation: Students should read through the Lab 
Day Seven description before class and come prepared with 
questions if anything seems confusing. You could also assign 
the BLAST tutorial videos for them to watch in preparation for 
class.

In class summary/laboratory: To tie all of these activities 
together, we provided a review of the entire experience: 
analyzing colonies, extracting DNA, running PCR, and sending 
the samples out for sequencing. We showed some examples 
of their results and discussed what the chromatograms and 
peaks mean (Supplemental File S1). We emphasized that 
each student could potentially obtain unique results, so if 
they compared their sequence to another student’s it would 
likely not be the same. To further expand on the theme of 
diversity, time could be taken during the laboratory period to 
introduce students to the Human Food Project (aka American 
Gut http://humanfoodproject.com/americangut/) and the 
Human Microbiome Project (http://commonfund.nih.gov/hmp/
index), both projects which seek to identify the diversity of 
microbes that live on and in the human body. We would also 
recommend using the “Diseased/Altered State” jigsaw activity 
described below in the “Immunology Extension” section as 
a way to assist students in looking for scientific articles that 
report differences in the types microbes that can be isolated 
from the gut based on a person’s diet or health status.

NOTE: Depending on the level of your course, you may 
choose to have an in-depth discussion on the sequence 
analysis program “Geneious,” or you may choose to just give a 
brief overview of how it may be used. We introduced students 
to the process of performing a BLAST search (Supplemental 
File S1), which was needed to complete the assignment 
provided in Supplemental File S4. 

1.	 Students use the BLAST algorithm to identify the 
sequence in the database that is most similar to the 
sequence of their bacterial sample. This “top hit” will 

provide them the identity of one of the microbes found 
in their mouth. For a more in-depth discussion on 
BLAST, see Supplemental File S1 and http://blast.ncbi.
nlm.nih.gov/Blast.cgi.

2.	 After identifying this organism, students research their 
bacterial strain using scientifically sound websites. (If 
you have not already covered this in your class, this 
would be a good time to introduce students to how to 
find scientifically accurate sources of information). 

TEACHING DISCUSSION
Effectiveness of Lesson: The Oral Microflora activity was 

effective in achieving our learning goals and objectives: 
students were able to isolate and identify one species of 
bacteria from their oral swabs. Students performed commonly 
used molecular and microbial techniques in their inquiry 
experiments, something that had not been previously done in 
this course. In addition, students analyzed their results and 
reported the importance of their bacterial strains in health 
and disease prevention. The activity was especially effective 
in helping students develop the ability to locate and evaluate 
DNA sequence information. Each of these learning objectives 
was assessed by student responses to the BLAST worksheet 
(Supplemental File S4). In addition, this activity reinforced 
course material on DNA replication and PCR which students 
originally encountered during the lecture section.  We 
assessed this learning objective by asking students to respond 
to questions on a lab practical exam given at the end of the 
semester. For students in our two lab sections, this exam 
included both the Oral Microflora material and the concepts 
also covered in all other sections. The Oral Microflora 
questions asked on this exam are provided in Supplemental 
File S6, along with expected answers. These questions were 
asked using a multiple-choice or short answer format, in 
keeping with the format used for the other portions of the 
laboratory exam. 

We observed that students initially experienced minor 
challenges with some of the techniques required of them 
throughout the seven week activity. This was because the Oral 
Microflora module was unfamiliar territory for non-majors. 
Some things we noticed that were challenging were technical 
issues such as using a pipette or adjusting the microscope 
in order to focus on their microbes. Other areas included 
recognizing that they actually had enough reagent volume 
to perform PCR. This was because we provided students with 
“master mixes” (in microliters) of their PCR reagents and some 
students mistakenly thought the micro centrifuge tubes were 
empty. These issues were readily addressed by either the TAs 
or the instructors during the laboratory period. Indeed, at the 
conclusion of the activity, we found that the students produced 
a body of work that was of good quality.

As detailed in Table 1, this lab module is laid out over a 
seven week period, with the amount of time dedicated to 
module-related activities varying weekly. The length of time 
spent on each activity can be modified to suit the purposes 
of any introductory course. Our students were required to 
complete all of the activities related to the Oral Microflora 
module as well as the lab work required of other sections. 
Not surprisingly, given the need to complete two lab activities 
within a single lab period, the primary negative comment 
from students was that the module required “too much 
time”. However, we note that for most lab periods the time 
required for Oral Microflora-related activities involved less 
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than 30 minutes of the two hour lab period. The techniques 
and protocols often overlapped with activities already being 
done (e.g. using microscopes, looking at cell structure, using a 
pipet), and could have simply replaced the other lab activity. 
We have also presented this module as a part of a week-long 
workshop for high school science teachers (16) and were able 
to complete all the activities except for sequencing newly-
isolated DNA within the more compressed time frame. Our 
experience working with non-science majors suggests that the 
times listed in Table 1 represent the minimum amount of time 
needed for students to achieve reasonable results from the 
experiment. We would recommend spending additional time 
if possible focusing on the concepts involved in the activity 
of each day. We feel this time would be well-spent and could 
stimulate further discussions in and out of the classroom. 
Indeed, several of our students indicated that they would have 
appreciated additional time to focus on the Oral Microflora 
material.

Due to the relatively small number of students that have 
completed this learning module, we cannot say definitively 
whether the inquiry nature of this module was more successful 
than another laboratory without the module. However, we 
observed that the students who performed the Oral Microflora 
module were engaged in the activity throughout the process. 
This was especially true when they were able to culture and 
observe their own microbes. The idea that these microbes 
came out of their mouths was at once disgusting and somehow 
exciting! Students were also very interested in seeing the 
results that they got back from the sequencing facility. Several 
students indicated that it was an interesting and enjoyable 
activity. One student commented in particular that “in the 
end, I understood a lot more about microorganisms and oral 
microflora than I did before”.

An important aspect to consider when implementing any 
new laboratory activity is the cost required in order to offer 
sufficient supplies and reagents. With the help of the Lab 
Manager and Coordinator for the College of Biological Sciences 
Teaching Laboratories, we determined the cost per student for 
purchasing reagents and consumables for the Oral Microflora 
activity to be approximately $19, when the lab is performed as 
described. This includes the cost of the consumables listed in 
Supplemental File S2 such as tape, tubes, agar and sequencing 
plates, as well as miscellaneous items such as paper towels, 
soap and bleach. It does not include the cost of purchasing 
pipettes or major equipment such as micro-centrifuges. 

Authentic research as a possible extension: The Oral 
Microflora activity could be used as the start of an authentic 
research activity by having students revisit their data and 
propose a hypothesis about how they could alter the bacteria 
found in their mouths. Students could then design an 
experiment to test their hypothesis, conduct the experiment, 
and analyze their own data. This extension would likely require 
starting the lab activities early in the semester, continuing 
activities throughout the course of the semester.

An alternative approach for incorporating authentic research 
would be to have students compare their data to sequences 
found in the Human Oral Microbiome Database (http://
www.homd.org/). This publicly accessible genomic database 
provides information on the many prokaryotic species found 
in the human oral cavity. The database could be used before 
students begin the activity, as information that can enable 
them to predict what they may find with their sequences, or 

to propose hypotheses for ways to alter the bacteria found in 
their mouth.

 	 To emphasize the importance of scientific 
communication, you could require students to present their 
Oral Microflora experiments and/or results via a poster session 
or oral presentation. Students (particularly majors) could also 
write a grant proposal or a journal article on their work. 

Immunology Extension: The Oral Microflora activity could 
be used as a transition into the immune system. Some topics 
to consider are: infections and pathogenesis, autoimmunity, 
and adaptive versus innate immunity. Along these lines, we 
have developed a jigsaw activity that extends the activity to 
learning about gut microflora and the role these microbes 
have been proposed to play in human health and disease 
(see Supplemental File S7). In this jigsaw, each student would 
be assigned to a particular “altered” state (such as diabetes, 
obesity, irritable bowel syndrome, or even just alternative diet 
plans) and they find an article about the topic to report back to 
their group during the following class period. Students answer 
a series of questions, and the articles they identified are turned 
in along with their group’s completed jigsaw worksheet. The 
questions asked could range from the particular bacterial 
populations that predominate in a given “altered state”, to 
the immune response to the bacteria. This jigsaw activity was 
developed to accompany the laboratory module but we were 
unable to test it in the classroom. This activity was field-tested 
at a workshop for middle- and high-school science teachers 
to introduce them to the scientific literature on the human 
microbiome. The teachers found it to be a useful activity and 
proposed using it with their students, perhaps modifying it to 
permit the use of reviews of scientific articles from secondary 
sources (e.g. articles on gut enterotypes reviewed in The New 
York Times (17)). 

SUPPORTING MATERIALS
•	Table 1. You and Your Oral Microflora-Teaching Timeline
•	Figure 1. You and Your Oral Microflora-Sample student data
•	Supplemental File S1: The Oral Microflora Laboratory 

Manual: The entire project is divided into a seven week 
activity. Each week, a short introduction on laboratory related 
topics is followed by a detailed laboratory procedure. Week 
one includes a primer on microbes. Week two provides 
students the opportunity to explore the different microbes. 
In week three, students are introduced to genomics and they 
learn to extract DNA. During week four, students learn about 
PCR and perform their PCR reactions. In week five, students 
use gel electrophoresis to determine the fidelity of their PCR 
results. In week six, students learn about 16S rRNA and they 
prepare and send out their DNA for sequencing. The final 
in-lab activity, week seven, culminates in data analysis and 
a BLAST search of their resultant strain. Much of the work in 
week seven can be done outside of class time. 

•	Supplemental File S2: Materials and Supplies for the Oral 
Microflora: This supplement outlines the topic of the week 
for the seven weeks described in the Oral Microflora 
module, along with the equipment and preparation needed 
for the activities. 

•	Supplemental File S3: Day 1 PowerPoint slides for the Oral 
Microflora Laboratory: This presentation includes a short 
primer about microbes for Day One of the Oral Microflora 
activity, introducing the learning objectives and learning 
goals. We provide suggested links for images to include in 
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an introduction to microbes.
•	Supplemental File S4: You and Your Oral Microflora BLAST 

Assignment: This supplement is the BLAST assignment given 
to students for analyzing their DNA sequences. 

•	Supplemental File S5: Answer Key: You and Your Oral 
Microflora BLAST Assignment: This supplement provides 
suggested responses to the Oral Microflora BLAST 
assignment. An example of actual student responses is 
provided.

•	Supplemental File S6: Lab Practical 2, Oral Microflora 
Questions: This supplement presents the lab practical 
exam questions asked of students who participated in Oral 
Microflora module. Answers are marked in red. 

•	Supplemental File S7: Altered States Jigsaw Activity: This 
supplement provides a proposed extension activity for both 
introducing students to the impact of the microbiome on 
human health and extending the discussion of microbial 
diversity beyond the human mouth.  
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