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Genomics and bioinformatics are topics of increasing interest in undergraduate biological science
curricula. Many existing exercises focus on gene annotation and analysis of a single genome. In
this paper, we present two educational modules designed to enable students to learn and apply
fundamental concepts in comparative genomics using examples related to bacterial pathogenesis.
Students first examine alignments of genomes of Escherichia coli O157:H7 strains isolated from three
food-poisoning outbreaks using the multiple-genome alignment tool Mauve. Students investigate
conservation of virulence factors using the Mauve viewer and by browsing annotations available at
the A Systematic Annotation Package for Community Analysis of Genomes database. In the second
module, students use an alignment of five Yersinia pestis genomes to analyze single-nucleotide poly-
morphisms of three genes to classify strains into biovar groups. Students are then given sequences
of bacterial DNA amplified from the teeth of corpses from the first and second pandemics of the
bubonic plague and asked to classify these new samples. Learning-assessment results reveal stu-
dent improvement in self-efficacy and content knowledge, as well as students’ ability to use BLAST
to identify genomic islands and conduct analyses of virulence factors from E. coli O157:H7 or Y.
pestis. Each of these educational modules offers educators new ready-to-implement resources for
integrating comparative genomic topics into their curricula.

LEARNING OBJECTIVES

At the completion of these activities, students will:

1. have improved their ability to use BLAST;
2. be able to identify genomic islands from whole-genome

alignments;
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3. know one way to explore existing annotation for genes in
a genomic island and determine whether any are involved
in virulence;

4. be able to conduct analyses addressing conservation of vir-
ulence factors in Escherichia coli O157:H7 or Yersinia pestis
strains; and

5. be able to apply these newly acquired skills to design a
bioinformatic investigation of an E. coli outbreak.

INTRODUCTION

The advent of genome sequencing and increased use
of computational biology for analysis have dramatically
changed the landscape for undergraduate student learning
in the areas of genetics, molecular biology, and even ecol-
ogy. A variety of curricular approaches attempt to help
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students understand the impact that genomics will have
in their lives and careers (Campbell, 2002; Dexter Dyer
and LeBlanc, 2002; Honts, 2003; Petrill and Justice,
2007). A number of efforts are currently underway na-
tionwide to develop new teaching approaches and re-
sources for undergraduate curricula in bioinformatics
and genomics (Forst and Goodner, 2006; Goodner and
Wheeler, 2006; Baumler et al., 2008; Lopatto et al., 2008;
Lopatto and Elgin, 2010; Shaffer et al., 2010; the Joint
Genome Institute’s “adopt a microbial genome” [www.jgi
.doe.gov/education/genomeannotation.html]; the HHMI–
Scientific Education Alliance’s phage annotation initiative
[www.hhmi.org/grants/sea]; and the Teaching Big Science
at Small Colleges: A Genomics Collaboration initiative
[http://serc.carleton.edu/genomics/index.html]). These pi-
oneering educational initiatives reaffirm and build on the
premise that learning objectives are met and exceeded when
students find the topics engaging, exciting, and worth-
while (National Research Council, 2005). Most of these
teaching resources address student learning about genomics
and bioinformatics through active or inquiry-based learning
(Gallagher et al., 1995; Checkley, 1997). Active learning of
these topics requires the use of computers to develop and
reinforce skills in bioinformatic gene analysis. Microbial
genomes are especially suitable for teaching these subject
areas, since they are relatively small, have modest compu-
tational requirements, and present a way to initiate student
learning by investigation and problem solving of real-world,
ill-defined problems (Wiggins and McTighe, 2005; Nehm,
2010). There are a variety of existing educational resources
that focus on a single genome (e.g., Lopatto et al., 2008), and
others designed to teach about genomic technologies (e.g.,
Shuster, 2011). However, despite the recent advances in DNA-
sequencing technology that have resulted in an abundance of
available genome sequences, relatively few curricular mod-
ules address genome-level questions. As of 2011, more than
1000 microbial genomes have been sequenced, representing
a vast untapped resource for educators interested in using
inquiry-based exercises that can compare multiple genomes
from different strains of related microbes.

Comparative genomics is the study of the relationships of
genome content, structure, and function across multiple or-
ganisms. This field is growing rapidly alongside advances
in sequencing, particularly for studies of very closely related
species and strains of bacteria. Comparative genomic tech-
niques are used to discover genetic variation at scales rang-
ing from large-scale chromosomal rearrangements to single-
nucleotide polymorphisms or SNPs. The presence or absence
of protein-coding genes (open reading frames or ORFs) often
leads to new hypotheses regarding the distinguishing traits
of each microorganism. While a number of comparative ge-
nomic tools exist, many are limited to the analysis of two
genomes. One tool that permits the comparison of more than
two genomes is the multiple-genome alignment tool Mauve
(Darling et al., 2004). Mauve is particularly appealing as an
educational tool, because it includes a user-friendly visual-
ization of the results, and runs on widely available, mod-
estly priced computer hardware. Mauve has been used exten-
sively for comparative genomic analysis of numerous types
of pathogenic microorganisms, such as Pectobacterium spp.
(Glasner et al., 2008), Salmonella spp. (Vernikos et al., 2007),
E. coli (Mau et al., 2006), and Y. pestis (Darling et al., 2008).

These studies illustrate the applicability of comparative ge-
nomics for deciphering and identifying unique genomic re-
gions that may play a role in the strain-to-strain variation of
pathogenic microorganisms.

Key signatures of pathogenesis-promoting regions are
genes encoding virulence factors or proteins that play a
role in the ability of the pathogen to cause disease. Some
types of microbial virulence factors are: adhesins (which help
the microbe attach to host tissue), toxins (secreted proteins
toxic to host cells or organs), secretion systems (which in-
ject microbial proteins into the host cell or environment),
and defenses against host barriers (which protect the mi-
crobe from the host’s immune system or, e.g., allow pas-
sage through the acidic fluid in human stomachs to reach
the intestine). For pathogenic members of the bacterial fam-
ily Enterobacteriaceae, which includes the human pathogens
E. coli O157:H7, Salmonella, and Y. pestis, a concerted ef-
fort to identify virulence factors based on experimental ev-
idence and/or bioinformatic analysis has been conducted,
and the resulting annotations that support the designation
of genes as “putative or known virulence factors” are avail-
able in the A Systematic Annotation Package for Community
Analysis of Genomes (ASAP) database (Glasner et al., 2006;
http://asap.ahabs.wisc.edu/asap/home.php).

We have developed two curricular modules to support
student learning of bioinformatic skills via investigation of
engaging questions in comparative microbial genomics. The
extensive existing and recently updated ASAP annotation
allows us to focus students’ attention on downstream infer-
ences, while the real-world clinical relevance appeals to the
many premedical students in our courses. In the first mod-
ule, students focus on three genomes of the human pathogen
E. coli O157:H7 from separate foodborne outbreaks; a sec-
ond module centers on student analysis of five genomes of
the human pathogen Y. pestis. The skills addressed in both
modules are the use of the basic local assignment search tool
(BLAST; Altschul et al., 1990) and identification and analy-
sis of genomic islands. Through these exercises, students are
exposed to core concepts in microbial genomics, including
functions and conservation of virulence factors; horizontal
gene transfer; the evolution/structure/function of genomic
islands; and SNPs (in genes unrelated to pathogenesis) as
possible determinants of metabolic capabilities. In crafting
the assignments for these modules, we focused on questions
that allowed students to apply both their newly developed
skills and these core concepts. For example, students use the
literature resources linked to the ASAP database to investi-
gate the function and potential relevance to pathogenicity of
a gene on a genomic island; this task requires understanding
of the concept of virulence factors and some knowledge of
possible virulence factor functions, as well as the ability to
use the Mauve alignment tools to identify a gene of inter-
est. We also sought to foster higher-level thinking skills, by
posing questions that require problem solving, analysis, and
synthesis (Allen and Tanner, 2002).

The three E. coli O157:H7 strains in the first module were
isolated from sickened individuals or contaminated food dur-
ing outbreaks associated with ground beef in Michigan in
1982 (Perna et al., 2001); radish sprouts in Sakai City, Japan,
in 1996 (Hayashi et al., 2001); and fresh bagged spinach in
17 states in the United States in 2006 (Manning et al., 2008).
Strains of E. coli O157:H7 differ in the severity of disease
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they cause in humans and can lead to bloody diarrhea, renal
failure, hemolytic uremic syndrome (HUS), or death. The
three strains of E. coli O157:H7 genomes used for this exer-
cise, strain EDL933 (ground beef), Sakai (radish sprouts), or
EC4042 (bagged spinach), each have different epidemiolog-
ical statistics for those sickened from the outbreaks and dif-
fered in their hospitalization-to-death ratios of 23:0 (EDL933),
8938:3 (Sakai), and 205:3 (EC4042) (Hayashi et al., 2001; Rangel
et al., 2005; Manning et al., 2008). On the basis of the epidemi-
ological statistics, students learn that each of these strains dif-
fers in the severity of the disease that they cause in humans
(Manning et al., 2008). In this module, students use Mauve
to perform a comparative genomic analysis, looking for the
presence or absence of virulence factor genes and eventu-
ally generating bioinformatics-based hypotheses to address
strain-to-strain variation in pathogenicity and epidemiologi-
cal outcomes.

The Y. pestis module reinforces the bioinformatic skills and
core concepts learned in the first module, and provides an op-
portunity for students to delve further into analysis of genetic
events, such as insertions, deletions, and SNPs responsible for
interstrain variation. Y. pestis is the causative agent respon-
sible for three historical global pandemics of the bubonic
plague or Black Death (∼550 A.D., 1347 A.D., 1850 A.D.;
Drancourt et al., 2004; Stenseth et al., 2008). This human
pathogen is notorious for its ability to cause widespread
death, as in the second pandemic, in which ∼30–60% of
the entire European population succumbed. Through use
of the instructional materials provided, students learn about
two routes of transmission for Y. pestis infection of humans
(Chamberlain, 2004). In the first, fleas transfer the bacterium
by first biting infected small rodents, such as rats, and sub-
sequently biting humans, resulting in bacterial infection in
the human bloodstream (bacteremia). The second route is
through human respiratory infection, in which infected in-
dividuals spread the bacteria to others via droplet infec-
tion. Students also learn that strains of Y. pestis are typi-
cally categorized into one of three biovars (Antiqua [east
African origin], Mediaevalis [central Asian origin], or Ori-
entalis [central Asian origin]) based on their experimentally
determined ability to use the carbon sources arabinose or
glycerol and the nitrogen source nitrate (Devignat, 1951), and
discover that the inability of Y. pestis strains to utilize one of
these two carbon sources or the nitrogen source can be traced
to mutations in one of three genes, araC, glpD, or napA. This
gene analysis provides an opportunity for instructors to in-
troduce or reinforce students’ content knowledge, including
the connection between genetic traits and biochemical path-
ways; pseudogenes, missense, and nonsense codons; and the
potential effects of single amino acid changes on metabolic en-
zyme activity. The five Y. pestis genomes in this module (CO92
[Parkhill et al., 2001], KIM [Deng et al., 2002], 91001 [Song et al.,
2004], Antiqua and Nepal [Chain et al., 2006)]), include at least
one representative of each biovar. Using BLAST, students
classify each strain into biovars based on analysis of the three
genes. BLAST comparisons with the genome of a sixth strain
isolated from North America (YPE), allow students to deduce
whether Pacific or Atlantic Ocean trade routes were most
likely responsible for the arrival of Y. pestis in North America.
Additionally, students use BLAST comparisons of modern Y.
pestis DNA with sequences generated from the dental pulp of
corpses of humans thought to have died during the first and

second pandemics of the Black Death (Drancourt et al., 1998,
2004; Tran-Hung et al., 2007) to determine which biovar(s)
are most similar to the strains that caused the two previous
pandemics. In a final component of this module, students
apply the comparative genomic techniques learned from the
E. coli module to address variation in virulence factors among
Y. pestis strains. One strain included in the genome alignment
(91001) has lost the ability to cause disease in humans (Song
et al., 2004). Students identify genomic islands conserved in
four genomes (Antiqua, Nepal, KIM, CO92), but absent in
the genome of strain 91001. Analysis of the genes contained
within permits students to formulate new hypotheses about
why the genes in these islands may be important for causing
human disease.

To assess the effectiveness of these modules, we collected
and analyzed data on students’ self-efficacy, abilities, and con-
tent knowledge. Our pre- and posttest assessment data indi-
cate that students reported gains in their ability to use BLAST
and to analyze gene content and conservation in genomic is-
lands. Analytical skills and content knowledge–based assess-
ments support the claim that students achieved the learning
objectives and were able to apply their newly acquired abili-
ties to address open-ended questions requiring experimental
design, deductive reasoning, and literature-based analyses
of experimental evidence. Throughout this work, we refer
to use of the BLAST and Mauve tools as “abilities” and the
application of these abilities to formulating hypotheses, prob-
lem solving, analysis, and synthesis as “skills.” These educa-
tional modules are the first to integrate epidemiological, phe-
notypic, paleomicrobiological, and bioinformatic analyses to
help students learn about the consequences of variation in
genome content among human pathogens. Moreover, they
offer educators new, engaging resources to immediately inte-
grate comparative genomic topics into their undergraduate
curricula.

MATERIALS AND METHODS

General Study Design

These modules were used and learning-assessment data were
collected from nine educational settings at three large public
universities and two private, liberal arts colleges (Table 1).
Consent was sought and granted by students in cohorts 1
and 6–9 in accordance with Institutional Review Board (IRB)
guidelines for all student data presented from the use of
these modules. Participation in the assessments by students in

Table 1. Description of student samples included in this study

Sample
number Course Year

Number of
students

E. coli
module

Y. pestis
module

1 Bioinformatics 2009 13 Y Y
2 Microbiology 2008 15 Y N
3 Microbiology 2008 12 Y Y
4 Microbiology 2009 20 Y N
5 Microbiology 2010 23 Y Y
6 Genomics 2009 10 Y N
7 Genomics 2010 17 Y N
8 Microbiology 2011 14 Y N
9 Microbiology 2008 14 Y N
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cohorts 2–5 was voluntary, in that students could choose not
to complete the assessments. The IRB boards at all institutions
either approved these studies or ruled these studies exempt.
Analysis of statistical significance was performed using the
Student’s paired t test with a one-tailed distribution and two-
sample equal variance.

Participant Population

Student demographic information was collected for all sam-
ples. Of the 138 students who participated in these studies,
52 were male and 86 were female. Twenty-six were sopho-
mores, 53 were juniors, 41 were seniors, and 18 were gradu-
ate students. The racial/ethnic composition of the participant
pool was: 94 Caucasian, 21 Asian, 14 Latino/Hispanic, four
African American, two African, one student from the Indian
subcontinent, one Native American, and one Latino/Pacific
Islander. The degree majors represented among the students
included biology (81%), biochemistry (4%), chemistry (4%),
economics (2%), and microbiology (9%).

Assessing Changes in Self-Efficacy

Student self-efficacy assessment was performed as previ-
ously described (Likert, 1932) using pre- and posttest self-
report questions administered to students (Table 2). Pretest
data represent a compilation of the data from samples 1–8
(n = 124). Posttest data were separated for classes that used
only the E. coli module (samples 2, 4, 6, 7, and 8 [n = 76]) and
for those that used both modules (samples 1, 3, and 5 [n =

48]). Self-efficacy assessment questions 1, 2, and 3 were used
in all but one course (samples 1 through 8), while assessment

question 4 was used in only five courses (samples 1, 5, 6, 7,
and 8).

Assessing Changes in Abilities and Higher-Level
Thinking Skills

To determine whether student learning gains occurred
through use of these modules, formative assessments
(Hutchings, 2000; Mettetal, 2001) of students’ abilities to use
their newly acquired BLAST and Mauve abilities were con-
ducted by applying standardized rubrics to evaluate written
responses to the course assignments (see course assignments
1 [for student samples 1, 4, 8, and 9] and 2 [samples 1 and 3]
in the Supplemental Material) turned in by students or pairs
of students (Tables 3 and 4). Written student products also
provided the data to assess whether these resources can be
used to promote higher-level analysis (Table 5) and synthe-
sis (Supplemental Figure S7) skills through guided student
inquiry (samples 2 and 3).

Assessing Changes in Content Knowledge

To further determine whether student learning gains oc-
curred through use of these modules, assessments of stu-
dents’ content knowledge were conducted by evaluating
written student responses to the course assignments (see
course assignments 1 and 2 in the Supplemental Material), as
described in the preceding section. Acquisition and retention
of content knowledge were further assessed using qualitative
evaluation of voluntary student written responses to pre- and
posttest questions (sample 5; Table 6). Students’ written re-
sponses to a take-home exam question about a hypothetical

Table 2. Pre- and posttest self-efficacy assessment (n = 124)

Student response option Pretest (% ± SE) Posttest E. coli only (% ± SE) Posttest E. coli and Y. pestis (% ± SE)

Question 1: Circle the description that best describes you.
I use Blast frequently and am confident in my

ability with it.
6.5 ± 2.7 22.4 ± 4.3 41.0 ± 12.4

I am familiar with BLAST and could probably find
my way around with it.

36.9 ± 18.6 77.6 ± 4.8 56.5 ± 11.4

I have heard of BLAST and have a vague idea of
what it is.

33.7 ± 12.2 0 ± 0 2.5 ± 2.5

I have no idea what BLAST is. 22.8 ± 8.8 0 ± 0 0 ± 0

Question 2: I know how to use MAUVE to identify a unique genetic island that is not shared by closely related bacterial strains.
Strongly disagree 67.6 ± 10.0 0 ± 0 0 ± 0
Disagree 30.4 ± 11.5 8.0 ± 5.2 16.0 ± 12.5
Agree 2.0 ± 1.3 62.6 ± 11.7 52.0 ± 8.1
Strongly agree 0 ± 0 29.4 ± 14.5 32.0 ± 20.7

Question 3: Once a genomic island is identified, I know how to analyze the genes contained within, and determine whether any may be
involved in virulence.

Strongly disagree 43.5 ± 16.9 0 ± 0 0 ± 0
Disagree 36.8 ± 12.7 2.5 ± 2.3 14.3 ± 12.5
Agree 18.4 ± 9.1 76.9 ± 2.9 70.4 ± 9.4
Strongly agree 1.3 ± 1.1 20.6 ± 0.5 15.3 ± 6.5

Question 4: Given a gene that confers a virulence trait in one pathogen, I know how to determine whether the gene is conserved in other
related pathogens.

Strongly disagree 31.7 ± 21.8 0 ± 0 0 ± 0
Disagree 39.0 ± 9.2 2.7 ± 1.8 5.2 ± 5.1
Agree 26.8 ± 14.5 64.8 ± 19.7 53.8 ± 2.4
Strongly agree 2.5 ± 2.3 32.5 ± 20.7 41.0 ± 5.6
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Table 3. Scoring rubric for formative assessment of student learning based on written responses to assignment (course assignment 1 in the
Supplemental Material) on E. coli module

Learning objective Demonstrated competence with the toola
Demonstrated skill in applying the

concept/approacha

1. Improve student’s ability to use BLAST Did the student conduct a BLAST search
of his/her assigned virulence gene?

Did the student determine whether the
assigned gene was present in
microorganisms other than E. coli?

2. Be able to identify genomic islands from
whole genome alignments

Did the student identify a genomic island
unique to a single genome?

Did the student identify a genomic island
unique to a subset (two out of three) of
the genomes?

3. Know one way to explore existing
annotation for genes in a genomic
island and determine whether any are
involved in virulence

Did the student identify gene products
located in a genomic island?

Did the student formulate a hypothesis as
to how the proteins encoded on this
genomic island may contribute to the
microorganism’s virulence?b

4. Be able to conduct analyses addressing
conservation of genes in E. coli O157:H7
or Y. pestis strains

Did the student determine using BLAST
and Mauve whether the assigned
virulence gene was in other E. coli
genomes?

Did the student analyze the BLAST and
Mauve results correctly to determine
whether multiple copies of the
assigned virulence gene existed in any
of the genomes?

aItems were scored as Yes/No unless otherwise noted.
bStudents correctly identified a wide variety of phage-related genes (e.g., those encoding replication proteins, portal proteins, hydrolases,
capsid components, and tape measure proteins), as well as transposase and integrase genes, as being unrelated to virulence. Genes identified
by students as being highly relevant to differences in pathogenicity included shiga-like toxins and the host-cell adhesion gene iha (one student
cited literature showing that Iha allowed the bacterium to adhere to kidney cells). Other students pointed to ureases and a short-chain
dehydrogenase/reductase as potentially conferring the ability to survive in new environments and/or exploit unique nutritional resources.
Finally, students hypothesized that complement resistance proteins and proteins involved in resistance to oxidative stress and phagocytic
activity could contribute to a strain’s virulence by enabling it to withstand host defenses.

Table 4. Scoring rubric for formative and skills assessment of student learning based on written responses to assignment (course assignment
2 in the Supplemental Material) on Y. pestis module

Learning objective
Demonstration of competence with the tools and
skill in applying the concept/approacha

Demonstration of critical thinking
and synthesis of information gained
through the use of Mauve and
BLASTa

1. Improve student’s ability to use
BLAST

Did the student conduct a BLAST search of the
glpD, napA, and araC genes?

Did the student correctly interpret
the SNP and BLAST data and
successfully assign each strain
and dental pulp sample to the
correct biovar?

2. Be able to identify genomic islands
from whole genome alignments

Did the student identify a genomic island absent
from strain 91001 but present in the four
pathogenic strains?

Not applicable

3. Know one way to explore existing
annotation for genes in a genomic
island and determine whether
any are involved in virulence

Did the student explore the annotations for gene
products located on a genomic island that is
absent from strain 91001?

Did the student formulate a
hypothesis as to how the proteins
encoded on this genomic island
may contribute to the
microorganism’s virulence?b

4. Be able to conduct analyses
addressing conservation of genes
in E. coli O157:H7 or Y. pestis
strains

Did the student analyze the BLAST and Mauve
results correctly to determine whether his/her
assigned virulence gene is present in all five
Y. pestis strains, and whether it is predicted to be
functional in 91001?

Did the student successfully
determine that the genetic
evidence supports a Pacific trade
route origin for the North
American lineage?

aTasks were scored as Yes/No unless otherwise indicated.
bStudents typically pinpointed genes implicated in iron uptake and metabolism as being potentially relevant to virulence, because bacteria
require iron and exhibit tight regulation of these functions. Other positive findings included fimbrial proteins, which the students suggested
were involved in adhesion to host cells. Students correctly inferred that putative phage tail proteins, antirepressors, host-specificity proteins,
and transposases are unlikely to be involved in virulence. One student found a putative sulfatase and sulfatase modifier and concluded that
these genes were insufficient to cause virulence because they were found in the nonpathogenic E. coli strain K12 as well.
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Table 5. Learning objectives and observed student outcomes upon completion of E. coli O157:H7 or Y. pestis modulesa

Demonstrated student achievement

E. coli O157:H7 module Y. pestis module

Learning objective Student outcome
Competency

with tool
Skill in applying

concept/approach Student outcome

Ability and
application
competency

Synthesis/
critical-thinking

skills

1. Improve student’s
ability to use
BLAST

Students were able to
correctly identify
the gene and
protein sequence of
the genes possibly
involved in
virulence.

98% (47/48) 90% (43/48) Students were able to
correctly deduce the
biovars of the five
strains and the dental
pulp samples using
BLAST results, as well
as obtaining protein
and ORF information
following BLAST
searches. In their
answers, they were
able to explain what
the e values mean and
draw the correct
conclusions.

100% (17/17) 94% (16/17)

2. Be able to identify
genomic islands
from
whole-genome
alignments

Students were able to
correctly identify
islands of
conservation or
dissimilarity from
whole-genome
alignments.

100% (48/48) 98% (47/48) Students were able to
correctly identify
islands of conservation
or dissimilarity from
whole-genome
alignments.

100% (17/17) Not applicable

3. Know one way to
explore existing
annotation for
genes in a
genomic island
and determine
whether any are
involved in
virulence

While the students
were able to
identify the
hypothetical
functions of
suspected virulence
genes, their
conclusions about
whether the genes
are actually
involved in
virulence were
tentative, because
they did not feel
that they
understood the
virulence pathways
in E. coli very well.

98% (47/48) 81% (39/48) Students were able to
identify annotated
functions of predicted
proteins encoded on a
chosen island, as well
as obtain information
on related proteins
using InterPro Scan
data. Students were
able to deduce that the
presence or absence of
a few virulence factors
may or may not be
sufficient evidence to
conclude whether a
strain is virulent or
not.

100% (17/17) 88% (15/17)

4. Be able to conduct
analyses
addressing
conservation of
genes in E. coli
O157:H7 or Y.
pestis strains

Students were able to
identify whether
the genes exist in
all three genomes
or just one, and
whether identified
islands are present
in different strains.

96% (46/48) 83% (40/48) Students were able to
determine whether
their assigned
virulence gene is
present in all five
strains, but fewer than
half analyzed whether
the gene was
functional. Students
utilized BLAST
similarity comparisons
to draw conclusions
on whether the strains
originated from the
Pacific or Atlantic
region.

100% (11/11)
for gene
presence;

45% (5/11)
for gene
function

71% (12/17)

aData are reported as percent of students who successfully accomplished the task outlined in the scoring rubrics (Tables 3 and 4).
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Table 6. Assessment of student acquisition and retention of
content knowledge

Question and evaluation of answer Pretest Posttest

What is a genomic island?a n = 23 n = 14
No idea/no answer 57% 0%
Wrong 39% 14%
Partial credit 4% 50%
Correct 0% 36%
How does genetic information get into an island? How do you

know how it got into an island?b

No idea/no answer 65% 14%
Wrong 13% 0%
Partial credit 22% 43%
Correct 0% 43%
Suppose you had a group of bacterial strains from different regions

of the world that are all the same species, yet some are more
virulent than others. If you sequenced the genomes of all these
strains, what feature(s) would you look for in those genome
sequences that might confer strain-to-strain variability in
virulence among bacterial strains of the same species?c

No idea/no answer 48% 7%
Wrong 17% 0%
Partial credit 13% 14%
Acceptable 22% 36%
Good 0% 43%

aFull credit was given for responses that included the concept of
sequences or sets of genes unique to one strain within a bacterial
species that may confer virulence. Partial credit responses lacked the
possible link to virulence.
bFull credit responses included both some mention of modes of hori-
zontal gene transfer (e.g., phage transduction) and evidence, such as
phage gene remnants and/or transposition-related sequences (trans-
posases, insertion sequences). Partial credit responses typically failed
to answer the second question.
cGood answers described possible virulence factor functions (e.g.,
toxins, iron uptake, adhesins, etc.). Acceptable answers invoked dif-
ferences in gene content without mentioning specific potential func-
tions. Partial credit was given for “genomic islands.”

E. coli outbreak served as an additional mode of assessing
student content knowledge (sample sets 7 and 8).

Instructional Resources

Information about the computational requirements for us-
ing Mauve and materials, methods, and figures pertaining
to the E. coli and Y. pestis genome alignments are provided
for instructors (see the Supplemental Material). Introductory
materials for instructors to use with their courses are avail-
able as PowerPoint slides for E. coli O157:H7 (Supplemen-
tal Slide S1) and Y. pestis (Supplemental Slide S2). These
slides introduce the tools used in these modules and pro-
vide background genomic, epidemiological, and historical
information. For instructors and/or students, information
about the use and interpretation of BLAST results can be
found in the BLAST information guide available at National
Center for Biotechnology Information (www.ncbi.nlm.nih.
gov/Education/BLASTinfo/information3.html) and addi-
tional simple explanations about using BLAST can be found
in chapter 7 of the book Bioinformatics for Dummies (Claverie
and Notredame, 2003).

Student Instructional Resources

Instructions for students are provided to assist with using the
Mauve alignments and the ASAP database (see instructional
material 1 and 2 in the Supplemental Material). Additional
independent exercises consisting of multiple inquiry-based
questions that can be used with these modules are provided
(see course assignments 1–3 in the Supplemental Material).

RESULTS

To determine the extent to which our student learning ob-
jectives were achieved, we used a variety of assessment
instruments, including pre- and postmodule knowledge-
based questionnaires, scoring of student responses to guided
inquiry-based individual assignments, and open-ended in-
vestigations/exam questions that required students to apply
their newly acquired abilities and their understanding of core
concepts, such as the potential functions of virulence factors
or the effects of SNPs on metabolic capabilities. In addition to
these tools, which were used to assess acquisition of abilities
and content knowledge, self-efficacy assessment rating scales
were used to investigate whether students, through use of
these problem-based learning modules, gained confidence in
their abilities to use BLAST, Mauve, and the ASAP database
to identify and analyze the contents of genomic islands in
two microbial pathogens, and to answer interesting ques-
tions about conservation of virulence factors. In our analyses
of these self-efficacy data, student responses for the posttest
assessment were separated into two groups; the first student
group was composed of those who solely used the E. coli
O157:H7 module, and the second set represented those who
completed both the E. coli O157:H7 and the Y. pestis modules.

Learning Objective 1: Did Students Report Gains in
Their Abilities to Use BLAST through Use of One or
Both Modules?

Self-efficacy assessment revealed that the majority of the stu-
dents surveyed (56.5%) had little familiarity or confidence
using BLAST prior to this exercise, and use of these mod-
ules resulted in significant (P < 0.05) increases in student
responses that indicated familiarity (76.4% [± 4.8]) or even
confidence (22.4% [± 4.4]) using BLAST upon completion of
the E. coli module alone (Table 2). Furthermore, students who
used both modules felt more confident using BLAST (41.0%
[± 12.3]), in comparison with those who completed only the
E. coli module (22.4% [± 4.4]) (Table 2). Formative assessment
of the students’ abilities to conduct a BLAST search was de-
termined using the rubrics shown in Tables 3 and 4 to score
written responses handed in by students upon completion
of a module. Essentially all students were able to use the
Mauve interface successfully to conduct a BLAST search in
E. coli for an assigned virulence factor (Table 5). Ninety per-
cent of students properly conducted BLAST searches against
other microbial genomes (Table 5). Finally, the Y. pestis mod-
ule asks students to apply their skills with BLAST to de-
termine the biovar most likely to have caused the first and
second pandemics, and almost all students accomplished this
task correctly. In their written responses to the assignments
(provided in the Supplemental Material), students typically
cited a correct interpretation of e values to support their
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conclusions. Overall, these results indicate that the module
instructions are clear and provide evidence for success in
helping students improve their self-efficacy and ability in us-
ing BLAST for inquiry-based research.

Learning Objective 2: Were Students Able to Identify
Genomic Islands Using Mauve?

While multiple comparative genomic software tools exist,
Mauve is unique, in that it allows more than two genomes to
be aligned, has a student-friendly visual interface to interpret
the genome alignment, and when using genomes obtained
from the ASAP database, contains direct Web links from the
genes to annotation pages, thus permitting students to survey
additional information regarding the genes’ roles in patho-
genesis. We sought to determine whether this comparative
genomic tool could be used effectively by students to iden-
tify polymorphisms that differentiate strains within a given
species. Not surprisingly, our pretest self-efficacy assessment
data indicated that almost none of our students felt knowl-
edgeable about comparing multiple genomes to identify ge-
nomic islands (regions unique to a single genome; Table 2).
The posttest data revealed that 92% or 84% of students sur-
veyed gained confidence in using a Mauve multiple-genome
alignment to identify a genomic island upon completion of
one or both exercises, respectively (P < 0.0001; Table 2). Anal-
ysis of written student responses to the assignments corrobo-
rated these data, indicating that the vast majority of students
successfully identified a genomic island unique to a single
genome or to a subset of the genomes (Table 5). On the basis
of a pretest knowledge assessment, 96% of students in one
class (sample 5) had no prior knowledge of what a genomic
island is; by the end of the course, 5 wk after using the sec-
ond module, 86% of the students had acquired and retained
at least partial (50%) or accurate (36%) understanding of this
core concept (Table 6). Thus, these educational modules based
on Mauve appear to be an effective tool to enable students
to learn important comparative genomic approaches and to
acquire content knowledge.

Learning Objective 3: Did Students Learn How to
Determine Whether Any Genes in a Genomic Island
May Be Involved in Virulence?

Genomic comparison of E. coli K-12 (strain MG1655) and
O157:H7 (strain EDL933) revealed that many of the differ-
ences that distinguish these E. coli strains may be attributed
to the contents of genomic islands unique to the pathogenic
strain (Perna et al., 2001). Genomic island analysis can also be
applied to the genomes of multiple pathogenic strains to iden-
tify variations and develop new hypotheses that address epi-
demiological data associated with historical outbreaks. This
learning objective addressed the insight that variations in the
gene content of genomic islands may correlate with variations
in pathogenesis from one strain to another. Therefore, we
sought to determine whether changes occurred in students’
self-efficacy and in their ability to analyze the genes con-
tained in genomic islands and to develop hypotheses to ad-
dress strain-to-strain variability among microbial pathogens.
Based on student self-reports (Table 2), it is clear that most stu-
dents (80%) did not possess the knowledge to approach such
a scientific problem prior to use of these modules. Posttest

data demonstrated a significant (P < 0.0005) increase in self-
reported ability to discern whether any of the genes/ORFs
contained within a genomic island may be involved in viru-
lence, upon completion of one (98%) or both (88%) modules
(Table 2). It is interesting to note that 14% of the students
who completed both modules still did not feel that they had
learned enough to address this type of problem.

We used student responses to the course assignments (see
the Supplemental Material) to independently assess students’
abilities to identify the genes contained within genomic is-
lands and to relate their predicted functions to potential roles
in pathogenicity. These data demonstrate that essentially all
of the students successfully analyzed the gene contents of a
genomic island by using the annotation links to ASAP, and
that 80–90% were able to formulate a hypothesis as to why
the presence or absence of the genomic island contents may
contribute to the microorganism’s virulence (Table 5). Not un-
expectedly, students who completed the Y. pestis module were
more likely to have successfully addressed possible roles for
the island-borne genes than students exposed to the roles of
virulence factors for the first time during the E. coli mod-
ule (Table 5). Pre- and posttest assessment revealed substan-
tial gains in students’ content knowledge about the types of
functions (e.g., adhesins, iron-carrying proteins, toxins, and
secretion systems) characteristic of virulence factors (Table 6),
consistent with the notion that exploration of possible viru-
lence factors encoded within islands may have helped the
students recall these functions.

Many of the genetic islands present in the E. coli and
Y. pestis strains contain a large number of phage-related and
insertion element–related genes, suggesting they originated
through a phage-transduction event. Depending on how fa-
miliar they are with phage biology, students may or may not
recognize these as phage genes or remnants from the anno-
tations provided in ASAP. As students explore the genomic
island content, instructors can use the presence of these genes
as a starting point for a discussion of horizontal gene transfer.
In one class, written lab responses to the open-ended ques-
tion “From your analyses, what is one mechanism that has
caused divergence of these genomes?” showed that 10 out of
14 pairs of students were able to correctly deduce that phage
transduction was responsible (data not shown). Interestingly,
a pretest knowledge question posed to another class of stu-
dents at the same institution revealed that 22% of the students
had some inkling (almost certainly from an earlier genetics
prerequisite course) of phage transduction as a possible ex-
planation for the presence of genetic information within a
genomic island, even though only 4% of those students could
articulate a cogent definition of a genomic island before us-
ing the module (Table 6). After experience with both modules,
86% of the students gave a response that was at least partially
correct.

Learning Objective 4: Through Use of One or Both of
These Modules, Did Students Improve Their Ability to
Conduct Analyses of Virulence Factors in Multiple
Genomes of Microbial Pathogens?

To determine whether students could use BLAST as a tool
to address the conservation of genes thought to play a role
in pathogenesis, we provided students with genes identi-
fied as virulence factors by scientific experts at the ASAP
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genome database and asked students to determine whether
the gene/ORF was conserved in the other strains included in
the comparative genomic analysis. Student pretest data indi-
cated that most students surveyed (70%) did not feel confi-
dent in their ability to address this type of scientific question
prior to these exercises (Table 2). Therefore, these modules
provided opportunities for students to learn how to apply
BLAST to search for virulence genes from one genome to an-
other. The posttest data revealed that use of the modules
combining BLAST, the ASAP database, and the multiple-
genome alignment tool Mauve resulted in significant
(P < 0.05) gains in student self-efficacy. Specifically, 97% or
95% of students expressed confidence (“agree” or “strongly
agree”) in approaching this task upon completion of one or
both modules, respectively (Table 2). Additional practice ap-
peared to enhance student learning, with 41.1% (±5.5) of the
students strongly agreeing that they could address this type
of question upon completion of both modules, as compared
with 32.4.% (±10.4) of those who used only the E. coli mod-
ule. Our formative assessment data confirmed that almost all
students were able to determine conservation of an assigned
virulence gene across numerous E. coli O157:H7 genomes,
but students were somewhat less competent at using BLAST
to address the question “Is this gene or a homolog found
in other Enterobacteria?” (Tables 3 and 5). Tellingly, less than
half of the students who used the Y. pestis module ascertained
whether their assigned virulence gene was actually predicted
to be functional in all the genomes, although all of the stu-
dents reported whether it was present, and the assignment
explicitly asked about gene product function (Table 5). Some
students using this module also exhibited difficulty in fully
synthesizing the data needed to determine whether the North
American lineage is more likely attributable to Atlantic or Pa-
cific trade routes (Tables 4 and 5). In this case, four of 11 pairs
of students in one sample drew the wrong conclusion, be-
cause they relied exclusively on the SNP analysis and failed
to notice a large deletion in the glpD BLAST analysis.

Questions of conservation lend themselves well to a “teach-
able moment” regarding the choice of nucleotide versus pro-
tein BLAST. In one group of 28 students, students were asked
to provide a written response justifying their choice of us-
ing BLASTP or BLASTN. Twelve of the 14 pairs of students
provided answers that were complete and exhibited clear
comprehension of relevant concepts, including third posi-
tion wobble. One pair gave an answer that was adequate, al-
though not thorough, while the last pair’s response invoked
introns, an informative answer, in that it revealed a miscon-
ception grounded in a basic understanding of the Central
Dogma, concerning the absence of splicing in bacteria.

Together, these data demonstrate that these modules can
be used both to teach about gene conservation and to help
students develop analytical and synthesis skills. To further
illustrate this point, one instructor used the assignment of
virulence factors as a springboard for a larger unit on type
3 secretion systems (T3SSs). The “locus of enterocyte efface-
ment” (LEE) genomic island is a virulence determinant en-
coding a number of proteins, including the components of
a T3SS, required for attachment of enteropathogenic E. coli
strains to host intestinal cells (Jerse et al., 1990). Found in
many plant and animal pathogens, T3SSs function to deliver
bacterial virulence factors that typically subvert host defenses
and/or manipulate host processes, such as cytoskeletal rear-

rangements (Galan and Collmer, 1999). The LEE T3SS translo-
cates substrates that cause the formation of a raised pedestal
or “docking platform” on the surface of host cells and the Tir
protein that serves as a receptor for the bacterial membrane
adhesion intimin (Kenny et al., 1997). Prior to any class dis-
cussion on T3SSs, students explored the conservation of the
LEE genes as part of the E. coli module. As one aspect of this
analysis, the students were asked to investigate the litera-
ture links for their assigned LEE gene in the ASAP database,
and to report in writing “What do we know?” (evidence that
this gene contributes to virulence); “What do we think we
know?” (predicted or known function of the encoded gene
product); and “What do we need to know more about?”
(open/unanswered questions about the protein, but also
background concepts or elements with which the students
were unfamiliar). Even in the absence of any prior knowl-
edge about T3SSs, the morphological changes incited by
the pathogen, or the key delivered substrate Tir, pairs of
students were able to identify each of these pieces of in-
formation for their assigned gene (Table 7). To gain prac-
tice in synthesizing disparate pieces of data, the students
were then organized into groups around related gene prod-
ucts and asked to assemble a concept map, with each stu-
dent “expert” contributing information on his/her individual
virulence factor (see course assignment 3 in the Supplemental
Material). The exercise culminated with the entire class as-
sembling one large, and highly accurate, concept map (Sup-
plemental Figure S7), demonstrating that students can use
the information in the ASAP database, together with litera-
ture searches, as a tool for independent analysis and synthesis
of information about a complex regulatory system.

Learning Objective 5: Could Students Apply These
Newly Acquired Skills to Design a Bioinformatic
Investigation of an E. coli Outbreak?

To determine whether students could apply the combination
of newly acquired skills and content knowledge, we asked
them to design a bioinformatic study to approach the chal-
lenge of determining which genes might be contributing to
the unique virulence of a new outbreak strain. Student re-
sponses were evaluated on five criteria that encompassed bi-
ology, bioinformatics, and experimental process, as outlined
in Table 8. Sixty-six percent of students provided responses
that demonstrated understanding of virulence factors/genes,
and 61% of students could define the evolution, structure, and
function of pathogenicity islands (Table 8). Sixty-nine percent
of students recognized the need to examine genomic islands,
72% of students were able to describe a bioinformatic ap-
proach to identify genomic islands, and 50% of students were
able to describe how to determine the function of genes con-
tained in these islands (Table 8). Although students did not
conduct wet-lab experiments as part of these modules, 39% of
students understood that experimental verification is needed
to further demonstrate that one or more of the genes con-
tained within an island might function as virulence factors
(Table 8).

Overall, these data indicate that the student gains in abili-
ties and content knowledge aligned with student self-reports
of increased self-efficacy relevant to the five learning objec-
tives for these comparative genomic educational modules.
Both learning assessments and observed student outcomes
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Table 7. Summary of student investigations of genes contained within the LEE island

Students were able to identify:a

Assigned virulence
gene on LEE island

Evidence for role
in virulence

Known or
predicted function

Open/unanswered
questionsb

Unfamiliar concepts/
elementsc

escN X X
escJ X X X
rOrf1 X X X
espZ X X X
cesT X X X X
cesD X X X X
espG X X X
espHd X X X X
espHd X X X
espF X X X
sepL X X X
grlA X X X
grlR X X X

X X X X

aAn X indicates students successfully identified the information indicated for their assigned virulence gene.
bAnswers included the need for additional experiments to confirm reported protein–protein interactions and how those interactions affect
virulence, functions of gene products reported to be regulated by the assigned LEE-encoded protein, mechanisms of action of the LEE-encoded
protein, and how the protein in question can act as a chaperone if it does not directly interact with its target.
cAnswers included definitions of terms, including brush border remodeling, membrane ruffling, T3SS, and attachment/effacing lesions.
dTwo pairs of students investigated this gene.

Table 8. Student responses to the following question: “Imagine you are a genomicist working for CDC and there has been an outbreak of
enterohemorrhagic disease that has resulted in illness of 100,000 people and deaths of 1000 of those patients, making this the most deadly
outbreak of E. coli that has ever been reported. Bacteria cultured from the fecal material of some of the patients all revealed the same strain
of E. coli that had never before been described. You have funds to sequence the genome of this strain. Design a bioinformatic study in which
you approach the challenge of determining which genes might be contributing to the extreme virulence of this strain.”

Criteria Student response % (n = 36)

Biology
1. Student can define and describe the concept of a virulence factor, and briefly

describe at least two classes of genes that function as virulence factors.
Provided a complete, well-reasoned, answer 66.7

Provided an incomplete/superficial answer 27.8
Did not address this topic 5.5

2. Student can define the evolution, structure, and function of pathogenicity
islands.

Provided a complete, well-reasoned, answer 61.1

Provided an incomplete/superficial answer 30.6
Did not address this topic 8.3

Bioinformatics
3. Student can explain that a comparison of genome sequences between closely

related strains of E. coli will reveal genomic islands unique to one or more
strains, and these may represent pathogenicity islands.

Provided a complete, well-reasoned, answer 69.4

Provided an incomplete/superficial answer 27.8
Did not address this topic 2.8

4. Student can describe a bioinformatics approach to identify genomic islands. Provided a complete, well-reasoned, answer 72.2
Provided an incomplete/superficial answer 27.8
Did not address this topic 0.0

5. Student can describe a bioinformatics approach to learn about the potential
functions of genes located within the genomic island.

Provided a complete, well-reasoned, answer 50.0

Provided an incomplete/superficial answer 41.7
Did not address this topic 8.3

Experimental process
6. Student understands that experimental verification is needed to demonstrate

that one or more of the genes contained within an island might function as
virulence factors

Provided a complete, well-reasoned, answer 38.9

Provided an incomplete/superficial answer 25.0
Did not address this topic 36.1
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illustrate that topics of bioinformatics, comparative ge-
nomics, and virulence factor analysis are appropriate subjects
for students to study to learn about these new computational
inquiry-based approaches to address scientific questions.

DISCUSSION

Comparative genomics offers a unique scientific approach
that enables student exploration of the relationship between
evolutionary variations in genomes and epidemiological out-
comes. In an effort to help update undergraduate education
in the fields of genomics and bioinformatics, we designed
two modules that reinforce the use of BLAST and intro-
duce comparative genomic alignment techniques to iden-
tify strain-to-strain differences in bacterial genomes of mi-
croorganisms that cause human disease. These tools enable
students to perform these analyses in much the same way
as real-world scientific researchers do. Learning assessment
was conducted using pre- and posttest student question-
naires to determine whether a set of five learning objec-
tives were achieved and to examine gains in students’ self-
efficacy, skills, and content knowledge in approaching these
challenging tasks. In this paper, we discuss the learning ob-
jectives, results, and some of the changes we made to im-
prove these modules based on classroom use and student
feedback.

To address the first and fourth learning objectives, students
used BLAST to analyze virulence factors and their conserva-
tion among genomes. Assessment data showed that using
one or both of these modules improved students’ confidence
in using and competence with this type of analysis. Since
the initial publication by Altschul et al., (1990) describing the
BLAST algorithm, the tool has been referred to as “one of
the most widely used bioinformatics programs,” and this im-
mense use is evidenced in the sheer number (>30,000) of
citations of this publication in the scientific literature. This
widespread use of BLAST in the scientific community argues
for the importance of students gaining familiarity and confi-
dence in using the tool. Familiarity with BLAST is also crucial
for an entry-level understanding about gene annotations and
deriving information about new genes. Such information is
commonly based on prior results from BLAST comparisons
with known genes/proteins (Baumler et al., 2008; the Joint Ge-
nomic Institute’s “adopt a microbial genome” program; and
the HHMI–Scientific Education Alliance’s phage annotation
initiative). Our student learning–assessment data revealed
that, upon completion of one or both of these educational
modules, 100% of students are familiar with and feel they
can use BLAST to work/solve future problems and have
gained confidence in their abilities to apply this technique
and the associated content knowledge to future scientific in-
quiries. While this self-reported competence is certainly an
overstatement of skill level, it is a good indicator of improve-
ment through use of the exercise. Additional assessment tools
corroborated these gains by documenting student skill levels
(Table 5) and increases in content knowledge (Tables 6 and 8).
Unfortunately, our ability to measure increases in acquisition
and retention of content knowledge (Table 6) was partially
compromised by the low posttest response rate, reflecting
the fact that students in this cohort were under no obliga-
tion to fill out the assessment surveys. A tendency among

students to provide short and less than complete answers in
the rush of the end of a semester has previously been noted
(Harris et al., 2009). In our case, it is entirely possible that
students who were unsure of the answers may have chosen
not to take the time to respond, and/or that students who
had a clearer grasp of the material rushed to finish and wrote
incomplete answers. This is not the case for the data reported
in Table 8, in which students responded to an exam question,
rather than to a voluntary survey.

In our pilot implementations in three educational contexts,
the use of both educational modules, as compared with just
the E. coli module, generally resulted in increased student
confidence for all of our learning objectives. While these data
are encouraging, it appears that there were some students
who, upon completion of the second (Y. pestis) module, be-
came less confident in determining whether genomic island
contents contribute to virulence. This may be due a larger
number of genes with candidate virulence factor annotations
in E. coli O157:H7 (n = 394) than Y. pestis (n = 148). Thus, stu-
dents have a higher probability of locating genes thought to
encode virulence factors (ORFs encoding putative or known
virulence factors/total ORFs) when surveying genomes of
E. coli O157:H7 (7.7%) in comparison with Y. pestis (3.6%).
Additionally, the second module focuses on genomic island
analysis by asking students to analyze those regions appar-
ently lost in the genome of the 91001 strain, and to specu-
late on which genes may account for this strain’s inability
to cause disease in humans. The genes responsible for this
phenomenon are currently unknown, and the solution is not
straightforward; therefore, students may have felt that they
did not examine the contents of the genomic islands correctly.
This point notwithstanding, when learning-assessment re-
sults were compared for students who used both modules
versus the single module, it appeared that the use of the sec-
ond module generally reinforced gains in self-efficacy and
ability (Tables 2 and 5). This increase was likely achieved by
posing a second intriguing set of scientific problems, in which
the same tool can be used to further analyze similarities and
differences of gene content among microbial pathogens.

Once students gained confidence in comparing single
genes using BLAST, we sought to scaffold skills by providing
students with hands-on experience in utilizing genome-
scale BLAST queries, stored and readily available in Web-
accessible databases, such as ASAP. One distinguishing fea-
ture of the ASAP database in comparison with other microbial
genomic resources is that ASAP contains a copious amount
of information added as “annotations.” These annotations
provide standard information, such as what the gene prod-
uct/protein is (product annotation) and what the protein does
(function), along with many other annotation types not com-
monly found in other genomic resources, including mutant
phenotypes, curator comments, molecular interactions, over-
expression phenotypes, and virulence factor classifications.
Another distinct feature of the ASAP database is a click-
able link alongside each annotation that directs the user to
the source of evidence from which the annotation was de-
rived, such as a scientific publication indexed in PubMed
or other bioinformatic resource(s). In the case of pathogenic
microorganisms, such as E. coli O157:H7 or Y. pestis, some
genes contain numerous annotations supporting the notion
that the gene product may contribute to the organism’s ability
to cause human disease.
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This extensive collection of annotations for virulence fac-
tor genes serves as a powerful resource for students as
they analyze the gene contents of genomic islands. In the
E. coli O157:H7 module, students are asked to determine
whether any of the genes in an island are similar to those
for which evidence exists supporting their role in pathogene-
sis. In the Yersinia module, using a combination of BLAST,
ASAP, and Mauve enables students to analyze genotypic
differences across multiple microbial genomes and derive
bioinformatics-driven hypotheses that may address known
epidemiological, historical, experimental, and phenotypic in-
formation. The extended LEE unit we have described allowed
students to discover for themselves, in a cooperative learn-
ing situation, what is known about one well-characterized
virulence determinant. Among the outcomes demonstrated
by the students who worked on this unit were successful
evaluation of gaps in their own knowledge, ability to for-
mulate questions (Table 7), and the ability to synthesize a
complex set of information (Supplemental Figure S7); these
are abilities associated with critical thinking and intellectual
maturity (Allen and Tanner, 2002; Beck et al., 2010). We of-
fer this unit as a model for instructors who wish to leverage
the well-documented advantages of student-driven inquiry
over conventional lectures (e.g., Knight and Wood, 2005;
Armbruster et al., 2009) with the rich resource provided by
the ASAP annotations.

In our experience, students tend to learn more when in-
trigued by problems or when questions with no “correct”
answer are provided, and we used this pedagogical strategy
to motivate student learning. Our approach, in which stu-
dents use BLAST to address unresolved research questions
and develop hypotheses about strain-to-strain differences in
virulence, pathogenicity, epidemiology, and paleomicrobiol-
ogy is integrative and encourages students to achieve the
learning objectives of this exercise by engaging them in real-
world problems. In addition to teaching about cross-genome
comparisons, these modules expose students to information
about a variety of virulence factors and the mechanisms by
which they are thought to play a role in pathogenicity. The
additional supplemental information provided as a compo-
nent of these modules represents a comprehensive up-to-date
survey of experimental literature related to genes in E. coli
O157:H7 or Y. pestis. The different types of virulence factors
are subcategorized and briefly described to provide students
and instructors requisite knowledge about microbial viru-
lence factors. This resource offers may possible avenues for
expanded curricula based on these starting exercises.

Finally, one more unique and powerful feature of this set
of instructional modules is that it can be used in a broad
range of curricular settings. In this study, these modules were
used in upper-level microbiology courses to help students
learn how to study virulence, but they were also used in a
genomics course to allow students to see how genomes evolve
and confer new traits on organisms, and in a bioinformatics
course. This set of instructional materials would likewise be
entirely suitable for courses in other diverse areas of biology,
including evolution or epidemiology, and could be combined
with a set of wet-lab activities in which students transform
E. coli, for example, to teach students about biology, not just
about bioinformatics. In sum, these tools can serve as a vehicle
to foster student understanding of bacterial biology, concepts
of virulence and disease, proteins and genes, evolutionary

mechanisms, how to work with genomic data, and how to
use bioinformatics tools, potentially all in 1 wk.

CONCLUSION

Overall, these two modules represent a novel pedagogical
approach to teaching molecular microbiology and compara-
tive genomics; they focus on real-life, human disease–related
questions that motivate students to learn and use bioinfor-
matics by employing the same tools and resources used by
researchers in the field. Learning-assessment results demon-
strate that significant student gains in self-efficacy, ability, and
content knowledge were achieved in 1) using BLAST; 2) un-
derstanding how to identify genomic regions of interest from
a multiple genomic alignment; 3) analyzing the contents of
genomic islands to derive bioinformatics-driven hypotheses
relating to strain differences; and 4) learning about gene con-
servation. Our data further indicate that the depth of learn-
ing for most students is greater after using both modules.
These educational modules are the first to integrate epidemi-
ological, phenotypic, paleomicrobiological, and bioinformat-
ics questions to help students learn about the consequences of
variation in genome content among human pathogens. They
offer instructors in a range of disciplines engaging new peda-
gogical resources for integrating comparative genomic topics
into undergraduate curricula and have been implemented,
tested, and refined in a variety of course contexts.
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