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ABSTRACT

Bioinformatics is widely used in molecular biology and proficiency in this 
discipline has been linked to success in other areas of biology and chemistry.  
However, acquiring expertise in bioinformatics requires experiential learning 
with access to a broad spectrum of bioinformatics tools in order for students 
to comprehend the complexity and value associated with bioinformatics analy-
sis.  To increase undergraduate student aptitude in bioinformatics applications, 
Mount Marty College established collaborations with the Department of Energy 
Joint Genome Institute (JGI).  Faculty collaborators in the “Interpret a GEBA 
Genome” education program receive training and have access to the Integrated 
Microbial Genomes Annotation Collaboration Toolkit (IMG-ACT).  This pro-
gram provides a faculty portal which permits the inclusion of a variety of bioin-
formatics tools along with virtual notebooks and reports that are utilized by the 
JGI to update their annotation databases based on the manual annotations per-
formed by undergraduate students.  In this report, we describe the incorporation 
of the “Interpret a GEBA Genome” program into an undergraduate molecular 
biology course and the subsequent increase in student learning in both bioinfor-
matics and associated content.  The laboratory component of the molecular biol-
ogy course was modified such that genome analysis and gene annotation were 
the predominant content for the laboratory sessions.  Students were assessed for 
knowledge in bioinformatics tools selection, data interpretation, and associated 
molecular biology content prior to participation and periodically throughout the 
program.  Overall, inclusion of the program has increased student learning in 
bioinformatics and molecular biology.

INTRODUCTION

As molecular biology has moved from an in vivo to in silico science, bioin-
formatics has become a standard technique.  At the same time undergraduate 
students are becoming more tech savvy and expect to have the latest technologies 
in the classroom.  However, there is a divergence between the increasing reli-
ance on bioinformatics in molecular biology and the techniques used to teach 
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molecular biology in the classroom.  Bioinformatics is often viewed by the un-
dergraduate student as a discipline solely for the highly educated scientist.  The 
Department of Energy Joint Genome Institute (JGI) developed the “Interpret a 
GEBA Genome” (IGG) education program to educate undergraduate students 
in the field of bioinformatics (Ditty et al. 2010).  The JGI specifically targeted 
undergraduate students since they have the capacity to conduct and interpret the 
bioinformatics results.  These data are utilized by the JGI to update their annota-
tion databases based on the manual annotations performed by the undergraduate 
students (Ditty et al. 2010).

Proficiency in bioinformatics has been identified as an indicator of probable 
success in other biology and chemistry disciplines (Banta et al. 2012; Dymond 
et al. 2009; Furge et al. 2009; Shaffer et al. 2014).  Acquiring expertise in bio-
informatics requires experiential learning with access to a broad spectrum of 
bioinformatics tools for students to comprehend the complexity and the value 
associated with bioinformatics analysis.  Biology educators have been incorporat-
ing bioinformatics analysis into their curricula comprising entire courses dedi-
cated to bioinformatics to special exercises in a wide range of classes (Banta et 
al. 2012; Beagley 2013; Ditty et al. 2013; Klein and Gulsvig 2012; Newell et al. 
2013; Sanders and Hirsch 2014; Wood and Gebhardt 2013).  To increase under-
graduate student aptitude in bioinformatics applications, Mount Marty College 
(MMC) established collaborations with the JGI IGG program.  This program 
provided instructor training and access to a faculty portal which permitted the 
inclusion of a variety of bioinformatics tools along with virtual notebooks and 
reports.  

This report describes the incorporation of the “Interpret a GEBA Genome” 
program into an undergraduate molecular biology course and the subsequent 
increase in student learning in both bioinformatics and its associated molecular 
biology content.  The students were assessed based on three components: an 
online laboratory notebook, an oral presentation, and exam questions.  Students 
were evaluated for acquired knowledge in bioinformatics tools selection, data 
interpretation, and associated molecular biology content prior to participation 
and periodically throughout the program.  Overall, the inclusion of the program 
increased student learning in bioinformatics and molecular biology.

METHODS

Gene annotation using the “Interpret a GEBA Genome” toolkit—MMC 
established collaborations with the Department of Energy Joint Genome In-
stitute (JGI).  MMC faculty collaborators in the “Interpret a GEBA Genome” 
(IGG) education program received training and access to the Integrated Micro-
bial Genomes Annotation Collaboration Toolkit (IMG-ACT).  The IGG portal 
allowed faculty to manage student assignments and harbored the module instruc-
tions and links to the annotation tool websites along with the online laboratory 
notebooks and reports associated with each assigned gene.  The professor utilized 
the portal to customize the genes that the students were assigned and determined 
which modules were relevant to the learning objectives.  Students independently 
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annotated the genes and entered their data from that week’s interpretation into 
the online IGG IMG-ACT laboratory.  MMC was assigned Sphaerochaeta coc-
coides DSM 17374 as its GEBA genome to annotate and the data presented are 
based on annotation of this genome.  

The IGG toolkit includes nine annotation modules: Basic Information, 
Sequence-based Similarity Data, Cellular Localization, Alternative Open Read-
ing Frame, Structure-based Evidence, Enzymatic Function, Gene Duplication 
and Degradation, Horizontal Gene Transfer, and RNA.  These nine modules 
are composed of 23 sub-modules that directed the student to link to annotation 
tools which are websites and databases used to collect the pertinent data.  The 
RNA module, which used the Rfam tool, was not included in the course since 
the selected genes did not include RNA-specific functions such as non-coding 
RNA genes, regulatory motifs within the transcribed regions of protein-coding 
genes, and motifs associated with self-splicing RNAs (Griffiths-Jones et al. 2005).

Several of the sub-modules contained overlapping data that the student uti-
lized as evidence to confirm or invalidate the computer annotation.  Completion 
of the module permitted the students to comprehensively annotate the gene of 
interest by investigating the different properties of the gene and to determine the 
utility of each of the tools for determining gene function.

Faculty implementation strategy—The laboratory component of the MMC 
BIO-364 Cell and Molecular Biology course was modified such that genome 
analysis and gene annotation were the predominant content for the laboratory 
sessions.  Students completed a pre-test which contained questions to determine 
their previous exposure and knowledge of bioinformatics during the first week of 
lab.  During the following weeks, students were introduced to the IGG’s IMG-
ACT toolkit and were taught through instructor demonstration one module 
each week using an example gene.  Students were then assigned additional genes 
to independently annotate and were graded on a mastery based system whereby 
the student had to correctly complete the module annotation to earn credit.  

The IGG material was incorporated with relevant molecular biology content 
discussed in the lecture portion of the course.  For instance, the Basic Informa-
tion module could be perceived as a “cut and paste” module since the informa-
tion obtained from the module did not require utilization of specific annota-
tion tools.  This module included the sub-modules DNA Coordinates, DNA 
Sequence, and Protein Sequence.  This module was taught first to orient the 
student to the IMG-ACT portal, including utilization of the online laboratory 
notebooks and to practice accessing the Gene Details database.  This database 
was regularly utilized for confirmation or invalidation of the computer annota-
tion.  To maximize student learning and to negate the “cut and paste” mentality, 
the professor incorporated concepts such as nucleic acid and protein sequenc-
ing, nucleic acid polarity, genome organization, open reading frames, initiation 
codon utilization, and additional relevant molecular biology content into the 
class session.

During the incorporation of the IGG program into the course, modules were 
not taught in the order listed in the IMG-ACT toolkit.  The order was modified 
to correspond with the subjects that were discussed in the lecture portion of the 
course.  In addition, the order was not presented linearly to allow students to 
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understand that the website harbored a collection of tools and that it was flexible 
enough to meet the needs of the researcher.  

The genes for the module lessons were selected to demonstrate that bioinfor-
matic analysis requires data interpretation and proper tool utilization.  Genes 
were also selected that would produce manual annotation data that deviated 
from the predicted computer annotation.  The instructor performed several an-
notations during course preparation to select different types of results for the 
student annotations.  

After all modules were taught, the students were assigned additional genes in a 
project format to perform a complete analysis and were also assigned modules to 
study in depth for presentation at the Natural Science Division Seminar.  Data 
were collected and compiled in accordance with the MMC Internal Review 
Board guidelines so that no personal identifiers were associated with the data 

Assessment instruments—The students were assessed based on three compo-
nents: an online laboratory notebook, an oral presentation, and exam questions.  
Each week the students completed an online laboratory notebook regarding the 
module of interest.  Students were required to have accurate data formatted ac-
cording to IGG program guidelines to complete and earn credit for the module.  
The notebooks were graded on a mastery system whereby the students were given 
opportunity to rework the module until the data were entered correctly.  After 
students had learned and completed all of the modules, they were assigned a 
module to study in depth for an oral presentation at the MMC Natural Science 
Division Seminar which is attended by community members, science students, 
and faculty.  Students had to prepare a written script for their oral presentation; 
the script was submitted for grading and revisions prior to the oral presentation.  
Students were graded based on the rough and final drafts of the script in addition 
to their oral presentation.  They were also assessed on a series of multiple-choice 
exam questions.  Students were tested on identical questions in a pre-test, unit 
exams, and final exam, each of which assessed knowledge in bioinformatics tools 
selection, data interpretation, and associated molecular biology content.

RESULTS

After incorporation of the IGG program into the MMC undergraduate mo-
lecular biology course, there was an increase in student learning in both bioin-
formatics and its associated molecular biology content.  One module emphasized 
both the need for data interpretation and confirmation or invalidation of the 
computer annotation, the Alternative Open Reading Frame module which uti-
lized the IMG Six-Frame Viewer.  I describe the student annotation of three S. 
coccoides open reading frames (ORFs) in the following paragraphs.

The students utilized the IMG Six-Frame Viewer to analyze the ORF of S. 
coccoides gene Spico_0417, which depicted a blue-highlighted Shine-Dalgarno 
sequence but had two potential start codons including the computer annotated 
codon (Figure 1, highlighted in yellow with red text).  Students had to determine 
which of the two start codons, which were in proximity to the Shine-Dalgarno 
sequence, was the correct one based on the properties of the ORF.  The students 
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determined that the computer annotated Reading Frame 1 start codon was cor-
rectly identified since the reading frame did not contain an in-frame stop codon 
close to the start site compared to Reading Frame 3 (Figure 1) and also coded 
for the predicted translated protein sequence (data not shown).

IMG Six-Frame Viewer analysis of Spico_0630 required the students to 
compare two Shine-Dalgarno and start codon pairs, both of which were in the 
proper reading frame.  The computer-predicted start site did not have a blue-
highlighted Shine-Dalgarno sequence in the tool output; however, the students 
were informed during their initial training that the tool prioritizes start codons 
over Shine-Dalgarno sequences.  The students compared their gene sequence 
to a consensus WebLogo sequence for Shine-Dalgarno that they had previously 
created.  The students had utilized the 55 blue-highlighted sequences obtained 
from analyzing 90 base-pairs upstream and downstream of Spico_0332 Reading 
Frame 1 (Figure 2, inset; Crooks et al. 2014).  The students then identified a 
putative Shine-Dalgarno sequence and start codon pair for Spico_0630 (Figure 
2, dark blue arrows).  The students also located an additional putative Shine-
Dalgarno sequence and start codon pair that was in the same reading frame (Fig-
ure 2, light blue arrows).  After comparing both Shine-Dalgarno sequences to 
the consensus sequence, the students determined that both pairs were potentially 
valid and proceeded with the remainder of the annotation modules analyzing 
with and without the first four amino acids. 

Analysis of the ORF for Spico_0409 required the students to utilize both the 
graphic and text outputs of the IMG Six-Frame Viewer tool in addition to the 
Chromosome GC Viewer tool.  The IMG Six-Frame Viewer graphic output did 

Figure 1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Spico_0417 Six-Frame Viewer .  S. coccoides gene Spico_0417 was analyzed using the 
IMG Six-Frame Viewer to analyze the ORF.  This resulted in a blue highlighted Shine-Dalgarno 
sequence and two potential start codons including the computer annotated codon highlighted 
in red text.  The students determined that the computer annotated Reading Frame 1 start codon 
(dark blue arrow) was correctly identified since the reading frame did not contain an in-frame 
stop codon close to the start site compared to Reading Frame 3 (star).  
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not have a coded methionine at the computer-predicted start site (Figure 3, dark 
blue arrow).  The students subsequently performed the analysis utilizing the text 
output and a threshold value of 80 amino acids.  The students then determined 
that the computer-predicted sequence was truncated and, in reality, could harbor 
an additional nine amino acids at the amino terminus (Figure 4).  Since there was 
no putative Shine-Dalgarno sequence upstream of either start site, the students 
utilized the Chromosome GC Viewer tool and determined that the gene was 
potentially a co-transcribed/translated gene due to the proximity of the upstream 
gene (Figure 5). 

Reinforcement through group projects and oral presentations—The stu-
dents were assigned complete analyses of additional genes in a project format to 
increase student comprehension and retention of the bioinformatics techniques 
and data interpretation.  The first group project was to conduct an IMG Pathway 
Analysis for a pathway that had an unknown assertion status designated by the 
JGI.  The assertion status was categorized as unknown since the initial automatic 
IMG annotation was uncertain that the complete pathway existed because the 
genes for one or more enzymes in the pathway appeared to be absent from the 
genome.  This project required identification of the missing gene and annota-
tions to confirm all of the genes identified along the pathway.  The S. coccoides 
Standard Embden-Meyerhoff Pathway was missing the initial enzyme of the 

Figure 2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Spico_0630 Six-Frame Viewer .  S. coccoides gene Spico_0630 was analyzed using the 
IMG Six-Frame Viewer .  The computer predicted start site did not have a highlighted blue Shine-
Dalgarno sequence in the tool output since the tool prioritized start codons over Shine-Dalgarno 
sequences.  The students identified a putative Shine-Dalgarno sequence and start codon pair 
(dark blue arrows).  The students also located an additional putative Shine-Dalgarno sequence 
and start codon pair that was in the same reading frame (light blue arrows).  The students 
compared both Shine-Dalgarno sequences to a consensus WebLogo sequence produced by the 
students (inset; Crooks et al. 2014).
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Figure 3.  Spico_0409 Six-Frame Viewer. S. coccoides gene Spico_0409 was analyzed using the IMG 
Six-Frame Viewer .  The graphic output did not have a coded methionine at the computer pre-
dicted start site (dark blue arrow).  The subsequently performed text output analysis (Figure 4) 
predicted an additional nine amino acids at the amino terminus (light blue arrow). Figure 4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Spico_0409 ORF Text Viewer.  S. coccoides gene Spico_0409 was analyzed using the IMG 
Six-Frame Viewer text output and a threshold value of 80 amino acids.  The students determined 
that the computer predicted sequence was truncated and could harbor an additional nine amino 
acids at the amino terminus (underlined). 
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pathway (Figure 6, blue box).  The students determined through their annota-
tions, including Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, 
that both a glucokinase and hexokinase were encoded in the genome, but had 
not yet been associated with the pathway (Figure 7, left panel, light blue arrows).  
However, the original KEGG analysis was missing the third enzyme of the 
pathway (Figure 7, left panel, dark blue arrows) which students confirmed was 
encoded in the S. coccoides genome.  This information was later used by Kanehisa 
Labs, who manage the KEGG database, to revise the KEGG pathway annotation 
(Figure 7, right panel; Kanehisa Labs 2012 and 2014).

A second group project was to annotate a group of genes that the computer 
had annotated as hypothetical proteins.  This project required a comprehensive 
annotation of the genes and interpretation of the results to determine the pos-
sible functions of the putative proteins.  The computer had identified these 
genes as hypothetical proteins due to weak, minimal, or conflicting results from 
individual annotation tools.  Students analyzed their results from the 22 tools 
and determined the overall annotation based on the strongest evidence (Table 
1).  Students were given the same gene set in two sequential courses since the 
databases that are utilized for the tools are dynamic and would likely result in 
additional hits due to sequences added to the databases.  Seven out of eight genes 
were identified with a function and several genes were identified with the same 
function by both groups of students independently.  

Figure 5 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Spico_0409 Chromosome GC Viewer.  S. coccoides gene Spico_0409 was analyzed using 
the Chromosome GC Viewer tool since IMG Six-Frame Viewer analysis did not detect a putative 
Shine-Dalgarno sequence upstream of either start site (Figure 3).  The students determined that 
the Spico_0409 gene (red underline) was potentially a co-transcribed/translated gene due to the 
proximity of the upstream gene (blue box).
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After students had learned all of the modules, they were assigned a module to 
study in depth for an oral presentation at the MMC Natural Science Division 
Seminar which was attended by community members, science students, and fac-
ulty.  Student learning increased as a result of preparation and participation in the 
seminar since students earned an average of 84% of the points on the preliminary 
written draft of the presentation and 92% of the points in the final draft and oral 
presentation.  This increase was likely from knowledge gained from peer teach-
ing in addition to retention of material presented by classmates.  Since the group 
projects and peer teaching were simultaneously conducted, the specific contribu-
tion to increased student learning due to each project cannot be discerned.

Figure 6 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 6.  S. coccoides Standard Embden-Meyerhoff IMG Pathway Assertion.  The JGI IMG Pathway 
Analysis for the S.coccoides Standard Embden-Meyerhoff pathway had an unknown assertion 
status pathway since it was missing the initial enzyme of the pathway (blue box).  The remaining 
downstream enzymes in the S. coccoides pathway had previously been associated during assertion. 
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Figure 7.  S.coccoides Standard Embden-Meyerhoff KEGG analysis.  The Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analysis for the S.coccoides Standard Embden-Meyerhoff Pathway 
included both a glucokinase and hexokinase (light blue arrows) which were missing in the JGI IMG 
Pathway analysis (Figure 6).  However, the KEGG analysis was missing the third enzyme of the 
pathway (left panel; dark blue arrows; Kanehisa Labs, 2012) which the students confirmed during 
their assertion and was later updated by Kanehisa Labs who manages the KEGG database (right 
panel; Kanehisa Labs, 2014 ).

Table 1.  Computer and Student Manual Hypothetical Protein Annotation. Putative gene func-
tions of computer annotated hypothetical proteins following student manual annotation.  Stu-
dents analyzed their results from the 22 IGG tools and determined the overall annotation based 
on the strongest evidence.  Seven out of eight genes were identified with a function and several 
genes were identified by both groups of students independently with the same function.

Locus Tag Computer Annotation
2013 Student

Manual Annotation
2014 Student

Manual Annotation

Spico_0409 hypothetical protein Cytoplasmic protein Zinc finger protein

Spico_0412 hypothetical protein Nucleotidetransferase Nucleotidyl transferase

Spico_0413 hypothetical protein Aminotransferase Nucleotidyl transferase

Spico_0416 hypothetical protein DNA polymerase Nucleotidyl transferase

Spico_0417 hypothetical protein Coenzyme PQQ synthesis protein D Coenzyme PQQ synthesis protein

Spico_0490 hypothetical protein Cytoplasmic membrane protein Cytoplasmic transmembrane protein

Spico_0491 hypothetical protein Small-conductance mechanosensitive 
channel protein

Small-conductance mechanosensitive 
channel protein

Spico_0630 hypothetical protein Hypothetical protein Hypothetical protein
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Test assessment for correct tool selection and data interpretation—Stu-
dents were assessed for knowledge in bioinformatics tools selection based on 
a series of multiple-choice exam questions.  Students were tested on identical 
questions in a pre-test, unit exams, and final exam (Figure 8).  Overall, 10-40% 
of the students correctly identified the tools in the pre-test.  The low pre-test 
percentage in tool selection was likely due to minimal exposure to methods of 
collecting bioinformatics data.  The percentage of students correctly identifying 
the tools increased 50-80% overall for all five tools.  The percentage of students 
correctly answering the questions increased to maximum levels at unit exams for 
three of the tools (Pfam, WebLogo, and Paralog).  The percentage identifying the 
correct tool increased between unit and final exams for two tools (KEGG and 
PSORT-B).  These two modules contained several tools that produced similar 
data outputs.  A likely reason that students required additional time to correctly 
answer the question was that the initial exposure to each module was not suf-
ficient to help them distinguish between tools.  The percentage of students cor-
rectly identifying the tool for gene duplication decreased 10% between unit and 
final exams while the other tools either increased or plateaued.

Students were also assessed for their ability to interpret bioinformatics data 
through the pre-test, unit exams, and final exam (Figure 9).  Overall, 30-80% of 
the students correctly interpreted the data in the pre-test.  The wide range of data Figure 8 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Test Assessment for Correct Tool Selection.  Students were assessed for knowledge in 
bioinformatics tools selection based on a series of identical multiple-choice exam questions on a 
pre-test (white filled), unit exams (grey filled), and final exam (black filled).  The learning objec-
tive and bioinformatics tool assessed in each question are listed on the x-axis.  The percentage 
of students correctly answering the question is indicated on the y-axis (n=10). 
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interpretation likely came from a mixed exposure to bioinformatics data.  Many 
students in the course had attended the bioinformatics seminar in previous years 
which exposed them to bioinformatics concepts, but they may not have recalled 
the tool that was used to obtain the result.  All of the students had taken Intro-
ductory Biology and Microbiology which would have exposed them to the con-
cepts of open reading frames and phylogenetic trees which 70-80% of the stu-
dents correctly interpreted in the pre-test (Figure 9).  The percentage of students 
correctly interpreting the data increased 10-50% overall for all four tools.  The 
percentage of students correctly answering the questions increased to maximum 
levels at the unit exam for one of the tools (Six-Frame Sequence Viewer) while 
the percentage increased between unit and final exams for two tools (Ortholog 
Viewer and BLAST).  The percentage of students correctly interpreting the data 
for homolog relatedness (Phylogeny.fr) decreased 10% between the pre-test and 
the unit exam but increased 20% overall by the final exam.

DISCUSSION

To enhance experiential learning of bioinformatics tools, the professor modi-
fied the laboratory component of the undergraduate, MMC BIO-364 (Cell and 
Molecular Biology) course such that genome analysis and gene annotation were 

Figure 9 
 

 
  
Figure 9.  Test Assessment for Correct Data Interpretation.  Students were also assessed for their 
ability to interpret bioinformatics data based on a series of identical multiple-choice exam 
questions on a pre-test (white filled), unit exams (grey filled), and final exam (black filled).  The 
learning objective and bioinformatics tool assessed in each question are listed on the x-axis.  The 
percentage of students correctly answering the question is indicated on the y-axis (n=10).  
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the predominant content for the laboratory sessions through the incorporation 
of the JGI “Interpret a GEBA Genome” (IGG) Education program.  Students 
were assessed for their knowledge in bioinformatics tools selection, data inter-
pretation, and associated molecular biology content prior to participation and 
periodically throughout the program.  

To increase student knowledge of bioinformatics and the tools that are avail-
able to acquire and analyze these data, students utilized the JGI IMG-ACT 
toolkit.  The IGG program utilized the JGI IMG-ACT website until May 2014, 
after which it was changed to the GENI-ACT website.  This next generation 
website was funded by the NSF and features the educational components of 
IMG-ACT with the ability for collaborators to collectively suggest changes to an 
existing genome with supporting evidence.  These changes can be ported back 
to GenBank by exporting to a sequin file format (Welch 2014).  The advantage 
of this upgrade is that the undergraduate student research results can more eas-
ily impact the publicly available database system since the faculty member can 
make available to the public the student notebook, coordinate changes, and gene 
product annotations, whereas IMG-ACT relied on multiple independent analy-
sis and approval by JGI personnel.  On the other hand, faculty members will 
need to use discretion when making the results public since the verification of 
the data has been decentralized.  Faculty members will need to exercise caution 
when balancing the students’ satisfaction from making a “real” impact on the 
research community and determining the validity of their annotations.

During the incorporation of the IGG program into the course, modules were 
not taught in the order listed in the IMG-ACT toolkit but corresponded with 
the subjects that were discussed in the lecture portion of the course.  Abstract 
concepts such as the prokaryotic Shine-Dalgarno sequence can be easily dis-
missed as irrelevant details to the undergraduate molecular biology student.  
However, after the student utilizes the IMG Six-Frame Viewer to determine 
the presence and proper spacing of the Shine-Dalgarno sequence, the student 
appreciates the knowledge of this sequence to gene function.  As such, the IGG 
material was incorporated with relevant molecular biology content that was 
discussed in the lecture portion of the course.  For instance, the Basic Informa-
tion module did not require utilization of specific annotation tools so it could 
be perceived as a “cut and paste” module if not presented with the supplemental 
content.  An additional benefit of not conducting the modules in the order 
listed was that students perceived the flexibility of the toolkit and demonstrated 
their understanding of the non-linearity of the toolkit during subsequent group 
project annotations.  For example several groups broke the annotation into in-
dividual components that they regarded themselves as experts in, rather than a 
continuous annotation that a single student had to complete.

The genes of interest for the module lessons were selected to demonstrate 
proper tool utilization, data interpretation, and computer annotation error.  
Genes were selected that resulted in a variety of manual annotation results as 
well as data that deviated from the predicted annotation.  For example, students 
were able to correct possible annotation errors in three S. coccoides ORFs after 
analyzing potential alternate Shine-Dalgarno sequences and start codons (Fig-
ures 1, 2, and 3). 
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To increase student comprehension and retention of the bioinformatics tech-
niques and data interpretation, the professor assigned the students complete 
analyses of additional genes in a project format and modules to present at a 
seminar.  In the first project, the students analyzed the genes of the S. coccoi-
des Standard Embden-Meyerhoff Pathway, demonstrating the existence of the 
complete pathway by locating the gene for an enzyme previously thought to be 
absent (Figure 6).  In the second group project, students annotated and assigned 
probable functions to a group of genes that the computer had identified as hy-
pothetical proteins (Table 1).  As the student groups completed the sub-modules, 
they comprehensively annotated the genes and also determined the utility of 
each of the tools for determining gene function.  Similarly, students likely com-
prehended the nuances of the tools through peer teaching during preparation 
and participation in the bioinformatics seminar.

Overall, inclusion of the “Interpret a GEBA Genome” program increased stu-
dent learning in bioinformatics and molecular biology, as measured by student 
completion of online notebooks, pre- and post-activity exams, and presentation 
of student annotation results at seminars.  Students continued to increase their 
knowledge of bioinformatics between unit and final exams.  A probable explana-
tion is that the initial exposure to each module was not sufficient to help them 
distinguish between tools and scrutinize data results.  This supports the need for 
long-term exposure reinforced through group projects and module presentations 
when incorporating bioinformatics into an undergraduate biology course.
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