JOURNAL OF MICROBIOLOGY & BIOLOGY EDUCATION, December 2013, p. 238-243
DOI: http://dx.doi.org/10.1 128/jmbe.v14i2.637

Curriculum

A Small-Group Activity Introducing the Use and Interpretation of BLAST +

Peter D. Newell', Ashwana D. Fricker?, Constance Armanda Roco?, Pete Chandrangsu?,
and Susan M. Merkel?*
Departments of 'Entomology, and 2Microbiology, Cornell University, Ithaca, NY 14853

As biological sequence data are generated at an ever increasing rate, the role of bioinformatics in bio-
logical research also grows. Students must be trained to complete and interpret bioinformatic searches
to enable them to effectively utilize the trove of sequence data available. A key bioinformatic tool for
sequence comparison and genome database searching is BLAST (Basic Local Alignment Search Tool).
BLAST identifies sequences in a database that are similar to the entered query sequence, and ranks them
based on the length and quality of the alignment. Our goal was to introduce sophomore and junior level
undergraduate students to the basic functions and uses of BLAST with a small group activity lasting a
single class period. The activity provides students an opportunity to perform a BLAST search, interpret
the data output, and use the data to make inferences about bacterial cell envelope structure. The activ-
ity consists of two parts. Part | is a handout to be completed prior to class, complete with video tutorial,
that reviews cell envelope structure, introduces key terms, and allows students to familiarize themselves
with the mechanics of a BLAST search. Part 2 consists of a hands-on, web-based small group activity to be
completed during the class period. Evaluation of the activity through student performance assessments
suggests that students who complete the activity can better interpret the BLAST output parameters %
query coverage and % max identity. While the topic of the activity is bacterial cell wall structure, it could

be adapted to address other biological concepts.

INTRODUCTION

Over the last decade, a number of national reports
have called for reform in teaching college-level biology
classes (I, 7, 8). One strategy for training future biologists
is to develop critical-thinking and problem-solving skills by
providing authentic educational activities that help them
learn how to implement and interpret current research
in biology (2). Bioinformatic tools that allow scientists to
explore genome sequence data have become a corner-
stone of current biological research and as such should be
included in any modern biology curriculum (3, 5, 9). The
Basic Local Alignment Search Tool (BLAST; http://blast.ncbi.
nlm.nih.gov/) is one of the most commonly used tools for
comparing sequence information and retrieving sequences
from databases and is thus an excellent starting point for
teaching bioinformatics (4). BLAST takes a query sequence
and searches a given database of sequences for significant
matches, generating local alignments that vary in length,
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and providing descriptive parameters as well as statistical
evaluation of any matches. A few microbiology educational
activities that employ BLAST have been published, and range
from a basic introduction (e.g., ref. 6) to more involved
multi-day activities (e.g., ref. 5). The activity described in
this study introduces students to the use of BLAST and uses
BLAST to show that differences between Gram-positive
and Gram-negative cell envelope structure are reflected in
the gene content of bacterial genomes.

We have given students in our General Microbiology
courses bacterial 16S ribosomal RNA (rRNA) sequences
and asked them to use BLAST to determine the bacterial
identity. From this experience, we observed that while
students could easily go through the steps to do a BLAST
search, most could not interpret the output data and there-
fore could not draw appropriate conclusions from those
searches. The students needed to develop a conception of
what constitutes a ‘good’ BLAST hit, or matching sequence.
To address this need, we developed the classroom activity
presented here, emphasizing the interpretation of BLAST
output parameters.

Our activity was designed for microbiology and biology
majors in a general microbiology class, but would be equally
appropriate in a biotechnology class. Students should have
some understanding of the structure of Gram-positive and
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Gram-negative cell envelopes, as well as DNA structure and
how it relates to protein synthesis in bacteria. Students need
computer access to a BLAST site. We used the National
Center for Biotechnology Information website (www.ncbi.
nlm.nih.gov/).

The activity has two parts: Part | (Appendix 1) is a
handout that was completed by students independently prior
to class, while Part 2 (Appendix 3) was handed out and com-
pleted during a 50-minute class period. In Part | students
were given diagrams of Gram-positive and Gram-negative
cell envelopes and required to label key components. In
addition, students were given an amino acid sequence and
asked to follow a tutorial on how to use the NCBI BLAST
site to find the predicted function of the protein (in this
case, a porin). They answered questions about the BLAST
output, including E-value, % query cover, and % max identity.
We estimate that it took 30 to 45 minutes to complete.

Students then came to class with laptop computers
and had 50 minutes to complete Part 2. In Part 2, students
were given a different amino acid sequence (Appendix 5) and
again used NCBI BLAST to predict the protein’s function (a
histidine porin). Next, they restricted the BLAST search to
certain bacterial genomes with the same query sequence to
determine if other bacteria carry the gene. The restricted
searches were designed to highlight the presence of porins
in Gram-negative bacteria and their absence in Gram-
positive bacteria. Students answered a number of questions
about the NCBI BLAST search output. They performed the
searches and discussed their answers in groups of three to
four students, but wrote individual answers to questions,
which were handed in for a grade.

While we had over 180 students divided into multiple
sections, each with a facilitator, this activity could be used in
smaller classes with one teacher as a facilitator for small group
work. Students could work together on Part | in class, with
Part 2 being given as an out-of-class assignment. Alternatively,
both sections could be done in class or as homework.

Learning objectives

Students who complete this activity should be better
able to:

I.  Explain the basic function of BLAST

2. Predict the function of a protein sequence using
BLAST

3. Evaluate sequence similarity based on BLAST out-
puts: E-value, % query cover, and % max identity

4. Determine ifa gene product is present in a specific
organism using BLAST

Even though the topic of the activity is cell envelope
structure, it is not intended to provide this information
comprehensively. Rather, we hope it enhances student under-
standing of the topic by showing that cell structure differences
are reflected in the gene content of bacterial genomes.
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Materials

Students need the handout for Part | (I per student,
Appendix |) and access to the BLAST tutorial, which we
provided as both a Panopto webinar (https://www.youtube.
com/watch?v=x_dAyY5-VNc) and a PDF file (Appendix 7).
For Part 2, students need at least one laptop computer for
a group of three to four students, a copy of the handout (|
per student, given out in class, Appendix 3) and access to an
electronic version of the amino acid sequence (Appendix 5).
Instructors need the answer keys to both parts (Appendices
2 and 4). Students need Internet access to a BLAST site for
all parts of the activity.

Student instructions

In our classes, we instructed students to download a
PDF of Part | (Appendix |) before class and answer the
questions therein. The instructions for Part | were as fol-
lows: This week’s activity introduces BLAST (Basic Local Align-
ment Search Tool), ... [and will] highlight important differences
between the cell envelopes of Gram-positive and Gram-negative
bacteria. Please note: you need to complete Part | to obtain infor-
mation for the in-class activity (Part 2). Completion of Part | will
be checked at the beginning of class. Please bring laptops to class!

One week later, students in the general microbiology
lecture came to their assigned discussion section. After
reviewing the answers to Part |, students were given Part
2 (Appendix 3) with this introduction: Pseudomonas aeru-
ginosa is a pathogenic bacterium that can infect a wide variety
of animals. P. aeruginosa is particularly devastating to patients
suffering from cystic fibrosis (CF), a genetic disease causing the
buildup of thick mucus in the lungs. The dysfunctional lungs of
CF patients are chronically infected with P. aeruginosa, which
is well adapted to survive in this habitat, in part because it can
efficiently utilize amino acids for carbon and energy. Working
in a clinical microbiology lab, you isolate a new strain of P. ae-
ruginosa that thrives especially well in CF patients. Comparing
its protein expression patterns to previous isolates, you find that
one protein is highly expressed in your isolate relative to other
P. aeruginosa strains.

Students downloaded an electronic copy of an amino
acid sequence from the course BlackBoard site (Appendix
5), and were instructed as follows: To find the function of this
protein, you perform a BLAST search of its amino acid sequence.
To do this, go to the National Center for Biotechnology Informa-
tion site (http://blast.ncbi.nlm.nih.gov/) to do a BLAST-P search
to determine a probable identity of this protein following the
same procedures as in Part | and in the BLAST tutorial. They
then answered a series of questions asking them to define
and interpret the BLAST output results: E value, % query
coverage, and % maximum identity.

Students were then instructed to search other ge-
nomes for similar sequences: You scroll down the table giving
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descriptions of the BLAST hits and notice that similar proteins
also occur in Pseudomonas species other than P. aeruginosa.
You are curious about how widespread this protein may be, so
you decide to search the genomes of two well studied bacteria
for similar sequences: Bacillus subtilis (Gram-positive) and
Escherichia coli (Gram-negative). After doing this, they an-
swered a series of questions asking them to interpret the
BLAST output results within the context of their knowl-
edge of Gram-negative and Gram-positive cell structure.

Faculty instructions

Out-of-class Assignment, Part I. Completion of
Part | and viewing the BLAST tutorials prepared students
for the in-class activity. While we did not grade student
answers to Part | per se, we chose to incentivize comple-
tion of this part of the activity to ensure student prepared-
ness for Part 2. At the beginning of the class period, the
instructor checked whether or not each student’s Part |
was completed. A completed Part | counted as two points
(out of a total of 10) towards the grade for this activity. We
hoped from this activity that students understood the main
definitions of E-value, % maximum identity, and % query
coverage. E-value represents how well the query sequence
matches the database sequence, taking into account both
the number of matching residues and the total length of
the alignment. The lower the E-value, or the closer it is to
zero, the better the match is. % Maximum identity is the
percentage of residues that match up in the alignment. %
Query coverage is the percentage of the query sequence
length that is included in the alignment. When running a
BLAST search, often the sequences returned will align
with only part of the queried sequence; therefore % query
coverage has a significant impact on the E value—the
greater the query coverage, the lower the E-value and the
better the match.

Small group discussion, Part |I. For the discus-
sion section in our General Microbiology Lecture (~180
students), students met in smaller groups of about |5 led
by facilitators (in our case, graduate student teaching assis-
tants). The facilitator began the class period by reviewing
the answers to Part | (Appendix 2) in an informal discussion
format, answering any questions that students had. During
this review, facilitators explained and emphasized the mean-
ing of BLAST output terms: E-value, % maximum identity,
and % query coverage. Part |, Question 7 was particularly
useful in demonstrating the differences between % maximum
identity, and % query coverage.

Small group discussion, Part 2. After reviewing
Part | (~10 min into the class period), students broke up
into groups of three to four to complete Part 2 (Appendix
3). Students were encouraged to work together and discuss
the answers to each question with their group members, but
each student wrote his/her own answer to each question.
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To complete Part 2, students were given an amino acid
sequence and used the BLAST-P search hosted by NCBI to
identify matches. (See Appendix 7 for step-by-step instruc-
tions.) The first set of questions (Appendix 4, questions
|1-6) asked students to report and interpret information
from the top BLAST hit obtained by searching the entire
non-redundant protein sequence database. Next, the stu-
dents used the same query sequence to search two subsets
of sequences individually by using the “Choose Search
Set-Organism” drop-down menu. The two subsets were:
“Escherichia coli genomes [taxid:562]” and “Bacillus subtilis
genome [taxid:1423].” Once the query sequence had been
aligned to either the Escherichia coli genome or the Bacillus
subtilis genome, students entered the following information
into a table (Table |): protein name, % query coverage, E-
value, and % maximum identity. Facilitators checked the
table to see that students’ answers were correct, as failure
to obtain the correct values for the table would likely have
lead students to answer the remaining questions incorrectly.

The next set of questions (Table | and Appendix 4,
questions 8-9) compared search result values obtained
by searching different genomes. The activity used a porin
sequence from P. aeruginosa as query, and thus guaranteed
a better match to sequences in E. coli than to any sequence
in B. subtilis because the former is Gram-negative and con-
tains porins while the latter is Gram-positive and does not.
Please note that the NCBI databases are subject to change
due to the addition of new sequences, and thus the exact
values for the top BLAST hits may change. This is unlikely
to impact the general trends and comparisons that students
are asked to make in questions 8-9. Interpreting the output,
particularly for question 9 (How can Bacillus subtilis have a
higher % max identity than E. coli but a lower % query cover-
age? Explain this phenomenon), required an understanding of
the differences between % query coverage and % maximum
identity. It is important to look at % query coverage first.
For a good match, it precludes having a high % maximum
identity. Sequences from unrelated proteins could match a
across a small segment of amino acids, which would result
in a high % maximum identity but a low % query coverage
(which was the case for the porin sequence and B. subtilis ).
Therefore, to be confident of a good match, a high % query
coverage is needed.

Sample data

Student answers and misconceptions are given in Ap-
pendix 2 and Appendix 4.

Suggestions for determining student learning

At the start of the semester, we typically give students
pretest questions to determine their understanding of a
number of key concepts in microbiology. In this case, stu-
dents were given pretest questions (Appendix 6) to assess
their prior knowledge of what BLAST does and what the
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output means. Second, we collected the answers to the
student activity, Parts | and 2. Third, we gave students
posttest questions. Fourth, students filled out an evaluation
(Table 2) to assess whether they thought they had achieved
all four learning objectives of this activity. Answer keys for
the pretest, Parts | and 2 of the student activity, and the
posttest are provided in the Supplemental Materials.

DISCUSSION
Field testing

We teach separate Microbiology lecture and lab courses
at Cornell University. Both are introductory-level courses
with prerequisites of two semesters each of biology and
chemistry. We have a range of students from sophomores
to seniors, some of whom have already taken biochemis-
try and genetics. Assessment data presented in this paper
(pre- and posttest results) are from students in the spring
2013 General Microbiology Laboratory class. This group
consisted of 56 students who were concurrently taking
both General Microbiology Lecture and Lab classes (these
students did the BLAST activity; the treatment group) and 27
students who had taken the lecture in a previous semester
(these students did not do the activity; the control group).
We compared the two groups to measure the effectiveness
of the BLAST activity. Students in the lecture class did not
receive any other instruction regarding how to do a BLAST
search or how to interpret the output data.

During the first week of classes (Jan. 2013) we gave
all students (control and treatment groups) a pretest to
assess their prior knowledge for the course. Two of the
questions related to BLAST (Appendix 6). In the third and
fourth weeks of classes (Feb. 2013), the treatment group
completed Part | and Part 2 of the activity. Forty-five
student papers were chosen at random by a staff member
not involved in the study, and copied for assessment. Ap-
proximately three months later (May 2013), all students
(control and treatment groups) were given a posttest
(Appendix 6). Three posttest questions were related to
BLAST and interpretation of BLAST outputs. Also during
May 2013, the treatment group (as well as other students
in the General Microbiology Lecture course) were given
evaluation questions, three of which pertained to the
BLAST activity (Table 2).

Evidence of student learning

Both treatment and control groups had some exposure
to BLAST during the semester: as part of a laboratory ex-
ercise they were given a sequence from a 16S rRNA gene
and were asked to use BLAST to identify the bacterium.
However, for the laboratory exercise, they were given no
instruction on how to interpret the BLAST output (i.e.,
E-value, % query coverage, % max identity). Thus, only
the treatment group had instruction on the meaning and
interpretation of BLAST output parameters via the activity
presented here.

TABLE I.
Part 2, question 72, with answers.

Organism Protein Name % Query Coverage E-value % Max Identity
P. aeruginosa Histidine porin OpdC 0 96
B. subtilis Hypothetical protein 8.8 34
E. coli Outer membrane porin 6e-4 22

2Question 7 reads “Fill in the table with your results for the top BLAST hits for the sequence from your isolate.”

TABLE 2.
Student evaluation of learning objectives.

Question

“The first small group activity focused on using sequence information and bioinformatics to determine the function of a protein and to look
for it in other bacteria. How well did the activity help you meet each goal (listed below)?”

Learning Objective very well® OK poorly not at all
2. Determine the predicted function of a protein sequence using BLAST 49% 47% 4% 0%
3. Evaluate sequence similarity based on BLAST outputs: E-values, % query cover,
and % max identity 36% 51% 12% 1%
4. Determine if a gene product is present in a specific organism using BLAST 47% 47% 5% 1%

an = 165 students in the General Microbiology Lecture who responded to the survey.
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Learning objective I: Students will be able to
explain the basic function of BLAST. To assess the
effectiveness of the activity for achieving learning objective
I, we analyzed the number of correct responses to pre- and
posttest questions (question | on each, Appendix 6), which
asked students to identify for what BLAST is used. For the
class as a whole, the number of students who could identify
the function of BLAST on the posttest (86%) was higher
than students who could define BLAST on the pretest (37%,
Table 3) though differences between the pretest (short
answer) and posttest (multiple choice) questions make a
direct comparison difficult. An ANOVA analysis looking at
the interaction between doing the activity (or not) with pre-
and posttest scores revealed that doing the BLAST activity
had a significant impact (p = 0.0275) on student scores. That
is, students who did the BLAST activity were more likely to
be able to define BLAST (90%) on the posttest than those
who did not do the activity (70% ).

Learning objective 2: Students will be able to
predict the function of a protein sequence using
BLAST. We were not able to assess this objective using
pre- and posttest questions because students need access
to a computer to do this. However, when students were
asked to evaluate how well this activity helped them learn
how to predict the function of a protein sequence using
BLAST, 96% students said “very well” or “OK” (Table 2).

Learning objective 3: Students will be able to
evaluate sequence similarity based on BLAST out-
puts: E-value, % query cover, and % max identity.
And Learning objective 4: Students will be able to
determine if a gene product is present in a specific
organism using BLAST. We assessed these objectives by
a variety of measurements. First, we analyzed the number of
correct responses to the multiple-choice pre- and posttest
question 2 (Which E-value would indicate a very good match
for a protein sequence BLAST?). The number of students who
answered correctly on the posttest (30%) was significantly
higher (p = 0.0002) than students who answered correctly
on the pretest (4%; Table 3). In addition, an ANOVA analysis
looking at the interaction between doing the activity (or
not), with pre- and posttest scores revealed that doing the
BLAST activity had a significant impact on student scores.

That is, students who did the BLAST activity were signifi-
cantly more likely (p = 0.014) to choose the best E-value on
the posttest (42%) than those who did not do the activity
(7% Table 3).

Students answered the questions in Part 2 in groups, with
a facilitator, and our goal was to have all students master the
concepts during the class period. Therefore, the number of
students answering these questions correctly was not an ideal
tool for assessing individual student learning. It was, however,
a good indicator of student misconceptions about activity
content, particularly in the understanding of BLAST output
values (question 9, Appendices 3 and 4). To answer these
questions students had to interpret a table of BLAST values
and explain why Bacillus subtilis had a higher % max identity
than E. coli but a lower % query coverage. Sixty-nine percent
of students correctly explained the difference between % max
identity and % query coverage, 20% of students got partial
credit for having some understanding and 11% received no
credit. Some students were confused about what was being
compared. That is, they did not seem to understand that
the whole genome was being searched or that the % query
coverage represented how much of the query was found in
the genome. This concept seemed to be more difficult to
comprehend, compared to % max identity. These challenges
were reflected in the student evaluation data. While around
half of the students felt the activity did “very well” to help
them meet learning objectives 2 and 4, only 36% felt the same
about meeting learning objective 3 (Table 2).

Because this seemed to be a difficult concept for
students, we added a question about this to the posttest.
We asked students to interpret similar data and explain
their answers (Appendix 6). Using a paired t-test, we found
that students who did the activity were significantly more
likely (p = 0.009) to answer the question correctly (67%)
compared to students who did not do the activity (26%).
Of those in the treatment group who answered correctly,
77% were able to explain that the sequence in P. grifinnia
aligned with a higher percentage of the queried sequence,
correctly differentiating between % query coverage and %
max identity. Of those in the control group who answered
correctly, about half could not explain their answer. Of those
who answered incorrectly, most answered Y. gabbagabbaea,
reasoning that % max identity was most important, regard-
less of % query coverage.

TABLE 3.
Percentage (and number/total) of students providing correct answers on pre- and posttests.

Treatment

Control Total

Question | Pretest
Posttest
Question 2 Pretest
Posttest

29% (16/56)

59% (13/22) 37% (29/74)

90% (47/52) 70% (19/27) 83% (66/79)
5% (3/56) 0% (0/22) 4% (3/74)
42% (22/52) 7% (2/27) 30% (24/79)
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Modifications

Student assessment suggested that there is still room
for improvement in students’ understanding of BLAST terms
after completing the activity. Common misconceptions
included incomplete comprehension of the terms % query
coverage and % max identity. Instructors should emphasize
the portions of Part | (e.g., question 7) that illustrate these
terms when conducting the in-class review prior to handing
out Part 2. In addition, more questions could be added to
Part | to test students’ comprehension of the definitions of
BLAST terms. Also, walking students through the process
by which the BLAST algorithm functions might increase
the proportion of students answering correctly. In our
case we decided this level of detail was beyond the scope
of the activity.

This activity has a relatively narrow scope because it
was designed to fit within a single class period. Given more
instruction time, it could be expanded. A more detailed
discussion of the uses and limitations of BLAST would
be beneficial. Discussion of uses could include additional
research rationales or reasons for using BLASTp on NCBI
(as this activity does) verses other algorithms and/or data-
bases that analyze sequence data. For example, explaining
the differences between BLASTp and BLASTn (nucleotide
BLAST). Important limitations to discuss include the reli-
ability of gene annotations, and the fact that similarity to
a sequence in the database may predict but cannot prove
a similar function for your query. A benefit of this activity
is that the sequences given to students could be easily
exchanged for others, making it adaptable for highlight-
ing other class material. For example, while our activity
emphasized the absence of outer membrane proteins in
Gram-positive cell envelopes, a similar activity could fo-
cus on differences between transcriptional machinery in
Archaea and Bacteria.
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