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Abstract

The goal of this lesson is to introduce students to the lytic and lysogenic cycles of T4 and lambda bacteriophages, respectively,
using student-centered pedagogies. Bacteriophages are viruses that infect bacteria and are either virulent or temperate; virulent
phages can only undergo the lytic cycle, which results in death of the host cell, while temperate phages can undergo either
the lytic or lysogenic cycle, the latter of which results in the long-term association between host and virus. Bacteriophages
significantly affect bacterial population in nature and are even attractive therapeutic interventions for some bacterial infections
in humans. Therefore, this lesson was designed to educate students about the structure and function of bacteriophages and
how viral infections can impact bacterial populations. The learning goals of this lesson are to understand how the lytic and
lysogenic cycles of bacteriophages vary, affect bacterial growth, and are dictated by their unique genomes. To this end,
the lesson incorporates a homework assignment for students before class, a series of in-class activities and critical thinking
scenarios, and a homework assignment after class. This lesson was successfully employed in an upper-level undergraduate
virology course for biology majors. Students were enthusiastic and expressed thoughtful and educated ideas during class
discussion and through answers to open-ended questions. Taken together, this lesson provides an interactive and student-
centered approach to studying the form and function of bacteriophages, the most abundant organisms in the biosphere.
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Learning Goals

Students will:

e Understand the differences between a lytic and lysogenic
bacteriophage life cycle.

e Understand the role of bacteriophages as therapeutic agents in
humans based on a medical case of bacterial cystic fibrosis.

e Compare and contrast the different life cycles of bacteriophages.

e Understand how temperate and virulent phages affect bacterial
growth.

e Predict outcomes of hypothetical laboratory experiments.

e Interpret graphical representations of results/data from hypothetical
gPCR and plaque assay experiments.

e Understand how replication cycles of lytic and lysogenic viruses
differ among viruses.

e Understand how replication cycles are determined based on viral
structures and genomes.

Learning Objectives

Students will be able to:

e Label the key parts of a bacteriophage.

e Arrange the steps of lytic and lysogenic viral infections by
bacteriophage.

e Predict the replication cycle of a virus based on the genes it carries.

e Compare and contrast the replication cycles of bacteriophages T4
and lambda.

e Compare and contrast the differences between lysogenic and latent
viral infections.

e Interpret and analyze graphical representations of qPCR and plaque
assay data.
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INTRODUCTION

Bacteriophages (phages) are viruses that infect bacteria and
have been detected in nature wherever their host microbes exist
(1). In fact, phages outnumber bacteria by more than ten-fold,
on the order of 10°" phage particles on the planet (2). Two types
of phages exist; virulent phages are those that lead to lysis of
the host cell, termed the lytic cycle, and temperate phages are
those that can either lead to host cell lysis or integration of viral
DNA into the bacterial host cell genome, termed the lysogenic
cycle. Unlike phages that enter the lytic cycle, phages that enter
the lysogenic cycle maintain a long-term association with their
host, meaning that the phage genome becomes integrated into
the host cell genome and remains a part of the host cell until
induced to enter the lytic cycle. Integrated viral DNA, known as
a prophage, can dramatically alter host cell biology. For example,
prophages can modulate gene expression and function of host
cells and/or change host cell physiology via novel functions,
such as develop immunity to further phage infection (3). A
prophage is propagated by host cell division and the lysogenic
state is maintained by the repression of the phage lytic genes. A
stressor, such as DNA damage or nutrient deprivation, can result
in a switch from the lysogenic to lytic cycle. This switch leads to
excision of the phage genome from the bacterial chromosome
and the subsequent activation of phage genes that promote its
replication and host cell killing (4).

Many phage related wet-lab activities have been described for
undergraduate biology courses (5,6). Indeed, the importance of
studying phages among undergraduates is well understood and
appreciated, as demonstrated by the Phage Hunters Integrating
Research and Education (PHIRE) program at the University of
Pittsburgh, which was developed in 2002 by Graham Hatfull and
colleagues, and has since been expanded nationwide to the SEA-
PHAGES program (7,8). This program provides undergraduates
and high school students with the opportunity to isolate novel
bacteriophages, sequence their genomes, annotate them, and
analyze them from a comparative genomics perspective. While
these activities are invaluable for teaching lab techniques in the
study of phages, “dry” lab lessons are an excellent alternative
in cases where there are limited resources, or the course is a
seminar or lecture with no accompanying lab. The current lesson
was developed, in part, to provide students with the skill set to
analyze lab-generated, albeit hypothetical, data and relate it to
the principles of lytic and lysogenic cycles of phages.

This lesson introduces two of the most well-studied and well-
characterized bacteriophages, T4 and lambda (), as examples of
lytic and temperate phages, respectively, that infect Escherichia
coli. Students will engage in active learning strategies to better
understand the structure and function of phage genomes. Many
students in the course are interested in a career in the biomedical
sciences, so an active effort was made to relate these concepts to
human health. Thus, lysogenic and latent viral infections, such
as Herpes Simplex Virus (HSV), are compared in this lesson.
Further, students are exposed to the use of bacteriophages as
treatment against bacterial infections in humans (9) as part of a
pre-classwork assignment to arouse interest in students.

The learning goals were aligned with core competencies
“ability to apply the process of science” and “ability to use
quantitative reasoning”, as outlined in Vision and Change (10).
Further, the activity addresses the core concept of “structure
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and function” by presenting how the structure and genome
organization of a bacteriophage impact its functional outcome
and ability to undergo the lytic and/or lysogenic cycle.

Active learning increases student participation, motivation,
and academic performance compared to traditional lecturing
(11). There are several different student-centered pedagogies
used in this lesson, which is intended to foster a more inclusive
environment for all students. Throughout the class period,
students work independently, in small groups, and as a class,
to learn and reinforce the concepts. Students work through a
strip sequence, critical thinking questions, and the interpretation
of graphical representations of data. This exercise strongly
engages students to think critically about the replication cycles of
bacteriophages and apply their knowledge towards interpreting
data and making logical conclusions.

Intended Audience

This lesson was designed for upper-level undergraduates
and graduate students at a mid-sized private University. Most
students in the course were biological science majors and had
a prerequisite of introductory biology and genetics. However,
this lesson can be modified for an introductory course by
removing Section 3 (Supporting File S2c. Lytic and lysogenic —
Bacteriophage Replication Cycles In-Class Worksheet Section
3) and modifying Section 4 of the in-class worksheet (S2d. Lytic
and lysogenic — Bacteriophage Replication Cycles In-Class
Worksheet Section 4). Alternatively, the lesson can be modified
for a more advanced course by expanding Section 3 of the
in-class worksheet (S2c. Lytic and lysogenic — Bacteriophage
Replication Cycles In-Class Worksheet Section 3) to include
a modeling or simulation exercise (see Teaching Discussion).

Required Learning Time

The in-class time for this activity was one 90-minute class
period and approximately 1 hour outside of class in two
30-minute segments, which are completed as homework
assignments.

Prerequisite Student Knowledge

Students should be comfortable with the use of technology
in the classroom and be able to connect to the internet on their
laptops or other electronic devices that support the use of a text
editing software and access a learning management system to
which the instructor uploads the assignments and submission
folders. As the assignments are electronic via Microsoft Word,
students should also be familiar with how to use basic features
in this application. If students do not have their own internet-
connected devices, a hard copy of the assignment should
be provided by the instructor and subsequently collected for
grading when students have completed them. In cases where
students only have a smart phone, the instructor may opt to
have students take a photo of the assignment and email it to
the instructor. Alternatively, if a computer lab is available and
accessible for the class, it is recommended that the instructor
utilize it for this lesson.

This lesson is designed for science majors, so basic scientific
knowledge is required. Students should have some background
knowledge in general biology, genetics, and methods in virology.
Concepts with which students should be familiar before this
lesson: Central Dogma of Molecular Biology (DNA — mRNA
— protein), transcription and translation, bacterial cell structure,
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cell division, and simple feedback pathway modeling. Students
should be knowledgeable about the principles of plaque assays
and quantitative polymerase chain reaction (qPCR) as well as the
interpretation of data derived from these methods, though it is not
required that students perform these techniques for this lesson.

The following references are helpful sources of background
content knowledge for students:

McGraw Hill Prescott’s Microbiology 11e. Chapter 26.2 (pp.
596-605). This reference provides an overview of the lytic and
lysogenic cycles, using T4 and lambda phages as examples,
respectively. It provides detailed information on the life cycles
of both phages, including phage adsorption and entry, DNA
replication, phage assembly, and host cell lysis. Further, this
reference details the decision-making process for establishing
lysogeny or the lytic cycle as well genome organization of the
lambda phage and how this impacts its function.

Video tutorial: https://www.jove.com/v/10514/plaque-assay-
method-to-determine-viral-titer-as-plaque-forming-units video
tutorial provides a summary of the principle and protocol of
plaque assays. This is useful for the interpretation of plaque
assay data in Section 4 of the in-class worksheet (S2d. Lytic
and lysogenic — Bacteriophage Replication Cycles In-Class
Worksheet Section 4).

Kralik, P. and M. Ricchi (2017). “A Basic Guide to Real Time
PCR in Microbial Diagnostics: Definitions, Parameters, and
Everything.” Front Microbiol 8: 108. This article provides an
introduction to qPCR and its use in detecting and quantifying
microbes and viruses. This is useful for the interpretation of qPCR
in Section 4 of the in-class worksheet (S2d. Lytic and lysogenic —
Bacteriophage Replication Cycles In-Class Worksheet Section 4).

Prerequisite Teacher Knowledge

Instructors should have a basic understanding of basic cell
biology of bacteria, prokaryotic transcription and translation,
bacteriophage structure and replication cycles, latent viral
infections, and principles of virology methods.

The following references are helpful sources of background
content knowledge:

Video: https://www.youtube.com/watch?v=hFwAQOaBX5bE. This
short video is a rudimentary and concise introduction to the lytic
and lysogenic replication cycles. Though it does not provide
much detail, it can be useful for instructors who would like a
foundational video.

Video: https:/www.youtube.com/watch?v=]4BN4dARpio. This
short video provides a more in-depth look into the lytic and
lysogenic replication cycles compared to the previous one. It
superficially covers the steps of the replication cycles, though
it does not discuss phage structure or genome organization.

McGraw Hill Prescott’s Microbiology 11e. Chapter 26.2 (pp.
596-605). This reference provides an overview of the lytic and
lysogenic cycles, using T4 and lambda phages as examples,
respectively. It provides detailed information on the life cycles
of both phages, including phage adsorption and entry, DNA
replication, phage assembly, and host cell lysis. Further, this
reference details the decision-making process for establishing
lysogeny or the Iytic cycle as well genome organization of the
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lambda phage and how this impacts its function.

Howard-Varona, C., et al. (2017). “Lysogeny in nature:
mechanisms, impact and ecology of temperate phages.” ISME
J 11(7): 1511-1520. This reference highlights concepts about
lysogeny, including its importance, benefits, and consequences.
This is an interesting read to better understand the rationale of
lysogens in the environment and how temperate phages affect
complex ecological communities. Though not directly relevant to
the lesson, this is valuable background knowledge that provides
context for the role of lysogeny in nature.

Video: https:/www.jove.com/v/10514/plaque-assay-method-
to-determine-viral-titer-as-plaque-forming-units video tutorial
provides a summary of the principle and protocol of plaque
assays. This is useful for the interpretation of plaque assay data
in Section 4 of the in-class worksheet (S2d. Lytic and lysogenic —
Bacteriophage Replication Cycles In-Class Worksheet Section 4).

Kralik, P. and M. Ricchi (2017). “A Basic Guide to Real Time
PCR in Microbial Diagnostics: Definitions, Parameters, and
Everything.” Front Microbiol 8: 108. This article provides an
introduction to qPCR and its use in detecting and quantifying
microbes and viruses. This is useful for the interpretation of qPCR
in Section 4 of the in-class worksheet (S2d. Lytic and lysogenic —
Bacteriophage Replication Cycles In-Class Worksheet Section 4).

SCIENTIFIC TEACHING THEMES

Active Learning

This lesson uses several strategies for students to actively
engage in learning the concepts, including random call, a short
interactive lecture, groupwork, think-pair-share, whole class
discussion, and small group discussion.

Before class, students actively engage in a timed homework
assignment to prepare for class (S1. Lytic and lysogenic —
Bacteriophages in Medicine Pre-Class Homework Assignment).
In class, students initially work in pairs to label the parts of
a bacteriophage (S2a. Lytic and lysogenic — Bacteriophage
Replication Cycles In-Class Worksheet Section 1). Subsequently,
the instructor facilitates a short and interactive lecture (S3.
Lytic and lysogenic — In-Class Lecture); the interactive portion
is mediated by critical thinking questions posed to the class,
which should elicit whole class discussion. At the end of the
lecture, students split into small groups and each group works
together to complete a strip sequence activity (S4. Lytic and
lysogenic — In-Class Strip Sequence). During this activity, each
group competes against one another to accurately complete
a puzzle that links together the lytic and lysogenic cycles.
The competition is not timed, but the first group to accurately
complete the puzzle could win a prize, should the instructor
choose to distribute one.

The next activity in the lesson utilizes think-pair-share to solve
critical thinking problems. Think-pair-share is a collaborative
learning technique that requires students to individually think
about a topic (think), share their ideas with a partner (pair),
and finally discuss their insights with the class (share) (12,13).
For the remainder of class, students work in small groups to
apply their knowledge and interpret graphical representations
of data (S2d. Lytic and lysogenic — Bacteriophage Replication
Cycles In-Class Worksheet Section 4). The use of random call
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throughout the lesson is suggested as it has been shown to
improve the participation gap between genders in a classroom
setting (14). To avoid feelings of anxiety among students during
random call, it is recommended that the instructor lead students
to the correct answer by asking a series of simpler questions.
Further, if students give an inaccurate response, instructors
should thank students for bringing up an important opportunity
for clarification. By doing so, students are likely to be more
comfortable in a learning environment that welcomes active
participation, even when students give the wrong answers.

Assessment

Students complete the multiple-choice homework assignment
(S1. Lytic and lysogenic — Bacteriophages in Medicine Pre-
Class Homework Assignment) and receive their grades before
class. In class, students have many opportunities for self-
evaluation as the problems within the lesson are intermittently
reviewed. Discussions within small groups provide students
with opportunities for formative self-assessment. Formative
assessment by the instructor occurs via interaction with each
small group and the large class discussion. The instructor should
circulate the room to be available for questions and to provide
immediate feedback where required. Depending on class size,
the instructor should ensure that sufficient time is allocated
for interaction with each group. If possible, assistance from a
teaching assistant would be helpful in cases of large class sizes.

For summative assessment, instructors should read the answers
for all sections of the in-class and post-class worksheets to ensure
that each student has met the learning objectives. Section 1 of
the in-class worksheet (S2a. Lytic and lysogenic — Bacteriophage
Replication Cycles In-Class Worksheet Section 1) addresses the
learning goal “label key parts of a bacteriophage”. During the
strip sequence activity, students will arrange steps of the lytic and
lysogenic viral infections by bacteriophage. The learning goals
“compare and contrast replication cycles of T4 and lambda”,
“predict replication cycle of virus based on the genes it carries”,
and “interpret and analyze graphical representations of qPCR
and plaque assay data” are addressed in Sections 2, 3, and 4 of
the in-class worksheet, respectively. Finally, the learning goal
“compare and contrast the differences between lysogenic and
latent viral infections” is addressed in the post-class worksheet
(S5. Lytic and lysogenic — Post-class Homework Assignment).
Sufficient feedback should be provided to students by the
instructor on the post-class worksheet as the content is not
discussed in a follow-up class, unless the instructor chooses to
do so. In this course, students are given a participation grade,
which is based on thoughtful contributions during discussions
in class and active engagement in groupwork. Students who
prefer to take more time to complete sections of the worksheet
are welcome to submit them online up to 24 hours after the
end of class.

Throughout the class period, students are prompted to
submit completed sections of the assignment on the learning
management system. This facilitates the grading process and
is more likely to keep a uniform pace throughout the class
despite different levels of student achievement. Each submitted
section of the lesson is evaluated for accuracy and effort by the
instructor after class.
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Inclusive Teaching

This lesson was designed to involve all students in the
learning process. Thus, the lesson includes several strategies,
including think-pair-share, small group discussions, and a strip
sequence, which allows for students who favor different learning
approaches to engage with the concepts and topics. At the
beginning of class, instructors can explicitly state to the class
that the intention of the varied learning strategies is to promote
an equitable and accessible classroom for all students (15). This
promotes inclusive learning as students feel less targeted during
random call or when students are asked to contribute during
class discussion. | have found that a high level of transparency
in my teaching approaches is well received by students and it
encourages students who are more accustomed to traditional
lecture classes open up to active learning styles. Though there
is a short lecture within this lesson, it is designed to be concise
and engaging as intellectual engagement is minimally elicited
during traditional in-class lectures (16).

Students work together in small groups multiple times during
this lesson as it cultivates social learning and peer education.
As small groups have been shown to support learning gains (17)
and support students of various disciplines and levels (18,19),
they are heavily utilized in my classes to create a more inclusive
and inviting environment. The groups are intentionally assigned
by the instructor to promote inclusivity and allow for students
of varying achievement levels to collaborate and learn from one
another. This lesson employs think-pair-share, which allows for
more meaningful class discussions as students take the time to
critically think about a topic and exchange ideas with classmates
before whole class discussion. Further, students write down
their thoughts before class discussion, which eases anxieties for
students who are uncomfortable with public speaking.

The use of technology is generally promoted in this course
as assignments can be completed and submitted online, thus
decreasing the environmental burdens associated with paper.
However, as some students may not have a laptop or other
classroom-friendly internet-connected device, instructors should
print out a few copies of the assignments to accommodate all
students. Students can submit their final work by emailing the
instructor a photo of their completed assignment.

LESSON PLAN

Pre-Class Instructor Preparation

Instructors should assign homework as an electronic file to
students at least 24 hours before class (S1. Lytic and lysogenic —
Bacteriophages in Medicine Pre-Class Homework Assignment).
The assignment is ideally presented to students as a timed
multiple-choice assessment on the learning management system.
If instructors prefer not to time the homework assignment, it can
simply be presented as a multiple-choice assessment.

In preparation for class, download and print the puzzle activity
(S4. Lytic and lysogenic — In-Class Strip Sequence) for as many
groups as necessary (each group should have 3-4 students). Cut
out pieces along the dotted lines and keep all pieces from the
same page together. In a standard 4%"x 9%" envelope, insert
a folded copy of the puzzle template paper and all the cutout
pieces (19 in total). Securely close the envelope with 2 paperclips
to ensure that all the components remain together. Ensure
that there is sufficient scotch tape for each group and prizes
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(i.e., candy, if the instructor opts to include them) for students.
Instructors should also print a few copies of the assignment for
students who do not bring a laptop to class.

Download the PowerPoint presentation (S3. Lytic and
lysogenic — In-Class Lecture) and ensure that the referenced
figures are appropriately inserted and that the animations are
properly working on the file slide. The PowerPoint slides (all
except the final slide) should be made available for students to
download during class. The final slide contains the answer key
to the strip sequence, so instructors must ensure this is manually
deleted before sharing with students. The lesson (Supporting File
S$2(a-d): Lytic and lysogenic: Bacteriophage Replication Cycles
In-Class Worksheet) should be scheduled for student access on
the learning management system 5 minutes before class time.
The post-class homework assignment (S5. Lytic and lysogenic —
Post-class Homework Assignment) should be made available to
students at the end of the class session and due 48 hours later,
or later at the discretion of the instructor.

Finally, submission folders should be set up on the learning
management system or any platform of the instructor’s choosing.
There should be 5 folders set up in total- one for each section
of the in-class activity and one for the post-class homework
assignment.

Pre-Class Student Preparation

Students should complete the homework assignment (S1.
Lytic and lysogenic — Bacteriophages in Medicine Pre-Class
Homework Assignment) before class so that the instructor has
time to review their performance before the lesson. The goal of
the homework assignment is to introduce bacteriophages and to
elicit curiosity and interest in students in preparation for class.

Lesson Introduction

Instructors should ensure that all students have a laptop and
can connect to the learning management system to access the
worksheets. Students are made aware of the learning goals by
the instructor projecting them and reading them to the class (S3.
Lytic and lysogenic — In-Class Lecture, slide 1).

Labeling Bacteriophages

Students partner with their neighbors and access Section 1 of
the in-class worksheet (S2a. Lytic and lysogenic — Bacteriophage
Replication Cycles In-Class Worksheet Section 1). Each pair of
students works together to complete the assignment using online
resources. Upon completion, students should submit their files
in the submission folder on the learning management system.
After all students submit their assignments, the instructor uses
random call to review the answers.

In-Class Lecture Script

The next exercise is a short and interactive instructor-facilitated
lecture (S3. Lytic and lysogenic — In-Class Lecture). Students
should take notes during this time. The prompting questions
throughout the lecture (“Ask”) are meant to stimulate critical
thinking in students; instructors can call on volunteers to offer
their responses.

Slide 2: A phage begins the host invasion process by landing
on a host bacterium, as shown in figure (a). The long tail fibers
are the first part of the phage to make contact with the bacterium
and function to “walk” across the bacterium until the preferred
surface site is found. This is a reversible process. As more long tail
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fibers contact the host cell surface, the short tail fibers interact
with their receptors as shown in (b), which is an irreversible
process. Thus, at this point, the phage has committed to infection
of the host cell. Next, the baseplate (point to baseplate on the
figure) settles down onto the surface of the bacterium and
expands to create a pore. The tail sheath contracts, as shown in
(c), which pushes the central tube through the outer membrane
of the host, as shown in (d). Finally, the phage DNA is pushed
into the host cell from the phage, shown in (e). It is important to
note that not all bacteriophages look alike; there is tremendous
diversity among them in terms of genomes and structures. The
genomes can be either DNA or RNA, either single or double
stranded, and range in size from a few kilobases to a few hundred
kilobases. Structurally, there is high variability among phages;
though the most studied phages are those with tails, not all
phages have tails. “Tail-less” phages have either icosahedral
or filamentous capsid shapes. Among the tailed phages, some
contain contractile tails, which can be long, short, or complex,
and some have non-contractile tails. | mention this to clarify
that that not all phages have the same structure and mode of
infection.

Slide 3: We will first discuss the lytic cycle of bacteriophages
and use the example of the T4 phage, a virulent phage that
infects E. coli. The first step is adsorption and DNA ejection, as
we have just discussed. After this, linear viral DNA is ejected into
the host cell, early mRNAs are made by the host polymerase.
The reason these mMRNAs are termed “early” is because they
are made before viral DNA replication occurs.

Ask: What function do you think the early mRNAs serve in the
life cycle of T4?

The early genes include those that encode for proteins that
bind to host factors and promote degradation of host cell factors.
This allows for the transcription and translation of phage genes
as there is now minimal competition from that of host genes. A
few minutes later, phage DNA replication begins and is mediated
by virus-encoded DNA-dependent DNA polymerase. As shown
in the diagram, within a few minutes, phage replication is
completed.

Ask: How do you think replication occurs so quickly?

DNA replication is initiated from many origins of replication
and occurs bidirectionally. After DNA replication, late mRNAs
are synthesized, which encode for structural components of the
final virion, or infectious viral particle, as well as proteins that
are involved in cell lysis and virion release. Next, the T4 genome
must be packaged into the head of the phage virion (shown on
the diagram as “heads filled”). This step is accomplished by the
packasome, a complex of proteins that exerts more power than
an automobile motor!

Ask: Why must the packasome have so much power?

The packasome has the immense task of pushing dsDNA
through a small pore in the head of the virion. As DNA carries
a negative charge and can be somewhat bulky, it is not easy to
push it through, so it requires a lot of power via ATP hydrolysis
to accomplish this. Next, the tails are attached onto the heads
of the phage and virions are finally released from the host cell.
This whole process takes ~22 minutes, as shown in the diagram.
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Ask: What questions do you have about what we have discussed?

Questions that students have previously asked followed by
instructor response:

What directs the host polymerase to divert transcription of its
own genes and transcribe the phage early genes?

Excellent question. Using the example of T4, the phage takes over
E. coli RNA polymerase through the action of phage-encoded
factors that interact with polymerase and change its specificity
for promoter DNA. Early T4 promoters, which have -10 and
-35 elements that are like that of the host, are recognized by
the specificity factor, sigma70. Simply put, the host polymerase
has increased specificity for phage promoters.

What is the difference between “virus” and “virion”?

Great question. A virus is a small infectious agent that remains
inside the host cell and is obligatory intracellular parasite and
replicates only inside the living host cells of an organism. A
virion is an infectious particle that is designed for transmission
of the nucleic acid genome among host cells. Virions contain
nucleic acid surrounded by a capsid and are extracellular.

Can many phages infect a single bacterial cell?

Good question. The short answer is, yes, a single bacterial cell
can be infected by multiple phages, but generally speaking, the
ratio of phages to bacterial cells is typically not high enough to
observe a bacterial cell that has been infected by many phages
in nature.

Slide 4: Now, we will discuss the lysogenic cycle and use
the example of lambda, a temperate phage that infects E. coli.
The lysogenic cycle is very different from the lytic cycle as
the viral DNA becomes incorporated into the host genome
and remains “harmlessly” associated with the host (i.e., no
observable detrimental effects on the host cell). When the viral
DNA is incorporated into the host genetic material, it is known
as the prophage. In the case of lambda, there is a specific site in
the host DNA where integration occurs, but not all temperate
phages integrate in a designated location.

Whenever the host cell divides, the prophage divides with the
cell and is, therefore, propagated without causing any harm to
the host. This relationship is maintained until there is a stressor,
such as nutrient deprivation or ultraviolet (UV) light, which
often, but not always, causes the viral DNA to excise from the
bacterial chromosome. Once excised, the phage DNA can enter
the lytic cycle, which leads to host cell death.

Slide 5: T4 gene expression is tightly regulated by two major
factors - the timed synthesis of mMRNAs and the structure of the
genome. As we discussed earlier, there are “early,” “middle
or intermediate,” and “late” mRNAs, so called based on their
time of expression during the replication cycle. Middle mRNAs
encode proteins that are important in viral replication. The timing
of transcription is important as different genes and proteins are
required at different stages of the virus life cycle.

Ask: What factors do you think control the timed synthesis of
mMRNASs?
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One factor that dictates the timed synthesis of mRNAs is the
regulation of host RNA polymerase. Viral enzymes modify the
host polymerase by addition of chemical groups, such as ADP-
ribose, which can turn off transcription of some early genes.
Another factor is the viral factor gp55, which is encoded by a
later gene, and directs the host polymerase to synthesize phage
“late” genes. Next, let’s discuss how the structure of the genome
is important in T4 gene expression. As shown in the figure on
the screen, genes with related functions are clustered together
in the genome. For example, the genes that encode for phage
head proteins are grouped together and those that encode
for phage tail proteins are grouped together. In fact, the early
and late genes are grouped separately in the genome and are
transcribed in opposite directions.

Ask: Why is this early and late gene grouping significant?

The temporal gene grouping is significant as transcription
of these genes can occur continuously at around the same
time. Thus, genes that are important during early, intermediate,
and late host cell infection are all synthesized and fulfill their
purpose in the time frame they are required. The final point |
want to make about this slide is that you should pay attention
to the color coding of this image; the genes shaded in orange
encode for proteins that govern whether the lysogenic or lytic
cycle occurs, those shaded in yellow are required for lysogeny,
and those in tan are required for the lytic cycle. This will be
important for an upcoming exercise you will do later today.

Slide 6: Each group will receive an envelope with this template
inside as well as pieces that fit onto the template. You will use
scotch tape to adhere the pieces onto the template. The first
group to correctly complete the sequence can receive a small
prize, at the discretion of the instructor.

(At this point, instructor forms groups of 3-4 students and passes
out one envelope per group; see “Strip Sequence Activity”
below).

Slide 7: (Only present this slide after students have completed
the strip sequence.) Now, let’s quickly review the proper
sequence of events and ensure that everyone has the correct
answers. Instructor should ask for volunteers to provide the
answers to each of the steps of the lytic/lysogenic cycles in the
order presented on the Powerpoint slide. For example, “what
is step one on the schematic? Please provide both the text label
and the letter of the correct image.” Instructor should choose
one student to provide the correct answer, “Adsorption and
the image is E.” Instructor should confirm this to be true by
advancing the slide and then continue going through all of the
steps in a consecutive manner.

Strip Sequence Activity

Instructor forms groups of 3-4 students and distributes one
envelope per group. While students work on the exercise, the
instructor circulates the room to monitor student involvement
and achievement. If all students are not actively participating,
instructor should encourage that everyone contributes to
completion of the strip sequence. When the first group completes
the strip sequence, the instructor ensures the accuracy of the
sequence and if all is correct, the group receives a small prize
(e.g., chocolate, candy, or a non-food food item). The instructor
can use slide 7 from the PowerPoint and random call to review
the proper sequence of steps with the whole class.
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Compare and Contrast Replication Cycles

Students should download Section 2 of the in-class worksheet
(S2b. Lytic and lysogenic — Bacteriophage Replication Cycles
In-Class Worksheet Section 2) and work with a partner to fill in
the Venn Diagram that compares the lytic and lysogenic cycles.
Instructors circulate the room to provide feedback to students
and ensure that all students are actively engaged in the exercise.
The instructor can ask for students to volunteer their responses
and then submit their files in the Section 2 folder on the learning
management system.

Think-Pair-Share

Students should download Section 3 of the in-class worksheet
(S2c. Lytic and lysogenic — Bacteriophage Replication Cycles
In-Class Worksheet Section 3) and first work on the exercise
on their own for ~10 minutes. Afterwards, students share and
discuss their insights and rationale with a neighbor for ~10
minutes. During this time, the instructor circulates the room
and provides feedback where necessary. Finally, the instructor
asks for volunteers to share their answers, which leads into a
class discussion. Students submit their completed files in the
Section 3 folder on the learning management system.

Small Group Activity

Students should download the fourth and final section of the
lesson (S2d. Lytic and lysogenic — Bacteriophage Replication
Cycles In-Class Worksheet Section 4). In groups of 3-4, students
work together to solve application and data interpretation
problems. The groups may remain the same from the previous
exercise or may be reshuffled, at the discretion of the instructor.
The instructor should be available for questions during this
time and provide immediate feedback to groups based on their
discussions. As time is limited in a single class session, the
instructor will likely not be able to review answers for Section
4. Students are still expected to work through the assignment
and submit their completed files in the Section 4 folder on the
learning management system by the end of class. The instructor
can review the answers during the next class period or provide
an answer key for students after class.

Post-Class Homework Assignment

After class, instructors post a homework assignment (S5. Lytic
and lysogenic — Post-class Homework Assignment) for students
that compares lysogenic and latent infections. Instructors should
make the background reading (reference provided in the file)
accessible to students as a .pdf on the learning management
system. Students should complete the assignment individually
within 48 hours after class and submit it online.

TEACHING DISCUSSION

Teaching Insights

This lesson was implemented in an upper-level virology
course in a class of ~20 students. Most students were biology
majors, though there were some students in other fields, such
as mathematics. This lesson requires that students have some
basic background knowledge, but students were encouraged
to ask questions if anything was unclear throughout the class
period. Some students took advantage of in-class technology and
simply researched unclear concepts or asked their classmates.
That students felt comfortable asking one another questions in
an unsolicited manner was a sign of a positive and cooperative
learning environment. Students responded favorably to the
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activity based on active participation in small groups and class
discussions. This lesson was successful in achieving the learning
goals and outcomes based on students’ written and verbal
responses in class. Before the lesson, students were informally
asked about their familiarity with bacteriophages and the lytic
and lysogenic cycles and most students were not aware of the
lytic and lysogenic cycles of phages, though they reported being
superficially familiar with the concept of phages.

Students were visibly invigorated and motivated during the
strip sequence, which required collaboration, cooperation,
and knowledge of the material. Students were driven by a
healthy level of competition and an incentive (i.e., candy),
which promoted the learning process and reinforced concepts.
During the exercise, students were focused and engrossed in
ordering the steps of the lytic and lysogenic replication cycles.
The use of notes and technology was discouraged as students
worked through the activity to challenge students’ recall and
knowledge of the material. There were productive discussions
during the activity about the content and students asked one
another questions such as “How does excision occur when the
phage breaks out of the lysogenic cycle?” and “Do all cells with
prophages undergo the lytic cycle upon induction?”

In Section 4 of the lesson, students discussed the importance of
keeping a detailed notebook, which was not an original learning
goal of this exercise. Students shared their stories about good
and bad note-keeping in a laboratory setting and its benefits
and consequences. Those who worked in labs were especially
vocal about the significance of maintaining a well-organized
and descriptive notebook. Students discussed whether unknown
samples in a lab are feasible for use and how to handle a situation
in which specimens and/or samples are questionable.

Lesson Limitations and Suggested Adaptations

Though this lesson was designed for an upper-level biology
course, it can be modified for an introductory course. A suggested
modification is to remove Section 2 of the in-class worksheet
(S2b. Lytic and lysogenic — Bacteriophage Replication Cycles
In-Class Worksheet Section 2) and eliminate question 7 from
Section 4 (S2d. Lytic and lysogenic — Bacteriophage Replication
Cycles In-Class Worksheet Section 4). With these modifications,
questions 5 and 6 (Is phage #1/2 temperate or virulent?) from
Section 4 should be a think-pair-share exercise instead of a
small group activity. The modified lesson will allow students to
still achieve most of the learning goals and objectives outlined
in the original lesson, but will omit “compare and contrast the
differences between lysogenic and latent viral infections” and
“interpret and analyze graphical representations of qPCR and
plaque assay data”.

The activities within this lesson were designed to provide an
engaging and advanced approach to educating students about
the replication cycles of bacteriophages. An attempt was made
to align the learning goals with core competencies outlined in
Vision and Change (10). Specifically, | sought to incorporate
the “ability to apply the process of science” and “ability to use
quantitative reasoning” in the lesson. Suggestions to expand
the learning goals to integrate more core competencies are
provided below.

Models are an especially useful pedagogical tool to represent

a complex and detailed reality that can be used to predict
outcomes (20), in keeping with a core competency defined in
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Vision and Change, “ability to use modeling and simulation.” To
adapt this lesson for a more advanced course, | suggest expanding
section 3 of the in-class worksheet (S2c. Lytic and lysogenic —
Bacteriophage Replication Cycles In-Class Worksheet Section
3) to include modeling. This lesson can integrate modeling by
asking students to draw a model of the lytic/lysogenic pathway
based on the text. Follow-up questions, such as “Based on your
model, what do you expect will happen if Cro protein levels are
elevated?” will bolster the significance of the model and allow
students to better appreciate its purpose.

This lesson was intended to be ~90 minutes long, but students
felt that they needed more time to complete the final section.
Thus, | recommend that instructors assign Section 2 of the
in-class worksheet (S2b. Lytic and lysogenic — Bacteriophage
Replication Cycles In-Class Worksheet Section 2) as a homework
assignment instead of an in-class exercise. This will allow
students to focus on the critical thinking sections of the lesson
and feel less pressured by time constraints. Another potential
time saving modification to the lesson is to have students watch
a video or animation of the lytic and lysogenic cycles (https:/
www.youtube.com/watch?v=hFwAOaBX5bE; see “ Prerequisite
Teacher Knowledge”) before class so that they have a stronger
basis for the lecture, which will likely save time by reinforcing
concepts instead of introducing them. Instructors can even
assign comprehension questions for homework to ensure that
students completed the assignment.

SUPPORTING MATERIALS

e S1. Lytic and lysogenic — Bacteriophages in Medicine Pre-Class
Homework Assignment

e S2a. Lytic and lysogenic — Bacteriophage Replication Cycles
In-Class Worksheet Section 1

* S2b. Lytic and lysogenic — Bacteriophage Replication Cycles
In-Class Worksheet Section 2

e S2c. Lytic and lysogenic — Bacteriophage Replication Cycles
In-Class Worksheet Section 3

e S2d. Lytic and lysogenic — Bacteriophage Replication Cycles
In-Class Worksheet Section 4

* S3. Lytic and lysogenic — In-Class Lecture

e S4. Lytic and lysogenic — In-Class Strip Sequence

* S5. Lytic and lysogenic — Post-class Homework Assignment

e S6. Lytic and lysogenic — Bacteriophages in Medicine Pre-Class
Homework Assignment Answer Key

e S7. Lytic and lysogenic — Bacteriophage Replication Cycles
In-Class Worksheet Answer Key

e S8. Lytic and lysogenic — Post-class Homework Assignment
Answer Key
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Table 1. Lesson plan timeline.

Preparation for Class

assignment

lysogenic and latent infections (S5. Lytic and
lysogenic — Post-class Homework Assignment).

Teacher preparation Print puzzle activity (in color) and cut out pieces for | 20 Teachers should inform students before class
as many groups as needed. that internet-connected devices are required
for class.
Download PowerPoint presentation for in-class 10
lecture (S3. Lytic and lysogenic — In-Class Lecture)
and add figures that are referenced on the slides.
Set up online submission folders on learning 5
management system.
Student preparation Complete online homework assignment (S1. Lytic 30
and lysogenic — Bacteriophages in Medicine Pre-
Class Homework Assignment) and bring internet-
connected device to class.
Class Session
Lesson introduction Introduce lesson by stating learning goals. 3
Labeling Students work in pairs to label the parts of a 5% Students can use their laptops and other
bacteriophages bacteriophage in the first section of the worksheet sources for reference.
(S2a. Lytic and lysogenic — Bacteriophage
Replication Cycles In-Class Worksheet Section 1).
Part 1 review and Review answers from labeling and students submit | <5 Instructors should use random call to review
submission the electronic form of the worksheet online. answers.
Lecture Instructor leads lecture on the lytic and lysogenic 10
replication cycles of bacteriophages.
Strip sequence activity | Students form groups of 3-4 and each group works | <10* Instructors should circulate the room to
together to accurately complete the strip sequence. ensure all students are participating.
Review strip sequence | Review the correct sequence of events in the lytic 5 Use volunteers and random call to review the
activity and lysogenic replication cycles. exercise.
Compare and contrast | Students work in pairs to compare lytic and 8*
replication cycles lysogenic cycles via Venn diagram in the second
section of the worksheet (S2b. Lytic and lysogenic
— Bacteriophage Replication Cycles In-Class
Worksheet Section 2).
Part 2 review and Review answers from Venn diagram and students 5
submission submit the electronic form of the worksheet online.
Think-pair-share Students work through open-ended questions 15% Instructor should circulate the room to ensure
and interpret data in the third section of the all students are participating.
worksheet (S2c. Lytic and lysogenic — Bacteriophage
Replication Cycles In-Class Worksheet Section 3).
Part 3 submission Students submit the electronic form of the worksheet | <5
online.
Small group activity Students form groups of 3-4 and each group works | 15% Instructor should circulate the room to ensure
together to solve application and data analysis all students are participating.
problems in the fourth section of the worksheet
(S2d. Lytic and lysogenic — Bacteriophage
Replication Cycles In-Class Worksheet Section 4).
Part 4 submission Students submit the electronic form of the worksheet | <5
online.
Post-Class Session
Post-class homework | Students do a background reading and compare 30

*Instructors may choose to increase these times to provide more time for students and spread this lesson across two class sessions instead of one.
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