Jigsaw Activity for Understanding Phage Immunity Systems:
Fundamental Concepts in Phage Immunity

Facilitator Guide


A. Introduction to Jigsaw Collaborative Learning

A jigsaw project is a cooperative learning assignment that harnesses the power of peer-to-peer learning. A jigsaw project allows individual students to become experts on a topic and then teach this information to their peers. A key benefit of jigsaw activities is that they can promote higher levels of student comprehension and engagement through peer learning and peer instruction which can be effective pedagogical tools for students at all levels. 

Phage immunity systems are prophage-mediated defense mechanisms that protect a bacterial host by preventing a subsequent, secondary infection by lytic or temperate  bacteriophages, and include superinfection immunity and superinfection exclusion. Superinfection immunity inhibits phage activity once the phage genome enters the cell (intracellular exclusion), whereas superinfection exclusion inhibits phage activity at the surface of the host cell (extracellular exclusion).  Students will have the opportunity to differentiate between these concepts, while also learning more about prophage integration. 

This jigsaw assignment is designed to increase students’ understanding of phage immunity systems and can be adapted for students who have less experience with journal articles by incorporating a lecture on the scientific method, the structure of journal articles, and advice for reading and annotating scientific papers. Learning could be augmented with preparatory reading assignments before the lecture.

Facilitator Instructions

Make it yours: Jigsaw Activity 1-Fundamental Concepts, Jigsaw Activity 2-Scientific Reading and Communication, and Phage Immunity Journal Club can be offered in sequence to create a comprehensive course on phage immunity systems.

Timing
This activity will take 3-5 class periods, depending on how much the students will do outside of class and the length of each lab period. It can also be completed using the breakout rooms in Zoom or other e-learning platforms.

· Class Period 1.1: (Optional Lecture) You may choose to begin with an optional lecture on phage multiplication, with an emphasis on the lytic and lysogenic pathways. For students unfamiliar with reading scientific papers, a lecture on the structure of journal articles and the nature of the scientific method could also be incorporated in this optional phage biology class period. “Part 1: Introduction to Basic Concepts”, could also be completed on this day if this is done during a 2-3 hour lab, or it could be done in a separate class meeting.
·  Class Period 1: This is the beginning of the student activity, “Part 1: Introduction to Basic Concepts” and is an examination of the phage replication cycle, as a precursor to understanding phage immunity systems. Assign topics or terms to student groups.
· Class period 2: This day is a planning day, and can be incorporated into the “Part 1: Introduction to Basic Concepts”, depending on the length of the lab. Assign focus group topics for “Part 2: Focus Groups”. Instruct students to formulate a strategy for how they will complete Part 2. This will include coming to a consensus for how they will research the topic, what are acceptable sources for obtaining answers, how to fact check answers they find, how to avoid plagiarism, etc. Group members should also determine what aspects of the project will be done during lab time, and what information should be researched independently outside of class. It is expected that groups will research their assigned topic individually before the next class meeting. 
· This is also the appropriate place for the instructor to have groups explore their topic further [see: “Part 4: Further Exploration (optional activity)”.] Students can use this class period to determine how they will examine the greater implication of phage immunity systems to medicine (pathogenic bacteria, phage therapy, biotechnology, etc.) and other topics within virology and microbiology.
· The instructor should also check students’ understanding of introductory terms for “Part 1” before groups invest significant time into “Part 2”.
· Class period 3: Focus groups working on “Part 2” meet and work collaboratively to explain their assigned topic. They write a collaborative document (slides, text document, or other format). 
· Definition of a focus group: A group of students focused on and dedicated to understanding their assigned topic. It will consist of 3-4 students researching the same topic.
· As an optional additional class period or out of class assignment,  “Part 4: Further Exploration”, can be used to help students explore the implications of phage immunity in a larger context. This would be especially useful if instructors opt to have focus groups make oral presentations to the class as part of whole-class based instruction.
· Class period 4: “Part 3: Peer-Instruction Groups” are students from different focus groups that meet and teach each other the topics they researched in their focus groups. This can be represented as students teaching each other in an informal group setting and provides an opportunity for students to introduce the “further exploration” topic from their previous focus group.
· Definition of a peer-instruction group: A group of students from different focus groups that . It will consist of 3-4 students researching the same topic.
· Class period 5: For the “Part 5: Facilitator-led Class Discussions”, the instructor can have each peer-instruction group give a presentation to the whole class. This presentation should demonstrate a comprehensive understanding of phage immunity, and allows students to demonstrate their scientific knowledge, visual and verbal communication skills, and critical assessment of the importance of phage immunity systems to SEA-PHAGES and the broader scientific community. To ensure participation, facilitators should generate their own discussion questions. 

Optional Lecture on Introduction to Phage Immunity Systems

Make it Yours: Option 1
Prepare students for this assignment by beginning with a lecture on phage multiplication, including lytic and lysogenic cycles, that is supplemented with activities that help students understand the content. 

Make it Yours: Option 2
Scientific literacy can be taught as a primer for phage immunity systems so that students understand how to read a journal article, how to identify credible sources for their research, and how to use that information in their work without plagiarizing. Scientific literacy can be combined with an introduction to phage biology, depending on the needs of the students.

Part 1: Introduction to Basic Concepts
a. Separate students into groups of 3 or 4 students per group.
b. Each group is assigned to research and discuss the fundamental phage biology concept listed below.  This will provide each student with a working vocabulary for phage immunity systems. 
c. The facilitator will provide students with a list of published articles that covers the content they need.
d. Students within the group will teach each other the fundamentals and quiz each other. Allow groups to determine how they will approach this part of the jigsaw project, and the roles they will assume.
e. The facilitator will work with each group to determine the accuracy of the information that is being shared. 
f. Sample Assessment: The facilitator will generate a quiz to test student knowledge.
	Introduction to Terms Associated with Phage Infection of Host cells 

	Here are the topics that students will explore. Please refer to the “Student Activity with Answers” section at the end of the guide for more information.

a. Virulent phage
b. Lysis 
c. Temperate phage
d. Lysogeny
e. Prophage
f. Lysogen
g. Genetic switches-
h. Superinfection, secondary Infection, coinfection
i. Multiplicity of Infection (MOI)
j. Superinfection immunity 
k. Phage insensitivity
l. Phage resistance



Part 2: Focus Groups
g. Once the facilitator determines that all the students in the class have a firm grasp of phage infection, groups are asked to focus on one concept of the two concepts listed below. Also, groups are now considered to be focus groups. 
h. Allow focus groups to choose the topic they would like to research. There should be an equal number of groups studying topics in Column A and in Column B.  In large classes, there may be more than one group studying a topic with permission from the facilitator, or the facilitator may add more concepts to the list. In smaller classes, groups may select more than one topic. The goal is for every topic listed to be explored by at least one group. 
i. The facilitator should establish a master list of each focus group and the role of each student within the group.
j. The facilitator will provide students with a list of published articles that covers the content they need.
k. The facilitator will work with each group to determine the accuracy of the information that is being shared. Below are the topics that students will explore. Please refer to the “Student Activity with Answers” section at the end of the guide for more information.
	Column A: Introduction to Terms Associated with Phage Integration into Host Cells
	Column B: Introduction to Terms Associated with Phage Immunity Systems

	a. Phage Integration Systems
b. Integrase (int)
c. Chromosomal attachment sites (att)
d. Repressor
e. Operator
f. Phage Partitioning systems (parABS)
g. Exclusion proteins

	a. Homoimmunity
b. Heteroimmunity
c. Superinfection exclusion



l. Sample Assessment: The focus group writes an abridged textbook chapter about phage integration or phage immunity.


Part 3: Peer-Instruction Groups
m. After students have gained a greater understanding of their focus group topic, they will be reassigned to new groups so that they can learn from members within the groups about a new topic related to phage immunity.
n. The mechanisms that a prophage uses to remain integrated within a bacterial cell during lysogeny is also used to prevent a secondary infection (superinfection) from a closely related phage species. They should start to see the interconnectedness of these concepts in their peer learning groups, but it should be clearly evident in the whole-class discussions.
o. Sample Assessment: Oral presentations, posters, or videos.

Part 4: Further Exploration (optional activity)
Facilitators may provide additional instructions to help each group explore the concepts they have selected. Students should be able to demonstrate an understanding of phage immunity systems, as well as communicate the relevance of phage immunity to overarching topics of phage biology and the scientific community at large. Below are a few ways to encourage a more encompassing view of phage immunity systems.
p. Contrast the definitions of superinfection in phage biology to the definition of superinfection used in medical microbiology and infectious disease.
q. What mechanisms control phage integration? How do these regulatory systems correlate to superinfection immunity?
r. How do mycobacteriophage immunity systems differ from the classical example of the coliphage λ (lambda)?
s. Prophages can confer their host with a novel phenotype. Please explain how this occurs and provide examples.
t. Determine the cost of maintaining a phage immunity system. 
u. How has phage evolution increased the diversity of phage immunity systems?
v. Assess and discuss the impact and implications of phage immunity systems in the context of:
i. Bacterial evolution
ii. Medicine and treatment modalities such as phage therapy
iii. Health and the human microbiome, specifically the bacteriophage of the virome.
w. Sample Assessment: The peer-instruction group writes a manuscript in the form of a letter to the editor, or a perspectives or opinion piece for a journal, using the format of the journal selected by the facilitator.  

Part 5: Facilitator-led Class Discussions
a. The whole class meets together to discuss what they learned. The facilitator leads this class-based discussion to help refine understanding and underscore learning.
b. The facilitator determines the structure and length of the discussion. 
i. Oral presentations, posters, or videos can be showcased here.
ii. Ask students to share their experiences with collaborative learning and peer instruction. 
c. Students should be able to demonstrate an understanding of phage immunity systems and the wider implications to the scientific community.
d. Sample Assessment:  Each student should submit a summary of what they learned incorporating content from the presentation, along with 3 questions and a critique such as “this course could be improved by”, “group presentations would be better if” and “new topics that could be added are”.

B. Background and Significance
This section provides background information about phage immunity concepts that may be helpful for facilitators who are new to phage immunity systems.

Bacteriophage may be virulent (undergo lysis upon infection) or may be temperature (have the ability to undergo lysogeny and remain with the bacterial host for many generations). Upon infection of a bacterial host, temperate phages must decide whether to lyse the cell or initiate the lysogenic cycle. There is diversity in the lysogenic pathways of temperate phages. Most temperate phages integrate into the chromosome of the bacterial host, but some phages, like coliphage P1, may circularize upon entry and remain in the form extrachromosomal DNA. Prophages that are maintained as independent, circularized DNA encode partitioning proteins (parABS) that ensure each daughter cell receives a copy of the prophage. 
The bacterium with the prophage is now termed a lysogen (i.e., a lysogenized bacterial cell). When a lysogen is formed, it survives and reproduces, and the prophage is stably inherited in subsequent bacterial generations. It is protected from subsequent infections by similar phage in the environment, and this  phenomenon is known as superinfection immunity. The process that a prophage uses to remain within a bacterial cell during lysogeny is also used to prevent a secondary infection, and is a feature of both integrating and non-integrating prophages. How does this work? The classical mechanism for keeping the prophage integrated into the host chromosome is that the prophage expresses a transcriptional repressor protein that blocks transcription of the genes important for the lytic pathway, including proteins used for excision from the host chromosome, replication, virion structure (capsid, portal, terminase, tail, head-tail connectors, etc.), and release from the cell (lysin and holin).
Superinfection immunity happens when the genome of a newly attached phage enters the cytoplasm of the lysogen cell.  Excess phage repressor proteins bind to operators on the incoming DNA, blocking expression of the genes for the lytic cycle. This is analogous to the action of the lac repressor in the lac operon system.  The lac repressor protein binds to a specific DNA sequence in the promoter called an operator, preventing the binding of RNA polymerase.  If students have encountered this in a biology course, they may be able to apply the concepts to the action of the phage immunity repressor binding to an operator that prevents its excision and expression of lytic proteins.
The system gets complicated in nature.  Repressor proteins and the operators they bind to can evolve in populations across generations.  If a phage genome enters the lysogen and the resident phage repressor cannot bind tightly to the operator sequences of the incoming phage, that new phage may be able to express its genes for the lytic cycle, reproduce, and lyse the cell.  The lysogen is not immune to the new phage. Additional complications exist with the actions of other systems that also work to keep other phages out:  restriction, crispr, others…   When the prophage itself controls one of these systems, it is called superinfection exclusion [? not sure if this is right]
C. Potential connections that may help facilitators and students understand the relevance and importance of phage immunity.
1. Phage therapy - 
i. Would you want the therapeutic phage to be temperate?  How could you alter the phage to prevent it from being temperate?
ii. What if the target bacterium already carries a prophage?
2. Human microbiome


D. Facilitator Resources
This section provides the instructor with resources for working with groups and for strengthening fundamental knowledge on phage biology and phage immunity systems.

Working With Student Groups
Here is a sampling of resources that can be used to learn more about jigsaw activities and deciding the group size most effective for collaborative learning.

1. The Jigsaw Classroom (n.d.) https://www.jigsaw.org/

2. Kooloos JG, Klaassen T, Vereijken M, Van Kuppeveld S, Bolhuis S, Vorstenbosch M. Collaborative group work: effects of group size and assignment structure on learning gain, student satisfaction and perceived participation. Med Teach. 2011;33(12):983-988. doi:10.3109/0142159X.2011.588733


Reading Scientific Papers
Here are articles with effective strategies for improving scientific literacy.
3. How to read scientific papers: https://towardsdatascience.com/how-to-read-scientific-papers-df3afd454179

4. The Anatomy of a Research Article: http://aspb.org/wp-content/uploads/2016/04/HowtoReadScientificPaper.pdf

5. How to (seriously) read a scientific paper
https://www.sciencemag.org/careers/2016/03/how-seriously-read-scientific-paper


Phage Biology Resources
Here are websites that can be used to help students concretize their knowledge of phage biology, physiology and ecology.

6. Ask students to review “Chapter 3: Phage Basics” from the online Phage Discovery Guide for a brief introduction to phage biology. (https://seaphagesphagediscoveryguide.helpdocsonline.com/3-0-overview). 
7. Facilitator and students alike should read “Life in our Phage World” which is available as a free PDF download: https://seaphages.org/blog/2014/12/12/life-our-phage-world/

Phage Integration Resources
Here is a list of articles on phage immunity systems. Each subheading highlights the area of phage immunity the paper covers, and each entry provides an overview of the paper. 

a. Phage Integration Systems,  integrase (int), chromosomal attachment sites (att)
Kim et al. 2003. Mycobacteriophage Bxb1 integrates into the Mycobacterium smegmatis groEL1 gene. Mol. Micro. 50(2), 463–473.
Overview: Discovery of the attB and attP sites in cluster A phages, and the recognition sites for the serine integrases. Illustrates using PCR to identify phage integration

b. Repressors
Jain and Hatfull. 2000. Transcriptional regulation and immunity in mycobacteriophage Bxb1
Mol. Micro. 38(5), 971-985.
Overview: This paper is helpful for understanding the function of repressors. It describes the repressor proteins of Bxb1 (A1) and L5 (A2). It compares the sequences of these proteins and also the binding sites (stoperators). It also provides wet lab support for the size of the repressor protein (170 aa for Bxb1), which is helpful for annotation.

c. Operators
Mediavilla et al. 2000. Genome organization and characterization of mycobacteriophage Bxb1
38(5), 955-970
Overview: This paper provides background information about the mechanisms of immunity and how it is investigated in the lab. It shows the genome locations of stoperator (repressor binding) sequences in Bxb1 (A1) and L5 (A2). It also describes immunity testing with A1 and A2 phages.

d. Phage Partitioning systems (parABS)
Dedrick et al. 2016 Function, expression, specificity, diversity, and incompatibility of actinobacteriophage parABS systems. Mol Microbiol. August; 101(4): 625–644.
Overview: Describes the function of the parABS proteins in maintaining plasmid-like copies of the phage DNA in a lysogen.

e. Exclusion proteins
Gentile et al. 2019. More Evidence of Collusion: a New Prophage-Mediated Viral Defense System Encoded by Mycobacteriophage Sbash. mBio 10:e00196-19.
Overview: Cluster I phage Sbash encodes a novel exclusion protein

Montgomery et al. 2019. Yet More Evidence of Collusion: a New Viral Defense System
Encoded by Gordonia Phage CarolAnn. mBio 10:e02417-18.
Overview: Abortive infection defense system in Gordonia phages

Phage Immunity Resources

a. Review of Phage Immunity
Bondy-Denomy J, Davidson AR. When a virus is not a parasite: the beneficial effects of prophages on bacterial fitness. J Microbiol. 2014;52(3):235-242. doi:10.1007/s12275-014-4083-3

van Houte S, Buckling A, Westra ER. Evolutionary Ecology of Prokaryotic Immune Mechanisms. Microbiol Mol Biol Rev. 2016;80(3):745-763. Published 2016 Jul 13. doi:10.1128/MMBR.00011-16


b. Homoimmunity
Pope et al. 2011. Expanding the Diversity of Mycobacteriophages: Insights into Genome
Architecture and Evolution. PLoS ONE 6(1): e16329.
Overview: Demonstrated subcluster-specific homoimmunity in cluster A phages, and correlation with repressor protein sequences and stoperator sequences (Table 6 and Figure 6)

Mavrich and Hatfull. 2019. Evolution of superinfection immunity in Cluster A mycobacteriophages. mBio 10:e00971-19.
Overview: Describes the evolution of mesotypic (genetically related but distinct) immunity interactions, in addition to homotypic and heterotypic.


c. Heteroimmunity
Dedrick et al. 2017. Prophage-mediated defence against viral attack and viral counter-defence. Nature Microbiology 2, 16251
Overview: Cluster N phages exhibit a heterotypic exclusion system and a predicted (p)ppGpp synthetase that confers resistance to superinfection by specific phages

Gentile et al. 2019. More Evidence of Collusion: a New Prophage-Mediated Viral Defense System Encoded by Mycobacteriophage Sbash. mBio 10:e00196-19.
Overview: Cluster I phage Sbash encodes a novel exclusion protein
	
Montgomery et al. 2019. Yet More Evidence of Collusion: a New Viral Defense System
Encoded by Gordonia Phage CarolAnn. mBio 10:e02417-18.
Overview: Abortive infection defense system in Gordonia phages


d. Superinfection exclusion
Bondy-Denomy J, Davidson AR. When a virus is not a parasite: the beneficial effects of prophages on bacterial fitness. J Microbiol. 2014;52(3):235-242. doi:10.1007/s12275-014-4083-3
Overview: In addition to explaining superinfection exclusion, which is phage-mediated  cell surface changes that prevent new phage DNA from entering a bacterial cell, this paper explores how prophages are beneficial to their bacterial host by providing defense from superinfection and increased pathogenicity. 

van Houte S, Buckling A, Westra ER. Evolutionary Ecology of Prokaryotic Immune Mechanisms. Microbiol Mol Biol Rev. 2016;80(3):745-763. Published 2016 Jul 13. doi:10.1128/MMBR.00011-16
Overview: In addition to explaining superinfection exclusion, this paper reviews the mechanisms of innate and adaptive immunity in bacteria.


C.  Development of Scientific Skills
This activity addresses 9 of the 10 student learning outcomes outlined in “Model for Becoming a Scientist” (Hanauer, unpublished) including: encourage independence, encouraging peer collaboration, instructor mentorship, explicit discussion, facing ambiguity, modeling scientific thinking, encouraging engagement and enthusiasm, encouraging persistence, and scientific output. It does not directly emphasize an understanding of protocols and training, although students will explore this aspect while investigating phage immunity.




Student Activity with Answers

Part 1: Define (For each student)

Superinfection immunity is associated with the presence of a prophage within a bacterial cell. Before exploring your group assignments, please reinforce your knowledge of the fundamentals of phage biology. Begin by briefly defining each of the following terms (1-2 sentences). If you are being introduced to a term for the first time, please provide a longer explanation.
a. Virulent phage- bacteriophage that causes the destruction of the host bacterium by lysis.
b. Lysis- the disintegration of a cell by rupture of the cell wall or membrane. caused by phages in this example leading to a release of newly formed virions.
c. Temperate phage-are bacteriophages that can choose between the lytic and the lysogenic pathways of development. In the lysogenic pathway, the virus remains dormant until induction.
d. Lysogeny- is characterized by integration of the bacteriophage nucleic acid into the host bacterium's genome or formation of a circular replicon in the bacterial cytoplasm.
e. Prophage- A prophage is a bacteriophage genome inserted and integrated into the circular bacterial DNA chromosome or exists as an extrachromosomal plasmid. 
f. Lysogen-A lysogen or lysogenic bacterium is a bacterial cell which can produce and transfer the ability to produce a phage.
g. Genetic switches- regulatory elements that control gene expression.
h. Superinfection, secondary Infection, coinfection- terms involved in a second infection of a bacterium by a phage.
i. Multiplicity of Infection (MOI)- is a frequently used term in virology which refers to the number of virions that are added per cell during infection.
j. Superinfection immunity- The ability of a phage to cause a second phage to be unable to infect the host cell through repressor-mediated immunity or exclusion.
k. Phage insensitivity- A bacterium that is resistant to phage infection.
l. Phage resistance- In the scientific literature any strain that a particular phage is unable to form plaques on (replicate in) will be defined as resistant.


Part 2: Explore (For Collaborative groups)

Each group will be tasked with exploring a key concept associated with phage immunity systems.

Phage Integration Groups: 

a. Phage Integration Systems- The cis and trans- genetic requirements for integration of phage DNA into the genome of the host.
b. Integrase (int)- Phage integrases are enzymes that mediate unidirectional site-specific recombination between two DNA recognition sequences (phage attachment site, attP, and the bacterial attachment site, attB). 
c. Chromosomal attachment sites (att)- att sites are the loci on a phage and the bacterial chromosome at which recombination integrates the phage into, or excises it from, the bacterial chromosome.
d. Repressor- any protein that binds to DNA and thus regulates the expression of genes by decreasing the rate of transcription.
e. Operator- An operator is a genetic sequence which allows proteins responsible for transcription to attach to the DNA sequence. The gene, or genes, which get transcribed when the operator is bound are known as the operon.
f. Phage Partitioning systems (parABS)- A pair of genes designated parA and parB are encoded by many low copy number plasmids and bacterial chromosomes. They work with one or more cis-acting sites termed centromere-like sequences to ensure better than random predivisional partitioning of the DNA molecule that encodes them
g. Exclusion proteins- commonly achieved by interfering with the injection or replication of superinfecting phage through alterations to the cell surface of the host. This is often accomplished through expression of proteins that can modify antigens on the surface.

Phage Immunity Groups: 

d. Homoimmunity- phage repressor-mediated immunity of a bacterium to infection by a phage of the same kind as that carried in the prophage state.
e. Heteroimmunity- Characteristic of two temperate phages where a prophage of one type fails to display immunity against a second type; specifically, their repressor proteins do not effectively bind the operators on the other phage genome.
f. Superinfection exclusion- This refers to not allowing adsorption or injection of superinfecting phage through alterations to the cell surface of the host. This is often accomplished through expression of proteins (Sie) that can modify antigens on the surface.

