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CRISPR/Cas9 in Yeast: A Multi-week Laboratory Exercise
for Undergraduate Students
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Abstract

Providing undergraduate life-science students with a course-based research experience that utilizes cutting-edge
technology, is tractable for students, and is manageable as an instructor is a challenge. Here, | describe a multi-week
lesson plan for a laboratory-based course with the goal of editing the genome of budding yeast, Saccharomyces cerevisiae.
Students apply knowledge regarding advanced topics such as: CRISPR/Cas9 gene editing, DNA repair, genetics, and
cloning. The lesson requires students to master skills such as bioinformatics analysis, restriction enzyme digestion, ligation,
basic microbiology skills, polymerase chain reaction, and plasmid purification. Instructors are led through the technical
aspects of the protocols, as well as the teaching philosophy involved throughout the laboratory experience. As it stands,
the laboratory lesson is appropriate for 6-8 weeks of an upper-level undergraduate laboratory course, but may be adapted
for shorter stints and students with less experience. Students complete the lesson with a more realistic idea of life science
research and report significant learning gains. | anticipate this lesson to provide instructors and students in undergraduate
programs with a hands-on, discovery-based learning experience that allows students to cultivate skills essential for success
in the life sciences.

Citation: Ulbricht, RJ. 2019. CRISPR/Cas9 in yeast: a multi-week laboratory exercise for undergraduate students. CourseSource. https:/doi.org/10.24918/cs.2019.19
Editor: Jennifer Knight, University of Colorado Boulder
Received: 10/26/2018; Accepted: 02/12/2019; Published: 05/31/2019

Copyright: © 2019 Ulbricht. This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License, which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original author and source are credited.

Conflict of Interest and Funding Statement: This work is supported by the Biomedical Sciences Department at Missouri State University. The author does not have a financial, personal, or
professional conflict of interest related to this work.

Supporting Materials: S1. CRISPR in Yeast - Lecture; S2. CRISPR in Yeast - Sample Assessments; S3. CRISPR in Yeast - Laboratory Manual; S4. CRISPR in Yeast - Instructor Notes; S5. CRISPR in
Yeast - Lab Report Rubric; and S6. CRISPR in Yeast - Data Analysis.

*Correspondence to: 901 South National Avenue Springfield, MO 65897. Office phone: 417-836-5730 Email: RandiUlbricht@MissouriState.edu
Learning Goal(s) Learning Objective(s)
Week 1: CRISPR Design

e Increase students’ understanding of scientific sub-disciplines e Locate the coding sequence, flanking sequence, protein

such as genetics, microbiology, and molecular biology. product, and characteristics of a given gene from the
® Increase students’ understanding of CRISPR/Cas9 gene editing. Saccharomyces Genome Database (https:/www.yeastgenome.
e Develop and refine practical skills related to work in a org/).

biological laboratory. e Design and defend the design of guide RNA and single stranded
e Develop and refine scientific reasoning by: template for DNA repair in CRISPR/Cas9 gene editing studies to
e Designing scientific experiments and/or developing biological generate Saccharomyces cerevisiae auxotrophic mutants.

tools that apply to scientific problems.
e Critically examining scientific evidence and applying inferences Week 3-4: Cloning

to new scenarios. e Describe the qualities of the vector, pML104, that allow
e Communicate scientific knowledge, findings, and process. replication and selection in bacteria and yeast as well as allow
e Appreciate the complexity and ambiguity of authentic scientific expression of necessary factors in CRISPR/Cas9 genome editing,

research. including Cas9 and sgRNA.

e Describe the rationale of and perform procedures necessary
for cloning a small cassette (i.e., sgRNA gene) into a vector
(i.e., pML104) including; restriction digest, annealing of DNA
strands, removal of 5" phosphates, ligation, and transformation.

e Recognize and design appropriate controls for cloning
procedures such as ligation and transformation.

Week 5: Screening Clones

. Describe the method of polymerase chain reaction (PCR),
including the rationale for essential components of a reaction
mixture and thermal-cycling conditions.

e Locate the binding sites of and design primers for PCR, then
report the expected size of the amplification product.

e Describe and perform isolation of plasmid DNA from E. coli.
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Week 6: Selection of clones and transformation of yeast

e Describe the rationale for and perform procedures to transform
yeast, including the essential components of a transformation
mixture and conditions necessary for transformation.

e Describe the basic conditions required for cultivating yeast.

e Describe the rationale for and perform agarose gel
electrophoresis of a given size of DNA.

*  Analyze DNA separated by agarose gel electrophoresis,
including size estimation.

*  Recognize and describe the qualities of a template for DNA
repair that allows efficient DNA repair.

Week 7: Phenotypying
*  Design an experiment to determine auxotrophic phenotypes.
e Predict the outcome of multi-step experiments.

Multiweek

e Recognize and describe conditions necessary for growth of E.
coli and S. cerevisiae.

e Qualitatively and quantitatively analyze scientific data
from scientific experiments, including bacterial and yeast
transformation, agarose gel electrophoresis, extraction of
plasmid DNA from bacteria, PCR, and auxotroph phenotypic
analysis.

e Communicate science to peers through maintenance of a
laboratory notebook, verbal communication with group
members, and writing of a formal laboratory report written in a
format acceptable for journal publication.

e Troubleshoot scientific protocols by identifying procedures that
are prone to error, comparing recommended protocols to actual
procedure, and using positive and negative controls to narrow
the location of a potential error.

e Communicate specific potential or actual uses of CRISPR/Cas9
in science and/or medicine.

INTRODUCTION

Undergraduate biology students benefit from authentic
research experiences. The benefits of research participation
are clear: They include clarification of a career path and
enhancement of conceptual learning, problem solving
skills, laboratory skills, resilience, and independence. The
definition of an “authentic” research experience is less
clear: Most definitions include engagement in the process of
science (experimental design, data collection and analysis,
and technical skills), as well as communication of scientific
principles (1-4). Both course-based undergraduate research
experiences (CURE) and individual undergraduate research
experiences (URE) can provide the opportunity to learn
elements of the process of science. However, with exposure
and experience, student views of the scientific process
become more complex (5), representing “authentic” science.
In practice, the scientific process starts with observations and
inquiry, then proceeds to identification of a research question,
design of experiments to answer the question, followed by
collection and analysis of data. Then, rather than proceeding
directly to drawing conclusions, the process typically diverts
to a trouble-shooting stage before circling back to revisit the
research question, requiring redesign of the experiments.
The outcome, at times, is the generation of novel data for
consumption by the scientific community. However, results
are often inconclusive, and/or lacking in interest to the
scientific community. Some educational authentic research
experiences include the creation of novel, publishable
data of interest to the scientific community to be a defining
characteristic. Programs with the goal of data product often
do not accomplish that goal, but still show significant learning
outcomes (1,6). Moreover, students within some course-base
laboratory programs designed without the intention to generate
novel data still report their experiences as “authentic” (7).
Altogether, the outcomes associated with product-centered
research experiences may also be achieved with intentional
design, even when they do not produce novel data (7).

| describe a laboratory activity that employs discovery-
based learning to integrate molecular biology concepts and
the process of science to maximize learning. Students are
instructed in the concepts underlying advanced laboratory
skills including molecular cloning, bacterial transformation,
yeast genetics, and PCR. Students are expected to analyze
and integrate this knowledge by contributing to experimental
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design and trouble-shooting unsuccessful attempts. The
concepts and skills are divided into mini-goals that connect
across multiple exercises to have the ultimate outcome of
site-specific editing of a eukaryotic genome. While there are
multiple opportunities for student contributions, the choices
are constrained to minimize the load on instructors.

Student engagement in the activity is maximized in part due
to use of technology that is on the cutting-edge of life science
research. Clustered regularly interspaced short palindromic
repeats (CRISPR) gene-editing technology is at the forefront of
scientific inquiry. Several mentions of CRISPR in mainstream
media have piqued the public curiosity. A large part of the
excitement over CRISPR is its relative simplicity in design
and use, which makes it an optimal tool for use in teaching.
Institutions such as Rollins College and University of New
Mexico have described CRISPR/Cas9-mediated engineering
of zebrafish and Drosophila genomes, respectively, in
undergraduate laboratories with positive outcomes (8,9). Here,
| describe a laboratory activity using CRIPSR/Cas9 to modify
the genome in baker’s yeast, Saccharomyces cerevisiae, a
eukaryotic model organism that is easy and inexpensive to
maintain. Overall, the laboratory experience is tractable to
undergraduate students and can be performed with limited
materials and expertise.

Introduction to CRISPR

CRISPR is a genome-editing technology that was initially
discovered in bacteria, where it serves as an innate immune
system. CRISPR-associated (Cas) proteins are double-stranded
endonucleases that are guided to cleave DNA at sites specified
by an antisense base-paired CRISPR RNA (crRNA). Trans-
acting crRNA (tracrRNA) binds both crRNA and Cas protein,
linking the two so that the crRNA can guide Cas proteins to a
complementary sequence of DNA. The only constraints for the
ability of Cas (commonly Cas9) to cleave the DNA is that it
has a region complementary to the 20 nucleotide crRNA that
is immediately upstream of an NGG protospacer-adjacent-
motif (PAM) (10,11). Scientists have simplified the system even
further by fusing tracrRNA and crRNA into a single guide RNA
(sgRNA) (12).

Repair to the CRISPR-generated double-stranded break can
occur through one of two mechanisms; precise homology-
directed repair (HR) and error-prone non-homologous end
joining (NHE)). NHE] can be harnessed to generate random
insertion and/or deletions (indels) at the site of the break, while
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HR can be used to integrate targeted alterations to the genomic
sequence near the break (13). HR requires a homologous
strand of DNA to serve as a template for repair. In a diploid
organism, the opposing allele may be used as a template,
generating two similar alleles. In S. cerevisiae, double stranded
genome break repair is performed almost exclusively through
HR (14). In order for the double stranded break to be repaired
in haploid yeast strains, a homologous donor sequence must
be incorporated into the cell to facilitate homologous repair.
A synthetic single stranded oligonucleotide (sSODNA) is
often used as a template for homologous repair after genome
cleavage (15), directing HR to incorporate specified insertions,
deletions, or mutations to the affected region of the genome
(Figure 1 and Figure 2).

The Student Experience

In the pilot of this laboratory, | provided students with
a strain of S. cerevisiae and guided them through the
experimental design to use CRISPR/Cas system to mutate
the TRP1 gene, and produced tryptophan auxotrophs. While
mutation of this gene provides a tractable phenotyping regime
that is practical, relatively easy for students to understand,
and has low technical barriers, it also eliminates one potential
element that could contribute to student engagement: novel
data production. | argue that the intentional design of the
activity provides significant learning outcomes in its current,
relatively simple format. Novel data could be generated
with only slight modifications to the current exercise. For
instance, since the design of the crRNA and HR template is
left largely up to the students, students are generating novel
data regarding the qualities (i.e., sequence, genomic location,
length, etc.) of crRNA and template sequences that are optimal
for CRISPR/Cas9 gene editing to occur in yeast, a subject that
remains relatively unclear in the literature (reviewed in 16).
Alternatively, instructors may adapt this protocol to disrupt any
gene of interest in the yeast genome, and could then apply
the produced yeast strain toward the production of novel data.

While students are provided with intentional instruction on
the concepts required for understanding, and instructed on
the considerations for design, implementation, interpretation,
and troubleshooting of procedures independently, they are
responsible for significant elements of the scientific process.
The added activity of a comprehensive written report provides
them with an opportunity to become more proficient and
comfortable with scientific communication. Students report
significant gains in the process of science, but also in their
understanding of concepts related to this course and other life
science courses. Overall, students come away with a more
realistic understanding of the research and report significant
learning outcomes (Figure 3).

Intended Audience

Participants were upper-level undergraduate or lower level
graduate students in a molecular biology course at a primarily
undergraduate, public four-year institution. The course is a
required for completion of the degree in Cell and Molecular
Biology from the Department of Biomedical Sciences, but
is also open to Agriculture and Biology terminal master’s
students at the University. The number of students in each
course laboratory section varied between 14 and 22.
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Required Learning Time

The course is a 15-week long semester. However, the
described learning activities are accomplished in 6-8 weeks
of the course. The laboratory class period is 2 h 50 min long,
one day a week. Some student out-of-class time is used for
preparation or data collection. The course was first taught in
the Spring of 2016 and was run in three semesters, with at least
three sections each semester.

Pre-requisite Student Knowledge

Prerequisites for the course for which this activity was
designed include completion of genetics, biochemistry and
molecular cell biology courses, all containing laboratory
components. In the lecture component of the course before the
start of the laboratory exercise described here, students receive
content knowledge and are assessed on DNA replication (in
eukaryotes and prokaryotes), DNA repair, and CRISPR/Cas9
technology.

Pre-requisite Teacher Knowledge

Instructors should have some skills and/or knowledge of
basic molecular biology, including molecular cloning, and
yeast and bacterial culturing. Content knowledge on DNA
repair mechanisms (specifically double-stranded break repair)
is required and can be obtained through most genetics,
biochemistry, molecular cell or molecular biology text books
(e.g., 17-19). Knowledge of the mechanisms and uses for
CRISPR/Cas9 gene editing is also required and can be obtained
readily (reviewed by (13,20,21).

SCIENTIFIC TEACHING THEMES
Active learning

This exercise provides students with an undergraduate
research opportunity, an experience that is the epitome of
active learning.

Assessment

Survey

Self-reported learning gains were assessed through survey
completion. Surveys were administered anonymously via
Salgsite.org. Likert scale questions were offered with the
following options: no gains, little gain, moderate gain,
good gain, great gain, and not applicable. Separate prompts
requested student comments. All study protocols were
approved by institutional IRB (protocol identification number
FY2018-784).

Lab Notebooks

Student notebooks are used to assess preparation for each
laboratory, as well as observations, data collection, and data
analysis. Before the start of each laboratory exercise, students
submit an introduction, materials and methods, and expected
results portion of the lab notebook. The one page referenced
introduction explicitly states the research goal and provides
information necessary to the understanding of the goals and
processes in the laboratory. Prompts are provided in the lab
handout to direct students on some elements that should
be included in this introduction. Students are encouraged
to write the introduction after the materials and methods,
addressing specific questions they had about the protocol
in the introduction. The introduction is designed as practice
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in scientific writing, in addition to assessment of the content
(accuracy and completeness of background). Extensive
feedback is provided on elements of scientific writing,
including sentence and paragraph structure, formatting of the
references and in-text citations, third person narrative, etc.
Formatting is determined by the required text, “A Short Guide
to Writing in Biology” (22).

The materials and methods section of the laboratory
notebook is based on the protocol given in the lab handouts.
However, there are often places where students need to
provide additional details not provided in the handouts. For
instance, the lab handout might say to “pour an agarose
gel” whereas each student’s materials and methods section
should explicitly write out the directions for this, including the
amount of agarose and the volume of buffer. This is intended
to provide a framework for experimental protocols but also
provide an opportunity for students to solve problems and
apply their skills and knowledge. The students in this setting
have experience with basic lab techniques from at least four
previous laboratory courses, as well as in the early weeks of
this course, and therefore, are more than capable of transferring
those skills to this laboratory. Students with less experience will
likely need to be provided with more resources and guidance
during and immediately before each exercise. | have recently
began providing some content on the course website several
days before the labs are due to provide additional guidance
through areas that are troublesome for students (Supporting
File ST: CRISPR in Yeast - Lectures). Additional mini-lectures
by the instructor at the start of each lab often help students
complete or correct misconceptions or errors in the protocol.
Students are also encouraged to consult with peers to address
any inconsistencies in the materials and methods, prior to
performing experiments. To minimize time spent grading the
materials and methods, the instructor may grade for simple
completion or choose 1-3 elements (e.g., reaction conditions,
culture volumes) within the materials and methods to assess.

From the instructor perspective, the expected results
portion of the lab notebook provides the most information on
conceptual understanding. Students are expected to develop
a hypothesis, a critical element for an authentic research
experience, but also, to be able to visualize the product(s) of
the assay based on this hypothesis. A common mistake is to
state the hypothesized conclusion, but not actually describe
the evidence that will support or reject the hypothesis. | have
had success limiting the expected results to a few sentences,
and even encouraging students sketch their anticipated data.

The final piece of notebook assessment is the results and
data interpretation. The results are checked for completion
(and feedback provided) in the week following the lab, but
are collected and stringently graded twice during the semester.
The format of results is standardized as much as possible
according to the required writing text (22). For example, all
figures must have a figure number, descriptive title, legend and
be fully labeled. The results should be described in text, and
the meaning or interpretation of the results discussed. When
experiments fail, students are asked to hypothesize reasons
for this, and describe a potential solution for this problem.
Some students recognize this exercise of data interpretation
and troubleshooting as helpful in development and practice
of critical thinking skills: “I will carry with me confidence in
troubleshooting experiments, drawing my own conclusions...”,
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“I think this course helped me with critical thinking, especially
if something in the experiment went wrong, | was required to
think about what could have possibly gone wrong and how [
could fix it if | was going to redo it.”

Exams

The students are assessed for their understanding of topics
with two formal exams. The first exam is given the week
following the dry lab design exercise (Table 1 Lesson Plan
Timeline). The topics included in this exam are discussed and
practiced in the introductory laboratory exercises (i.e., sterile
technique, DNA isolation, restriction enzyme digest, agarose
gel electrophoresis, etc.) and, importantly, in the practical
design of CRISPR-based experiments in yeast. The assessment
is both practical and formal. For the practical portion, students
are asked to describe how to do techniques, or to perform
exercises parallel to those done in class. For example, they
are asked to retrieve sequence information from genome
databases, design guide RNA that will target CRISPR/Cas9
to knock-out gene expression from a given gene, describe
how to streak a plate for individual colonies, etc. The exam
also assesses the students’ retention of concepts discussed in
the lab, including their understanding of the purpose and/or
principle behind techniques and solutions (Supporting File S2:
CRISPR in Yeast - Sample Assessments). Students are assessed
after the design of their CRISPR-based experiments, but before
its application to allow the students and instructors to proceed
confidently with the CRISPR experiments, but also to provide
instructors with time to prepare and order materials necessary
for the student-designed portion of the project.

A final practical exam assesses student understanding of
laboratory methods, reagents, and practices relevant to the
gene editing. This exam takes place the same week that formal
lab reports are also due, with the goal of assessing assimilation
of knowledge that was compiled in the formal report
(Supporting File S2: CRISPR in Yeast - Sample Assessments).

Formal Lab Reports

Each student must write a formal lab report over the entire
CRISPR gene editing in yeast laboratory exercise. These
reports are modeled after a primary research article, with an
introduction, materials and methods, results, and discussion.
To encourage early writing, limited portions of the lab reports
are turned into the instructor as early as week 2. The material
assessed in these early drafts is limited (i.e., materials and
methods from cloning week 1, or results from cloning lab
2), to limit load on the instructor and students. The drafts are
low stakes (points awarded for completion) and feedback is
designed to provide progressive guidance on scientific writing.
Specific instruction in science writing is provided during
portions of the laboratory with wait times (i.e., incubations).
The lab report rubric (Supporting File S5: CRISPR in Yeast -
Lab Report Rubric) is provided to the students during these
discussions. Instructor feedback can be streamlined with the
rubric. It is also possible to orchestrate peer-reviews of drafts
during the laboratory section, or outside of class.

The lab reports provide an opportunity to assess the ability of
students to communicate their understanding of the laboratory
procedure, goals and outcomes to an audience of their peers.
This communication is a pillar of the authentic research
experience (1). Indeed, students report significant gains in
their ability to and comfort with scientific writing (Figure 3B).
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Moreover, the lab report is an opportunity to compile the
separate pieces of the exercise, making connections between
the content and skills gained through the weeks. Students
report significant gains in the ability to make these connections
(Figure 3A), likely due, in large part, to lab reports. One
student commented, “The lab report forced me to understand
the bigger picture of what we did throughout the entire course
of the semester.”

Inclusive teaching

As a CURE, this lesson provides students with an
opportunity to participate in and interact with science in a
way that overcomes significant barriers, giving a wider range
of students the opportunity to see themselves and their peers
as scientists (23). As student-scientists, they are required to
prepare rationales and protocols (in the form of introduction,
procedures, and expected results) ahead of individual
experiments, giving time and framework to assemble their own
questions and answers to problems. This strategy encourages
active participation by students who are less likely to
participate in discussion (24). The lesson and its structure also
gives students the freedom to make decisions (and mistakes)
regarding the process with minimal judgement or interference
from instructor. Students are instead encouraged to utilize peer
groups to validate or defend their own ideas. This provides a
cooperative learning experience where the outcome of peer-
discussions will determine students’ performance in the lab
(25). Weekly feedback on individual writing assignments
provides another opportunity for inclusive teaching (24), but
also can be used, along with formative assessments, to correct
any misconceptions stemming from misguided student-led
learning.

LESSON PLAN

The lesson plan is provided in modules: design, molecular
cloning, screening of clones, yeast transformation,
phenotyping, and genotyping (optional). Each module takes
place in 1-2 class periods (or weeks). Each class period begins
with a brief instructional period to clarify common points of
misconception and provide more explicit instruction (i.e.,
where to find materials, how to operate equipment, etc.).

CRISPR Design

Students are asked to design an experiment using CRISPR/
Cas9 to generate yeast tryptophan auxotrophs by creating
mutations in the TRPT gene. Students have mastered the
ability to design crRNA and recognize PAM sequences within
a given gene or short stretch of DNA sequence in the lecture
component. The student laboratory manual (Supporting File
S3: CRISPR in Yeast - Laboratory Manual) guides students
through: 1. Obtaining the sequence of a yeast gene, 2.
Designing sgRNA recognition sites in the gene that potentially
disrupt the gene, and 3. Designing a template for repair of
the gene after cleavage. The activity can be completed in
groups (I limit groups to a maximum of three students per
group). This activity requires each student to have access to
a computer with access to the internet and word processing.
The laboratory begins by instructing students on concepts
including an overview of yeast genetics and auxotrophy, DNA
repair, Cas9 and guide RNA recognition are also reviewed.
While students are familiar with homology-directed repair and
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that a homologous template is used in this repair pathway, they
are unfamiliar with the specific qualities that a template must
possess to be a template for repair, therefore, these concepts
and data to support the specific qualities of an appropriate
template for DNA repair are discussed in depth.

This dry bioinformatics exercise is entered into laboratory
notebooks similar to other wet labs, where each entry (or
exercise) has an introduction (with in-text citations and
references), materials and methods, expected results, results/
data interpretation. The results for the design lab should
include the full TRPT gene sequence from yeast, the location
and sequence of at least three sgRNA binding sites on this
gene, and the sequence of a single stranded template for
DNA repair. All resources used to generate this data should
be referenced in the laboratory notebook. The interpretation
portion of the results should include a discussion about the
expected phenotype and genotype of yeast that would be if the
experiment were performed successfully.

In order to move forward with student-led experiments, |
chose to collect all of the student-designed guide RNAs, then
select the most common RNAs for further experimentation
(many of the guide RNA recognition sites recur or overlap
between lab groups). | limit the number of RNAs chosen for
budgetary reasons and to reduce confusion on the part of
instructors, however, it is possible to allow each individual
group to proceed with their own chosen guide RNA.
Hybridization of complementary oligonucleotide pairs yields
double-stranded regions containing the sgRNA gene sequence,
as well as ends that are compatible with direct cloning into
Swal and Bclll site of the CRISPR/Cas9 expression vector,
pML104 (26). Synthetic oligonucleotide pairs were ordered
from Integrated DNA Technologies. It typically takes 2-3 days
for standard processing and shipping.

Possible modifications to shorten the timeline of the overall
exercise is to instead provide students with instructor-designed
sgRNAs. Instructors could use this design exercise as practice
or a demonstration on how the guide RNAs were designed, or
perhaps reverse the activity and ask them to map the gene that
the given RNA targets, the Cas9 cut site and a possible DNA
repair template.

Molecular Cloning

I chose the plasmid pML104 for expression of the
essential components for CRISPR/Cas9 gene editing: Cas9
endonuclease and sgRNA (26). pML104 has a two restriction
sites for directional cloning of small dsDNA cassette that
allows production of an sgRNA from an RNA Polymerase lII
promoter. | allow students to purify their own plasmids from
dam mutant E. coli in the practice portion of the laboratory,
prior to discussion of CRISPR. Alternatively, the instructor
may provide prepared pML104 to students. Since one of the
restriction enzymes necessary for cloning (Bcll) is blocked by
Dam3 methylation, it is important to consider the type of E. coli
strain used to amplify pML104. Two separate oligonucleotides
are required for cloning of each student-designed sgRNA gene
cassette (Figure 1). | order these oligonucleotides with the
proper adapter sequences for cloning into pML104, however,
it is possible to allow more advanced students to design these
oligonucleotides. The sequences of the oligonucleotides are
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anneal sgRNA gene
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Figure 1. Experimental Overview. Graphical summary of the experiments to disrupt the TRPT gene in yeast. pML104 (blue) is digested to generate asymmetrical
DNA ends, while the sgRNA gene cassette (orange) is generated by annealing synthetic DNA oligonucleotides. Digested pML104 and the sgRNA gene cassette are
ligated to form circular pML104/sgRNA, then transformed into E. coli for selection and amplification. pML104/sgRNA is isolated from E. coli and then transformed
into yeast along with a ssODNA (purple), which will serve as the template for DNA repair. Mutants can be detected by lack of growth on media lacking tryptophan

(- Tryptophan) but growth on media containing tryptophan (+ Tryptophan).

shared with students, as well as the reasoning behind the
design. They are expected to map the location of sgRNA gene
cassette cloning on pML104, and then map the location in
the yeast genome targeted by their chosen guide RNA (if not
already mapped in previous exercises).

The cloning of the double-stranded sgRNA gene cassette
into pML104 is divided between two class periods. In the first
class period, the plasmid is digested and oligonucleotides are
annealed to generate the cassette for cloning (Figure 1). The
published protocol for cloning in pML104 suggests digestion
and gel purification of pML104 (26). In the interest of time, |
modified the protocol to dephosphorylate the vector and purify
by phenol/chloroform extraction instead. Either technique
will prevent recircularization of the vector. In the second
period, the sgRNA gene cassette generated from annealed
oligonucleotides is ligated into digested pML104 using a
rapid DNA ligation kit, then transformed into E. coli (Figure
1). I chose to purchase chemically competent E. coli cells for
transformation (Invitrogen, sub-cloning efficiency DH5alpha),
however, protocols to generate chemically or electro-
competent cells in-house are widely available (27). Students
are expected to conduct appropriate control experiments,
such as a positive control for bacterial transformation and a
negative control for ligation. A description of each control and
its purpose can be provided by the instructor, however, | chose
to guide students through the reasoning behind the selection
of controls and then allow them to decide on the controls
they will conduct. The results from the cloning portion of the
lab should include an estimation of transformation efficiency
(formula and description provided in Supporting File S3:
CRISPR in Yeast - Laboratory Manual) from both experimental
and control plates. Students should speculate the reason for
growth or no growth on selective experimental plates, based
on control plates.
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Providing students with an instructor-cloned sgRNA is one
way to shorten the timeline of the overall experiment by at least
two weeks. This modification would also lower the barriers
for less experienced students, and provide a more direct path
from design of CRISPR/Cas9 experiments to implementation.
With this modification, the next steps to screen the clones
would be optional.

Screening Clones

Screening for insertion of the sgRNA gene cassette into
pML104 is accomplished using PCR. But first, students select
colonies of transformed E. coli and isolate plasmid DNA.
Students are responsible for starting their own selective cultures
(as well as a negative control) the afternoon before their class
is scheduled. Students who forget to start cultures or fail to see
growth can either opt to perform the procedure during another
lab section, on their own time, or obtain a portion of a culture
from another group. We have tried an alkaline lysis/ethanol
precipitation mini-prep plasmid isolation protocol (27,28), as
well as a kit (Promega SV miniprep). The results from the kit
are substantially more reliable, and result in fewer errors by
students. | take care to discuss the contents and purpose of
all materials in the kit, as well as alternative DNA purification
methods.

PCR is used to screen for the presence of the sgRNA gene
cassette within pML104 backbone. | use a PCR master mix
that contains all necessary PCR components, except template
and primers. The use of this mix helps prevent common
student errors (pipetting, missing reagents, etc.), but care
should be taken to fully explain the contents of this mix. The
primer sequences are provided (Supporting File S3 CRISPR
in Yeast - Laboratory Manual). In the preparation for the lab,
students are asked to locate the primer binding sites on the
plasmid map, and predict results. Some suggestions that can
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help students locate primer binding sites are provided in a
PowerPoint file available to students before class (Supporting
File S1: CRISPR in Yeast - Lectures). The primer design may be
delegated to individual students or groups. However, | chose
to use instructor-validated primers to minimize ambiguity of
the results. | break the screening up into class sessions: in the
first week, DNA is isolated and PCR amplification is started.
The next week, agarose gel electrophoresis is used to visualize
the PCR products. Results will include estimations of plasmid
concentration and purity from spectrophotometer readings,
an annotated photograph of the agarose gel, a standard curve
generated from the molecular size markers, and an estimation
of all PCR product lengths (using the standard curve). From
these results, students should speculate whether each chosen
colony contains the desired DNA plasmid.

If no colonies appear on experimental plates or no positive
clones are observed, there are a few options: Students may
proceed using instructor cloned sgRNA, students may proceed
using sgRNA cloned by other student groups, and/or students
may repeat cloning steps on their own time, or during class.
Having students repeat failed experiments is advantageous in
that they receive extra practice, and the process of assessing
each step to determine which may need alteration can help
students understand and retain information about the purpose
of each individual step. The advantage to students proceeding,
despite failed cloning, is that everyone stays on the same
schedule, easing the instructor’s load.

Yeast Transformation

With their pML104/sgRNA clones in hand, students proceed
with transformation of haploid, wild-type (TRP1) yeast (Figure
1). The pML104/sgRNA is transformed into yeast along with an
instructor-designed, single stranded, synthetic piece of DNA
(ssODNA, Figure 1). The ssODNA is about 90 nucleotides
long and has arms of homology, which are similar or identical
to the genomic DNA on either side of the Cas9 cleavage site.
After Cas9 cleaves the genomic DNA, the ssODNA will serve
as a template for homologous repair (Figure 2). The ssODNA
should deviate from the TRP1 genomic sequence so that
the repaired gene will have a frameshift and/or premature
stop codon near the Cas9 cleavage site. Moreover, the PAM
sequence of the guide RNA should be disrupted to prevent
repeated cleavage (and cell death) of the trp7 gene after repair
(13,16,26). The ssODNA can be ordered from IDT but should
be PAGE purified (instead of standard desalting) to ensure that
the full length ssODNA is delivered.

Controls for yeast transformation and gene editing are
decided by students. They are encouraged to include a
negative control (no expected growth), a positive control
for transformation, and an experimental plate that contains
the template for homologous repair as well as their cloned
pML104/sgRNA. In early versions of the exercise, students
made their own plates for selection of transformed yeast,
including mixing media, autoclaving the media, and
pouring plates. | felt this activity would contribute to critical
thinking about the purpose of the plates, selection, and yeast
auxotrophs; however, the number of mistakes in making
solutions and misunderstanding (regarding the amino acids
to add in or leave out) led to an overwhelming number of
ambiguous results. In the final version, the plates for selection
of pML104 positive yeast (synthetic complete, lacking uracil)
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Figure 2. Repair of CRISPR/Cas9-Mediated dsDNA Break. gRNA (orange)
recognizes the TRP1 gene (black) by base pairing to one strand immediately
upstream of a PAM sequence. The gRNA is fused to tracrRNA (green) to form
a sgRNA. Cas9 endonuclease is guided to cleave the TRPT gene by sgRNA
recognition. The ends of cleaved DNA are resected. A 3’ overhang will base
pair to homologous sequence (purple) within the provided ssODNA template
(strand invasion). The ssODNA also contains the desired mutation to disrupt
the TRP1 gene (insertion, deletion, and/or substitution; blue). The 3" end of the
genomic DNA is extended by DNA polymerase (repair synthesis), copying the
sequence from the ssODNA. The extended 3 end ligates with the resected 5’
end in the TRPT gene. The gap in the opposite strand is filled by DNA synthesis
and ligation.

were provided by the instructors. Student results/data analysis
should include descriptions of control and experimental
growth as well as mathematical estimation of transformation
efficiency.

Phenotyping

Finally, in the last weeks of the lab, the students pick yeast
colonies from control and experimental transformed yeast
to determine if the TRPT gene has been disrupted (Figure
1). While there are several methods to assess yeast growth
for phenotyping, | chose a spotting protocol where yeast
colonies are suspended in water, and a small volume from
a series of dilutions is spotted on a control (rich media or
synthetic complete media), and phenotyping (synthetic media,
lacking tryptophan) plate. The number of colonies selected
for phenotyping is largely dependent on the transformation
efficiency achieved. Students with low transformation
efficiency may “borrow” colonies from instructor-transformed
plates, or from the plates of fellow students. Results from
this portion will include photographs of the yeast growth on
control and experimental plates. Conclusions should be drawn
as to whether each selected yeast colony contains a functional
TRP1 gene, or if the gene has been disrupted by CRISPR/Cas9
gene editing.
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Genotypying (optional)

Because of the time devoted to other exercises in the course,
I have not had time to genotype the mutant yeast. Some
students requested to genotype their mutant yeast on their
own time. However, the overall results were inconclusive for
different reasons from each student or group. The genotyping
protocol developed includes placing a suspension with yeast
cells directly into PCR reactions to amplify the targeted region
of the TRPT gene. The PCR reaction may be assembled in
week 8, or assembled during week 7 and analyzed during
week 8. Primer sequences are provided in the laboratory
manual (Supporting File S3: CRISPR in Yeast - Laboratory
Manual), however, students may design their own primers
for amplifying the affected region. The ssDNA template co-
transformed with the pML104/sgRNA is designed to generate a
frameshift mutation in the modified trp7 gene. Ideally, in yeast
that contain the desired mutation. However, CRISPR/Cas9
gene editing often occurs with significant errors (29), making
predictions of the exact genotypic sequence unreliable.

PCR samples are purified and directly sequenced by Sanger
sequencing. Samples can be sequenced by vendors such as
Genewiz, for about $7 a sample. Genewiz typically turns
around samples in 1-2 business days, however, time must be
allowed for sample preparation and shipping. For an extra
fee, vendors like Genewiz will also purify PCR products for
sequencing to save students and instructors time. Overall,
analysis of these sequences would provide practical exposure
to Sanger sequencing, simultaneously providing additional
information about samples that appear to be TRPT knockouts.

Additional Resources and Information

Outlines for content covered in mini-lectures, as well as
activity-specific learning objectives are found in Supporting
File S4: CRISPR in Yeast - Instructor's Notes. Preparatory
activities, and materials/equipment necessary to accomplish
each lab activity are also present in these instructor’s notes.
Pre-laboratory narrated and non-narrated PowerPoint lectures
for weeks 3-5 are a recent addition to the laboratory (not
included with the surveyed laboratory sections). These lectures
have been combined and included in Supporting File S1:
CRISPR in Yeast - Lectures. A rubric for the final laboratory
report is provided (Supporting File S5: CRISPR in Yeast - Lab
Report Rubric).

Potential Modifications

Some potential timeline modifications to individual
laboratory session are discussed within the lesson activities,
including providing instructor-cloned sgRNA, eliminating the
two weeks of cloning, but also potentially forgoing screening
of the clones. In this situation, it may even be possible to bypass
at least some of the experimental design, though the design
is an essential piece for student understanding. The timeline
may also be condensed by performing multiple procedures
in one week (as opposed to a single experiment each week).
For example, cloning is described here to take place over two
weeks, but could be performed using multiple days in the
same week. The only procedure that might pose a problem
in this situation is the yeast transformation. In my experience,
it can take the yeast 5-7 days to show any significant growth
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after transformation. Therefore, this procedure could not be
combined with phenotyping in the same week.

The gene targeted for modification here is TRP1, but this
lesson could be modified to disrupt any gene in yeast with a
measurable phenotype. For example, | have piloted MET17
disruption and have recently had success targeting ADE2. The
exercise is easily amenable to other targets that are interesting
or desirable to the instructor, or to individual students. While
having several different genes targeted within one course
can be overwhelming for many instructors, this could be
manageable for smaller courses.

TEACHING DISCUSSION

In summary, | describe a multi-week, laboratory module that
provides undergraduate students with learning opportunities
that will increase understanding of scientific principles,
improve skills necessary to perform and communicate science,
and provide more realistic knowledge about how research
is accomplished. Moreover, the laboratory is malleable and
practical, providing instructors with the flexibility to introduce
concepts or practice them at high-levels.

Common Student Misconceptions

Students are commonly confused about the types of controls
needed for different portions of the overall experiment. This
confusion seems to stem from student perception of the
exercise as one continuous experiment, as opposed to a series
of experiments to accomplish a larger goal. With the distorted
view, the term “control” tends to be standardized. For example,
the positive control for yeast transformation is transformation
of the vector, pML104, while yeast containing the vector
pML104 are the negative control in phenotyping/genotyping.
It is important to discuss, at each step, what variables require
a control. | encourage students to avoid use of the terms
“negative control” or “positive control”, but instead use terms
surrounding the word “control” that are more descriptive. For
example, a more descriptive term for a negative PCR control
is a control reaction in which no template DNA was added.

Students in this setting have little experience with science
writing, and are still learning how to read a primary research
article. Therefore, writing the lab report is, perhaps, the biggest
challenge. It is surprising for students to hear that scientific
writing and reading often does not occur from the first page
to last page, but often starts with the figures. The figures
assembled in the laboratory notebook can be directly applied
to the report as an essential element in the results. They are
encouraged to write the materials and methods section of the
paper first, followed by results, discussion then introduction.
Moreover, instead of writing these sections as one unit,
writing small sections of materials and methods, results, and
discussion for one particular experiment is often an easier
format to follow.

Overcoming Institutional Limitations
The described multi-week laboratory tool occurs in a
widely available, tractable model. Yeast strains are available

for small fee, and stocks can be stored for years as glycerol
stocks at -80°C. Maintaining active S. cerevisiae requires
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minimal equipment (incubator capable of 30°C) and space.
Moreover, reagents for growth are relatively inexpensive and
easy to prepare, compared to other model systems such as
mammalian cell culture. The plasmid for the CRISPR/Cas9
gene editing (pML104) is available through Addgene for the
relatively low cost of $65. Other materials and equipment
required for this protocol are provided in Supporting File S4:
CRISPR in Yeast - Instructors’ Notes.

Introductory Laboratory Sessions

The CRISPR/Cas9 lab is explicitly started during week
six of the semester. The five weeks before this are used to
review, practice and/or introduce concepts and techniques
that are required for successful completion of the CRISPR/
Cas9 lab. Incoming students are familiar with practices
common to molecular biology, such as micropipetting, sterile
technique, making solutions, and agarose gel electrophoresis.
However, they practice performing each of these techniques
independently during weeks 2-3 of the laboratory to ensure
confidence and accuracy.

| encourage students to take ownership of the lessons
and materials provided by this lab during these introductory
weeks. For instance, each group makes solutions (including
bacterial growth media, electrophoresis running buffer,
sterilizing double-deionized water) for use through the course
of the semester. Should these solutions run out or appear
contaminated, the groups are responsible for replenishing the
stocks in their own time. Ownership is encouraged throughout
the course of the semester, whenever possible. For example,
groups that do not get acceptable amounts or purity of plasmid
DNA, mistakenly dispose of their DNA (rather than store it), or
fail to appropriately label their DNA stocks have to repeat the
plasmid isolation before they can proceed with the CRISPR
cloning lab.

How Beneficial Was This Undergraduate Laboratory
Experience?

Students report significant gains in content knowledge and
understanding of the material, suggesting that the experience
is beneficial to learning (Figure 3). However, the goal of
the lab was to provide an authentic laboratory experience,
therefore, certain pillars that help define authenticity were
surveyed. Significant gains in laboratory skills were reported
(Figure 3), likely due to the wide variety of opportunities to
practice and master skills related to science in general (i.e.,
gathering information from scientific journals, keeping a
lab notebook, making solutions), as well as skills specific
to molecular biology and microbiology (cloning, pipetting,
plasmid DNA isolation, etc.). The opportunities provided for
students to participate in experimental design, troubleshooting
experiments, and interpretation of data also proved to improve
skills and comfort with experimental design and data analysis
(Figure 3). The largest reported gains were in this area of
experimental design and data analysis (Figure 3A).

One student said, “Experimental design was easily the
biggest gain in this course. Of course information is nice, but
critical thinking and using it to design experiments and gain
new information is much more valuable.”
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Importantly, students report a realistic understanding
of research in my survey (Figure 3B): “The course activities
helped me understand how a larger scientific research is
performed.”, “The activities performed in this lab gave me
a much better understanding of the way certain research is
performed”, “I feel like I am an actual scientist after this class
because we performed all the essentials for an experiment
from design to execution.” Students also felt the lab provided
an authentic research.. “This lab mimicked more of a real life
scenario and I enjoyed the challenge.” It also seems they have
a more authentic understanding of the challenges of research
“I ...realize scientific experiments do not always yield usable
data.” “It takes a loooong time to get things done in scientific
research. The ideas can seem to work on paper but making
it happen at the bench can be a different story...”, “There
are times when things does not go according to plan so the
activities really help us grasp the concept of each lab before
diving into the actual experiment.” Students recognized
specific traits that aid in overcoming obstacles “It is important
to be persistent and to carry out an experiment even if it goes
wrong in some places”, but also report significant gains in
their tolerance of these obstacles (Figure 3A), a quality that
reflects the authenticity of the experience (5).

It was anticipated that using popular and current technology
in the course would be a motivating factor for students. Indeed,
it had a positive impact on student attitudes: “All parts of this

A.
Content Responses
knowledge . great gain
Skills [] good gain
[ moderate gain
Communication " .
B little gain
Tolerance for [:| no gain
obstacles
Exp Design/
Data analysis
0 20 40 60 80 100
B. % Response

Understanding of concepts & thier
relationship w/ other courses

Connecting ideas into larger picture
Connecting lab to lecture

General lab skills

Keeping a notebook

Connecting ideas into larger picture
Writing documents in
appropriate style & format
Comfort level in

scientific writing

Comfort level working

w complex ideas
Design/implementation

of CRISPR

Analyzing data
Troubleshooting exp
methods & design

Realistic understanding of
scientific process

40 60
% Response

Figure 3. Student-reported learning gains. Students were surveyed for learning
gains in the indicated pooled categories (A) or individual responses (B). The
frequency of each Likert scale response (no gains, little gain, moderate gain,
good gain, great gain) is presented.
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lab are very educational in terms of research being done in
this day and age. It is extremely pleasing to be taught how
to do something that is still prevalent today and hasn’t been
replaced with newer technology.”

SUPPORTING MATERIALS

e S1.CRISPR in Yeast: Lecture. PowerPoint file containing
lecture materials provided to introduce concepts for
activities in weeks 3-5.

e S2. CRISPR in Yeast: Sample Assessments. Sample
questions from exams distributed during week 2 and
week 7. Includes answer key.

e S3. CRISPR in Yeast: Laboratory Manual. Student
handouts for laboratory activities

®  S4. CRISPR in Yeast: Instructor’s Notes. Knowledge
objectives, materials, lecture outline and other
considerations for activities

e S5.CRISPR in Yeast: Lab Report Rubric. Used for peer-
feedback and grading of formal lab reports.

e S6. CRISPR in Yeast: Data Analysis. Description of
materials and methods used to obtain and analyze data
presented in Figure 3.
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Table 1. CRISPR in Yeast - Lesson Plan Timeline

CRISPR design (Week 1)

Mini-lecture Describe overall goals of CRISPR lab. 30 minutes

Dry lab Use web-based applications to find yeast gene sequence and design CRISPR-based 2 hours
experiments to knock-out gene expression.

Lab exam 1 (Week 2)

Exam | Assess understanding of concepts required to implement CRISPR-based activities. 1 hour

Order materials Instructor reviews student-designed guide RNA and order materials (i.e., 1-2 hours
oligonucleotides) necessary for student-designed CRISPR experiments.

Molecular cloning: Part 1 (Week 3)

Laboratory preparation Set up a restriction digest #1 of pML104 12-18 h prior to start of the class (instructor 30 minutes
OR students).

Mini-lecture e Outline entire cloning scheme. 30 minutes

e Review principle and purpose of methods and reagents in preparing vectors and
inserts for cloning.

Laboratory Activities Prepare pML104 for cloning 2.5 hours
e restriction digest #2.
e dephosphorylation.
e purification.

Phosphorylate and anneal oligonucleotides that will make sgRNA gene cassette.

Molecular cloning: Part 2 (Week 4)

Mini-lecture Review principle and purpose of methods and reagents in ligation and transformation | 30 minutes
of E. coli.
Laboratory Activities e Ligation of sgRNA gene cassette to digested pML104. 2.5 hours

e Transform chemically competent E. coli.

Post-laboratory activities Students should remove bacterial plates from incubation after 18-20 h incubation and | 5 minutes
store at refrigeration temperatures.

Isolating plasmid DNA and screening clones (Week 5)

Laboratory preparation Students start cultures of transformed E. coli 12-18 h prior to the start of class. 30 minutes

Mini-lecture e Discuss how PCR can be used to select clones that contain the appropriate 30 minutes
backbone and insert in the desired location.

e Discuss PCR primer design/selection.

e Review principle and purpose of methods and reagents in isolating plasmid DNA
and PCR amplification.

Laboratory Activities e Isolate plasmid DNA. 2 hours

e Assemble PCR reactions and place in thermocycler.

Yeast transformation (Week 6)

Laboratory preparation e Instructor starts small yeast culture 18-24 h prior to class. 30 minutes

e About four hours prior to class, instructor dilutes yeast culture to optical density
at 600 nm 0.167.

Mini-lecture e Review expected results of screening. 30 minutes
e Review principle and purpose of methods and reagents in yeast transformation.

e Review qualities of template for homologous repair included in yeast
transformations.
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Laboratory Activities e Students should assemble an agarose gel and electrophorese a small sample of 2 hours
PCR (from week 5).
e Transform yeast with cloned pML104/sgRNA.
Post-laboratory activities Students should remove yeast plates from incubation after 3-4 days and store at 4°C. 5 minutes
Phenotyping (Week 7)
Mini-lecture Review principle and purpose of methods and reagents phenotyping for tryptophan 30 minutes
auxotrophs.
Laboratory Activities e Make serial dilutions of selected yeast colonies. 1 hour
e Plate dilutions and incubate.
Post-laboratory activities Students should remove yeast plates from incubation after 3-4 days and store at 4°C. 5 minutes
Optional: Genotyping and/or Lab report writing workshop (Week 8)
Laboratory Activities e PCR amplify TRPT gene from mutant yeast and prepare for sequencing OR 3 hours
e Discuss and peer-review drafts of formal lab reports.
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