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Gene-editing tools such as CRISPR-Cas9 have created unprecedented opportunities for genetic studies in
plants and animals. We designed a course-based undergraduate research experience (CURE) to train in-
troductory biology students in the concepts and implementation of gene-editing technology as well as de-
velop their soft skills in data management and scientific communication. We present two versions of the
course that can be implemented with twice-weekly meetings over a 5-week period. In the remote-learning
version, students performed homology searches, designed guide RNAs (gRNAs) and primers, and learned
the principles of molecular cloning. This version is appropriate when access to laboratory equipment or in-
person instruction is limited, such as during closures that have occurred in response to the COVID-19 pan-
demic. In person, students designed gRNAs, cloned CRISPR-Cas9 constructs, and performed genetic trans-
formation of Arabidopsis thaliana. Students learned how to design effective gRNA pairs targeting their
assigned gene with an 86% success rate. Final exams tested students’ ability to apply knowledge of an unfa-
miliar genome database to characterize gene structure and to properly design gRNAs. Average final exam
scores of ~73% and ~84% for in-person and remote-learning CUREs, respectively, indicated that students
met learning outcomes. The highly parallel nature of the CURE makes it possible to target dozens to hun-
dreds of genes, depending on the number of sections. Applying this approach in a sensitized mutant back-
ground enables focused reverse genetic screens for genetic suppressors or enhancers. The course can be
adapted readily to other organisms or projects that employ gene editing.
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INTRODUCTION

experiments with a well-defined outcome (l). CUREs can have
powerful positive impacts on students by providing a more accu-
rate representation of the process of science and introducing
them to problem solving required to answer open-ended ques-
tions (2, 3). Students that experience CUREs are more likely to
remain in science, technology, engineering, and mathematics
(STEM) during college, enter STEM graduate programs, and iden-
tify as scientists (4, 5). CUREs can increase diversity in STEM by

Course-based undergraduate research experiences (CUREs)
are credit-based classes in which students investigate an unre-
solved research question rather than carry out predetermined
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promoting higher levels of retention of traditionally underrepre-
sented students (6). Because CUREs require few or no prerequi-
sites, they provide unique opportunities to students from diverse
backgrounds to experience research, serving more students than
do traditional undergraduate research experiences (7). Despite
the benefits, CUREs are not yet widely implemented for several
reasons. CUREs require flexibility and coordination between lab
instructors and the researcher(s) providing the research project.
Further, CUREs lack the predictability of traditional lab courses
because the outcomes of experiments are unknown (8, 9).
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license.
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FIG 1. Strategy to identify genetic modifiers through CRISPR-Cas9. Proteins that potentially interact with a protein of
interest (POI) are identified through yeast two-hybrid library screens or affinity-purification mass spectrometry. Each
candidate interactor gene is assigned to two students. Students identify homologs that may be functionally redundant
with a candidate interactor and select two guide RNA (gRNA) sequences to target the candidate and its close
homologs, if any. Students use PCR and Golden Gate cloning to insert both gRNAs into a CRISPR-Cas9 construct.
Correct constructs are identified after E. coli transformation with colony PCR, plasmid preparation, and sequencing.
Constructs are then transformed into the Arabidopsis thaliana poi mutant background. Transformed seed (T1) are
selected and selfed to produce T2 seed. Pooled T2 seed from different T lines carrying a single construct are
phenotyped for either suppression or synthetic enhancement of the poi mutant phenotype. CRISPR-induced mutations
are then validated by sequencing of the target gene(s). Black boxes around “candidate interactors” and “CRISPR-Cas9
constructs” indicate CURE contributions specific to this research.

Several strategies are recommended to promote a suc-
cessful CURE. The direct participation of professors and
graduate students who are knowledgeable about the research
project encourages students to learn the scientific process (2,
10). Using simple laboratory techniques and building redun-
dancy within or between class sections ensures that research
goals are met (I1). Frequently monitoring student under-
standing with quizzes, lab notebook entries, and writing
assignments highlights when concepts need clarification (12).

We envisioned a CURE enabling high-throughput muta-
genesis of genes using simple gene-editing techniques. Our
goals were to discover genes that function in division-plane ori-
entation or in karrikin signaling (13—15). Here, we describe a
reverse genetic approach to characterize a set of candidate
genes associated with a gene of interest by biochemical screens
for protein interactors. Vast collections of defined Arabidopsis
thaliana mutants have been generated through insertional mu-
tagenesis (16, 17). Mutant collections are enviable resources
for reverse genetic studies but are not well-suited to high-
throughput tests for genetic modifiers, which would require
extensive crossing and isolation of double or higher-order
combinations of mutants. In contrast, clustered regularly inter-
spaced short palindromic repeats and CRISPR-associated pro-
tein 9 (CRISPR-Cas9) can introduce mutations into two or
more related genes at once. Biallelic or homozygous mutations
are common in the first transformed generation (18). Much
effort in CRISPR-Cas9 approaches goes toward identification
of useful alleles and deriving homozygous mutant lines. We
reasoned that this effort could be reduced by applying a for-
ward genetics strategy where the pooled progeny of CRISPR-
Cas9 transgenic plants are screened for phenotypes and then
focusing further studies on individuals with phenotypes and
their targeted candidate gene(s) (Fig. 1).
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Ve adopted this approach to evaluate a list of proteins iden-
tified as candidate interactors with TANGLEDI| (TANI) or
KARRIKIN UPREGULATED F-BOXI (KUFI) through yeast
two-hybrid library screens, affinity-purification mass spectrome-
try, or predicted function (19, 20). In the in-person CURE, stu-
dents were asked to use CRISPR-Cas9 to target 64 genes encod-
ing candidate protein interactors of KUFI. Students designed
guide RNAs (gRNAs), generated CRISPR-Cas9 constructs, and
transformed A. thaliana kufl mutants. In the remote-learning
CURE, we asked students to design gRNAs to mutate 46 target
genes encoding potential TANI interactors. Later, these gRNAs
will be cloned into vectors and transformed into plants to gener-
ate mutants as part of the independent research project. Here,
we provide detailed protocols to implement either version of
the CURE depending upon the availability of laboratory facilities
(Fig. 2). This innovative CURE uses a reverse genetics approach
to generate higher-order mutants in a sensitized mutant back-
ground using CRISPR-Cas9 gene editing.

Intended audience

This course is intended for first-year biology students or
other STEM majors. It was implemented in-person in Spring
2019 for 6 sections and online in Spring 2020 for 8 sections
with 18 to 24 students enrolled in each section. Student demo-
graphics were ~50% Asian and ~25% Hispanic for both
courses (see Appendix S| in the supplemental material). The
CURE is a long-running course offered to first-year biology stu-
dents as an alternative to the traditional first-year lab course
(21). During the first 4 to 5 weeks of the 10-week quarter, class
instructors introduce students to common laboratory techni-
ques and basic biological concepts. University of California,
Riverside faculty then offer 5- to 6-week-long CUREs in the
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Prerequisite Lessons

Remote Learning | In-Person

Week 1: Introduction to
micropipettes and dilutions
(22).

Week 5: Select or assign
genes. Design primers to
amplify across genes.

Week 5: Identify target
genes. Design guide RNAs
and order primers.

Week 2: Introduction to
gene structure, genetic
information transfer, and

8-

Week 6: Construct
phylogenetic tree and

Week 6: PCR amplify guide
RNA cassette and clone into
CRISPR-Cas9 vector. E. coli

PCR (21).

identify homologs.

transformation.

. 2

Week 3: Introduction to
genetic variation and
polymorphisms (21).

Week 7: Design guide

RNAS. Week 7: Colony PCR.

. 2

Week 4: Introduction to
bacterial transformation and
gene promoters.

Week 8 & 9: Review future
directions and present
results.

Week 8 & 9: Miniprep and
send for sequencing.
Transform Agrobacterium
and A. thaliana.

FIG 2. Timeline of the CURE. Steps shown in the left column are recommended prerequisite
lessons before beginning the research project. Middle column steps outline the remote-learning
CURE while right column steps outline the in-person CURE and require laboratory facilities.

second half of the class while course administration, grading,
and most technical support are handled by instructors, teaching
assistants, and staff. This organization allows faculty to deliver a
focused research project experience. The remote-learning
option was a direct result of the cancelation of in-person
instruction due to the COVID-19 pandemic. However, instruc-
tions presented here can be applied to online courses or used
in settings where laboratory space for students is unavailable.

Prerequisite student knowledge

Students are first-year undergraduates. Students are intro-
duced to basic experimental and computational genomics tech-
niques during the first 4 to 5weeks. Structured lab activities
include pipetting and dilutions (22), PCR, bacterial transforma-
tion, and introduction to gene structure and polymorphisms
(21). Videos demonstrating techniques were provided for
remote instruction. Because the class is for first-year students,
techniques and concepts taught before the start of the CURE
are necessary for students to perform the experiments and
understand the key concepts of genetic information transfer
and genome organization.

Learning time

The course is 10 weeks, with a 5-week CURE consisting
of class meetings twice a week on either Mondays and
Wednesdays or Tuesdays and Thursdays. Online classes’ meet-
ings are | to |.5h each. For in-person classes, lab periods are
3 h each. Because students cannot access the laboratory out-
side class, all protocols are designed to fit in 3-h sessions.
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Learning outcomes

Three of six core competencies (the ability to apply
the process of science, the ability to tap into the interdis-
ciplinary nature of science, and the ability to use modeling
and simulation) and three of five core concepts for bio-
logical literacy (information flow, exchange, and storage,
evolution, and systems) outlined by the Vision and Change
framework are addressed (Table |; Appendix S22).

By the end of the CURE, students should be able to

I.  Use online resources and databases to research
genes from A. thaliana or another organism.

2. Design PCR primers with the aid of online tools and
databases to amplify their assigned A. thaliana gene.

3. Identify homologs of their gene and design gRNAs
targeting their gene and any close homologs.

4. Define homology and identify gene homologs
through DNA database searches.

5. Discuss the evolutionary relationships between
paralogs and orthologs.

6. Create a phylogenetic tree for a gene family using
online tools and identify paralogs and orthologs
for their assigned gene.

7. Discuss the mechanism of CRISPR-Cas9 mutagenesis.

8. Form a hypothesis about the potential consequen-
ces of mutating a gene and what that suggests
about the gene’s function.

9. Design gRNAs to specifically target different
regions of a gene to create a null mutation.

0. Evaluate and select gRNAs based on a given set of
criteria to selectively target a single gene.

Il. Design PCR experiment to detect successful
gRNA guided deletions in A. thaliana.
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TABLE |
Assessment of key learning outcomes*

Learning outcomes Rubric
assessed Exam question Points | Example (Outcomes
9. Design gRNAs to gRNAs shown with !ocation, target
specifically target different whole gene. P,CR primers shc?w.n, .
regions of a gene to create a | Design gRNAs that will remove the 14 gRNAs areinside the.PC.R priming sites, | pojnts
null mutation. whole gene. Draw a diagram with gRNA deletion shown and size is correct. possible, 14;

locations indicated and show the size of Diagram is drawn correctly. mean, 13.6
10. Evaluate and select the deletion. Justify why you chose gRNAs are wrong, are outside PCR (97%); SD,
gRNAs based on a given set [ those guides. 7 primers, and/or do not target whole 1.26
of criteria to selectively gene.
target a single gene. | Much is missing, weak attempt.

Prediction that the genomic DNA size

2. Design PCR primers with will be smaller in the deletion plant,
the aid of online tools and 6 mRNA from wild type and mutant, Points
databases to amplify their Design a PCR experiment that would mRNA copied to cDNA by reverse possible, 6;
assigned gene. show that the CRISPR gRNAs were transcriptase (RT), PCR with primers, |00 5|

effective in making the deletion. run gel. (85%); SD,
I'l. Design PCR experiment 3 Prediction is missing or RT is missing. 0.32
to detect successful gRNA | Incomplete description of setting up
guided deletions. the reactions is given.

“Assessment of learning outcomes from |0 random exams taken in Spring 2020. A full list of learning outcomes can be found in Appendix S2,
and mapping of learning outcomes to other exam questions can be found in Appendix S42.

PROCEDURE
Student and faculty instructions

To promote peer learning and replicability, students
work in pairs on a single gene. This increases the likelihood
of meeting research goals by producing multiple unique
gRNAs to target each gene and CRISPR-Cas9 constructs in
case one student is not successful in their cloning. All other
lab work and assignments are completed individually by stu-
dents. We present an overview of the remote-learning and
in-person workflow (see Appendix S3, remote learning, and
Appendix S4, in person, in the supplemental material). The
in-person timeline differs from the online version because
gRNA selection is done during the first week; however, stu-
dents write a report, record their results in an online lab
notebook, complete quizzes, and present their results as
described in the remote-learning version.

Remote-learning CURE

Week 1. A video provides background information and
the scientific rationale for the project (Appendix S5). Specific
guidelines are provided for the written project report due at
the end of the course (Appendix S6). Because one common
error in student-generated reports is lack of familiarity with for-
matting and terminology, examples of published papers relating
to the project are provided for students and discussed in class
to help students conceptualize how to format and write a

4 Journal of Microbiology & Biology Education

scientific report. Students start working on a draft of their
report introduction, which is due at the end of the week.
Teaching assistants grade the draft and offer guidance on for-
matting in their feedback, providing opportunities for students
to improve their scientific writing.

Primer design concepts are introduced, emphasizing using
primers to detect insertions and deletions (indels). A step-by-
step guide for primer design is provided using the maize ACTIN-/
gene (Appendix S7). Students are assigned their genes and asked
to create primers to amplify the coding sequence using online
resources (Appendix S8). Students record their primer design
results in an online lab notebook, which is graded for complete-
ness by teaching assistants who also monitor the quality of the
results obtained (rubric in Appendix S9 and example notebook
entry in Appendix S10). We used WordPress to keep all lab
notebook entries in a single, accessible place (23). Student
understanding of the project goals and how to use BLAST to
examine gene structure is assessed with Quiz | (Appendix S 1,
answer key Appendix S12).

Week 2. The concepts of gene evolution and homo-
logs are explored with a prerecorded lecture (Appendix
S5). Students create a phylogenetic tree for their assigned
gene using Plaza 4.0 (https://bioinformatics.psb.ugent.be/
plaza/versions/plaza_v4_dicots/) (Appendix S13). Students
use their phylogenetic tree to identify homologs for their
assigned gene and record their findings in an electronic lab
notebook entry (example in Appendix S14).

Week 3. CRISPR-Cas9 methodologies are explained and
students design dual gRNAs for their assigned genes using the
E-CRISP  (http://www.e-crisp.org/E-CRISP/) tool (Appendix
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S15). The instructor explains features of acceptable gRNAs,
including location of the gRNAs within the gene, the presence
of a protospacer-adjacent motif (PAM) sequence, and lack of
off-target sequences. To gain experience designing gRNAs, stu-
dents create two pairs targeting a small region of their gene and
two pairs targeting the entire gene for deletion. In their note-
books, students identify which gRNA pairs likely render their
assigned gene nonfunctional (example in Appendix SI6).
Students then add their best gRNA pairs into a class spread-
sheet (example in Appendix S17). Students begin working on a
draft for the methods and data sections of their reports to be
turned in for feedback at the start of the following week
(Appendix S6). Teaching assistants address common pitfalls such
as writing bullet points instead of using complete sentences.
Student understanding of how to create a phylogenetic tree
and design gRNAs is assessed with Quiz 2 (Appendix SI8, an-
swer key Appendix S19).

Weeks 4 and 5. Students practice communicating scien-
tific ideas by preparing a 5-min presentation about the project
rationale, their assigned gene, and their results that is pre-
sented to the class in week 5 (presentation guidelines in
Appendix S20, presentation rubric in Appendix S21, example
score sheet in Appendix S22, and example presentation slides
in Appendix S23). Presentations are scored by the instructor
and teaching assistants. Future project plans are discussed in
class (Appendix S24). Students are then expected to complete
their project report by writing conclusions and future direc-
tions (example in Appendix S25 and rubric in Appendix S26).
The report helps solidify their understanding of the experi-
ments and form their own hypothesis about the next steps
and potential project outcomes. Additionally, scientific writing
improves students’ overall academic performance and critical
thinking skills (24). During their final exam, students are asked
to locate the gene sequence and design gRNAs of an assigned
rice gene (Appendix S27, answer key Appendix S28, and exam
rubric Appendix $S29).

In-person CURE

Week 1. Students are introduced to the project with a
slide presentation. This is followed by an introduction to
Arabidopsis thaliana as a genetic model and use of forward and
reverse genetic strategies to understand gene function. The
metaphor “how a biologist would fix a radio” makes these
concepts accessible to introductory biology students (25). We
introduce CRISPR-Cas9 as a gene-editing tool, and each stu-
dent is assigned a target gene. Students use BLAST and phylo-
genetic comparisons to identify close homologs of their gene
that may be functionally redundant (Appendix S30). Students
use CRISPR-P 2.0 to select two gRNA sequences that target
their assigned gene and its homolog(s) (Appendix S31) (26).
Students submit their selected 23-nucleotide guide plus proto-
spacer-adjacent motif (PAM) sequence with their gRNA selec-
tion rationale to an online form. Instructors order four oligo-
nucleotide primers for each student that will be used to
incorporate the two guide sequences into a CRISPR-Cas9
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construct in the following week (Appendix S32). A materials
and equipment list is provided (Appendix S33).

Week 2. A brief lecture introduces students to
CRISPR-Cas9 components and the PCR product they will
generate (27, 28). PCRs are performed using four primers
to incorporate both the RNA-encoding sequences into a
cassette containing a U6-26 terminator and a U6-29 pro-
moter (Appendix S34). After students check them for suc-
cessful amplification, the PCR products are purified and
quantified. This is followed by a Golden Gate cloning reac-
tion to incorporate the gRNA cassette into a CRISPR-Cas9
vector backbone such as pHEE40IE or pYUU (28-30). If
time permits, students transform Escherichia coli with the
Golden Gate reaction (Appendix S35).

Week 3. If not completed during week 2, students
transform E. coli with the Golden Gate reaction. A short
lecture is given on selectable markers and transformation
approaches (e.g., electroporation and infection with
Agrobacterium tumefaciens) for bacteria and plants. The next
lab day, students use colony PCR to confirm insertion of
the gRNA cassette into the plant transformation vector
(Appendix S36).

Week 4. Teaching assistants inoculate two PCR-positive
colonies for overnight cultures the evening before the first lab
day. During class, students prepare glycerol stocks and plasmid
miniprep isolations from the cultures (Appendix S37). After
the plasmid DNA concentration is measured, the constructs
are sent for sequencing. The next class period, A. tumefaciens
(e.g., strain GV3101) (31) is transformed, as it requires 2 days
to grow colonies (Appendix S38). Rather than wait for the
results of sequencing, it may be expedient to transform all con-
structs, discarding those with errors later after sequencing
results are available. Sequences are visualized using chromato-
grams and compared to a template sequence using free tools
provided by Benchling (Appendix S39) to ensure that both
guide sequences are incorporated without errors. We typically
observe a high rate of success from PCR-positive colonies. If
some students are unable to generate clones, they use other
students’ constructs to participate in Arabidopsis transforma-
tion the following week.

Week 5. A. tumefaciens cultures for each construct are
initiated by teaching assistants the evening before the first
lab day. We used the floral dip transformation method (32)
because it is simple, effective, and tolerant of experimental
variation with modifications for small culture volumes
(Appendix S40). Students transform one pot of five healthy,
flowering A. thaliana plants each. We typically obtained
about 16 transformants. Because the students’ transforma-
tions will not be ready for several weeks, a demonstration
sample can be prepared in advance to show students what
will happen next to their samples.

Safety concerns

No additional safety training is required when the course
is conducted remotely.
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For in-person activities, the course instructors review
lab safety protocols on the first day. Students are instructed
how to appropriately dispose of hazardous and biohazar-
dous waste, and the locations of biohazard waste bins and
fire extinguishers are reviewed. In the lab, students wear
proper personal protective equipment at all times, including
lab coat, eye protection, gloves, closed-toe shoes, and long
pants or skirts. Because the mutagen ethidium bromide is
incorporated into agarose gels, all ethidium bromide-conta-
minated materials (gels, gloves, pipette tips) are collected
and disposed of by environmental health and safety person-
nel. Materials containing transgenic E. coli and A. tumefaciens
are classified as BSL-| and are placed in biohazard bins and
later autoclaved. Bleach is added to bacterially contaminated
solutions. Finally, after each laboratory session, students dis-
infect bench surfaces with antibacterial wipes.

Evidence of student learning

Assessment of this CURE and dissemination of the data
were performed in accordance with UC Riverside Institutional
Review Board (IRB) approval (HS-14-085). Student learning
outcomes were assessed by open-answer exam questions. Ve
randomly selected 10 final exams each from one in-person
CURE (Spring 2019) and two remote-learning CURES (Spring
2020 and Fall 2020), representing ~6% of total exams, to mea-
sure mastery of learning outcomes. During the Spring 2020
exam, students demonstrated their understanding of the prin-
ciples of guide RNA design by applying what they learned in
the CURE to a new organism (rice) and using an unfamiliar, yet
similar, genome database to acquire gene information and
sequences. Students scored =85% on related questions, dem-
onstrating mastery of key learning outcomes 2, 9, 10, and ||
(Table 1). For all exams analyzed, average scores were between
75 and 100% for each question (see Appendix S42 in the sup-
plemental material), and total exam scores were ~73% and
~84% for in-person and remote-learning CUREs, respectively
(Appendix S41), demonstrating that students learned the
course material.

Likert-style surveys designed by course instructors focused
on student perceptions of learning are completed at the begin-
ning and end of the course (Appendix S43). For those complet-
ing either the in-person or the remote-learning CURE, results
indicate increased interest in participating in research on cam-
pus, with values rising from ~24% presurvey to an impressive
~90% postsurvey. When asked to rate perceptions of their
understanding of certain lab skills (on a scale of | to 7, where |
is strongly disagree and 7 is strongly agree), overall scores
increased | point from the presurveys to the postsurveys for
both CUREs. Additionally, student perceptions of the online
project were favorable (ratings of 5 to 7), with 84% reporting
that the project was enjoyable and the research meaningful.
Taken together, these results indicate that participation in
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primary research (whether in-person or remote) increased stu-
dent understanding of modern lab techniques and their likely
future participation in research.

During the Spring 2020 quarter, 8 sections containing
142 students total participated in the remote-learning
CURE by designing gRNAs for 46 A. thaliana genes. Students
generated a total of 285 gRNA pairs. A total of 245 pairs
correctly and specifically targeted the assigned genes, repre-
senting an 86% success rate for gRNA design. All assigned
genes had at least one correctly designed pair of gRNAs.
The most common error made by students was selecting
overlapping gRNA pairs (9/285 guide RNA pairs over-
lapped). In the future, instructors will mention a minimum
expected deletion size so students will not select guides
that overlap. In two instances, gRNAs were predicted to
target both the gene of interest and a different gene.
Altogether, successful gRNA design demonstrates that first-
year undergraduates learned how to use free online soft-
ware to identify homologs and design gRNAs.

Possible modifications

Specific goals and organisms used in the project can be
modified, making this type of CURE adaptable and generaliz-
able. This CURE is best suited to organisms with sequenced
and annotated genomes that are amenable to gene editing and
transformation. To identify candidate genes and potential inter-
actors, genome databases are available for other organisms
such as zebrafish (http://zfin.org) or Drosophila (http://flybase.
org). Other online tools such as STRING (http://string-db.org)
may be used to identify interacting proteins.

There are many free gRNA design programs available
online that do not require downloads. The program chosen
for the in-person course was CRISPR-P 2.0 (http:/crispr.
hzau.edu.cn/CRISPR2/). The CRISPR-P 2.0 output shows all
potential gRNAs, which is useful if the goal of the project
includes mutating more than one gene per gRNA. The pro-
gram chosen for the remote-learning course was E-CRISP
(http://www.e-crisp.org/E-CRISP/index.html). The interface,
including simple bar graphs that show the specificity, anno-
tation score, and efficiency of each gRNA, provides intui-
tively simple parameters for judging gRNAs.

Challenges specific to remote-learning classes

Remote learning has several unique challenges. Students
may occasionally experience technical issues, including slow
Internet connection or lack of computers altogether. To pro-
mote inclusion, we identified online tools supported across
multiple platforms, including tablets and Chromebooks. We
provided detailed protocols for students to follow and demon-
strated the protocols with example genes. Online polls are
useful to determine whether students need more time to
complete steps. Online quiz tools such as Kahoot can be used
to assess conceptual understanding. We offered additional
one-on-one help from teaching assistants or instructors during
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office hours to clarify concepts and help students with activ-
ities missed due to absence or technical issues.
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