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Abstract

Several models suggest ways to expose undergraduates at

minority serving institutions or institutions with limited

research infrastructures to the iterative process of research.

Apprentice-based research experiences allow students to

work one-on-one with a research mentor in the hands-on dis-

covery process, but with teaching being a priority for faculty at

the aforementioned institutions, financial, spatial, and time

limitations for research progress exist. Course-based under-

graduate research experiences (CUREs) provide opportunities

for a greater number of undergraduates to become familiar

with the questions, techniques, and failure involved in

research. However, designing projects that a group of students

can complete in a semester can be challenging. Inclusive

Research Education Communities are intended to promote

retention in STEM courses for early college students but have

limited benefit for upper-level courses. We sought to create an

iterative CURE between fall semester BIOL3900 at the Univer-

sity of North Texas and spring semester CHE397 at Bethel

University (Saint Paul, MN) to promote collaboration between

unique learning communities. The research goal was to use a

tobacco (Nicotiana benthamiana) transient expression system

as a platform to test gene functions and to engineer valuable

bioproducts in plant vegetative tissues. The outcomes of this

2-year integrative module included novel discoveries leading

to publications in peer-reviewed journals, cost benefits due

to shared resources, continual movement of the project,

course-based training for future independent research pro-

jects, and improved student attitudes about research. © 2019

International Union of Biochemistry andMolecular Biology, 00

(00):1–8, 2019.
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Introduction
Training our next generation of scientists requires textbook
learning, demonstration and practice of laboratory techniques,
encouragement to think critically, and exposure to the iterative
process of discovery. Most undergraduates are accustomed to
weekly laboratory experiments that parallel the classroom
topic and because of the quick movement through a textbook,

these experiments are “one-off,” cookbook-style activities. Stu-
dents have come to expect this approach based on the current
state of high-school science education [1] and can be critical on
course evaluations when an instructor deviates from this, say-
ing “lab didn’t match what I was learning in lecture.” Further,
these cookbook experiments falsely lead students to expect
that an experiment always “works” or generates results and
that a “right answer” exists. The recent pedagogical push to
create inquiry-based labs [2] has given students the ownership
of experimental design, but even these experiments are single-
or two-week activities that do not create a cohesive long-term
question forwhich upper-level students are ready to approach.
Embarking on a project where no one knows the outcome can
be uncomfortable for undergraduates, but it is this “unknown”
that can be exhilarating when scaffolded by the appropriate
laboratory environment and community.

Undergraduates in all academic environments face the
above problems; however, students at Carnegie R1 public
research intensive universities at least have the opportunity
to interact with professors conducting fast-paced and
impactful research. Even within these institutions, although,
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minorities may not feel supported to seek out research
experiences due to lack of previous preparation or competi-
tion with their peers. Creating authentic research experi-
ences for undergraduates at 2-year institutions or primarily
undergraduate institutions (PUIs) presents an even greater
challenge. Faculty at these institutions have large teaching
and advising loads and any teaching assistants provided are
often students that have just completed the class. Funds and
administrative support can also be lacking for the develop-
ment of authentic research experiences.

These issues are not new. Over the last several decades,
the following models have been proposed and implemented
to encourage undergraduates to be involved in novel
research. Apprentice-based research experiences (AREs)
are by far the best method for exposing an undergraduate
to the process of scientific discovery. This method pairs a
single student with a research mentor for training on labo-
ratory techniques and data analysis. This experience can
persist for approximately 1 or 2 years while the student is
still an undergraduate and after completing prerequisite
courses. These experiences are quite rare, however. At a
research-intensive institution, a student securing this expe-
rience will likely be at the very top of their class and will
have competitively edged-out their peers. Even then, the
research mentor will probably be a graduate student or a
postdoctoral scientist. An impactful ARE resulting in signifi-
cant and competitive contribution to the field is rare at a
PUI. Faculty members at PUIs have their primary appoint-
ment as a course lecturer and lab instructor and may not
have a teaching assistant to help with these responsibilities.
As a result, the AREs are often part-time and disjointed.
With major commitments to teaching, PUI faculty members
are strained to find time to apply for research funds to
obtain state-of-the-art equipment and reagents to keep up
with their R1 counterparts.

The Small World Initiative and SEA-PHAGES programs
are inclusive Research Education Communities that link stu-
dents from multiple institutions with a common scientific
problem. These programs are highly collaborative but are
geared more for introductory level courses. Because signifi-
cant centralized information is required, limited topics exist
for upper-level classes [3]. Course-based undergraduate
research experiences (CUREs) have gained in popularity in
recent years and have the ability to involve a large number
of students in a research question within the context of a
required course for their major. A website exists for net-
working between faculty involved in the implementation
of CUREs in their courses (http://curenet.cns.utexas.edu/).
Five core components define a laboratory experience as a
CURE: 1) Use of scientific practices; 2) Discovery; 3) Broadly
relevant or important work; 4) Collaboration; 5) Iteration [4].
Faculty must be intentional with designing CUREs to incorpo-
rate these components as not all have demonstrated a posi-
tive effect on student performance [5]. The relevance of a
research project is difficult for an undergraduate to sense,

perhaps especially when it is initiated by a single professor at
a small institution. Further, making significant discoveries in
a 16-week semester long course can be challenging when
new techniques are being introduced. One such CURE devel-
oped for an upper-level biochemistry course that has demon-
strated success is BASIL: Biochemistry Authentic Scientific
Inquiry Lab (https://basiliuse.blogspot.com/). The curriculum
exposes biochemistry students to computer modeling and
routine laboratory techniques with an ultimate goal of assig-
ning a function to a protein with a known structure. While
the program shares valuable resources with instructors
desiring to implement an inquiry-based laboratory experi-
ence in their course, it may be difficult to encourage student
“buy-in” without direct alignment to the instructor’s research
interest, or contribution to a real-world issue with which
students can identify.

The goal of our integrative module was to create a unique
iterative CURE (iCURE) which partnered undergraduates from
Bethel University, a Christian liberal arts university set in the
suburban Twin Cities area, with undergraduates from the Uni-
versity of North Texas (UNT), a Carnegie R1 public research
intensive university that is close to being classified as a minor-
ity serving institution—with significant populations of Hispanic
and African American students and first-generation college
students. A novel project spearheaded by graduate student
Yingqi Cai in the laboratory of UNT Regents Professor Kent
Chapman was adapted for the fall semester Advanced
Research in Life Sciences course (BIOL3900), and then passed
to Associate Professor Angela Stoeckman at Bethel University
for the Biochemistry II (CHE397) spring semester laboratory
course. This collaborative research community has persisted
for 2 years. In the intervening summermonths, the project was
maintained by UNT graduate student Yingqi Cai and under-
graduate interns from Lycoming College, a residential liberal
arts college inWilliamsport, PA (see Fig. 1).

Research Question
To provide the students with an exhilarating and educational
experience, we intended to find a project with a significant
impact on the scientific field as well as an approach fit for a
weekly or twice-weekly class schedule. Plant vegetative tis-
sues, especially leaves, are organs specialized for photosynthe-
sis to supply the remainder of the plant with energy and
structural molecules. These tissues represent a large portion
of the entire plant biomass, which makes them a prospective
platform for production of high-value bioproducts. So far, our
iCUREwas designed to engineer two types of bioproducts (neu-
tral lipids and terpenes) in vegetative tissues. Neutral lipids,
mostly triacylglycerols, are an important source of dietary cal-
ories and renewable biofuels [6, 7]. Terpenes are a large group
of secondary metabolites with industrial and medicinal appli-
cations [8]. Neither neutral lipids nor terpenes accumulate in a
large amount in plant vegetative tissues. Neutral lipids are
mostly stored in the lipid droplets in oilseeds and terpenes
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usually accumulate in specialized plant cells and organs
[9–11]. In our iCURE, we tested the functions of two cross-
kingdom lipogenic proteins, mouse fat storage-inducing trans-
membrane protein 2 (FIT2) and diacylglycerol:acyl-CoA
acyltransferase 2 (DGAT2), in the accumulation of lipid drop-
lets, neutral lipids, and terpenes in plant vegetative tissues.
After the students observed that these cross-kingdom lipogenic
proteins could function in plant cells in a manner similar to
that in mammalian cells [12, 13], we encouraged the students
to evaluate various combinations of these heterologous
lipogenic proteins and plant proteins related to lipid and ter-
pene biosynthesis for the most efficient accumulation of neu-
tral lipids and terpenes.

To fit experiments into our class schedules, we established
an approach based on the transient expression system inNico-
tiana benthamiana leaves [14]. This system provides a promis-
ing platform to rapidly test gene functions and protein
subcellular localizations, as well as evaluate transgene combi-
nations for engineering bioproducts in plant vegetative tissues.
We have established a reliable experimental workflow for the
students to generate reproducible data in a relatively short
time period (Fig. 2).

First, the genes to be tested were cloned and inserted into
plant expression vectors, which were then transformed into
Agrobacterium tumefaciens for plant infection. Agrobacterium
strains containing genes of interest were infiltrated individually
or in combinations into leaves of 4–6 week old N. benthamiana
plants for transient expression. Five to seven days after infiltra-
tion, the infiltrated leaves were collected for quantification of
bioproducts using gas chromatography–mass spectrometry
(GC/MS) and/or visualization of lipid droplets and fluorescent
proteins using a confocal laser scanning microscope. The fall
UNT coursemet twice a week on Tuesdays and Thursdays, and
the spring Bethel University laboratory course met weekly on

Thursdays. Our rapid analysis approach allowed the students
to perform multiple rounds of analysis in one semester and to
adjust their experiments based on the data they just collected.
Another advantage of our experimental designwas that it com-
bined common techniques in molecular biology, cell biology,
and biochemistry to solve a research problem with both basic
biology implications andbiotechnology applications.

Implementation of the iCURE
The BIOL3900 course at UNT was originally developed as
part of an HHMI-funded project to enhance undergraduate
education. The course was so successful that it and others
like it have become part of the regular biology curriculum
at UNT, although the courses are no longer funded by exter-
nal sources. BIOL3900 is capped at 16 students. Most
instructional labs at UNT have a capacity of 16–24, so this
research course is about the same enrollment as conven-
tional teaching labs at UNT. The major advantage of this
course design is that larger numbers of students gain a real
research experience, compared to the one-on-one opportu-
nities through “special problems research” courses, where
a single principal investigator might mentor one or two stu-
dents in a semester. This is important in the UNT biology
department where there are approximately 2,500 majors,
many of which desire a research experience.

Initial presentation of BIOL3900 results by Chapman at
the FASEB Lipid Droplet Meeting in the summer of 2016
prompted interest by Stoeckman and expansion of the
course program to Bethel University in its current form.
Both Chapman and Stoeckman have a long-term research
interest in lipid biochemistry, so these topics fit well with
their research and educational programs, and make for a
natural connection and easy collaboration.

The CHE397 Biochemistry II laboratory course at Bethel
University is a required component of the corequisite CHE396
Biochemistry II lecture course. The lecture course typically
enrolls 24–30 students each year, with laboratory sections
(CHE397) capped at 12 students. The students that enroll in
this course are Biology, Chemistry, or Biochemistry/Molecular
Biology majors of which the university graduates approxi-
mately 50 each year. Themajority of these students are juniors
and this experience provides students with exposure to bio-
chemistry techniques that inform their decision for a senior
capstone research project.

At the beginning of both BIOL3900 and CHE397 courses
each semester, the course syllabus and relevant primary
literature were made available on the course website or
course-management system (Moodle) to provide students with
the necessary background knowledge. During the first class
period, an introduction of the research problem by oral pre-
sentation was given by the course instructor including back-
ground overview, research objectives, strategy, and methods.
At the beginning of each subsequent laboratory period, a brief

FIG 1
Diagram illustrating the collaborative nature of

this iCURE. Multiple iterations were performed

from 2016 to present. [Color figure can be viewed

at wileyonlinelibrary.com]
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lecture helped to organize how the specific experiments of the
daywould help to solve the research problem.

Students in BIOL3900 at UNT started the project with gene
cloning and plant expression vector construction. Then, they
tested the gene functions, protein subcellular localizations, and
evaluated transgene combinations using the N. benthamiana
transient expression system (see Supporting Information
Table S1 for a sample two-meeting per week experimental
schedule). The experimental materials, data and future direc-
tions collected by the students were evaluated by research
notebook grading, group oral presentations and formal labora-
tory reports and then shared with the students at Bethel Uni-
versity to help them design their experiments in the following
semester. Students in the CHE397 course at Bethel University
further optimized transgene combinations for more efficient
metabolic engineering (see Supporting Information Table S2
for a sample weekly experimental schedule). Laboratory
results from the CHE397 course at Bethel University were

assessed by both oral presentations and formal written reports
(see Supporting Information for grading rubrics). Summaries of
student reports were shared with UNT for another iteration of
the iCURE.

Benefits and Outcomes
The benefits of this collaborative iCURE are numerous. First
and foremost, the qualitative feedback from students at both
institutions was overwhelmingly positive. Course evalua-
tions collected from Bethel students at the end of the semes-
ter revealed the following:

“I loved that the project gave purpose to the lab. Lab
work no longer felt as though I was aimlessly checking
things off for my grade – the fact that my work could
make a difference brought me the motivation

FIG 2
Experimental flow chart of N. benthamiana transient expression system and bioproduct analysis platform.
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necessary to succeed. The overlay of the project taught
essential laboratory skills through application and
included the important aspect of collaboration by net-
working with fellow scientists in Texas”.
“Personally, I found the biochemistry lab project to be
invigorating. I loved participating in novel research,
as the results were a bit of a mystery. I also appreci-
ated learning the process of conducting novel, scien-
tific research and intend to apply the learned
techniques in future projects. I also felt our specific
topic was valuable as well as applicable to the real
world”.
“Tobacco plants were a simple host to work with and
interpreting and comparing results with those from
the students in Texas allowed me to see the bigger pic-
ture of what our research could accomplish”.

In addition, when UNT students were asked open-ended
questions at the end of the semester, the following represen-
tative comments were obtained when posed with “what
aspects of this class contributed most to your learning?”:

“Because the Advanced Research course with
Dr. Chapman is a hypothesis driven research class, it
allowed us to utilize many lab techniques learned in
previous courses, in addition to new molecular tech-
niques, that gave insight in a more practical way. It
also elicited creativity in approaching different
methods in collecting useful data.”
“It was a hypothesis driven class to which we didn’t
have known results we were expecting, allowing us to
go through real-life research.”
“Being able to work with less restrictions than the
other lab classes.”

Further, precourse and postcourse surveys were given to
UNT students as part of a national CURE project conducted by
David Lopatto and Leslie Jaworski (entire survey results from
2016 and 2017 are available in the Supporting Information).
Most notable are the results shown in Fig. 3 which demon-
strate significantly higher positive learning gains on 21 items
appropriate to the iCURE module when compared to students
completing traditional CUREs.

FIG 3
The data from “all students” includes n = 4,432 students nation-wide from when the CURE survey opened on June

1, 2017.
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A second major benefit to this iCURE was its cost effective-
ness. N. benthamiana plants are easy to grow, maintain, and
propagate, andmanipulations can be done on the benchtop. Ani-
mal facilities or biosafety cabinets often used in cell biology and
biochemistry laboratories make participation costly. Plasmids,
glycerol stocks of Agrobacterium strains, and GC/MS or TLC
standardswere easily shared and shipped between institutions.

Next, the ability to keep the research moving from one
semester to the next allows a project to be competitive. Our
iCURE resulted in two research papers published in high-
profile peer-reviewed journals [13, 15]. The paper published in
Plant Biotechnology Journal was featured on its cover in July
2017. These publications revealed the functional roles of a
mouse lipid-binding protein FIT2 in lipid droplet biogenesis
and coaccumulation of neutral lipids and sesquiterpenes,
which suggested a novel strategy of using mammalian
lipogenic proteins to promote production of high-value hydro-
phobic bioproducts in plant vegetative tissues. Authorship
decisions in publications that result from iCUREsmay bemade
on a case-by-case basis. Two authors in the first publication
listed [13] were students in the BIOL3900 class at UNT who
continued as individual researchers. Their subsequent matric-
ulation as graduate students merited additional recognition.
Other student researchers from both UNT and Bethel Univer-
sity are mentioned in the Acknowledgement sections of the
publications.

Finally, emerging from these research experiences in their
coursework allows students to jump into an independent
research project, without having to schedule one-on-one time to
be taught laboratory techniques. In fact, after completing the
Bethel University Biochemistry II course in Spring 2018, two stu-
dents conducted a project in the following semester to produce
other types of sesquiterpenes (α-humulene and β-caryophyllene)
in N. benthamiana leaves. Taking techniques already learned in

this course, they overexpressed Arabidopsis terpene synthase
TPS21 alongwith avian farnesyl diphosphate synthase (FDPS) in
N. benthamiana leaves, which led to accumulation of non-native
sesquiterpenes (Fig. 4). The accumulation of α-humulene and
β-caryophyllene was enhanced when the students coexpressed
the mouse lipogenic protein DGAT2 with TPS21 and FDPS
(Fig. 4). These results further advanced our previous study [15]
by suggesting that our strategy of using lipogenic proteins to pro-
mote the accumulation of a particular type of terpene (capsidiol)
could be generalized for engineering various terpenes in plant
vegetative tissues.

Future Goals
A major goal for the advancement of the iCURE model of stu-
dent learning is to standardize the way the two courses are
assessed. As this project was a case study, we expect to build
on information gained and develop not only a precourse and
postcourse survey that is unique to this type ofmodule, but also
consistent rubrics for assessment of written and oral presenta-
tions and record-keeping in research notebooks. Analysis of
these standard measures will then be useful in comparing
learning gains between students in the different institutional
environments.

Related to goals for the research question, the topics for
these courses continue to evolve as results are obtained. Conse-
quently, specific future goals will be determined not only by
experimental data, but by student ideas. For example, in this
last iteration of the module, students at Bethel University were
presentedwith the results fromourmost recent research publi-
cation “Mouse lipogenic proteins promote the coaccumulation
of triacylglycerols and sesquiterpenes in plant cells” [15]. Bio-
chemistry students were then asked to “propose” a different
nonpolar molecule which may potentially be incorporated with

FIG 4
α-Humulene and β-caryophyllene content in infiltrated N. benthamiana leaves. Averages and SEMs are plotted from three

biological replicates.
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triacylglycerols in lipid droplets. Student ideas are currently
being collected and assessed for experimental feasibility.

As mentioned in the introduction, five criteria are cur-
rently defining a laboratory experience as a CURE. We
would like to investigate the specific components of our
iCURE that elevated student satisfaction above the tradi-
tional CURE (see Fig. 3). Further, while students at both
UNT and Bethel were aware of each other’s contributions, a
more personal connection would be valuable in future itera-
tions of this module. Oral presentations at UNT in the fall
semester could be recorded and watched by Bethel students
at the beginning of the semester and vice versa. In addition,
students finishing up their work in the spring semester at
Bethel University could write notes to UNT students about
what to expect in the fall or research tips learned along the
way. In our current societal state where fear-of-missing-out
is pervasive, students are motivated by seeing what their
peers are doing and achieving.

Materials and Methods
Precourse and Postcourse Surveys
Students at UNT were asked to sign a consent form on the
first day of class to allow information about their participa-
tion in the course to be gathered and shared. Also on the
first day of class, student perceptions of research were cap-
tured in a precourse survey, and this was compared with a
postclass survey and with student responses collected
nationally as part of an HHMI project conducted by David
Lopatto and Leslie Jaworski. From their materials:

“The CURE survey offers a comparison of learning
benefits between course experiences and undergradu-
ate research experiences. The pre-course survey col-
lects student data based upon demographic questions,
reasons for taking the course, level of experience on
various course elements, science attitudes and learn-
ing style. The post-course survey parallels the pre-
course survey and includes additional questions that
focus on student estimates of learning gains in speci-
fied course elements, estimates of learning benefits
that parallel questions in the summer undergraduate
research experience (SURE) surveys, overall evalua-
tion of the experience, and science attitudes.”

We are grateful to these educators for their considerable
efforts. The implementation of this plant biochemistry pro-
ject at Bethel University was a new undertaking and student
consent for the precourse CURE survey was not obtained in
advance of the project, therefore only qualitative feedback
is included here.

Experimental Protocols
N. benthamiana plants were grown by the course instructors
in a greenhouse or growth chamber at 28 �C with a 14/10 hour

light/dark cycle 4 weeks prior to the start of the class. Plant
expression constructs were generated at UNT as described
previously [13, 15] and shared with Bethel University. The
Agrobacterium (GV3101) used for infiltration was inoculated
by course instructors 1 day before infiltration. Lipid droplet
visualization and protein subcellular localization were per-
formed at UNT using a Zeiss confocal laser scanning micro-
scope (LSM 710). Analysis of fatty acids and terpenes was
conducted at both UNT and Bethel University using GC/MS
equipped with Agilent GC 7890A/MSD 5975C system and HP-
5MS capillary column (UNT) or Shimadzu GC-2010/QP2010S
and Restek Rxi®-5MS capillary column (Bethel). See Sup-
porting Information and the class webpages (https://guides.
library.unt.edu/biol39002017; https://guides.library.unt.edu/
biol39002016) for detailed protocols.

Acknowledgments
Students deserving special recognition include Walter Crum
and Anders Rasmussen (Bethel University). We thank UNT
Science Librarian, Erin O’Toole for her organization, post-
ing and maintenance of the course guide websites. We
thank Dr. Lee Hughes, Associate Professor (UNT) for initial
and continued support of this course and the CURE-based
programs at UNT. The CURE program at UNT was initiated
with a grant from the Howard Hughes Medical Institute to
enhance undergraduate education at UNT. This course at
UNT was supported in part by the National Science Founda-
tion (NSF), Integrative Organismal Systems Division (IOS-
1656263 to KDC) including support for course instruction,
Dr. Ashley Cannon, and peer mentor, Charles Anderson.

REFERENCES
[1] Singer, S. R., Hilton, M. L., Schweingruber, H. A., Eds (2006) America’s

Lab Report: Investigations in High School Science, National Research

Council, The National Academies Press, Washington DC.

[2] Brown, P. L., Abell, S. K., Demir, A., Schmidt, F. J. (2006) College science

teachers’ views of classroom inquiry. Sci. Educ. 90, 784–802.

[3] Hanauer, D. I., Graham, M. J., SEA-PHAGES, Betancur, L., Bobrownicki, A.,

Cresawn, S. G., Garlena, R. A., Jacobs-Sera, D., Kaufmann, N., Pope, W. H.,

Russell, D. A., Jacobs, W. R., Jr., Sivanathan, V., Asai, D. J., Hatfull, G. F.

(2017) An inclusive Research Education Community (iREC): impact of the

SEA-PHAGES program on research outcomes and student learning. Proc.

Natl. Acad. Sci. USA114, 13531–13536.

[4] Auchincloss, L. C., Laursen, S. L., Branchaw, J. L., Eagan, K., Graham, M.,

Hanauer, D. I., Lawrie, G., McLinn, C.M., Pelaez, N., Rowland, S., Towns,M.,

Trautmann, N. M., Varma-Nelson, P., Weston, T. J., Dolan, E. L. (2014)

Assessment of course-based undergraduate research experiences: a meet-

ing report. CBE Life Sci. Educ. 13, 29–40.

[5] Ballen, C. J., Thompson, S. K., Blum, J. E., Newstrom, N. P., Cotner, S.

(2018) Discovery and broad relevance may be insignificant components

of course-based undergraduate research experiences (CUREs) for non-

biology majors. J. Microbiol. Biol. Educ. 19, 19.2.63.

[6] Chapman, K. D., Ohlrogge, J. B. (2012) Compartmentation of triacylglycerol

accumulation in plants. J. Biol. Chem. 287, 2288–2294.

[7] Xu, C., Shanklin, J. (2016) Triacylglycerol metabolism, function, and accu-

mulation in plant vegetative tissues. Annu. Rev. Plant Biol. 67, 179–206.

[8] Bohlmann, J., Keeling, C. I. (2008) Terpenoid biomaterials. Plant J. 54,

656–669.

Stoeckman et al. 7

https://guides.library.unt.edu/biol39002017
https://guides.library.unt.edu/biol39002017
https://guides.library.unt.edu/biol39002016
https://guides.library.unt.edu/biol39002016


[9] Geng, S. L., Cui, Z. X., Shu, B., Zhao, S., Yu, X. H. (2012) Histochemistry

and cell wall specialization of oil cells related to the essential oil accumu-

lation in the bark of Cinnamomum cassia Presl. (Lauraceae). Plant Prod.

Sci. 15, 1–9.

[10] Lange, B. M. (2015) The evolution of plant secretory structures and

emergence of terpenoid chemical diversity. Annu. Rev. Plant Biol. 66,

139–159.

[11] Pyc, M., Cai, Y., Greer, M. S., Yurchenko, O., Chapman, K. D.,

Dyer, J. M., Mullen, R. T. (2017b) Turning over a new leaf in lipid droplet

biology. Trends Plant Sci. 22, 596–609.

[12] Kadereit, B., Kumar, P., Wang, W. J., Miranda, D., Snapp, E. L., Severina, N.,

Torregroza, I., Evans, T., Silver, D. L. (2008) Evolutionarily conserved gene

family important for fat storage. Proc. Natl. Acad. Sci. USA 105, 94–99.

[13] Cai, Y., McClinchie, E., Price, A., Nguyen, T. N., Gidda, S. K., Watt, S. C.,

Yurchenko, O., Park, S., Sturtevant, D., Mullen, R. T., Dyer, J. M.,

Chapman, K. D. (2017) Mouse fat storage-inducing transmembrane pro-

tein 2 (FIT2) promotes lipid droplet accumulation in plants. Plant

Biotechnol. J. 15, 824–836.

[14] Petrie, J. R., Shrestha, P., Liu, Q., Mansour, M. P., Wood, C. C.,

Zhou, X. R., Nichols, P. D., Green, A. G., Singh, S. P. (2010) Rapid expres-

sion of transgenes driven by seed-specific constructs in leaf tissue: DHA

production. Plant Methods 6, 8–13.

[15] Cai, Y., Whitehead, P., Chappell, J., Chapman, K. D. (2019) Mouse

lipogenic proteins promote the co-accumulation of triacylglycerols and

sesquiterpenes in plant cells. Planta 250, 79–94. https://doi.org/10.1007/

s00425-019-03148-9.

8 iCURE: A Case-study

Biochemistry and
Molecular Biology Education

https://doi.org/10.1007/s00425-019-03148-9
https://doi.org/10.1007/s00425-019-03148-9

	 iCURE (Iterative Course-based Undergraduate Research Experience): A Case-study
	Introduction
	Research Question
	Implementation of the iCURE
	Benefits and Outcomes
	Future Goals
	Materials and Methods
	Precourse and Postcourse Surveys
	Experimental Protocols

	Acknowledgments
	REFERENCES


