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Perspectives

Define Your Goals Before You Design a CURE: A Call to Use
Backward Design in Planning Course-Based
Undergraduate Research Experiences
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We recommend using backward design to develop course-based undergraduate research experiences
(CUREsS). The defining hallmark of CUREs is that students in a formal lab course explore research questions
with unknown answers that are broadly relevant outside the course. Because CUREs lead to novel research
findings, they represent a unique course design challenge, as the dual nature of these courses requires course
designers to consider two distinct, but complementary, sets of goals for the CURE: |) scientific discovery
milestones (i.e., research goals) and 2) student learning in cognitive, psychomotor, and affective domains
(i.e., pedagogical goals). As more undergraduate laboratory courses are re-imagined as CUREs, how do
we thoughtfully design these courses to effectively meet both sets of goals? In this Perspectives article, we
explore this question and outline recommendations for using backward design in CURE development.

INTRODUCTION

For over 50 years, the biology community has recog-
nized the importance of teaching science as it is practiced
(I-11). Dubbed the “purest form of teaching” (6), doing
scientific research with students has been promoted as an
effective strategy for teaching students the true nature of
science (4,10,12—14).

There are many benefits associated with participating
in undergraduate research, but the limited number of ap-
prenticeship-style undergraduate research spots available in
faculty labs has historically restricted opportunities to only
select students (11,14). As a solution to this access problem,
the emergence of course-based undergraduate research ex-
periences, or CUREs (also called discovery-based courses),
has made research opportunities available to large numbers
of students enrolled in undergraduate laboratory courses
(10,11,13,15,16). Students in a CURE use the process of sci-
ence while working collaboratively and iteratively to make
discoveries that answer research questions with results un-
known to the scientific research community (17,18). Because
CUREs result in novel research findings, they represent a
unique course design challenge, as the dual nature of these
courses requires course designers to consider two distinct,
but complementary, sets of goals for the CURE: 1) scientific
discovery milestones (i.e., research goals) and 2) student
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learning in cognitive, psychomotor, and affective domains
(i.e., pedagogical goals). As more undergraduate laboratory
courses are re-imagined as CUREs, how do we thoughtfully
design these courses to effectively meet both sets of goals?
We recommend an iterative backward design process
based on the principles proposed by Wiggins and McTighe
(19). Using this process, instructors delineate their scien-
tific research goals and develop corresponding learning
objectives before designing their CUREs. Once research
and learning goals are established, instructors determine
appropriate evidence and assessment, and then scaffold
specific laboratory learning experiences to incrementally
foster such outcomes. By using backward design, CURE
course designers can ensure that they are designing specific
elements of their CURE to meet scientific research mile-
stones without sacrificing student pedagogical outcomes.

USING “BACKWARD DESIGN” TO DEVELOP CURES

Proposed by Wiggins and McTighe (19), the “backward
design model” has been encouraged by the biology education
community in the development of student-centered biology
lecture courses and traditional lab courses where students’
data are not broadly relevant to stakeholders outside of the
lab course (10,14,20-22). A course designer using backward
design for a lecture course or traditional lab course would
start with the pedagogical goals of the course and then
work “backward” to identify appropriate assessments to
measure the goals. Only then would an instructor craft a
curriculum to achieve the goals.

The true hallmark of a CURE, distinguishing it from
other types of lecture and lab courses, is that students
work on a research project with an unknown answer that
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is broadly relevant to people outside of the course (18,23).
This means that, in addition to the typical pedagogical
function of lab courses, CUREs have a unique scientific
knowledge-building function that intertwines research and
learning. Thus, when designing a CURE, course developers
must navigate a balance between scientific discovery mile-
stones and student learning gains, making careful choices
about whether to start with research goals or pedagogical
goals. While there is substantial evidence that instructors
are backward designing biology lecture and traditional lab
courses by considering pedagogical goals, there is little ev-
idence that instructors of CUREs are backward designing
their courses by considering the combination of pedagogical
goals and research goals. To our knowledge, backward design
considering both pedagogical goals and research goals has
not yet been specifically recommended for CUREs.

By choosing to teach a CURE, instructors have already
defined the overarching learning outcome for students: to
provide them with the experience of conducting scientific
research, allowing them to integrate into the scientific
community. Engaging in any part of the research enterprise,
even a simple task, is considered legitimate peripheral
participation in science and provides opportunities for
students to become more experienced members of the
scientific community of practice (24). Further, integrating
research into the undergraduate biology curriculum has
been recommended to improve students’ abilities to un-
derstand how biologists conduct research (10). By deciding
to teach a CURE, course designers have also determined
the overarching research goal: to contribute new scientific
knowledge to the scientific community. The next step for
CURE developers is to consider more specific learning
and research goals. Historically, faculty developing CUREs
design specific research goals first based on their research
interests (25), then define learning goals within the context
of the research project. Although the research goals can
constrain the possible learning goals, defining the research
goal first ensures that the CURE is built around a research
question and will result in broadly relevant novel data.
After deciding to develop a CURE, we recommend that
the next step be to identify specific scientific discovery
milestones (e.g., synthesizing a compound, annotating a
gene, or characterizing a phenotype) that can be met,
given student skill levels and course resources. Once
scientific discovery milestones have been established,
course designers can develop learning goals around these
research goals. For example, course designers can ask:
what is the guiding research question for this CURE, and
what do we want students to know or be able to do after
engaging in this research question? Once these research
and pedagogical goals are defined, instructors should then
determine the type of evidence that would signify success in
achieving these goals. For example, which scientific results
are we aiming for? Which skills and competencies should
students be able to demonstrate? After determining what
constitutes acceptable evidence, instructors should plan
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the daily or weekly experiments and instruction that will
support the students in meeting these larger goals. Finally,
we acknowledge that backward designing a CURE is an
iterative process with regard to both research goals and
pedagogical goals; after identifying class activities that will
lead to desired outcomes, designers will likely reexamine
their plan for assessment to ensure that assessment aligns
with planned activities. Figure | illustrates a backward
design model applied to CUREs, which encourages instruc-
tors to sync the dual functions of research and pedagogy
in a CURE.

Below we unpack four critical steps of backward design
and highlight how research and learning goals can fit into
these steps.

Step I: Identifying desired results: defining outcomes

The first step in backward design is articulating the
intended goals of the course. Although the overarching
goals of engaging students in real research and contributing
novel data to the scientific community have already been
established by choosing to develop a CURE, more specific
research and learning goals need to be articulated. While
course designers could in theory begin with either research
or learning goals, we recommend that course designers
who want to develop a CURE start with research goals to
ensure that their course meets the definition of a CURE and
will result in data that are novel and broadly relevant to the
scientific community. Then we recommend that the specific
learning goals be superimposed on the research project.

Research goals can encompass a broad range of possibili-
ties and organizational structures—from the SEA-PHAGES
program, where students identify novel phage from soil
samples (26), to sequencing genomes in the Genomics
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FIGURE 1. Backward design (19) applied to scientific discovery
and learning outcomes for CUREs. Starting broadly and becoming
more specific, we recommend that instructors use the suggested
reflection prompts to guide course planning and design for research
goals (a) and learning goals (b). CURE = course-based undergraduate
research experience.
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Education Partnership (27), to faculty-specific research
in diverse areas of biology (28,29). We recommend that
research goals be selected with consideration for the
technical and developmental abilities of the undergraduate
learner, in addition to practical considerations such as ac-
cess to equipment and resources. See Kloser et al. (30) and
Hekmat-Scafe et al. (31) for suggestions in engaging novice
students in producing research.

Once research goals are established, learning goals for
the course may include cognitive outcomes (e.g., content
knowledge, ability to design an experiment, conceptions
about the process of science), affective outcomes (e.g.,
sense of belonging, self-efficacy, attitudes about science,
group membership), and psychomotor outcomes (e.g.,
increased technical skills). Some of these student out-
comes may extend beyond a single course (e.g., retention
in a major) and thus are difficult to measure. However,
measureable single-term proxies (e.g., sense of belonging
or science identity (32,33)) exist to gauge some of these
longer-term outcomes. Given the plethora of possible
learning objectives for undergraduate involvement in
research, it is impossible for a single CURE to meet all of
them, and thus careful choices must be made. Learning
goals should be adjusted to the learning needs of a specific
student population (e.g., introductory or advanced, nonma-
jors or majors) within a given curriculum to maximize the
potential for short- and long-term success. Further, biology
departments can consider how CUREs fit into the overall
undergraduate biology curriculum and encourage CURE
developers to use backward design so that the course helps
students meet broader curricular goals (34). For example,
CUREs can be developed to help students develop core
biology competencies such as the ability to apply the
process of science or the ability to use quantitative reason-
ing (10). Further, core concepts such as information flow
could be integrated into the CURE curriculum (10,34).
Additionally, CURE designers could consider developing
interdisciplinary CUREs in order to develop students’
ability to tap into the interdisciplinary nature of science
and communicate and collaborate with other disciplines
(10). Importantly, broader curricular outcomes may be
difficult to achieve in one-term laboratory courses, and
thus, departments may need to consider how CUREs build
upon other laboratory courses that are already part of the
curriculum or provide the foundation for future courses.

Step 2: Determining acceptable evidence: choosing
suitable assessments

Once the goals for the CURE have been identified and
the relative importance is assigned to each goal, course
designers are tasked with evaluating progress toward these
goals by determining acceptable evidence and assessment
strategies. This requires systematically measuring whether
the lab course is achieving the intended research and learn-
ing goals.
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To measure the course’s success in achieving research
milestones, we recommend the same approach that is used
in apprenticeship-style undergraduate research experi-
ences—evaluate the quality and uncertainty of student-
generated research in terms of its ability to contribute new
knowledge. In cases where student efforts in the course do
not achieve the expected research milestones, it is important
to educate students about the role of “failure” as a common
component of the process of science. Even if a CURE does
not achieve the research milestones, if it has the potential
to produce broadly relevant and novel data, the course is
still a successful representation of the scientific enterprise
and would be considered a CURE.

Learning goals can be measured using concept in-
ventories, performance assessments, surveys, classroom
observations, and/or analyzing course artifacts (e.g., lab
notebook, final paper, poster). When using surveys or
open-ended response questions to assess student gains, we
encourage instructors to be wary of student self-reporting.
While self-reporting is the most appropriate way to mea-
sure affective outcomes such as sense of belonging to the
scientific community, it is an indirect measure of students’
scientific skills such as analyzing data. Because students’
assessment of their own abilities can be influenced by social
desirability or the general tendency to report positive gains
(35), instructors should consider more direct measures for
non-affective outcomes. For example, although one could
use a survey to obtain students’ self-report of their ability
to analyze data, a more direct measure of their ability to
analyze data would be to have students actually analyze
data as part of a test or assignment. Assessment of learn-
ing goals could be done by comparing post-course scores
to pre-course scores (30) or taking multiple measures
over the duration of the term (36), and may also involve a
comparison group (28,37). Shortlidge and Brownell have
compiled a suite of previously developed assessments that
could be used to assess a CURE, and they also suggest the
importance of contextualizing one’s assessments to the
specific topic of the CURE (38). An additional assessment
that measures a suite of student outcomes, specifically in
the affective domain, is the student persistence in the sci-
ences (PITS) survey (39), but we encourage caution when
administering broad surveys if the survey components do
not align with the specific learning goals of one’s CURE. For
a broader discussion of assessment of learning goals related
to a CURE, the reviews by Corwin, Graham, and Dolan
(23) and Brownell and Kloser (18) are useful resources.
It may be helpful for a CURE developer to work with an
education research specialist to help plan an appropriate
assessment strategy.

Step 3: Planning experiences and instruction
Once desired outcomes and an assessment plan

are established, course designers can begin to plan specific
scientific experiments, classroom activities, and instructional
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practices that comprise the lab course. For example, if
course designers want students to improve their ability
to analyze data, then developing multiple opportunities
throughout the course for students to practice this skill
is beneficial. Students may analyze practice data as pre-lab
assignments or conduct several similar experiments where
they interpret and compare results. CUREs can also be
designed to emphasize affective aspects of research such
as improving students’ sense of belonging to a larger sci-
entific community. Such a course may be built around an
opportunity to contribute novel data to a database used by
many other scientists or to present research at a profes-
sional conference. These activities give students access to a
broader network of the scientific research community and
can promote student conversations with scientists outside
the class, building a sense of community. See Corwin et al.,
2015 (23) for a set of proposed relationships between CURE
activities and student outcomes.

Step 4: Iteration and revision

We recognize that it is not always easy to predict which
course structures, activities, and pedagogies will lead to
maximal and equitable opportunities for student learning.
Therefore, to the extent that it is possible, we encourage
instructors to take an evidence-based approach, consulting
the education literature when making design and pedagog-
ical decisions (10). While the literature establishing causal
relationships between design components and outcomes
of CUREs is limited, the advantage of using the backward
design process is that it allows instructors to begin to sys-
tematically evaluate what is effective for their population of
students and contribute to this growing body of knowledge
surrounding the efficacy of CUREs.

Even though there is a growing literature describing the
gains associated with CUREs over cookbook lab experi-
ences, few studies have attempted a reductionist approach
to determine which specific elements of lab course design
lead to specific cognitive and affective outcomes (but see
Shaffer et al., (40) and Brownell et al. (36) for exceptions).
Recently, the CURE community has emphasized the impor-
tance of aligning assessments with outcomes to decipher the
relative impact of each CURE component (17,18,23). After
hypothesizing about which activities will most likely lead to
the desired benefits, course designers will probably need to
return to the assessment step of backward design in order
to revise the assessment to be able to determine whether
the activity leads to the goal. For example, an instructor
may decide that improving the sense of belonging of first
year students is an important desired outcome for their lab
course. Next, they may choose an assessment to measure
whether or not this goal is achieved and incorporate an
activity (e.g., frequent collaboration with peers) in order
to foster an increased sense of belonging. However, the
instructor will need to continue to refine the assessment
strategies to determine whether this specific component
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of the course (e.g., collaboration with peers) leads to an
improved student sense of belonging.

AN EXAMPLE OF BACKWARD DESIGN APPLIED TO A CURE:
SMALL WORLD INITIATIVE

The Small World Initiative (SWI) is an international
collaborative delegating the discovery of new antibiotics to
undergraduate researchers using a crowdsourcing model
(www.smallworldinitiative.org; 41). The initiative uses
scientific discovery in the context of a common CURE
design to explore soil ecosystems on a worldwide scale for
antibiotic-producing microbes. Students engage in a series
of experiments during the semester, including culturing
microbes from soil, screening these isolates for antibiotic
activity against tester strains, performing 16s rRNA gene
sequencing, and chemically extracting antibiotic-containing
metabolites for toxicity testing of eukaryotic cells. Scientific
data are contributed to a central database, and students
present original research at an annual national symposium.
Table | illustrates the backward design process applied to
representative scientific and short-term learning outcomes
of the Small World Initiative curriculum.

THE LIMITATION OF BACKWARD DESIGNING WITH
RESEARCH GOALS FIRST

While we are recommending that CURE course de-
signers first design their CURE to align with their research
goals, we acknowledge that this constrains possible student
learning outcomes. For example, a CURE derived from a
faculty member’s research project may lead to only a select
number of student benefits due to the model organism,
methodology, and appropriate analyses—which may or may
not be the intended learning outcomes of the lab course. For
instance, a faculty member who develops a CURE based on
her research on deep sea vents will be able to give students
the experience of analyzing data, but not collecting their
own data. Not collecting data may impact student project
ownership (23), which has been suggested to contribute per-
sistence in science (42). If the faculty member is interested
in persistence in science as a long-term student outcome of
the CURE, then it will be important to identify whether ana-
lyzing data is enough to garner sufficient project ownership
to persist in science. Alternatively, a faculty member who
develops a CURE based on her research in urban ecology
may be able to give students the experience of collecting
data, but the statistical analyses may be too complicated for
introductory-level students; if the analyses are too difficult
for introductory students, then the course may not meet
its goal of improving student ability to analyze data. Thus,
adjusting the learning outcomes of the course to fit within
the research project may be necessary. Likewise, adjusting
the research project to meet learning outcomes is key to
the course revision process, especially in relation to larger
departmental curricular outcomes.
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TABLE I.

The backward design process applied to representative scientific and short-term learning outcomes of the Small World Initiative

(SWI) curriculum.

Backward Design Step

Scientific Discovery (a)

Student Learning (b)

|. ldentify desired outcomes

2. Determine acceptable evidence

3. Plan learning experiences
and instruction

4. Revise and iterate

Students identify an antibiotic-producing
soil microbe.

Students obtain a zone of inhibition from
patches of soil isolates, signifying antibiotic
secretion and killing of tester strains.

Students |) design and execute a method
of culturing bacteria from soil, 2) measure
CFU/g from serial dilutions of soil, 3) design
and execute an assay for zones of inhibition
against tester strains.

Troubleshoot experiments to measure
whether the experiment leads to an
accurate scientific result.

Students |) develop ownership of their research
project and 2) gain a sense of belonging to
the SWI scientific community.

I) Adaptation of Project Ownership Survey (46) and
2) Custom survey for sense of belonging.

Students keep a laboratory notebook and complete
pre-lab assignments (which include experimental
design, hypothesis generation, and data analysis)

as well as post-lab oral presentations.

Adapt assessments to measure whether activities
lead to learning goals.

SHOULD BACKWARD DESIGN BE APPLIED TO INDEPENDENT
RESEARCH EXPERIENCES?

A corollary to this entire argument is that we should be
using backward design to enhance student gains in indepen-
dent research experiences. Similar to CUREs, independent
research experiences merge learning goals with research goals
when students are receiving course credit for participating in
these experiences. To what extent have faculty considered
learning outcomes when students are engaged in undergrad-
uate research! How do these learning outcomes map onto
the research goals of the independent research project? While
the goals of apprenticed undergraduate research experiences
are inherently research outcomes, we encourage faculty to
systematically consider learning outcomes in addition to their
research goals rather than assume that students are benefiting
from these experiences by just engaging in research. This is es-
pecially important when students are enrolled in research for
course credit or when research is required for a student’s de-
gree program because student learning is then an expectation
of this experience (43). While there are many self-reported
student benefits of undergraduate research, there is limited
evidence supporting student gains in conceptual understanding
(44). Due to the variability among research experiences, we
cannot assume that all students benefit from doing research
in the same ways. As such, faculty using student-centered
backward design for undergraduate researchers have an op-
portunity to explore which aspects of independent research
experiences lead to reported outcomes, which is currently
lacking from the literature (43—45).

CONCLUSION

CUREs are a powerful way of exposing students to
the process of producing potentially publishable data in
the context of a lab course, but we as a community would
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benefit by more thoughtfully designing these courses using
the principles of backward design to maximize scientific
research milestones and student learning.

ACKNOWLEDGMENTS

Jennifer Craer and Brian Haney were instrumental in
initial conversations about backward designing CUREs. We
also thank Erin Dolan, Lisa Corwin, Melissa Aikens, Sarah
Eddy, and Sara Wyse for feedback on an earlier draft.

I. Schwab ]J. 1958. The teaching of science as inquiry. Bull
Atomic Sci 14:374-379.

2. Schwab]. 1960. Inquiry, the science teacher, and the educator.
School Rev 68:176—195.

3. Holt CE, Abramoff P, Wilcox LV, Abell DL. 1969. Investigative
laboratory programs in biology: a position paper of the
Commission on Undergraduate Education in the Biological
Sciences. BioScience 19:1104—1107.

4. The Boyer Commission on Educating Undergraduates in
the Research University. 1998. Reinventing undergraduate
education: a blueprint for America’s research universities.
State University of New York, Stony Brook, NY.

5. National Research Council. 2000. Inquiry and the national
science education standards: a guide for teaching and learning.
The National Academies Press, Washington, DC.

6. National Research Council. 2003. BIO2010: Transforming
undergraduate education for future research biologists. The
National Academies Press, Washington, DC.

7. Healey M, Jenkins A. 2009. Developing undergraduate
research and inquiry. Higher Education Academy, York.

8. Laursen S, Hunter AB, Seymour E, Thiry H, Melton G. 2010.
Undergraduate research in the sciences: engaging students
in real science. Jossey-Bass, San Francisco, CA.

Journal of Microbiology & Biology Education 5



20.

21.

22.

23.

24.

COOPER et al.: BACKWARD DESIGNING COURSE-BASED UNDERGRADUATE RESEARCH EXPERIENCES

National Research Council. 2012. Discipline-based
education research: understanding and improving learning
in undergraduate science and engineering. The National
Academies Press, Washington, DC.

American Association for the Advancement of Science. 2011.
Vision and Change in Undergraduate Biology Education: A Call
to Action. National Science Foundation, Washington, DC.

. President’s Council of Advisors on Science and Technology.

2012. Engage to excel: producing one million additional college
graduates with degrees in science, technology, engineering,
and mathematics. Executive Office of the President,
Washington, DC.

. Luckie DB, Maleszewski JJ, Loznak SD, Krha M. 2004. Infusion

of collaborative inquiry throughout a biology curriculum
increases student learning: a four-year study of “Teams and
Streams.” Adv Physiol Educ 28:199-209.

. Weaver GC, Russell CB, Wink DJ. 2008. Inquiry-based and

research-based laboratory pedagogies in undergraduate
science. Nat Chem Biol 4:577-580.

Wood WB. 2009. Innovations in teaching undergraduate
biology and why we need them. Annu Rev Cell Dev Biol
25:93-112.

. Wei CA, Woodin T. 201l. Undergraduate research

experiences in biology: alternatives to the apprenticeship
model. CBE Life Sci Educ 10:123-131.

. Bangera G, Brownell SE. 2014. Course-based undergraduate

research experiences can make scientific research more
inclusive. CBE Life Sci Educ 13:602-606.
Corwin-Auchincloss L, Laursen SL, Branchaw JL, Eagan K,
Graham M, Hanauer DI, Lawrie G, McLinn CM, Pelaez N,
Rowland S, Towns M, Trautmann NM, Varma-Nelson P,
Weston T, Dolan EL. 2014. Assessment of course-based
undergraduate research experiences: a meeting report. CBE
Life Sci Educ 13:29-40.

. Brownell SE, Kloser MJ. 2015. Toward a conceptual

framework for measuring the effectiveness of course-based
undergraduate research experiences in undergraduate
biology. Stud High Educ 40:525-544.

Wiggins G, McTighe J. 1998. Understanding by design.
Association for Supervision and Curriculum Development,
Alexandria, VA.

Allen D, Tanner K. 2007. Putting the horse back in front
of the cart: using visions and decisions about high-quality
learning experiences to drive course design. CBE Life Sci
Educ 6:85-89.

Dolan EL, Collins JP. 2015. We must teach more effectively:
here are four ways to get started. Mol Biol Cell 26:2151-2155.
Ebert-May D, Derting TL, Hodder |, Momsen JL, Long TM,
Jardeleza SE. 2011. What we say is not what we do: effective
evaluation of faculty professional development programs.
BioScience 61:550-558.

Corwin LA, Graham MJ, Dolan EL. 2015. Modeling course-
based undergraduate research experiences: an agenda for
future research and evaluation. CBE Life Sci Educ 14:1-13
Lave ), Wenger E. 1991. Situated learning: legitimate peripheral
participation. Cambridge University Press, New York, NY.

Journal of Microbiology & Biology Education

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Shortlidge EE, Bangera G, Brownell SE. 2016. Faculty
perspectives on developing and teaching course-based
undergraduate research experiences. BioScience 66(1):54—62.
Pope WH, Bowman CA, Russell DA, Jacobs-Sera D, Asai D,
Cresawn SG, Jacobs WR, Hendrix RW, Lawrence |G, Hatfull
GF. 2015. Whole genome comparison of a large collection
of mycobacteriophages reveals a continuum of phage genetic
diversity. eLife 4:¢06416.

Shaffer CD, Alvarez C, Bailey C, Barnard D, Bhalla S,
Chandrasekaran C, Chandrasekaran V, Chung HM, Dorer DR,
Du C, Eckdahl TT, Poet JL, Frohlich D, Goodman AL, Gosser
Y, Hauser C, Hoopes LLM, Johnson D, Jones CJ, Kaehler M,
Kokan N, Kopp OR, Kuleck GA, McNeil G, Moss R, Myka
JL, Nagengast A, Morris R, Overvoorde PJ, Shoop E, Parrish
S, Reed K, Regisford EG, Revie D, Rosenwald AG, Saville K,
Schroeder S, Shaw M, Skuse G, Smith C, Smith M, Spana EP,
Spratt M, Stamm ], Thompson JS, Wawersik M, Wilson BA,
Youngblom J, Leung W, Bubhler ], Mardis ER, Lopatto D, Elgin
SCR. 2010. The genomics education partnership: successful
integration of research into laboratory classes at a diverse
group of undergraduate institutions. CBE Life Sci Educ 9:55-69.
Brownell S, Kloser M, Shavelson R, Fukami T. 2012.
Undergraduate biology lab courses: comparing the impact
of traditionally based “cookbook” and authentic research-
based courses on student lab experiences. ] Coll Sci Teach
41:36—45.

Miller CW, Hamel J, Holmes KD, Helmey-Hartman WL,
Lopatto D. 2013. Extending your research team: learning
benefits when a laboratory partners with a classroom.
BioScience 63:754-762.

Kloser MJ, Brownell SE, Shavelson R, Fukami T. 2013.
Research and teaching. Effects of a research-based ecology
lab course: a study of nonvolunteer achievement, self-
confidence, and perception of lab course purpose. ] Coll Sci
Teach 42:72-8I.

Hekmat-Scafe DS, Brownell SE, Seawell PC, Malladi S, Imam
JFC, Singla V, Bradon N, Cyert MS, Stearns T. 2016. Using yeast
to determine the functional consequences of mutations in the
human p53 tumor suppressor gene: an introductory course-
based undergraduate research experience in molecular and
cell biology. Biochem Mol Biol Educ 45(2):161-178.

Good C, Rattan A, Dweck CS. 2012. Why do women opt
out? Sense of belonging and women’s representation in
mathematics. | Pers Soc Psychol 102:700-717.
Estrada-Hollenbeck M, Woodcock A, Hernandez PR, Schultz
PW. 2011. Toward a model of social influence that explains
minority student integration into the scientific community. |
Educ Psychol 103:206-222.

Brownell SE, Freeman S, Wenderoth MP, Crowe AJ. 2014.
BioCore Guide: a tool for interpreting the core concepts
of Vision and Change for biology majors. CBE Life Sci Educ
13:200-211.

Bowman NA, Hill PL. 2011. Measuring how college affects
students: social desirability and other potential biases in
college student self-reported gains. New Dir Institutional
Res 2011:73-85.

Volume 18, Number 2



36.

37.

38.

39.

40.

Volume 18, Number 2

COOPER et al.: BACKWRRD DESIGNING COURSE-BASED UNDERGRADUATE RESERRCH EXPERIENCES

Brownell SE, Hekmat-Scafe DS, Singla V, Chandler Seawell P,
Conklin Imam JF, Eddy SL, Stearns T, Cyert MS. 2015. A high-
enrollment course-based undergraduate research experience
improves student conceptions of scientific thinking and ability
to interpret data. CBE Life Sci Educ 14(2):ar2l.

Brownell SE, Kloser MJ, Fukami T, Shavelson R]. 2013.
Context matters: volunteer bias, small sample size, and the
value of comparison groups in the assessment of research-
based undergraduate introductory biology lab courses. |
Microbiol Biol Educ 14:176—182.

Shortlidge EE, Brownell SE. 2016. How to assess your CURE: a
practical guide for instructors of course-based undergraduate
research experiences. ] Microbiol Biol Educ 17:399-408.
Hanauer DI, Graham MJ, Hatfull GF. 2016. A measure of
college student persistence in the sciences (PITS). CBE Life
Sci Educ 15:ar54.

Shaffer CD, Alvarez CJ, Bednarski AE, Dunbar D, Goodman
AL, Reinke C, Rosenwald AG, Wolyniak M}, Bailey C, Barnard
D, Bazinet C, Beach DL, Bedard JEJ, Bhalla S, Braverman J,
Burg M, Chandrasekaran V, Chung H-M, Clase K, DeJong
RJ, DiAngelo JR, Du C, Eckdahl TT, Eisler H, Emerson JA,
Frary A, Frohlich D, Gosser Y, Govind S, Haberman A,
Hark AT, Hauser C, Hoogewerf A, Hoopes LLM, Howell
CE, Johnson D, Jones CJ, Kadlec L, Kaehler M, Key SCS,
Kleinschmit A, Kokan NP, Kopp O, Kuleck G, Leatherman J,
Lopilato J, MacKinnon C, Martinez-Cruzado JC, McNeil G,
Mel S, Mistry H, Nagengast A, Overvoorde P, Paetkau DVV,
Parrish S, Peterson CN, Preuss M, Reed LK, Revie D, Robic S,

41.

42.

43.

44,

45.

46.

Roecklein-Canfield ], Rubin MR, Saville K, Schroeder S, Sharif
K, Shaw M, Skuse G, Smith CD, Smith MA, Smith ST, Spana
E, Spratt M, Sreenivasan A, Stamm }, Szauter P, Thompson JS,
Woawersik M, Youngblom |, Zhou L, Mardis ER, Buhler ], Leung
W, Lopatto D, Elgin SCR. 2014. A course-based research
experience: how benefits change with increased investment
in instructional time. CBE Life Sci Educ 13:111-130.
Caruso JP, Israel N, Rowland K, Lovelace MJ, Saunders M].
2016. Citizen science: the Small World Initiative improved
lecture grades and California critical thinking skills test scores
of nonscience major students at Florida Atlantic University.
] Microbiol Biol Educ 17:156—162.

Hanauer DI, Frederick ], Fotinakes B, Strobel SA. 2012.
Linguistic analysis of project ownership for undergraduate
research experiences. CBE Life Sci Educ 11:378-385.
Wilson A, Howitt S, Higgins D. 2016. A fundamental
misalignment: intended learning and assessment practices in
undergraduate science research projects. Assess Eval High
Educ 41:869-884.

Linn MC, Palmer E, Baranger A, Gerard E, Stone E.
2015. Undergraduate research experiences: impacts and
opportunities. Science 347:1261757.

Sadler TD, Burgin S, McKinney L, Ponjuan L. 2010. Learning
science through research apprenticeships: a critical review
of the literature. ] Res Sci Teach 47:235-256.

Hanauer DI, Dolan EL. 2014. The project ownership survey:
measuring differences in scientific inquiry experiences. CBE
Life Sci Educ 13:149-158.

Journal of Microbiology & Biology Education 7



