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ABSTRACT

Infusing undergraduate curricula with authentic research training is an important con-
temporary challenge. Such exposure typically occurs through mentored research (MR)
or course-based undergraduate research experiences (CUREs). In Asian contexts, CURE
implementation is rare, while MR is often a graduation requirement. In this study, mentor
interviews and mentee focus groups were used to characterize the learning challenges as-
sociated with this requirement at a Chinese university. An intensive 6-week CURE was then
implemented as an MR preparatory program to help mitigate the identified challenges.
This program contained seven site-specific features not typically included in other CUREs,
each designed to improve different aspects of student readiness for MR. Post-CURE sur-
veys, focus groups, and interviews demonstrated CURE enrollment significantly improved
subsequent MR outcomes. Almost 90% of all enrollees, for example, began their first MR
experience in their second year, more than twice the rate of non-enrollees. Enrollees
also reported greater confidence in their research skills and more frequent experiences
working in multiple labs. This study reports both immediate CURE and downstream MR
outcomes, using the former to help explain the latter. Acomprehensive CURE implementa-
tion process is described, offering a potential model for the design of other programs with
similar research enhancement goals.

INTRODUCTION

The need to facilitate research training in higher education has been a consistent point
of emphasis in recent years, especially in the United States (National Research Coun-
cil, 2003; President’s Council of Advisors on Science and Technology, 2012). The chal-
lenge of integrating this training into undergraduate curricula is a difficult one, neces-
sitating the development of many complex skills rather than mere transfers of
conceptual knowledge (Baker et al., 2015; Brownell et al., 2015). Across the globe,
mentored research (MR) is often the primary mode of research skill acquisition, a
practice that requires undergraduates to independently seek their own opportunities
by joining a university-affiliated lab (Hunter et al., 2007; Russell et al., 2007; American
Association for the Advancement of Science, 2011). In Asian contexts, these experi-
ences are usually termed “apprenticeship-based” (Thiry and Laursen, 2011; Wei and
Woodin, 2011; Hung et al., 2015).

In addition to providing important learning benefits, MR offers the opportunity
for faculty to harness undergraduates to increase the volume of publishable work
(Hunter et al., 2007; Dolan and Johnson, 2010; Linn et al., 2015). In virtually
every country, science, technology, engineering, and mathematics (STEM) labs
often lack professional researchers, resulting in a high reliance on students—both
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graduate and undergraduate—for productivity. In many
Asian contexts, graduate students are either absent or sys-
tematically limited, precipitating a corresponding depen-
dence on undergraduates.

To encourage MR, many Asian universities have imple-
mented, either independently or via government recommenda-
tion, graduation requirements necessitating undergraduate par-
ticipation, often for a minimum of a semester or academic year
(Choi et al., 2011; Wei and Woodin, 2011; Abu-Zaid and Alkat-
tan, 2013). Some institutions also have requirements for the
volume of work that must be completed, imposing specific
demands on productivity. Because STEM departments typically
have many more undergraduates than research groups, MR
recruitment is often unregulated, giving faculty the theoretical
opportunity to employ an unlimited number of apprentices. In
this manner, MR is often an integral and competitive aspect of
productivity at many Asian universities, especially critical for
those with few or no graduate students.

In recent years, the United States and a host of other coun-
tries have prioritized STEM education on a national level,
sparking great interest in the development of effective curricu-
lar designs for research training (Spell et al., 2014; Linn et al.,
2015; Ballen et al., 2017; Jones and Lerner, 2019; McGill et al.,
2019). In the life sciences, these methods have included the
integration of authentic research activities into core courses
(Auchincloss et al., 2014; Brownell and Kloser, 2015; Linn
et al., 2015). These course-based undergraduate research expe-
riences (CURES) are defined by five characteristics (Auchincloss
et al., 2014; Brownell et al., 2015; Brownell and Kloser, 2015):
1) elements of discovery that allow students to generate or
work with novel data; 2) research activity iterations that help
students build competence and confidence in targeted skills
through repetition; 3) student collaboration when making
research decisions or data interpretations; 4) an emphasis on
implementing scientific methods and critical thinking; and
5) use of broadly relevant learning topics, so the resulting work
may be publishable or of interest to others outside the learning
environment. These characteristics, in essence, make CUREs
authentic, mimicking the structure of professional research, an
antithesis to “cookbook” lab courses, which are defined by a
lack of discovery, iterations, and student ownership over the
learning process (Cuthbert et al., 2012; Brownell and Kloser,
2015; Rowland et al., 2016).

Although a sizable body of work has investigated the
learning challenges associated with MR in Western contexts
(Dolan and Johnson, 2009, 2010; Wei and Woodin, 2011;
Aikens et al., 2016), no work has yet conducted a similar
investigation in an Asian setting or one with MR graduation
requirements. To this end, the present study employed men-
tor interviews and undergraduate focus groups to character-
ize these challenges at a Chinese university. This information
was used to design an intensive 6-week CURE called BIOS,
which was implemented as an MR preparatory program over
a 5-year period. A series of post-program surveys, focus
groups, and interviews demonstrated BIOS enrollment sig-
nificantly improved subsequent participation, confidence,
and performance in MR. As far as the authors are aware, this
the first time a CURE has been shown to systematically
improve MR outcomes across an entire population of life sci-
ence undergraduates.
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In summary, the present study investigated two research
questions:

1. What challenges do stakeholders face when engaging in
compulsory MR?

2. How can a CURE be used as a preparatory program to alle-
viate these concerns?

METHODS

Pre-CURE Focus Groups, Interviews

To characterize the challenges associated with compulsory MR,
25 undergraduates were recruited into three focus groups,
while eight faculty and 12 postgraduates were individually
interviewed (Supplemental Table 1). All participants were affil-
iates of the same School of Life Sciences at a highly competitive
research university in Shanghai. All interactions were con-
ducted in early 2015. Most faculty interviewees had fewer than
10 years of experience being a professor, while all postgradu-
ates were either graduate students or professional research staff
(Supplemental Table 1). Most undergraduates were third- or
fourth-year students with prior or ongoing MR participation
(Supplemental Table 1).

CURE Design Process

In recent years, several theoretical frameworks have been pub-
lished to guide CURE design. Work by Bakshi and colleagues
(2016), for example, offered activity recommendations for
developing specific skills, while Brownell and Kloser (2015)
offered strategies for assessing CURE effectiveness. Because
neither had been published at the time of BIOS’s inception in
early 2015, BIOS was not designed by referencing them.
Instead, its framework was constructed independently using
two sets of principles: the five defining characteristics of a
CURE, as described in the Introduction, and the MR-associated
challenges revealed through pre-CURE interviews and focus
groups.

Despite the alternative design process, BIOS’s architecture
nevertheless exhibited many similarities with the recommenda-
tions and strategies put forth by Bakshi et al. (2016) and
Brownell and Kloser (2015). Like Bakshi et al., BIOS made use
of linear sequences of research tasks (e.g., hypothesis to exper-
iment to data interpretation), allowing students to experience
common steps in the scientific process. Other similarities
included the use of writing activities before and after experi-
ments (i.e., proposals and reports) and the frequent implemen-
tation of cooperative learning (Huitt et al., 2015; Connell et al.,
2016), requiring students to work in pairs or groups to enhance
interaction and feedback (Gillies, 2003; Stoltzfus and Libarkin,
2016; Warfa, 2016). Similarities to Brownell and Kloser (2015)
included the use of direct observational assessments and pre—
post surveys to determine changes in lab skill proficiencies and
learning attitudes. Deviations included BIOS’s lack of emphasis
on primary literature and poster design. The former was
avoided because the English abilities of Chinese undergradu-
ates were very uneven, while the latter was avoided to allocate
more time for experiments.

As described in Figure 1, BIOS contained six topical tracks:
biochemistry, cell biology, fish genetics, fly genetics, mouse
genetics, and plant physiology. Each had its own schedule of
unique learning activities and assessments, which were
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BIOS Timeline:

Spring semester
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one BIOS iteration
' Summer break
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BIOS applications

BT module

Follow-up surveys, Fly genetics
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[ Plant physiology )( Plant physiology
first rotation

second rotation

FIGURE 1. Timeline of BIOS events in the context of an academic year. Learner application
(light green box) and instructor training (dark green) took place before each annual
iteration of BIOS (black bracket), usually in the months of March through May. During
each iteration (usually end of June to beginning of August), all undergraduate learners
participated in a basic training (BT) module (white box) before participating in two topical
tracks (orange boxes), each called a “rotation.” At the end of each iteration, exit surveys
and focus groups (blue box) were used to investigate program-level outcomes. Because
most BIOS learners were rising second-year students, they committed to their undergrad-
uate major after BIOS, before the start of the Fall semester (black box). In April and May of
each subsequent year, follow-up surveys, focus groups, and interviews (purple) were used
to investigate the long-term effects of BIOS enrollment on MR outcomes.

designed by an independent working group consisting of one
or two faculty with expertise in that area and one or more of
their graduate students and/or research staff. BIOS enrollees
were allowed to participate in two back-to-back, each called a
rotation (Figure 1).

Five activity types were incorporated into each track: lab,
discussion, proposal, report, and workshop. Labs involved stu-
dents doing experiments or preparations for experiments in a
laboratory setting, while discussions were used to deliver and
confirm the transfer of conceptual knowledge, often in a class-
room setting. Proposals were used to give students the oppor-
tunity to make decisions about their experiments and predict
the results. Reports were used to give students time to orga-
nize results, make figures, do statistics, and present their find-
ings, usually in an open class setting. Finally, workshops were
used to train students in research skills not requiring labora-
tory equipment and space, such as experimental design and
statistics.

BIOS Participants

BIOS participants included faculty, postgraduates, and under-
graduates (Table 1). Faculty managed or co-managed a topical
track and were usually the ones who designed that track. Due
to unpredictable faculty schedules, most day-to-day CURE
instruction was handled by postgraduates. Faculty were strongly
encouraged to interact as much as possible with undergraduate
learners, especially during discussions, proposals, and reports.
There was significant variation in this involvement between
tracks and from year to year. In addition to track management,
faculty assigned final grades, because BIOS was operated as a
CURE awarding credit. A majority of faculty from 2015 to 2019
were male (Table 1), and all were affiliates of the same School
of Life Sciences.

Postgraduates were either the graduate students or lab staff
of faculty (Table 1), tasked with day-to-day operation of one
topical track. Although faculty rarely changed from year to year,
postgraduates changed regularly: on average, only 38% from
any year returned to participate in a later year. Postgraduates
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were usually responsible for conducting
learning activities and assessments, espe-
cially the ones requiring direct observa-
tion. Because these activities required a
great deal of time and energy, undergradu-
ate teaching assistants were added in 2017
(Table 1) to help with assessments and lab
preparations. These assistants were always
students who had participated in BIOS
before as learners.

From 2015 to 2019, more than 97% of
all BIOS learners were rising second-year
undergraduates. This demographic was
specifically recruited for reasons described
in the Results. A voluntary application pro-
cess was used for recruitment, with appli-
cants required to answer questions about
future academic and career aspirations,
such as: “How interested are you in doing
science research?” and “Why do you want
to join this program?” Applicants were
made aware of the six topical tracks they
could experience and required to rank-order their top four
preferences. These preferences were used to assign each
accepted student into two topical tracks.

Completed applications were reviewed by BIOS faculty, and
selections were made based on two criteria: reasons for interest
in research and reasons for wanting to experience a preferred
track. Grades and other aspects of prior academic performance
were excluded to remove bias in favor of high achievers. Faculty
were strongly encouraged to recruit a mix of candidates with
high and low self-reports of research interests. Students with
low reports were targeted in an effort to use BIOS to help
improve those opinions. Despite the attempt at balanced
recruitment, BIOS applicants likely still disproportionately rep-
resented students with high research interests, an important
consideration when interpreting the results (see Discussion). At
enrollment, most learners reported intended majors in either
the life or medical sciences (Table 1).

Fall semester

Exit Surveys

Activity-specific rubrics were used to collect empirical data on
improvements in individual skills learned in each topical track
(examples in Results). Program-level outcomes, however, were
difficult to collect in this manner, motivating the use of surveys,
focus groups, and interviews instead (Figure 1). Two types of
exit surveys were administered to BIOS learners: track-specific
and program-specific. Track-specific surveys were administered
immediately after the conclusion of a topical track and included
questions specific to that track. Program-specific surveys were
administered at the end of BIOS and included broader ques-
tions about overall experiences.

In total, exit surveys contained 34 common questions used
across all six topical tracks. Fourteen collected mentor-specific
information to monitor instructional quality (e.g., “How much
do you feel your postgraduate mentor made him/herself avail-
able for your questions?”) and are not reported. The remaining
20 questions (see Supplemental Material), consisting of two
types—pre—post and reflection—are. Pre—post questions were
administered on the first and last days of the program, with the
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TABLE 1. BIOS participant demographics, sorted by year of involvement (columns)

2015 2016 2017 2018 2019

Faculty instructors

Total 10 10 10 10 8

Female 2 3 3 3 3

Male 8 7 7 7 5
Postgraduate instructors

Total 10 12 15 14 16

Female 6 7 8 8 8

Male 4 5 7 6 8

Grad student 7 10 11 10 11

Lab staff* 3 2 1 0 0
Undergraduate teaching assistants

Total 0 0 3 4 5
Undergraduate learners

Total 41 49 52 53 50

Female 19 21 32 34 28

Male 22 28 20 19 22

Life science® 29 (30) 28 (24) 26 (22) 27 (28) 26 (26)

Medical science® 10 (10) 14 (16) 22 (26) 15 (20) 20 (19)

Other science® 1(1) 5(6) 4@ 2(5) 43

Not science® 0 (0) 2(3) 0 (0) 0 (0) 0(2)
BIOS exit assessment participants (undergraduates)

Surveys 40 43 52 45 50

Focus groups 10 15 16 12 12

2Consisted of postgraduate technicians or lab managers.

*Intended major as reported on BIOS application; applicants could also respond “unsure,” which is why the total of selections does not always equal “Total”; parentheses

indicate students who actually joined that major after completing BIOS.

difference in responses used as an indicator of change. Reflec-
tion questions were used only at the end to prompt students to
reflect on their experiences. Examples include: “How much did
you learn in BIOS compared with your expectations before
BIOS?”

The 20 questions reported in this work were used to collect
four types of information: self-assessments of learning gains,
research interests, science conceptualization, and perceptions
about cooperative learning. In learning gain questions, students
were asked to self-assess improvements in specific science pro-
cess skills. One science conceptualization question required
respondents to make word associations with “science,” similar
to prior work by Nakiboglu (2008) and Gulacar et al. (2015).
Student inputs were thematically analyzed using the inductive
coding method described in the “Coding of Focus Group, Inter-
view Transcripts” subsection. The “order of association” method
favored by Gulacar et al. was not implemented, because respon-
dents in this study were only asked to associate a small number
of words (three).

All survey questions were designed collectively by BIOS-par-
ticipating faculty (content validation) before review by a panel
of 12 life science undergraduates (face validation). Because
all but one of the questions were designed to query subjective
feelings about specific aspects of the BIOS experience and not
meant to be assessments of latent constructs, methods such as
Cronbach’s alpha were not employed to determine interitem
reliability. The lone exception was the “science” word-associa-
tion question, which can be construed to invoke latent
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constructs. However, because this question was presented
open-endedly, there was no established method to conduct
validation.

Exit Focus Groups

Although student self-reports can be useful for characterizing
a wide range of subjective qualities (Lopatto et al., 2008;
Cuthbert et al., 2012; Shaffer et al., 2014), recent work has
indicated self-assessments of learning do not always corre-
spond with empirical measures, with respondents sometimes
overestimating or even underestimating their improvements
(Eva et al., 2004; Schiekirka et al., 2013; Ziegler and Mont-
plaisir, 2014). In this study, the application of more rigorous
methods such as an established science process skills test
(Burns et al., 1985; Dirks and Cunningham, 2006; Feyzioglu,
2012; Kramer et al., 2018) was avoided, because the endeavor
would have entailed the laborious process of translation and
validation.

To compensate for self-report unreliability, all postgraduate
mentors and a random selection of undergraduate learners
were recruited into separate exit focus groups at the end of each
BIOS iteration (Figure 1). These discussions were used to cor-
roborate exit survey results and collect additional detail about
BIOS experiences from both the learner and instructor perspec-
tives. On average, 13 learners participated each year, represent-
ing roughly a quarter of each year’s BIOS roster (Table 1). Dis-
cussions were conducted in mixes of English and Chinese,
audio-recorded, and transcribed into English.
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Follow-Up Surveys

To document differences in MR outcomes between BIOS and
non-BIOS peers as they progressed through their undergradu-
ate careers, a series of annual follow-up surveys were conducted
(Figure 1). Only students with committed majors in the School
of Life Sciences were invited to participate. These surveys con-
tained 10 questions (see Supplemental Material), five request-
ing demographic information and the rest asking about differ-
ent aspects of MR progress: for example, whether students had
started their first experience and whether they had multiple
experiences.

Because undergraduates were generally unfamiliar with the
term, MR was described explicitly as “working in a university
science lab doing authentic research.” The term “authentic
research” was defined explicitly as “real research that tries to
answer a question we do not know the answer to,” with exam-
ples given to flesh out the definition (see Supplemental Mate-
rial). Follow-up surveys were designed using the same process
employed for exit surveys: faculty collaboration (content vali-
dation) followed by student panel review (face validation). No
questions invoked latent constructs, making it inappropriate to
apply methods like Cronbach’s alpha or confirmatory analysis.

On average, 93 undergraduates responded to the follow-up
survey each year, representing between 23.1% and 36.1% of
the total School of Life Sciences population (Supplemental
Table 2). Each annual cohort consisted of both students who
had completed BIOS (henceforth referred to as “ex-BIOS”) and
those who never participated (henceforth “non-BIOS”). Some
non-BIOS students were already of second-year or higher aca-
demic rank when the first iteration of BIOS was offered in 2015,
meaning they never had an opportunity to apply. These stu-
dents were tracked separately as a “pre-BIOS” cohort (Supple-
mental Table 2) and treated as a pre-implementation baseline
group.

Follow-Up Focus Groups, Interviews

In parallel with follow-up surveys, follow-up focus groups were
conducted to collect additional details about BIOS’s impact on
MR (Figure 1). Both activities were conducted each year in
April or May (Figure 1), meaning the earliest ex-BIOS students
could participate was 10 or 11 months after their CURE experi-
ences had ended. On average, a total of 26 undergraduates—
comprising a mix of ex-BIOS, non-BIOS, and pre-BIOS stu-
dents—participated each year, representing between 5.3% and
9.9% of the total School of Life Sciences population (Supple-
mental Table 3). Discussions were audio-recorded and tran-
scribed into English in a de-identifying manner. Some focus
group students were repeat contributors who had already par-
ticipated in a prior year. These repeats comprised less than 9%
of any annual cohort (Supplemental Table 3).

To investigate MR outcomes from the mentor’s perspective,
follow-up interviews (Figure 1) were conducted with faculty
and postgraduates who had not participated in BIOS. All inter-
viewees had or were mentoring at least one BIOS and one
non-BIOS student. In total, eight faculty and 19 postgraduates
were interviewed. Most faculty were male while most post-
graduates were graduate students with three or fewer years of
MR mentoring experience (Supplemental Table 4). Discus-
sions were audio-recorded and transcribed into English in a
de-identifying manner.
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Coding of Focus Group, Interview Transcripts

All focus groups and interviews were conducted in a semistruc-
tured manner with a set of prepared questions used to initiate
conversation and additional questions asked based on the flow of
discussion. This format afforded the opportunity to delve deeper
into individual perspectives. Within each set of interactions (pre-
CURE, exit, or follow-up), relevant points made in earlier discus-
sions were repeated by moderators in later discussions so as
many participants as possible could comment on the same issues.

All focus group and interview transcripts were thematically
analyzed using the inductive coding (Fereday and Muir-Co-
chrane, 2006) method described by Stuckey (2014). A group of
researchers read each transcript and worked cooperatively to
identify excerpts corresponding with different themes. Eight
researchers analyzed pre-CURE transcripts, while 10 and seven,
respectively, analyzed exit and follow-up transcripts. Each
group’s work was conducted at a different time and inde-
pendently of the others.

Unique codes were used to label excerpts pertaining to
specific themes. The name of each code was designed to
summarize the essence of that theme using a short descrip-
tion that clearly distinguished it from others. Once each
excerpt had a code, each set of excerpts categorized using
the same code were reanalyzed by a pair of researchers to
confirm the assignments seemed reasonable. During this sec-
ond round of analysis, old codes were sometimes refined or
split into new codes to better represent relevant excerpts. In
rare cases when there was disagreement about whether an
excerpt should be moved to another code, a third researcher
was brought in to resolve that conflict. The coding process
was deemed complete when all excerpts were assigned a
code confirmed by at least one pair of researchers and author
J.E Student-selected words associated with “science” in exit
surveys were analyzed by seven researchers using identical
coding methods.

Quantitative Analysis of Focus Group, Interview
Transcripts

In pre-CURE discussions, the frequencies of mention for individ-
ual MR challenges were tabulated from transcribed excerpts.
The first time any participant mentioned experiencing or agree-
ing with the existence of a challenge was counted as one men-
tion. Additional exposition about the same challenge by the
same person was not counted. Authors quickly realized this
method was not a good representation of overall opinions in
focus groups, because many participants never verbally
expressed their views. There were, for example, many instances
when participants would nod in agreement without offering
any verbal expression, a form of concurrence that failed to be
captured on transcripts. The lone exception was when modera-
tors used a show-of-hands method to ask focus group partici-
pants which MR challenge they thought was most influential
(see Results). Interviews were unaffected by this issue, because
they were always conducted individually.

To achieve a more accurate measure of sentiments in subse-
quent exit and follow-up focus groups, moderators consistently
employed a show-of-hands method in those interactions, asking
participants to agree or disagree with important statements
made during discussion. Because this public display is suscepti-
ble to social desirability bias, agreement with some sensitive

21:ar49, 5



J. Fendos et al.

MR challenge themes

1

1) ineffective communication

Site-specific CURE features
Incorporate a diverse array of life science topics into a single

about the availability of MR
opportunities* BIOS program goals
2) ineffective communication
about appropriate MR
prerequisites*®

3) low research competence
when undergraduates first
start MR

to explore their interests (1, 2, 5)

MR starts (1, 2, 6)
4) significant time and energy
required for undergraduate
training during MR

5) inconsistent undergraduate
research contributions after
training

a) offer earlier and more exposure to activities
in active MR projects, allowing undergraduates

b) increase undergraduate interactions with
prospective MR mentors, encouraging earlier

c) offer earlier training in both transferrable and
topic-specific research skills, helping relieve
training burdens and late starts (3, 4, 5, 6, 7)

d) provide comprehensive training in evidence-
based pedagogy to all BIOS postgraduates,
emphasizing active learning principles (4, 7)

CURE as independent tracks, each showcasing experiments
available in active MR projects (a, b)

Restrict learner recruitment to rising second-year
undergraduates and give them choices about which topical
tracks they can experience (a, b)

Have a “basic training” (BT) module at the start of the
program to train learners in a core set of transferrable skills
before they begin their first topical track (c)

Build all learning activities using evidence-based methods,
with detailed rubrics used to formatively assess learner
performance in real-time (c)

Combine the use of double-blind or pseudo-discovery
elements in as many activities as possible to facilitate more
authentic experiences (c)

6) negative consequences
associated with late MR starts
in the fourth year

7) inadequate support and
guidance for postgraduates
during MR

Have multipleiterations of the same lab operation, each
with a unique goal and revealed to learners using the low-
to-high-fidelity and simple-to-complex strategies (c)
Provide postgraduates and undergraduate teaching
assistants with instructor training modeled off the Summer
Institutes prior to CURE participation (d)

FIGURE 2. Seven MR challenge themes (first column) motivated four BIOS program goals (second column) which in turn resulted in the
design of seven site-specific features (third column). Asterisks (first column) denote themes describing events occurring before the start of
a new MR experience; all others describe challenges arising during an MR experience. Green numbers (second column) correspond to MR
challenge numbering, indicating which themes motivated each goal. Purple letters (third column) correspond to program goal lettering,

indicating which goals motivated each site-specific feature.

statements (e.g., “Do you feel faculty exhibit gender bias that
favors males?”) was assessed via a slower online anonymous
polling method using the Chinese app WeChat (Tencent Inc.,
Shenzhen, China). Data collected using either method are
appropriately identified as such throughout this work.

Quantitative Analysis of Survey Results

For Likert-scale survey responses, both five- and four-point scales
were used. To determine the statistical significance of response
differences between cohorts or questions, Mann-Whitney U-test
was performed in the R software v. 3.5.1 (R Foundation for Sta-
tistical Computing, Vienna, Austria) as described by Mangiafico
(2015). Unlike a t test, Mann-Whitney U-test is nonparametric
and does not assume either a normal or continuous distribution,
making it especially appropriate for analyzing range-limited dis-
tributions with possible bi- or multimodality (Jamieson, 2004).
For binary responses (“yes” or “no”), the n — 1 chi-square test
was used, as recommended by Campbell (2007) and Richardson
(2011). Confidence intervals for n — 1 tests were determined
using the method recommended by Altman and colleagues
(2000). An alpha level of 0.05 was employed for all tests, with
Sidak-Bonferroni corrections applied when necessary. This study
was considered exempt by IRB review.

RESULTS

Challenges Associated with Mandated MR

Pre-CURE focus groups and interviews revealed seven chal-
lenges associated with mandated MR. As shown in Figure 2,
these themes were used to establish four BIOS program goals,
which in turn, informed the design of seven site-specific fea-
tures. Frequencies of mention for each challenge are summa-
rized in Supplemental Table 5 with corresponding excerpts pre-
sented in Supplemental Table 6.
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The first challenge was ineffective communication about the
availability of MR opportunities. This theme was mentioned
most often by undergraduates (Supplemental Table 5), who
described various obstacles when trying to find available open-
ings: these included a lack of resources to identify prospective
mentors and a lack of guidance about how to approach them
(Supplemental Table 6, excerpts 1a and b). On the mentor end,
faculty sometimes mentioned difficulties promoting their MR
projects, especially when trying to connect with prospective men-
tees (Supplemental Table 6, 1d). Both sets of concerns were
described as increasing the likelihood that undergraduates would
settle for MR projects they found less interesting because they
lacked options when trying to find a mentor to satisfy the MR
graduation requirement (Supplemental Table 6, 1a, b, and d).

The second challenge was ineffective communication about
MR prerequisites. This was again mentioned most by under-
graduates (Supplemental Table 5), who expressed concerns
about not knowing what qualifications were needed to be con-
sidered a viable candidate. Many excerpts (Supplemental Table
6, 2a and b) demonstrated this lack of clarity was driving an
underlying concern of rejection, which in turn was motivating
many to wait until their third or fourth years before seeking
their first opportunity, a delay many said, in retrospect, seemed
unnecessary.

A third challenge was low research competence when first
starting MR. Mentors mentioned this most often (Supplemental
Table 5), with a postgraduate saying, “Clearly, upperclassmen
do know a little more [than underclassmen] ... But I find lab
experience and basic lab operations are in lacking for everyone
... Often, it is the simple things like adjusting the final volume
after making a solution or using proper micropipetting tech-
niques that they lack, things we assume they should have
learned [by now].” Undergraduates generally corroborated this
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lack of competence, with many opining in-semester lab courses
did not seem to adequately prepare them for MR (Supplemen-
tal Table 6, 3a and b). These excerpts indicated lab courses in
the study context were usually “cookbook” in nature, suggest-
ing great potential for CURE implementation.

The fourth challenge was the need to invest significant time
and energy in undergraduate training during MR. Postgradu-
ates were most vocal (Supplemental Table 5), opining that such
responsibilities typically fell to them, creating an unrealistic
conflict of demands between mentoring and their own research
work (Supplemental Table 6, 4a and b). Most undergraduates
admitted being aware of this tension (Supplemental Table 5),
repeatedly describing it as a strong deterrent to seeking assis-
tance during MR (Supplemental Table 6, 4c and d). Some even
described feeling forced to learn in an inefficient, self-reliant
manner because faculty and postgraduates failed to provide
consistent support and guidance (Supplemental Table 6, 4e and
g). These excerpts indicated effective training was an issue very
central to successful MR experiences. When asked to select the
single most influential challenge (Supplemental Table 7), 60%
of mentors (12 of 20) and 88% of undergraduates (22 of 25)
chose this training burden.

The fifth challenge was inconsistent research contributions
after training. This issue was voiced primarily by faculty (Sup-
plemental Table 5), who lamented the fact that successful train-
ing did not necessarily guarantee meaningful returns in pub-
lishable work. A postgraduate said, “Even after undergraduates
learn the experiments they need to know; I find their contribu-
tions can be very different. Some become very engaged ... oth-
ers are just trying to meet their graduation requirement ... I
think productive students are either very conscientious or really
enjoy the research topic.” Both faculty and postgraduates
agreed the lack of topical interest seemed a common impedi-
ment to productivity (Supplemental Table 6, 5a—c), suggesting
successful matching of student interests to MR topics may be
key to nurturing favorable outcomes.

Inconsistent contributions were often mentioned in conjunc-
tion with another challenge: negative consequences associated
with late starts. Many undergraduates opined that starting MR
in the fourth year seemed to exacerbate in-lab tensions, because
mentors often seemed to offer less support and guidance than
for students who started earlier (Supplemental Table 6, 6a and
b). Some postgraduates admitted to this bias, saying late starts
seemed to significantly reduce the prospects for productivity,
making their efforts feel less rewarding and diminishing their
enthusiasm for active involvement (Supplemental Table 6,
6d-g). These excerpts suggested undergraduates who started
MR earlier were more likely to be supported and, consequently,
to be more productive. Most mentors agreed MR starts in the
fourth year felt late, while those in the third did not (Supple-
mental Table 6, 6d, e, g, and h).

The final challenge was inadequate support and guidance
for postgraduates during MR. In addition to experiencing unre-
alistic expectations for balancing mentoring with their own
research work (Supplemental Table 6, 4a and b), most post-
graduates agreed it was common 1) to have no prior teaching
experience when mentoring someone for the first time and
2) to receive little or no support from faculty during mentoring
(Supplemental Table 6, 7a and b). This lack of support and
experience suggested an instructor training program might be a
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useful way to empower postgraduates to be more effective and
independent mentors, an idea subsequently incorporated into
BIOS as a program goal (Figure 2).

BIOS Program Goals

To help mitigate the identified MR challenges, four program
goals were established. The first was to offer undergraduates
earlier and more direct exposure to research in active MR proj-
ects. A goal motivated by three challenges (Figure 2a), it was
hoped the incorporation of authentic activities into BIOS would
help undergraduates feel a greater sense of access and opportu-
nity to explore their interests before starting their first MR expe-
rience. Presumably, this would also help them construct their
own firsthand understanding of authentic research, allaying
concerns about prerequisites and ultimately empowering them
to find research areas where they could be more engaged and
productive.

The second goal was to provide BIOS learners the opportu-
nity to interact with more prospective MR mentors. This too
was a response to three challenges (Figure 2b). It was hoped
undergraduates would build more meaningful research rela-
tionships if BIOS modules were taught exclusively by prospec-
tive mentors, helping motivate earlier MR starts. This approach
to CURE instruction contrasts sharply with the employment of
staff instructors without involvement in MR, increasing the
potential for CURE experiences transitioning into MR. It was
hoped that undergraduates would acquire more secondhand
knowledge about authentic research through more contact with
prospective mentors, again helping to allay concerns about pre-
requisites. Because pre-CURE focus groups had indicated under-
graduates tended to interact more often and more comfortably
with postgraduates than faculty (Supplemental Table 6, 1b and
¢), the recruitment of both into BIOS seemed a powerful way to
encourage constructive dialogue.

The third goal, in many respects, was the most important:
provide earlier undergraduate research training. A response to
five MR challenges (Figure 2c), this goal motivated the design
of a comprehensive skill-oriented CURE experience. From the
onset, it was clear that there were, in fact, two sets of skills to
consider. The first, transferable skills, applied broadly to most
life science projects, regardless of topic, including activities like
micropipetting and solution making. The second, topic-specific
skills, applied only to discrete areas, including things like mouse
tail cutting and fly sexing. Providing a balance of both through
BIOS was intended to ensure program enrollees would require
less training when starting their first MR experience.

Related to undergraduate training was the issue of instruc-
tor training. Pre-BIOS interviews had revealed postgraduates
usually began MR mentorship with little or no teaching experi-
ence and minimal guidance about how to train undergraduates
(Supplemental Table 6, 7a and b). Because the employment of
these individuals as BIOS instructors ran the risk of precipitat-
ing poor outcomes, the fourth BIOS goal was to provide all
postgraduates with comprehensive training in evidence-based
pedagogy (Figure 2d). This training was designed to expose
them to nondidactic principles like active learning and prob-
lem-based learning (Savery, 2015; Owens et al., 2018), both
core components of CUREs (Auchincloss et al., 2014; Corwin
et al., 2018). Not only did a standardized training process offer
the potential for immediate benefits to BIOS instruction, it also
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offered the long-term potential to improve downstream MR
outcomes, reducing the need for faculty guidance when BIOS
postgraduates engaged in MR after BIOS.

It was immediately evident that these goals were not achiev-
able within the span of a typical in-semester course or work-
shop. BIOS was, therefore, designed as a highly intensive
6-week CURE that acclimated and oriented undergraduates to
the rigors of authentic research, an emphasis captured in the
program’s name: Biology Intensive Orientation Summer. BIOS
was designed with full-day schedules, including weekends, giv-
ing time for learners to experience two topical tracks back-to-
back, each running for 16 consecutive days (Figure 1). Partici-
pants experienced an average of 106 hours of learning activities
per track, allowing many tasks to be linked together into depen-
dent chains, as described in the following section.

Site-Specific CURE Features

Site-specific features were BIOS design elements added on top
of the typical CURE framework as interventions to specific MR
challenges (Figure 2). As described in the Results and Discus-
sion, most of these features were later found to encourage
favorable MR outcomes.

The first feature was the incorporation of six diverse life sci-
ence topics into a single CURE, each implemented as an inde-
pendent track containing experiments from active MR projects.
Although the use of MR-derived activities in a CURE is not
novel (Walcott et al., 2018; Cole et al., 2021), the level of diver-
sity attained in BIOS is a significant departure from most prior
designs, which have typically focused on only one or a small
number of related topics, with learners seldom given choices
about what they will experience (Kloser et al., 2011; Brownell
et al., 2013; Brownell and Kloser, 2015; Corwin et al., 2015;
Ballen et al., 2017). The diversity offered through BIOS gave
learners a greater opportunity to explore their interests and
interact with different prospective mentors, in line with the first
two BIOS goals (Figure 2).

The second feature was a learner recruitment process that
restricted BIOS application to rising second-year undergradu-
ates. Although some comments in pre-CURE discussions had
suggested these students might be too inexperienced to partici-
pate in intensive research (Supplemental Table 6, 6h), the fact
that a plurality were already starting their first MR experience
in their third year (unpublished data) motivated the decision to
focus on a cohort at least a year younger, maximizing the poten-
tial benefits of early training and topic exposure (Figure 2).

The third feature was a 3-day “basic training” (BT) module
that all BIOS learners were required to complete before entry
into the first topical track (Figure 1). The BT module focused on
PCR (polymerase chain reaction) and was used to train a core
set of transferable skills. PCR was chosen, in part, because it
was the task most prevalent in topical tracks. Given that under-
graduates entered BIOS with varying degrees of high school
and first-year lab experience, it was important to normalize
these competences so students could start topical work on more
equal footing. To this effect, the BT module was operated with
the assumption that some participants had no prior biology lab
experience at all. A series of competence tests was used to
establish the pre-learning abilities of each student, giving the
opportunity for those with high competence to test out. To be
eligible, students needed to demonstrate basic PCR knowledge
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and perform a successful reaction independently without mis-
takes. On average, only 7% of all participants from 2015 to
2019 were able to test out. A future publication will describe
the BT module in greater detail, reporting the learning activi-
ties, competence tests, and outcomes for each annual cohort.
Most students, regardless of year, spoke very highly of the BT
module as a critical acclimation experience that helped them
perform better in topical tracks.

The fourth feature was the deployment of evidence-based
learning methods in all BIOS activities, part of a systematic
effort to implement modern techniques in line with recent
STEM education trends (Freeman et al., 2014; Suchman, 2014;
Bathgate et al., 2019; Felege and Ralph, 2019). Although these
methods are recommended, they are not a defining feature of
CUREs, which can contain non-evidence-based practices like
lectures. In BIOS, group discussions were used instead of lec-
tures to deliver conceptual knowledge, while problem-based
learning (Keller, 2002; Allchin, 2013) was implemented when-
ever possible in critical-thinking activities. In-lab student per-
formance was monitored using detailed rubrics, each employed
at least twice to give “pre-learning” and “post-learning” assess-
ments, as recommended by Brownell and Kloser (2015). In
most cases, only the final assessment was summative, with all
others used formatively to inform learners about their progress
in real time. Supplemental Figure 1 shows a rubric used to
assess micropipetting performance in the BT module. As illus-
trated in this example, most rubrics recorded two elements of
performance: 1) process, which required instructors to observe
students while they operated lab instruments; and 2) result,
which required evaluating operational outcome. Process assess-
ments required a lot of firsthand observation, necessitating a
learner to instructor ratio no greater than four. Track-specific
learning gains determined through rubrics are beyond the scope
of this work but will be the focus of future publications.

The fifth feature was the combined use of two methods to
deploy discovery elements in learning activities: double-blind
and pseudo-discovery. Double-blind discovery describes an
experiment in which neither students nor instructors know the
outcome, the type most often associated with CUREs (Corwin
et al., 2018; Goodwin et al., 2021a). Pseudo-discovery, on the
other hand, describes experiments in which learners are tasked
with designing and performing experiments to discover out-
comes instructors already know but refrain from revealing. This
method was implemented so students could learn established
ideas in a way that stimulated exploratory enjoyment. In the BT
module, for example, a pseudo-discovery activity required stu-
dents to choose different agarose gel concentrations when
designing an experiment to reveal how that parameter affects
DNA migration. To protect the integrity of the discovery ele-
ment, students were told in advance what pseudo-discovery
activities are and how they are meant to mimic authentic criti-
cal-thinking exercises. This explanation was accompanied by an
explicit request to resist the temptation to use the Internet or
other resources to learn outcomes prematurely. Through in-class
observations and student feedback, compliance with this
request was found to be extremely high. Distinctions between
pseudo-discovery, student-defined discovery, and inquiry are
addressed in the Discussion.

The sixth feature was the purposeful scheduling of multiple
iterations of most lab activities, each assigned a unique goal
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FIGURE 3. Example of a learning activity schedule from BIOS's biochemistry track. As described in the Methods, each topical track
contained five learning activity types: labs (orange bubbles), discussions (white), proposals (red), reports (blue), and workshops (green).
Numbers indicate activities conducted in sequence using the same input materials. In series 1, students wrote a proposal predicting how
inoculum size affects protein yield (1a), grew E. coli to test their prediction (1b), took time points to observe the growth curve (1c), and then
calculated the growth rate (1d), recording their findings in notebooks. The next day, the same cells grown in 1b were used to conduct
SDS—PAGE (sodium dodecyl sulfate—polyacrylamide gel electrophoresis) and Coomassie staining (1e and f, respectively), with protein

yields recorded in notebooks (1g). Once students became proficient at i
on day 5.

(Figure 2). Although iterations are a defining feature of CUREs
(Bakshi et al., 2016; Ballen et al., 2017), there is no established
convention for how they should be implemented. In BIOS, iter-
ations of the same activity were presented with unique objec-
tives to make them feel as intellectually stimulating as possible.
In the biochemistry track, for example, participants grew E. coli
and conducted protein expression using an IPTG (isopropyl
B-p-1-thiogalactopyranoside) induction three times over the
course of 5 days (Figure 3). Each iteration was preceded by a
proposal in which students were asked to consider how certain
variables might affect protein yield. The first required students
to predict the effects of starting inoculum size (Figure 3, bubble
1a), while the second and third, respectively, required the added
consideration of IPTG concentration and lysis method (Figure
3, 2a and 3a). This process of incrementally increasing the vari-
ables to consider is referred to in cognitive load theory as the
low-to-high-fidelity strategy (Van Merriénboer and Sweller,
2010), a method for managing task difficulty so students do not
feel overwhelmed by new information. The simple-to-complex
strategy (Van Merriénboer and Sweller, 2010) was employed in
parallel, with students first being presented isolated elements of
a task before gradually working up to its full complexity. In the
biochemistry track, this principle was applied by first providing
students with E. coli starter cultures and later having them pre-
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ndividual tasks, some were conducted in parallel, like 3c and 2g

pare their own. In this manner, students gradually took more
and more ownership over each task, learning the intricacies of
a complete operation through a choreographed sequence of
revealed elements.

The final feature was evidence-based instructor training for
all BIOS postgraduates (Figure 2). Training activities were mod-
eled on workshops used in the Summer Institutes on Scientific
Teaching (Pfund et al., 2009; Couch et al., 2015; Fendos,
2020b;) and implemented over a 3-week, 15-day period before
BIOS (Figure 1). The first week focused on introducing a foun-
dation of active-learning and scientific teaching concepts
through open-ended discussions and presentations. The second
focused on giving trainees the opportunity to build their own
active-learning modules, while the third focused on learning
the modules each trainee was scheduled to teach during BIOS.
This process allowed participants to improve their instructional
skills while also developing a greater understanding of the rea-
sons why BIOS was designed using nondidactic methods. Train-
ees generally responded very positively to the experience,
although most also admitted, after completing their first itera-
tion of BIOS, that the training alone did not prepare them for all
aspects of non-lecture style instruction. Details about instructor
training and associated outcomes are beyond the scope of this
piece but will be the focus of a future article.
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"l feel competent...

...designing experiments to answer a scientific question” =
...designing appropriate controls for experiments” =
...writing good proposals for experiments” =

...designing good hypotheses to test” =

...conducting experiments without mistakes” -
...interpreting experimental results, drawing conclusions” =
...collecting and understanding experimental data” -
...presenting data and explaining my work to others” =
...trying new things and being innovative” =

...asking questions about experiments, being curious” =

20|15 20|16 20|17 20|18 20|19 A|"

0.62**  1.05%*  0.73%*  0.92*%*  0.74**  0.82%* 10
0.50** 0.70**  0.68**  1.00***  0.41**  0.67**

0.57** 047  0.71* 0.54**  0.48* 0.55%** 05
0.25 0.56**  0.48**  0.76%*  0.44* 0.51%* ’
0.28 0.59**  0.27* 0.33* 0.49%*  0.39*

0.18 0.29* 0.36** 0.41** 0.22 0.32** 0
0.18 0.37** 0.25* 0.33* 0.30* 0.31**

0.09 0.53**  0.37* 0.32* 0.26* 0.30** 0.5
0.10 0.12 0.21 0.35* 0.22 0.23

-0.17 0.08 0.10 0.27 0.20 0.10 -1.0

FIGURE 4. Self-assessed BIOS learner skill improvements reported through exit survey pre—post questions on a four-point Likert scale
(4 = agree, 3 = agree a little, 2 = disagree a little, 1 = disagree). Values are the average of differences between pre and post responses (post
minus pre) for each annual cohort (columns). The “All” column depicts average differences for all cohorts combined. Asterisks indicate
statistical significance, determined by comparing pre and post response distributions using Mann-Whitney U-test: *p < 0.05; **p < 0.01;
***p < 0.001; all response distributions are provided in Supplemental Figure 2. Skill types (rows) arranged top-down in descending order

of "All” column values.

Exit Surveys and Focus Groups

As described in the Methods, program-level CURE outcomes
were quantified using exit surveys (Figure 1), with four types of
information collected: self-assessed learning gains, research
interests, science conceptualization, and perceptions about
cooperative learning. These surveys were accompanied by exit
focus groups, which added contextual detail.

Learners Reported Many Learning Gains. Through pre—post
survey questions, BIOS learners reported a wide range of statis-
tically significant learning gains. The largest and most consis-
tent were for experimental design, control design, and proposal
writing (Figure 4). Another four skills—designing hypotheses,
conducting experiments, collecting data, and presenting data—
were reported with significant improvements in four of five
BIOS iterations. Only two—being innovative and asking good
questions—were reported with improvements in only one or no
iterations (Figure 4).

Interestingly, “being innovative” and “asking good ques-
tions” were reported with the highest average pre-program
self-assessments (Supplemental Figure 2i and j), while “design-
ing appropriate controls” and “writing good proposals” were
the lowest reported (Supplemental Figure 2b and c). This indi-
cated different skills had varying starting potentials for improve-
ment, with BIOS helping to enhance areas with high self-per-
ceived weakness. Focus group undergraduates cited activity
iterations and their frequent variations in objectives as key rea-
sons for the perceived gains (Supplemental Table 8, 1a—c), with
one saying, “Even if it was the same experiment, having a dif-
ferent objective each time allowed us to practice and think
about each task differently ... I think this was very effective in
helping me master each experiment.”

Responses to post-program reflection questions were simi-
larly favorable. Most students reported having learned “a lot”
and more than they expected before BIOS (Table 2). Many focus
group undergraduates said BIOS was the most satisfying
research experience they ever had, with a variety of reasons
accompanying this declaration (Supplemental Table 8, 1d-g).
Some cited BIOS’s authentic nature as a key contributor, while
others mentioned its many formative assessments. Regarding
the latter, one student said, “In BIOS, I felt like the learning was
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tailored to students with a focus on the process, not just getting
the right answer ... Mistakes were not penalized the same way
as in other classes so I felt more comfortable asking questions
and really exploring each experiment.” Double-blind and pseu-
do-discovery elements were also frequently complimented as
important contributors to learning and engagement (Supple-
mental Table 8, 1h and i).

When asked to choose three things they thought were the
most valuable BIOS outcomes, 90.6% of students selected
“improve[d] my lab skills,” while 66.9% and 40.8%, respec-
tively, selected “hav[ing] fun doing experiments” and “gain[ing]
more science knowledge” (Supplemental Table 9). In addition
to reporting skill gains, many undergraduates were vocal about
improvements in research confidence (Supplemental Table 8, 1j
and k). When asked to vote by show of hands, 60 of 65 exit
focus group participants said they felt their research confidence
had improved through BIOS. Fifty-two said they felt ready to
start their first MR experience, indicating successful realization
of the second BIOS goal (Figure 2).

Research Interests Improved Despite Topical Interests Some-
times Declining. Three reflection questions were administered
at the end of each topical track to determine research interest
changes. The first and second asked, respectively, how much stu-
dents were interested in “continuing research in the same area as
your topical track” or “joining the lab of a professor who men-
tored in this track.” The third asked students to rate whether
their “interest in this track’s area of research has increased or
decreased.” Overall, students reported increases in interest
across all tracks and moderate to high interest in continuing
work in the same lab or area (Table 3). This suggested initially
that BIOS was a consistent positive influence on topical interests.

Focus group opinions, however, deviated noticeably. When
asked to vote by show of hands, 25 of 65 participants reported
their interest in one of the two tracks they took had actually
decreased. This was quite different from the 10% reported
through surveys (Supplemental Figure 3). When asked about
the discrepancy, many admitted being hesitant to report nega-
tive feedback on surveys, because they did not want their
instructors to feel bad or get in trouble. Thirty of 65 admitted
favorably exaggerating their responses in some manner, with
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TABLE 2. Self-assessed BIOS learning outcomes reported through exit survey reflection questions?

“How much ... 2015 2016 2017 2018 2019 All

...do you feel you learned in BIOS 3.60 £ 0.99 3.74+£0.94 3.70+£0.85 3.79+0.97 3.55+1.02 3.70+0.79
overall?”

...do you think your lab skills 3.58+1.10 3.69+1.07 3.70£0.90 3.65+0.92 3.47+£0.92 3.64+£0.95
improved?”

...fun did you have during BIOS?” 3.49+1.05 3.65+0.88 3.62+0.89 3.60 £ 0.90 3.48+£0.97 3.60 £ 0.92

...did your overall science knowl- 3.20+0.98 3.62+0.91 3.42+0.80 3.44+£0.89 3.33+£1.06 3.42+£0.92
edge improve?

...did your understanding of the 3.20+1.03 3.38+£0.90 3.30£0.77 3.51+1.01 3.27£0.85 3.35+£0.77
scientific process improve?”

...did your critical-thinking skills 290+ 1.04 3.16 £ 1.03 3.02+£0.92 3.24£0.99 2.90 £0.90 3.06+0.80
improve?”

...did you learn compared with your 3.62+1.62 3.90 £1.52 3.96 + 1.49 4.07 £1.45 3.57+1.39 3.84+1.40

expectations before BIOS?”

2Questions administered using a four-point Likert scale (4 = a lot, 3 = some, 2 = a little, 1 = none); all values are Likert score averages + SD.
*Employed a five-point Likert scale (5 = a lot more than expected, 4 = a little more, 3 = same as expected, 2 = little less than expected, 1 = lot less).

most attributing the decline to deviations from pre-BIOS expec-
tations. One said, “Before BIOS, I thought the experiments in
[track name] would be colorful and exciting... Much to my sur-
prise, I found the actual work was quite tedious.” This sentiment
was shared by many, suggesting experimental methods might be
just as important as research topic for stimulating interest.
Despite the negative feedback, 58 of 65 focus group under-
graduates agreed, when asked to vote anonymously via a mobile
app (see Methods), that BIOS had improved their overall interest
in life sciences research, even though it might have decreased
their interest in one or more specific areas. Most opined the lat-
ter was actually a good thing, with one saying, “I was actually
very grateful to get to experience [track name] and realize I
don’t like it ... I think it helps a lot to know early on what topics
you are not interested in so you can pick something better for
your [thesis research].” These and other excerpts (Supplemental
Table 8, 2c—f) again suggested the goal of early topic exposure
was being successfully realized, with participants gaining a
greater understanding of both authentic research and their own
preferences. Students vehemently rejected the idea that their
responses to other exit survey questions were exaggerated,
allaying concerns that those responses might also be unreliable.

Science Conceptualization Changes Reflected the Fact That
Research Is Difficult. Two pre—post questions were used to
investigate BIOS’s effects on science conceptualization. The first
asked students to choose, from a predetermined list of science

process skills, the five they felt were most important (Figure 5).
The second asked respondents to select three words to describe
“science” (Figure 6). In pre-BIOS responses, learners rated
“designing appropriate controls,” “asking good questions,” and
“being innovative” as most important (Supplemental Table 10).
Word associations, on the other hand, were found to favor two
categories: intellectual appeal (e.g., “interesting,” “fascinating,”
“puzzle”) and emotional appeal (“beautiful,” “colorful,” “free”;
Supplemental Table 11).

When pre-post responses were compared for each annual
cohort, student inputs generally did not change in a statistically
significant manner. However, when all cohorts were combined,
some small but interesting patterns emerged. First, there was a
statistically significant increase in the perceived importance of
“conducting experiments without mistakes” and corresponding
decreases in “designing good hypotheses to test” and “trying
new things and being innovative.” These changed in prevalence
by 11.3%, 13.0%, and 18.8%, respectively (Figure 5). At the
same time, words encapsulating the challenging nature of sci-
ence (e.g., “arduous,” “expensive,” “difficult”) increased by
25.5% while words emphasizing practical value (“useful,” “nec-
essary,” “innovative”) and discovery (“mystery,” explore”)
decreased by 12.6% and 17.2%, respectively (Figure 6).

When asked about these changes, exit focus group under-
graduates generally opined that they were reflections of BIOS
experiences. One said, “I think, before BIOS, many of us didn’t
realize how difficult science can be and how slow it is in creating

TABLE 3. Self-assessed research interest changes reported through exit survey reflection questions®

Interested in... 2015 2016 2017 2018 2019 All

...continuing research in same area 2.99+1.10 3.29+£1.05 3.08 +0.94 3.00+0.97 2.86 +1.07 3.07+£0.77
as your topical track?

...joining the lab of a professor who 2.84+1.13 3.31+1.03 3.10+1.02 3.07+1.15 2.90+0.99 3.05+0.96
mentored in this track?

Interest in track’s area of research 3.78+1.63 4.10+1.60 4.02 +1.54 3.91+1.50 3.72+1.55 3.92+1.39

has increased or decreased?®

2Administered using a four-point scale (4 = very, 3 = somewhat, 2 = a little, 1 = none); all values are averages * SD; all response distributions in Supplemental Figure 3.
*Employed a five-point Likert scale (5 = increased a lot, 4 = increased a little, 3 = no change, 2 = decreased a little, 1 = decreased a lot).
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2015 2016 2017 2018 2019 All
[ [ 1 [ 1 1 — 20
Conducting experiments without mistakes=| 16.1 4.3 16.8 10.6 9.2 11.3*
Designing appropriate controls for experiments = 1.4 9.2 0.3 17.2 10.7 8.0 L 110
Presenting data, explaining work to others | 12.9 9.6 3.0 -1.6 7.8 6.1
Writing good proposals for experiments=| 18.6 -10.6 83 2.5 515 3.8 L 40
Getting along with other people in the lab-] 10.4 4.0 -9.9 8.6 -1.0 2.3
Collecting and understanding experimental data=}  18.6 12.0 10.4 -10.8 -17.1 2.3 - 4 -10
Interpreting results, drawing good conclusions = 1.4 -6.9 0.9 -12.3 6.1 2.2
Asking good questions, being curious 1-20
Designing good hypotheses to test
. . Lo . -30
Trying new things and being innovative

FIGURE 5. Science process skills (rows) BIOS learners thought were most important, determined through exit survey pre—post questions.

Values are the difference in percent of students who selected each item when comparing pre and post responses (post minus pre) for each
annual cohort (columns). Asterisks indicate statistical significance (p < 0.05), determined by comparing pre and post response distributions
via Mann-Whitney U-test; all response distributions are provided in Supplemental Table 10. Rows arranged top-down in descending order

of “All” column values.

results ... I think I was naively under the impression that every
experiment gives a new discovery so I never realized that most
experiments are repeats or controls or even failed experiments
... I think this might explain why many students may have
started ... associating science more with words like ’arduous’
and ’difficult.” These and similar comments (Supplemental
Table 8, 3a—f) suggested BIOS learners had developed a more
practical, operational understanding of science. As far as the
authors are aware, this is the first time that CURE participation
has been quantitatively linked to such a change.

Perceptions about Cooperative Learning Depended on Task
Type. Because BIOS was designed with a lot of pair and group
work, it was important to assess learner opinions about such
activity. Three pre—post questions were used to investigate
changes in perception by asking learners how they felt about
“doing lab work in groups or pairs,” “how useful” they felt such
arrangements were, and “how comfortable” they felt “getting
along with others in the lab.” More than 90% of all learners
began BIOS with positive views of both participation and useful-
ness (Supplemental Figure 4). When pre-post changes were ana-
lyzed for each annual cohort, there were very few statistically
significant changes (Figure 7). When all cohorts were combined,
there was a small but significant increase in comfort (Figure 7).

Focus group undergraduates offered nuanced explana-
tions for these results, making frequent distinctions between
the activities they thought were more or less useful when
conducted cooperatively (Supplemental Table 8, 4a and b).
One said, “When we were doing proposals or reports, I think
it was very useful ... to talk to each other and debate differ-
ent ideas ... When doing experiments, however, I think
[cooperative learning] is maybe not so good. If someone I
am working with makes a mistake, that will negatively affect
my performance and my result.” Aversion to the latter possi-
bility was strong, even when students were asked to consider
formative tasks (Supplemental Table 8, 4c). A few did men-
tion potential benefits to cooperative activity when conduct-
ing complex experiments—such as the ability to catch one
another’s mistakes or help one another troubleshoot (Sup-
plemental Table 8, 4d)—but these views were clearly in the
minority, with 38 of 42 agreeing, by show of hands, that pair
or group work seemed to offer many benefits for conceptual
tasks and few for experimental ones. This opinion was con-
sistent between annual cohorts and unlinked to topical
tracks, suggesting a general relevance. As far as the authors
are aware, this is the first time that CURE participation has
been linked to such a task-specific divergence in opinion
about cooperative learning.

Challenging nature (“arduous”, "expensive", "difficult")=
Intellectual appeal (“interesting”, fascinating", "puzzle")=
Truth-generating potential (“accurate”, "precise", "rational") =
Emotional appeal (“beautiful”, "colorful”, "free")

Practical value (“useful”, "necessary", "innovative")=

2015 2016 2017 2018 2019 Al
1 1 L 1 1 40
19.1 9.2 32.9* 26.7°  255° 30
0.2 8.5 14.2 28 175 10.6 20
1.4 9.9 - 6.4 7.7 -0.1 10
18.6 5.9 9.9 6.0 01 .
90 |25 64 126 20
499 110 -17.0 A7.2% 230

Potential for discovery (“mystery”, "explore", "discover") =

FIGURE 6. Thematically categorized responses when BIOS learners were asked to associate science with three words through an exit
survey pre—post question. Values are the difference in percent of words falling into each category when comparing pre and post responses
(post minus pre) for the same cohort (columns). Parentheses give examples of words falling into each category (rows). Asterisks indicate
statistical significance (p < 0.05), determined by comparing pre and post response distributions via Mann-Whitney U-test; all distributions
are provided in Supplemental Table 11. Word categories (rows) arranged top-down in descending order of “All” column values.
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How comfortable do you feel getting along with others in the lab? -

How useful do you think it is to do lab work in groups or pairs?=

How do you feel about doing lab work in groups or pairs? =

2015 2016 2017 2018 2019 Al
L 1 1 1 1 1 04
003 | 031 0417 0.19 0.36* 021 0.2
020 | 002 009 018 002  -0.09 0
021* 014 010  -0.01 004 003 0.2
0.4

FIGURE 7. BIOS undergraduate perceptions about cooperative learning, as reported through exit survey pre—post questions on a
four-point Likert scale (4 = very positive, 3 = a little positive, 2 = a little negative, 1 = very negative). Values are average differences between
pre and post responses for each cohort (post minus pre ). Asterisks indicate statistical significance (p < 0.05), determined by Mann-Whitney

U-test; all distributions are provided in Supplemental Figure 4.

Follow-Up Surveys, Focus Groups, Interviews

Follow-up surveys were administered annually to track post-
BIOS MR outcomes (Figure 1). One question asked whether
respondents had started MR, while a second asked whether
they had engaged in multiple experiences. Students who had
not yet started MR answered extra questions about two barri-
ers: the self-perceived need to prepare more before starting and
whether it felt “difficult to approach professors about doing
authentic research.” Both had been identified in pre-CURE dis-
cussions as obstacles to early starts (Supplemental Table 6, 1b
and 2a and b). Respondents were identified as non-BIOS or pre-
BIOS based on year of matriculation, with the former being the
direct peers of ex-BIOS and the latter being upperclassmen who
never had the opportunity to apply. As described in the Methods,
pre-BIOS students were treated as a pre-CURE baseline group,
while non-BIOS were treated as a same-cohort control.

Ex-BIOS Students Started MR Earlier. Compared with pre-
BIOS and non-BIOS students, ex-BIOS students reported a
much higher rate of MR participation in their second and third
academic years: over two times higher in the former and about
25% higher in the latter (Table 4). These differences were con-
sistent for cohorts who matriculated in different years, suggest-
ing BIOS was imparting a sustained influence on these out-
comes. For respondents who said they had not yet started MR,
ex-BIOS students were more likely to disagree with the idea that
they needed to improve their science competence more (Table 5)
and that it felt difficult to approach prospective faculty (Table 6).
This indicated ex-BIOS students felt less hindered by these

barriers, suggesting successful mitigation of corresponding MR
challenges (Figure 2).

Focus group undergraduates overwhelmingly endorsed the
idea that ex-BIOS students seemed to have greater confidence
in their research skills, helping motivate earlier starts (Supple-
mental Table 12, excerpts 2a—c). Mentors, in contrast, offered
less unified views. Some echoed undergraduate opinions about
confidence (Supplemental Table 12, 2d), while others pointed
to perceived differences in science knowledge or communicabil-
ity: in the latter two, ex-BIOS students were generally perceived
as having more than non-BIOS (Supplemental Table 12, 2e and
f). Some non-BIOS students suggested ex-BIOS peers might
enjoy an advantage in reputation when seeking MR opportuni-
ties because of their BIOS experience (Supplemental Table 12,
2g). When asked about this, only 10 postgraduates and six fac-
ulty agreed. Most opined that any advantage was likely small,
far outweighed by the consideration of other factors like aca-
demic record, research interests, and personality.

More Ex-BIOS Students Participated in Multiple Mentored
Experiences. Ex-BIOS students in their third or later years
were more than twice as likely as pre-BIOS and non-BIOS stu-
dents to report participation in multiple MR experiences (Table
7). Follow-up focus groups offered many circumstances viewed
as helping to facilitate these experiences, such as the successful
completion of a project or conflict with mentors (Supplemental
Table 12, 3a and b). Both undergraduates and postgraduates
agreed an early MR start often seemed a critical ingredient for
multiple experiences (Supplemental Table 12, 3c and d).

TABLE 4. Percent of life science undergraduates reporting prior or ongoing participation in MR?

Pre-BIOS
Matriculated 2nd 3rd 4th+
2011 90.0%
2012 66.7% 100%
2013 36.4% 75.0% 100%
Averages® 36.4%? 70.6% 97.1%¢
Non-BIOS BIOS
Matriculated 2nd 3rd 4th+ 2nd 3rd 4th+
2014 23.8% 60.0% 91.7% 90.0% 90.9% 100%
2015 45.5% 72.2% 100% 89.7% 100% 100%
2016 25.0% 68.8% 84.6% 94.7%
2017 36.8% 93.1%
Averages® 32.9%° 67.3% 95.7%¢ 89.5%¢ 95.4%¢ 100%¢

22nd,” “3rd,” and “4th+,” respectively, refer to students in their second, third, and fourth or later year of academic study.
"Lowercase a—c indicate statistically distinct averages compared using the n — 1 chi-square test (i.e., an “a” and “b” indicate statistically distinct values) with Sidak-Bon-

ferroni corrections.
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TABLE 5. Undergraduate agreement with the idea that current science competence feels inadequate to start first MR experience®

Pre-BIOS
Matriculated 2nd 3rd 4th+
2011 1.00
2012 2.83+1.70 NA
2013 3.46+£1.39 2.80%1.16 NA
Averages® 3.46+1.39° 2.82 +1.32%® 1.00
Non-BIOS BIOS
Matriculated 2nd 3rd 4th+ 2nd 3rd 4th+
2014 3.37+£0.85 2.40+1.10 2.00 1.67+0.76 1.50 NA
2015 3.56 £0.22 2.50£0.97 1.00 2.00+1.30 NA NA
2016 3.18£0.98 2.60+1.13 1.75+£1.28 1.00
2017 3.31+£0.85 1.50
Averages® 3.35+0.722 2.50+1.14° 1.50 1.75+1.17¢ 1.33£0.28¢

Each value is a Likert score average + SD with responses coded on a five-point scale (5 = agree, 4 = agree a little, 3 = neither agree nor disagree, 2 = disagree a little, 1 =
disagree).

"Lowercase a—c indicate statistically distinct averages compared using Mann-Whitney U-test with Sidak-Bonferroni corrections; values without error bars indicate cohorts
of n < 3; “NA” indicates all students in that cohort had already started an MR experience; labeling corresponds to Table 4.

TABLE 6. Undergraduate agreement with the idea that faculty seem difficult to approach when looking to start first MR experience®

Pre-BIOS
Matriculated 2nd 3rd 4th+
2011 2.00
2012 3.18+1.39 NA
2013 4.34+1.16 3.20+£1.00 NA
Averages® 4.34+1.16° 3.19+1.37° 2.00
Non-BIOS BIOS
Matriculated 2nd 3rd 4th+ 2nd 3rd 4th+
2014 4.05+0.78 2.80 £ 1.09 4.00 3.33+0.85 3.00 NA
2015 4.21+0.85 3.09+1.20 2.00 3.67+1.31 NA NA
2016 3.99+0.81 3.00 £ 1.06 3.25+1.18 4.00
2017 4.08 £0.79 3.00
Averages® 4.08 £ 0.70* 2.97 £ 1.05° 3.00 3.33+£1.39° 3.33+£0.58°

aEach value is Likert score average + SD with responses coded on a five-point scale (5 = agree, 4 = agree a little, 3 = neither agree nor disagree, 2 = disagree a little,
1 = disagree).

"Lowercase a and b indicate statistically distinct averages compared using Mann-Whitney U-test with Sidak-Bonferroni corrections; values without error bars indicate
cohorts of n < 3; labeling corresponds to Table 4.

TABLE 7. Percent of life science undergraduates reporting multiple mentored experiences®

Pre-BIOS
Matriculated 2nd 3rd 4th+
2011 10.0%
2012 5.6% 15.4%
2013 4.5% 6.3% 9.1%
Averages® 4.5%:® 5.9%" 11.8%"
Non-BIOS BIOS
Matriculated 2nd 3rd 4th+ 2nd 3rd 4th+
2014 0.0% 6.7% 16.7% 10.0% 22.7% 33.3%
2015 0.0% 5.6% 18.2% 6.9% 25.0% 40.0%
2016 5.0% 12.5% 7.7% 21.1%
2017 0.0% 10.3%
Averages® 1.2%? 8.2%" 17.4%" 8.8%" 23.1%¢ 36.6%1

dLabeling corresponds to Table 4.
*Lowercase a—d indicate statistically distinct averages compared using the n — 1 chi-square test with Sidak-Bonferroni corrections.
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For students who quit one lab and switched into another
because of conflicts, confidence attributed to BIOS was often
mentioned as a key factor enabling the move. One ex-BIOS stu-
dent said, “I started [my first MR experience] right after BIOS
... I soon found, however, that the project was not as fun or as
rigorous as I expected so I quit and joined another lab ... BIOS
helped me understand what good research looks like ... [It] also
helped me feel very confident in my abilities ... If I wasn’t so
confident or experienced, I think I would have just stayed in
that [first] lab until I graduated because I would be afraid of not
being able to find a second chance.” This comment suggested
ex-BIOS students were benefiting from a better understanding
of authentic research, again pointing to mitigation of concerns
with MR prerequisites. Most follow-up faculty and postgraduate
interviewees felt unsure about whether ex-BIOS students were
more likely to have multiple experiences, with only six of 27
saying they agreed with the idea.

Ex-BIOS Students Performed Better during MR. A surprising
number of focus group and interview participants opined that
ex-BIOS students seemed to perform better during MR. Many
outcomes were cited, the most significant of which was research
productivity (Supplemental Table 12, 4a). Seven of 14 post-
graduates opined they felt ex-BIOS students were more produc-
tive. Voting by show of hands, 33 of 55 ex-BIOS and 20 of 41
non-BIOS undergraduates agreed. All others either felt unsure
or thought there was no difference. A few suggested there were
also differences in publication authorship (Supplemental Table
12, 4b), with ex-BIOS students viewed as achieving authorship
more often. Because publication can be a sensitive topic among
faculty, follow-up surveys did not evaluate this claim.

In addition to enhanced productivity, ex-BIOS students were
suggested to be more self-sufficient during MR. By show of
hands, 25 of 55 ex-BIOS and 17 of 41 non-BIOS students
endorsed the idea, while 30 and 21, respectively, said they felt
unsure or thought there was no difference. Many undergradu-
ates gave examples of ex-BIOS students taking leadership or
mentoring roles when interacting with other undergraduates in
the same or an adjacent lab (Supplemental Table 12, 4c). This
suggested the added experience and confidence obtained
through BIOS might be helping facilitate beneficial lateral inter-
actions with other MR mentees. Five of 14 postgraduates
endorsed the idea that ex-BIOS students often seemed to lead
other undergraduates. Faculty, on the other hand, were more
cautious, with three agreeing ex-BIOS students might exhibit
better performance and leadership, but only when their MR
project was closely related to the skills learned in BIOS (Supple-
mental Table 12, 4e). This proposition is consistent with the
constructivist framework inherent to CUREs (Cooper et al.,
2019), suggesting BIOS’s influence on subsequent MR self-suf-
ficiency might depend, at least partly, on CURE and MR task
relatedness.

Other reasons given for better ex-BIOS performance during
MR included science conceptualization and topical interest.
Several ex-BIOS students suggested having a more realistic out-
look on authentic research likely facilitated greater productivity
and self-sufficiency, with one saying, “I think one of the import-
ant lessons that [undergraduates] need to learn about research
is that it is difficult ... I think the earlier you can learn this and
overcome the shock, the sooner you can become productive and
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independent ... I think BIOS helps us realize this very quickly.”
These comments suggested the observed changes in science
conceptualization toward a more practical outlook (Figures 5
and 6) might be a beneficial development for fostering indepen-
dence during MR. Topical interest, on the other hand, was men-
tioned most by faculty and postgraduates, who suggested
ex-BIOS students often seemed surer of what they were inter-
ested in than non-BIOS peers, helping enhance engagement
and productivity (Supplemental Table 12, 4f), an idea many
undergraduates endorsed (Supplemental Table 12, 4g).

DISCUSSION
The present study describes a two-phase CURE implementation
process in which MR challenges were identified and then tar-
geted using site-specific features (Figure 2). A mixed methods
approach was used to assess program outcomes, confirming
CURE participants were more likely to engage in both earlier
and multiple MR experiences (Tables 4, 7). Although empirical
measures of individual skill improvements are not reported,
focus groups and surveys nevertheless corroborated the fact
that learning gains were systematically prevalent across all BIOS
iterations (Figure 4 and Supplemental Table 8, excerpts la-1).
Given that the application of non-didactic learning methods
in Asian contexts remains rare and is often viewed with skepti-
cism (Fendos, 2018, 20204, b), the use of an initial qualitative
phase to characterize context-specific challenges offers import-
ant advantages. First, this information can be used to argue in
favor of the need for reforms, combatting reticence about new
learning implements (Fendos, 2020a, b). Second, it enables
more informed selection of appropriate interventions, allowing
each challenge to be targeted with specific program features
(Figure 2). Third, these challenges can double as points of
observation to determine intervention effectiveness, similar to
the method described by Irby and colleagues (2018). In this
study, for example, both surveys and focus groups employed
questions about MR challenges, allowing observation of their
mitigation (Tables 5 and 6). The use of overlapping qualitative
and quantitative methods also allowed misleading survey
responses to be identified (Table 3), highlighting an unexpected
benefit of the mixed approach.

BIOS Features That Enhanced MR Outcomes

The results of this study indicate both common and site-specific
CURE features played important roles in facilitating favorable
MR outcomes. The use of task iterations and the authentic
nature of those activities were common features mentioned
many times as having strong positive effects on research compe-
tence and confidence (Supplemental Table 8, 1g-k), in line
with prior work demonstrating similar outcomes in other con-
texts (Staub et al., 2016; Peteroy-Kelly et al., 2017; Ayella and
Beck, 2018; Rodrigo-Peiris et al., 2018; Murren et al., 2019;
Sewall et al., 2020). In this study, both iterations and authentic-
ity were frequently mentioned as important influences on sci-
ence conceptualization, enabling BIOS learners to develop a
more realistic appreciation of the difficulties involved in profes-
sional research. Most students opined that this appreciation was
an important step in their development (Supplemental Table 8,
3a-e), agreeing with work by Goodwin and colleagues (2021a)
in arguing that episodes of failure are a necessary and beneficial
aspect of authentic experiences.
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Among BIOS’s site-specific features, three were mentioned
most often as facilitating favorable MR outcomes: frequent for-
mative assessments, topic diversity, and the targeted recruit-
ment of rising second-year students. Formative assessments
were mentioned most in exit focus groups, described as a posi-
tive contributor to research competence and confidence by
helping students to understand their learning progress and cor-
rect their mistakes more effectively (Supplemental Table 8, 1e
and i). BIOS topic diversity was mentioned most in follow-up
discussions, described as an important way to let students dis-
cover their research interests, facilitating greater engagement
and productivity during MR by enabling the selection of more
compatible MR projects (Supplemental Table 12, 4f-g). Both
mentors and mentees in follow-up discussions generally agreed
the targeted recruitment of second-year undergraduates was an
important facilitator of early training, helping encourage both
early and multiple MR experiences (Supplemental Table 12,
la—d and 3c and d).

Two other site-specific features were occasionally mentioned
as facilitating favorable MR outcomes: 1) the use of dou-
ble-blind and pseudo-discovery experiments and 2) the use of
task iterations with unique objectives (Figure 2). Both were
described as contributing to increases in research competence
and confidence, the former by enhancing the authentic nature
of BIOS activities (Supplemental Table 8, 1h and i) and the
latter by helping students develop a more well-rounded under-
standing of the experiments they were learning (Supplemental
Table 8, 1b and c). The low-to-high fidelity and simple-to-com-
plex strategies associated with the latter were described by
some as providing a useful stepwise structure with which to
organize and construct new knowledge (Supplemental Table 8,
1d), a form of scaffolding known to be beneficial in other STEM
contexts (Gross et al., 2017; Fendos, 2021).

Site-Specific Features That Enhanced CURE Engagement
In addition to encouraging favorable MR outcomes, BIOS’s fre-
quent use of discovery elements also appears to have helped
enhance CURE engagement. Both BIOS’s double-blind and
pseudo-discovery activities allowed learners to make experi-
mental choices within the “sandbox” confines of a predeter-
mined scientific question. This meant the activities were not
pure inquiry (Moreira, 2013; Corwin et al., 2018; Cooper et al.,
2019; Goodwin et al., 2021a), aligning instead with the “stu-
dent-defined” and “instructor-defined” definitions of discovery
provided by Auchincloss et al. (2014). Activities in the fish
genetics track, for example, allowed learners to make indepen-
dent, student-defined choices (e.g., choose a chemical contam-
inant) within the confines of a larger, instructor-defined ques-
tion (e.g., to see how it affects zebrafish embryo development).
Because every topical track had some of these double-blind
experiments, all tracks maintained the CURE requirement for
general relevance. Having such ownership over their activities
and the opportunity for discovery were frequently described by
exit focus groups as feeling “fun,” “like a game,” and enhancing
engagement (Supplemental Table 8, 1g-i).

Surprisingly, the regular use of formative assessments also
seems to have enhanced student engagement. Many learners
said the regular feedback helped them focus more effectively on
the mistakes they were making, creating continuity between
tasks. One student described this by saying, “The regular feed-
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back was helpful because it gave you something to focus on the
next day. If your [formative assessment] today said you made a
mistake with [task name], you would naturally focus more on it
tomorrow ... This awareness of one’s mistakes was very helpful
in keeping us focused on the things relevant to our own learn-
ing.” Another student described this focus on individual goals
as “feeling like a game,” with the next experiment or task being
viewed as an opportunity to “level up” their research skills
(Supplemental Table 8, 1e).

A third site-specific feature said to enhance CURE engage-
ment was the use of the low-to-high fidelity and simple-to-com-
plex strategies in task iterations (Figure 2). Despite having
established utility in improving skill competence (Corwin et al.,
2018; Zydney et al., 2020; Goodwin et al., 2021a), iterations
often run the risk of feeling boring. Revealing new tasks and
variables in a choregraphed manner through these two strate-
gies made many BIOS learners feel like they were allowed to
experience and consider different facets of the same experiment
in a structured manner over a longer period, which helped to
protect them from information overload while encouraging
greater curiosity about the things being learned (Supplemental
Table 8, 1b and d).

Context Matters for Cooperative Learning Preferences

An unexpected observation from this work is that learner per-
ceptions of cooperative learning can be task-specific. Most BIOS
learners agreed conceptual tasks like proposals and reports felt
more useful to do cooperatively than experimental ones. Some
acknowledged that group and pair work in the latter could help
them avoid mistakes and improve troubleshooting, but these
benefits often seemed outweighed by the potential dissatisfac-
tion of having one’s experiments ruined by someone else (Sup-
plemental Table 8, 4a—c). This concern was expressed most
strongly—but not exclusively—in the context of summative
work, with students often opining that shared grades felt
“unfair.” This opinion motivated a separate study to examine
which active-learning class operation rules students found
fairer than others (Fendos, J. E, Cha, S. C., Yang, X. Y., Cai, L. C.,
and Yang, J. Y. unpublished data).

Because BIOS learners were affiliates of one of the most
competitive universities in China, it is possible the dislike for
shared grading was amplified by that competitiveness: with stu-
dents being more sensitive to assessments of their work in gen-
eral and, therefore, less likely to appreciate evaluations tied to
others. The present study, unfortunately, does not provide deci-
sive insight into this issue, only offering competitiveness as a
possible influencing factor. Regardless of the underlying cause,
the results advocate for a more cautious approach to coopera-
tive learning implementation, one that better accounts for
task-specific learner preferences.

Self-Sufficiency as Compensation for Mentor Absence

The observation that ex-BIOS students seemed more self-suffi-
cient during MR was often mentioned in the context of mentor
absence (Estrada et al., 2018; Limeri et al., 2019). In some fol-
low-up excerpts, self-sufficiency was even described as neces-
sary compensation for that absence, with ex-BIOS students
repeatedly depicted as operating better under such conditions
(Supplemental Table 12, 4a—c). Various accounts of ex-BIOS
students taking on leadership and mentoring roles for other
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mentees (Supplemental Table 12, 4b and c) illustrated the
presence of lateral interactions in which BIOS students helped
non-BIOS peers cope with their own struggles with mentor
absence. This indicated, quite surprisingly, that BIOS may impart
an indirect positive effect on students who never enrolled.
Similar lateral benefits were implied through comments
about undergraduate teaching assistants. In exit focus groups,
many learners complimented the assistants as a useful resource
(Supplemental Table 8, 11). Some even indicated the assistants
could offer unique insights that postgraduate instructors could
not, especially because the assistants had themselves already
participated in BIOS as learners (see Methods). This potential
for lateral benefit is seldom mentioned in work published in
Western contexts. In work by Auchincloss et al. (2014), for
example, self-sufficiency is often implied through ideas like
“self-efficacy” and “resilience and grit,” with no associated men-
tion of how a subpopulation of students with high research com-
petence may confer benefits to their peers. The present study
offers evidence that such transfer through a CURE is possible.

Mandated MR as a Mixed Blessing

Because the present study was only conducted in a context with
mandated MR, the results do not allow for a comparative anal-
ysis of how its absence may affect MR outcomes. When asked to
reflect, faculty and postgraduates offered mixed views, with
many saying the requirement felt like an unnecessary burden
(Supplemental Table 6, 4a and b). Others said MR was an
important educational service, with many postgraduates
describing it as a meaningful way for them to “give back” for
their own prior experiences (Supplemental Table 6, 7c and d).
Despite divergent opinions, most mentors agreed the require-
ment was a significant source of in-lab tension, often harming
postgraduate productivity.

Unlike mentors, undergraduates were more unified in their
opinion that mandated MR was a good thing, guaranteeing
access to authentic research training. One said, “If there is no
[MR requirement], I think most professors would refuse to
accept undergraduates.” Faculty were divided in their agree-
ment with this, with most saying they would likely still accept
undergraduates but perhaps fewer of them. One said, “I think
most faculty want [high-achievers] ... So, perhaps the absence
of the [requirement] would mean many [low-achievers] would
find it difficult to [gain access].” Given that prior literature has
demonstrated authentic experiences can often offer greater
benefits for low achievers than high-achieving peers (Russell
et al., 2007; Thiry et al., 2012; Brownell et al., 2013), these
comments would endorse the need to implement methods that
alleviate the challenges associated with compulsory MR, in line
with similar suggestions by Goodwin et al. (2021b). The results
of this study would indicate an MR preparatory program like
BIOS may be a useful way to provide such assistance, helping
relieve specific burdens felt by MR mentors.

Caveats to BIOS Implementation

The unique nature of the study context does provoke the need
to consider how well the BIOS design may translate into other
locales. It is possible that BIOS learners, being among the most
competitive in China, were especially well-positioned to lever-
age their experiences into favorable outcomes. A second consid-
eration is the fact that BIOS participants were affiliates of a
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School of Life Sciences that enjoyed a very high ratio of roughly
0.4 faculty per undergraduate. This is certain to have offered
learners a wider range of MR opportunities, strongly influenc-
ing their ability to engage in multiple experiences. This abun-
dance also no doubt made it easier to recruit faculty from many
research areas into a single CURE, a luxury many universities
will not enjoy.

A third consideration is the availability of postgraduates.
Compared with other universities in Asia, the present study con-
text would be on the higher end for graduate student and lab
staff availability, meaning a corresponding lower reliance on
undergraduates for research productivity. It is unclear how this
difference may have affected BIOS outcomes, but at the very
least, universities with no graduate students would find a
BIOS-modeled CURE difficult to implement because postgradu-
ates are the primary instructional workforce. These locales
would need to chart an alternative path to instruction that care-
fully considers how faculty might be encouraged or incentiv-
ized to take on more active roles.

Study Limitations
The present study’s most significant methodological limitation
is the BIOS learner recruitment process, which, by virtue of its
voluntary nature, likely biased application in favor of students
who, on average, already had greater interests in experimental
research. It is possible this may have diverted students with
greater interests into BIOS while leaving less-interested peers to
accumulate in non-BIOS cohorts. Nothing in the outcome data
can be used to refute this. At the same time, it was reassuring to
see both pre-BIOS and non-BIOS cohorts behave almost identi-
cally in the timing of their first MR experiences and the preva-
lence of multiple experiences (Tables 4 and 7). This suggests, as
least for these two outcomes, that BIOS may be an influence
independent of pre-enrollment interest differences. Had
research interests been the primary driver of outcomes, one
would have expected non-BIOS cohorts to exhibit even later
starts and even fewer multiple experiences than pre-BIOS peers.
Although the BIOS application process specifically excluded
consideration of prior academic performance, a retroactive anal-
ysis determined BIOS students were more likely to have higher
cumulative grade point averages (GPAs) than non-BIOS peers,
both at the time of BIOS enrollment and at graduation (Supple-
mental Table 13). This analysis was only conducted for cohorts
who matriculated in 2014, 2015, and 2016 to avoid complica-
tions associated with the COVID-19 pandemic. At-enrollment
GPA differences between BIOS and non-BIOS peers matricu-
lated in the same year were not large, averaging 0.32 on a four-
point scale. This nevertheless offers the possibility that some
uncharacterized difference in student aptitude may be contrib-
uting to the MR outcome differences observed between groups.
Interestingly, at-BIOS enrollment and at-graduation GPAs were
not statistically different for BIOS learners (Supplemental Table
13), indicating BIOS had no effect on in-semester course perfor-
mance. Scientific identity, a common focus of other publications
(Hurtado et al., 2011; Robnett et al., 2015; Goodwin et al.,
2021a), was not examined, leaving its relevance unknown.

CONCLUSIONS
In closing, the present study offers a compelling model for a
CURE implementation process that can improve downstream
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MR outcomes. The BIOS design showcases site-specific features
that can help mitigate common challenges associated with com-
pulsory MR, challenges present across the globe in many
locales. As interest and activity in CURE design continues to
increase and mature internationally, it is hoped this work can
make an important contribution by offering new ways to con-
sider the importance of context in CURE implementation, espe-
cially when dealing with longitudinal program goals that extend
beyond the typical life span of a CURE. For many faculty who
depend on MR for research productivity, this work should be of
considerable interest.
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