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Training Students with T-Shaped Interdisciplinary Studies in
Predictive Plant Phenomics
Abstract:
Modern engineering and data analysis techniques make it feasible to develop methods to predict
plant growth and productivity based on information about their genome and environment,
however students trained with broader skillsets will be needed to unlock this potential. This
paper describes the structure and activities of a National Science Foundation Graduate Research
Traineeship (NRT) award focusing on Predictive Plant Phenomics (P3). Our program aims to
increase agronomic output as highlighted by the National Plant Genome Initiative’s current fiveyear plan [NST, 2014]. Ph.D. training production levels and types are not always a good fit for
addressing complex technical and societal problems such as these. To train these scientists, the
P3 NRT is using the T-training model proposed by the American Society of Plant Biology
(ASPB) and described in “Unleashing a Decade of Innovation in Plant Science: A Vision for
2015-2025”. This approach requires that students get broader exposure to multiple disciplines,
work with industry and develop effective communication and collaboration skills without
increasing the time to graduation. This paper describes how we are working towards meeting
these challenges. Initial results show that the students have more contact with faculty across
departments than single discipline graduate students and that the students are open to learning
about new areas. However, we are still grappling with issues such as finding the best mechanism
for balancing student skills as they start their program in leveling activities such as bootcamps
and initial course training.
Program Overview:
The NSF Research Traineeship (NRT) Predictive Plant Phenomics (P3) Specialization
implements the T-training model proposed by the American Society of Plant Biology (ASPB)
[ASPB, 2013]. The goal of the Predictive Plant Phenomics (P3) program is to prepare graduate
students with the understanding and tools to design and construct crops with desired traits that
can thrive in a changing environment. Students with “T-shaped” experiences will differ from
traditional STEM graduate programs that produce students with deep disciplinary knowledge in
at least one area. This depth represents the vertical bar of the "T". The horizontal bar represents
their ability to effectively collaborate across a variety of different disciplines [T-Summit, 2016],
which is the focus of P3 as shown in Figure 1.
This paper reports on the progress of the project to date and presents results on the first year’s
project assessment on the effectiveness of the cross disciplinary training. The P3 program
is preparing students for productive careers in plant phenomics research and development in
academia and industry. The vertical stem of the T represents traditional research-based PhD
training in an engineering, data science or plant biology based discipline. Adding horizontal
skills, such as those shown across the top, prepares both masters and PhD students for a variety
of career outcomes and reduces the frequency with which a tenure-track faculty position is seen
as an all-or-nothing, overarching goal. Among the horizontal skills are those commensurate with
data and Internet-driven science, in which programming, data mining, statistical analysis,
visualization, and online collaboration are used to generate and execute research agendas [Miller,
2017]. Other horizontal components include entrepreneurial and private sector experiences.

This approach is in contrast with most
graduate training programs, which focus on
training new members of the professoriate
without actively taking into account that
many PhD students in STEM fields
ultimately find employment in the private
sector, the federal government, or other
non-academic settings [CGS, 2012].
Unfortunately, many professors lack the
experience to provide students with specific
skills required for these types of positions
[CGS, 2010; CGS 2012], e.g., the ability to Figure 1. T-training for multiple career paths. Taken
“Unleashing a Decade of
participate in team-based research and from the ASPB
professional
skills
that
involve Innovation in Plant Science: A Vision for 2015communication,
data
analysis,
and 2025”.
synthesis of new ideas and areas of
exploration given results. Students may also be discouraged from participating in internship
opportunities for fear that such activities could disrupt their PhD research activities. Thus, P3
training activities will not be solely focused on the students; instead all P3 graduate mentors will
participate in a required workshop on transdisciplinary mentoring that will highlight the best
practices in advising transdisciplinary students [Smith, 2014].
The overarching objective of P3 is to teach students and faculty how to use transdisciplinary
research to improve the understanding of crop plant and agricultural production. Specific
objectives are to:
1. Advance the science of predictive phenomics by developing sensors, imaging systems,
and robotic systems to measure specific phenotypes in a high-throughput manner.
2. Apply data science to large, heterogeneous time-course data sets that link genomic and
phenomic data.
3. Apply engineering design principles to modeling plant performance under a range of
conditions.
P3 Description:
The P3 program is also pioneering a new interdisciplinary model at our university, called an
interdisciplinary specialization. The P3 interdisciplinary specialization integrates existing Ph.D.
majors together with added training in communications, collaboration, and broader skill sets. A
specialization allows a student to major in their primary area of study, say Plant Biology or
Mechanical Engineering and participate in the P3 specialization that is noted on their diploma at
graduation. This means that the student must meet the requirements of both the P3 program and
those of the academic home department. This model is a flexible structure that uses existing
courses and department structures to train students in specific areas without creating the
infrastructure necessary for new interdisciplinary programs that require a lengthy train of
approvals. The participating programs for this specialization span three colleges: Agriculture,
Engineering, and Letters, Arts and Sciences. All three colleges contribute resources for student
recruitment and training. Participating programs and departments include Bioinformatics and
Computational Biology, Electrical and Computer Engineering, Genetics and Genomics,

Mechanical Engineering, Plant Breeding and Plant Biology.
The strength of this interdisciplinary model is that it is flexible and does not create new
bureaucracies. However, the lack of a single departmental core may have the effect of lessening
buy-in by faculty and participating departments and it requires more effort to demonstrate the
ongoing benefits to sustain the program after the initial extramural funding runs out. As
described later in the evaluation section, ongoing buy-in by participating faculty and university
administrators is being assessed.
P3 Education and Training Activities
The objective of the education and training activities is to develop scientists and engineers with
broad skillsets to address the research needs described above, and who have an appreciation of
the abilities and limitations of other disciplines and the confidence and communication skills to
interact with them.
Retention and Success Activities:
Graduate Learning Communities: Each cohort of graduate students will comprise a P3 Graduate
Student Learning Community. Our university has received several awards for its undergraduate
learning community efforts. We plan to use our experience in this area to enhance the P3
graduate program. The learning community for the first P3 cohort was led by the project
coordinator and other project collaborators. Future cohorts of P3 graduate students will be led by
earlier P3 students, with assistance from the P3 project coordinator. Turning the learning
community leadership activities over to P3 students has three benefits. First, it helps build a
strong community among all P3 graduate students. Second, the second year P3 students have
first-hand knowledge of what worked and what did not work during their first-year experience,
and they will be motivated to make changes and provide continuous improvement to the learning
community. And third, the learning community organization provides leadership opportunities to
the P3 graduate students.
Two-week Boot Camp: The program starts with a two-week short course boot camp for all
incoming students. The purpose of this boot camp is to introduce the students to the basic topics
they will need to succeed and to their cohort of fellow students. The assumption is that the
students will be knowledgeable about some topics, but not all. Each day consists of lectures in
the morning and a lab session in the afternoon. There are field trips, to local industry and test
fields near campus to demonstrate challenges in phenomics. Table I gives a sample schedule.
P3 Curriculum
(1) T-Base Common Core: All P3 students take a fast-paced transdisciplinary course with a
hands-on laboratory component the first year of their program. The course has two key
objectives: 1) bring all students’ knowledge up to the same level for issues that pertain to plant
phenomics, sensor engineering, and data analysis, and 2) begin the process of teaching students
the needed terminology to speak across disciplines. This course has only a calculus-based
undergraduate curriculum as pre-requisite and will therefore be accessible to P3 fellows from all
disciplines in their first semester. This new graduate course entitled “Fundamentals of Predictive
Plant Phenomics” was offered for the first time in fall 2016. The goal of the course was to
provide graduate students who come with undergraduate degrees in engineering, plant sciences,
or data sciences, with a common knowledge base in the area of predictive plant phenomics.
Further details of this new course are provided in a companion paper [Heindel, 2017].

Table II. Sample two-week boot camp schedule.
Day Topic

Lab

1
2
3

Team-building basics
Genomics
Measuring genomic data

4
5

Data Carpentry Workshop
Plant development and basic plant
anatomy
Research Ethics and
Communications
Data Mining
Machine Learning
Plant Physiology
Sensing technologies

Exercises in team building
Working with genomic databases
Visit to on-campus sequencing and flow cytometry
facilities
Basics of using R, a statistical computing language
Macro- and micro-dissection of major plant research
species
Field trip to local company

6
7
8
9
10

Finding, downloading, and cleaning data sets
Making inferences using data sets
Trip to fields to observe and measure phenotypes
Lab tour of sensor labs

(2) Experimental Methods: Statistical methods for designing experiments and analyzing data are
essential for research in predicted phenomics and are part of the common vocabulary needed for
research. The P3 students can choose between two different existing statistics courses depending
on their mathematical preparation. Both courses teach students the basic skills in exploratory
data analysis, hypothesis testing, linear regression, etc. These courses have a strong emphasis on
applying methods to real-world data sets especially for genomics data, which will benefit the P3
students. Our original plan was to have a common statistics course for all students based on the
statistics needed for engineering students, however, when students have drastically different
preparation levels in mathematics and statistics it is not possible to create a course which is
effective for all students.
(3) Depth Courses: Each PhD student must take a minimum of a 3-2-1 combination of courses
in the three “major” thrust areas; that is, three courses in the student’s discipline of focus
(Engineering, Plant Sciences, or Data Sciences), two courses in a second discipline, and one
course in the third, thus providing disciplinary depth and transdisciplinary breadth. Students can
take additional courses within the other thrust areas as needed for their research and in keeping
with existing program requirements. This requirement ensures students are research-capable in
their self-identified thrust area, and have knowledge in the other thrust areas. Coursework-only
masters students take the required core courses and the 3-2-1 course combination to provide
some breadth and depth.
(4) Technology-Led Entrepreneurship: The P3 program partners with an existing biotechnologyfocused entrepreneurship course. This one-credit course leads students through the process of
developing a technology-led idea into an early-stage business or project proposition. The
students learn skills that will help them identify a market for their work. This technology-led
entrepreneurship course develops an understanding of: (i) discovery research and how
technology relates to innovation and the potential for entrepreneurship, (ii) critical technocommercial analysis, intellectual property and the evaluation of risk and reward, (iii) defining
key assets in the context of generating a business model canvas, (iv) working through the
elements of a business proposition, utilizing local resources, and (v) the process of founding a
company and selling your ideas to secure early-stage funding.

P3 Student Skill Training
(1) P3 Collaborative (P3C) Seminar Series: This one-credit course (a seminar series) will be
offered each semester and will be required of all P3 students (4 times) and faculty (50% of the
year). The seminar series will serve to integrate teams and develop research skills. Each
semester, research teams, consisting of students and faculty members working on joint research
projects in predictive phenomics, will lead their assigned class period in discussion of topics and
issues germane to their research. Peer review across the thrusts (fostered by peer mentoring) will
improve inter-project and transdisciplinary connections and allow for an in-depth treatment of
each project. The emphasis will be on presenting works-in-progress rather than polished final
results. Electronic portfolios will be maintained throughout, serving to provide archived
documents of how the learning and research evolve for assessment purposes.
(2) Communication: Expanding the use of engineering to design crops that perform better in
different environments entails communicating with diverse stakeholders and the public. This can
be a controversial topic with the public given current discussions of genetically modified
organisms (GMOs). Principal stakeholder groups include farmers, their families and farming
communities, agricultural companies, and policy-makers at the local and national levels,
regulatory agencies, and the general public each of whom will have different information
requirements and demands, as well as values. Communication entails understanding the public’s
perception of this relatively new enterprise. Students undergo “media training” during their boot
camp and practice making short videos describing their research interests. The students have
additional opportunities to use this training during P3C seminars and learning community
activities. Such efforts will reinforce students’ appreciation of their communication
responsibility and their ability to actively engage in influencing policies at the local, state, and
federal levels.
Ethics: All STEM students and prospective scientists/engineers need to have a strong
background related to the responsible conduct of research (RCR). P3 students participate in
GRST 565 – Responsible Conduct of Research in Science and Engineering, a course designed
around case studies to help students understand and articulate broader ethical concerns. At the
conclusion of this course, students will be able to: (1) understand and articulate major ethical
issues raised by research and development; (2) distinguish between perceived and measured risk,
and to discuss the moral and political significance of risk perception, measurement, and
communication; and (3) understand and explain different competing views about human and
environmental risks posed by engineering plants.
Industry experiences: The P3 program strongly encourages students to participate in industrial
internships as part of their education. Ideally, the internship will occur during the summer of the
student’s second year of the program so the students can apply their learned T-training skills
during their internship. Before and after, each internship, the student will be assessed on their
attitudes and expectations of working in industry; they will also meet with their research mentor
to facilitate a smooth transition to and from the intern experience.
Program status:
The first cohort of P3 fellows was selected in Spring 2016 and their demographics are
summarized in the table below. The students come from a very wide range of backgrounds in
their undergraduate majors. One issue that we have encountered is that recruiting students with
engineering backgrounds in challenging as compared to students in plant sciences for many

reasons. One is that few undergraduate engineering programs around the US expose their
students to agricultural system applications of engineering. Another problem is that many Ph.D.
programs in engineering have low rate of enrollment from US citizens. We are working to
expand the ideas of what types of projects engineers work on by providing informational slides
to collaborators in engineering departments. The P3 coordinator is also proactively searching the
applications in participating departments to contact strong applicants to tell them about our
program.
Demographics
White, Male

UG Major (s)
BS, Biochemistry

White female
White male

BS, Crop Sciences
BA, Economics and History
BS, Plant Genetics and Breeding
MS, Horticulture Science
BS, Biochemistry

White female
White male
White male
African
American male

BS, Agronomy – Plant Science
and Biotechnology
BS, Molecular, Cellular, and
Developmental Biology
BS, Electronics Engineering
Technology
MS, Mechanical Engineering

Admitted Degree Program
Bioinformatics and Computational
Biology
Interdepartmental Plant Biology
Genetics and Genomics
Bioinformatics and Computational
Biology
Plant Breeding
Genetics and Genomics
Mechanical Engineering

The first cohort began their training in August 2016 with a two-week “boot camp” short course
to introduce the students to the basic topics they will need to succeed. The initial boot camp
received mixed reviews from the students and management team during the evaluation
(evaluation methodologies are described in more depth in the next section). Overall, responses
from both management team members and students indicated positive views of the boot camp
implementation and experience:
• All four management team members that participated in the post Boot Camp questionnaire
reported that Boot Camp met (n = 3) or exceeded (n = 1) expectations.
• All but one student reported that Boot Camp met (n = 5) or exceeded (n = 1) their
expectations.
• All but one student reported that Boot Camp was good (n = 4) or excellent (n = 2).
• Daily student perceptions of Boot Camp were mostly positive as well: out of 44 SMS
responses collected across Boot Camp, only one student indicated that they felt “meh” about
a day and one student who indicated that they felt “ugh” about a day.
Later student discussion groups revealed that the students would like the days to be shorter with
more time for the students to interact with one another and to get know the college community.
The students found that the section on data carpentry during boot camp should be focused more
on biological data and the subject of plant phenomics. Other topics such as the plant science
presentation got responses ranging from the presentations moving too fast to not being at a high
enough level. This range of responses makes sense when considering the diversity in student

backgrounds. We plan to change the focus of the data carpentry workshop to better fit the skills
that the P3 students will need in their first semester by focusing more on using R to work with
real-world data.
The four-credit P3 core graduate course (Fundamentals of Predictive Plant Phenomics) was
offered in Fall, 2016 with 16 enrolled students, 7 from engineering disciplines, and 9 from plant
and data science programs. A companion paper submitted to the ASEE Graduate Studies
Division discusses the first offering of this course in more detail [Heindel, 2017]. As with the
bootcamp, the student response was quite positive. However, students were frustrated by the
breadth of topics and the overall organization. The students also tended to struggle with the
modules focusing on engineering topics such as heat transfer.
Evaluation
The P3 program features both internal and external evaluation. The P3 Program Coordinator
oversees the internal evaluation, which focuses on metrics such as student recruitment and
retention, program outcomes, and student performance. The Center for Social and Behavioral
Research is conducting the external evaluation. A mixed-methods design that aligns with the
evaluation framework proposed by the CDC (Figure 2) guides the external evaluation. The P3
evaluation framework is recursive by design so that the external evaluators are informing the P3
leadership team continuously on program performance and implementation.
The external evaluation includes formative (i.e., related to implementation and progress) and
summative dimensions to assess the quality and success of the P3 program. Quantitative
assessments to measure performance on program goals include online interviews with project
leadership, P3 students, affiliated program faculty, and university administrators. A comparison
group design has been incorporated to allow stronger evaluation of the P3 student outcomes. A
cohort of graduate students who are unaffiliated with P3 were recruited and invited to participate
in the evaluation activities. The outcomes from the P3 cohort will be compared to those of the
non-P3 students who represent the training trajectory for students who are not in the P3 program.
Pre-post designs are also being implemented to observe changes in P3 student outcomes to
approximate the program effect.
Qualitative data collection activities for the external evaluation include in-depth interviews and
focus groups of students, and they serve to enrich the findings of the quantitative assessments
and also to gain insights from students and faculty on perceptions of and experiences with the P3
program. The feedback obtained during the qualitative data collection help the P3 leadership
team learn more about how students, faculty, and administrators feel about the program, obtain
insights on how it is working well, and determine where it could be improved or revised during
the planning for future activities.

Figure 2: Framework for Evaluation [CDC, 1999]
Evaluation process so far:
To demonstrate the dynamic nature of the external evaluation, this section describes the data
collection activities that took place during the first two years of the project. CSBR developed an
initial evaluation plan in Year 1 with input from the project leadership team, and this plan is
reviewed yearly by the external evaluation team. Early formative findings were the focus of the
first year since program activities focused on planning, hiring a program coordinator, and
recruiting a cohort for Fall 2017. In Years 2-5, the external evaluation is shifting toward output
review to understand what actually occurred, whether the intended objectives and goals for P3
are being achieved, what the changes are (if any) between the P3 cohort(s) and the comparison
group(s), and if any differences are observed between intended and actual P3 activities and
outcomes. To evaluate the outputs and goals outlined by the leadership team, a full logic model
was designed by CSBR and reviewed by P3 leadership. It is also reviewed annually to identify
areas needing revision or additional focus.
During Year 1, a process interview was conducted in Fall 2015 to gather feedback from the
leadership team. In particular, the external evaluator wanted to know about any challenges and
responses to those challenges regarding program planning and implementation of P3. In general,
the leadership team felt the programs was about where they expected it to be at the end of the
semester of Year 1, and perceived challenges related to hiring the program coordinator, getting
interdepartmental support for the P3 program, setting up the admissions process, and developing
course materials for the leveling seminar required of all P3 students.
In August of Year 1, the external evaluator administered a series of online instruments prior to
and immediately following the first training “boot camp” for the P3 students. Leadership team

members and P3 students responded to questions before and after boot camp to better understand
the experiences of both groups and to aid in the planning of future boot camps. In addition to the
online instruments, students responded to daily SMS text-message questions asking about their
thoughts on the day’s activities. The findings from these assessments indicated that both the
leadership team and students held positive views of the experience and overall implementation of
the training. The external evaluator communicated areas of shared and divergent experiences and
perceptions between the P3 students and the leadership team so this information could be taken
into consideration for future boot camps. For example, students felt that the introductory sessions
should be more hands-on and structured more for beginners in the field.
The P3 leadership team was queried in an online instrument prior to the start of Boot Camp to
assess their perceptions of Year 1 program implementation and planning for Year 2. The team
members felt the program was about where they expected it to be at the end of Year 1, and there
were no perceptions that they were falling short on completing tasks or meeting deadlines.
Focus groups with the P3 students and comparison cohort were conducted in Fall 2016 to learn
more about general perceptions of and experiences with their graduate programs, understanding
of T-training and/or transdisciplinary research, communication with faculty members, and
elements of their programs that they would keep or change. The observations from the focus
groups were communicated to the leadership team in January 2017 to supplement student
assessment and feedback received at the end of the first semester.
The external evaluators also sought feedback from faculty who were formally affiliated with the
P3 program (but not part of the leadership team) at the end of the Fall 2016 semester. An online
instrument was administered that gauged their familiarity with the primary goals of P3,
communication with the leadership team, and general perceptions about the program. The
findings were communicated to the leadership team during the Spring 2017 semester.
External evaluation activities in subsequent years of the project will continue to shift toward
output review with quantitative assessments geared toward identifying the various contributions
of program activities in terms of intensity and outcomes and qualitative methods focused on
understanding process and implementation. The external evaluation will gather data to measure
program activities from inception through various stages of outcomes with the goal of
understanding what actually occurred in the project, whether P3 objectives and goals were
achieved or fell short of expectations, what changes, if any, emerged between the P3 students
and non-P3 students, and if there were differences between intended and actual outcomes.
Conclusions
The new P3 graduate program at our university is training its first cohort of students. Overall, the
P3 specialization is succeeding at its core mission of exposing students to transdisciplinary
research in comparison with students in traditional departments. Our team’s first offering of the
boot camp and leveling course was successful in the eyes of the P3 management team and
students as the students were introduced to a broad range of topics. The program team will
continue to address and improve our response to problems such as how to help level out student
backgrounds across a wide range of disciplines and how to recruit a balanced cohort of students
in terms of undergraduate majors. We plan to use the results from the evaluation team to improve
courses by bettering integrating the training and laboratories, applying inquiry based learning
methods such as flipped classrooms and more judicious selection of topics. The management

team is also working at better defining the course requirements for the student cohorts to better
accommodate different levels of expertise in biology, mathematics and data science.
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