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      Abstract
Course-embedded undergraduate research experiences (CUREs) for students have been shown to increase students’ understanding 
of the process of science, affirm their scientific identity, and improve retention in STEM fields. Despite many CUREs recently 
developed for introductory biology, genetics, biochemistry, and molecular biology courses, projects related to quantitative 
genetics and polygenic inheritance are rare. Students frequently struggle with the uncertainty and complexity of quantitative 
genetic studies in a traditional genetics course. This lesson describes a series of laboratory exercises that provide an authentic 
research experience focused on quantitative trait loci (QTL) analysis of the traits related to cold stress response in plants. 
Maize varieties show a large variation in the degree of their response to stress, suggesting that this trait is highly heritable, 
even though most of the genes contributing to this trait remain elusive. The results of the QTL analysis vary depending on 
the plant material used in the study and the specific traits measured in the study, reflecting the polygenic nature of the trait. 
This laboratory project allows students to make decisions about the details of the experimental design, collaborate with their 
peers, conduct the experiments, and analyze the results using standard protocols for the QTL analysis. The accompanying 
worksheets and supplemental instruction demonstrate the complex architecture of quantitative traits and their dependency 
on the number of plants involved in the analysis and the details of the experimental design. The laboratory series invites 
students to discuss the nature of the scientific investigation.
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Lesson

Learning Goals

Students will:

•	observe the genetic variation between maize varieties in response 
to cold stress and will explore the nature and genetic control of 
quantitative traits. 

•	design and conduct simple quantitative trait locus (QTL) experiments 
and interpret their results using available genetic and physical 
genome maps. 

•	understand the complexity of polygenic traits and the role of gene 
linkage and genetic markers in the process of identifying genetic 
factors controlling these traits. 

Learning Objectives

Students successfully completing this lesson will be able to:

•	explain genetic mechanisms controlling complex genetic traits.
•	describe the structure of mapping populations, including 

recombinant inbred lines (RILs), and explain their use in gene 
mapping.

•	perform a basic QTL analysis and explain its results.
•	discuss requirement, advantages, and limitations of QTL analysis.
•	analyze physical and genetic map content of maize genome regions 

using maize genetic database.

Core competencies (from the GSA Genetics Learning Framework) 
addressed in this lesson include:

•	Students should be able to implement observational strategies to 
formulate a question.

•	Students should be able to design an experiment using appropriate 
controls and appropriate sample sizes.

•	Students should be able to gather and evaluate experimental 
evidence, including qualitative and quantitative data.

•	Students should be able to apply statistical methods when analyzing 
their data, and use patterns to construct a model.

•	Students should be able to generate and interpret graphs displaying 
experimental results.

https://qubeshub.org/app/site/groups/2745/uploads/downloads/frameworks/GSA%20Genetics%20Learning%20Framework%202015.pdf
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INTRODUCTION

National initiatives in biology education recognize the need 
for all biology students to participate in research (1-3). In 
addition to deeper understanding of biological concepts, students 
participating in research demonstrate increased persistence 
in science, increased science self-efficacy, ownership of their 
work, lasting science learning, and increased understanding 
of research processes (4-11). Authentic research experiences, 
from smaller investigations to full semester course-embedded 
undergraduate research experiences (CUREs), involve students 
in science research within the context of a course, thus allowing 
participation by a greater number of students compared to a 
more traditional one-on-one mentorship (12-17). 

Quantitative genetics is a complex topic that receives little 
attention in the introductory and intermediate level genetics 
courses, even though many important traits, including human 
diseases (for example, diabetes and hypertension) and crop 
performance (for example, yield and nutrient composition), 
are controlled by multiple genetic factors in addition to 
environmental effects (18, 19). Measuring quantitative traits, 
analyzing quantitative data, and describing the influence of 
genetics and environment on phenotypes also exercises students’ 
use of quantitative reasoning, a key competency in the AAAS’ 
Vision & Change document (20).

Plants are frequently neglected when teaching biological 
sciences (21,22). The consequences for this observed lack of 
inclusion for plants—termed “plant awareness disparity” (23, 
24)—vary, including decreased understanding of plant biology 
and less funding for plant-based research (25). While plant 
systems have been used successfully in the classroom to illustrate 
a variety of biological concepts in various disciplines and to 
engage students in research opportunities (26-30), plant-based 
learning experiences lag behind other popular model systems.

The series of laboratory exercises presented here allow 
students to engage in an original investigation of a genetic 
architecture of stress response in maize seedlings. It leverages 
publicly available maize genome sequences and genetic maps 
to involve students in the scientific process. Environmental stress 
response in plants is a highly heritable complex genetic trait 
affected by many genes (31,32). However, only a few genes 
controlling stress response have been cloned and characterized 
(33-35). Maize seedlings from different varieties (inbreds) display 
different responses to environmental stress, for example, cold 
exposure (Figure 1). The QTL analysis of cold stress response 
showed ample variation in stress response among maize lines 
and yielded multiple candidate loci that differed depending 
on the specific conditions of the stress and the trait measured 
(36-40). Maize genetic resources include a publicly-available 
population of recombinant inbred lines (RILs) with a well-
characterized genetic structure for Quantitative Trait Locus 
analysis (QTL) (41). Thus, environmental stress response, with 
its variability and potential for discovery, and maize, with its 
publicly available genetic maps and recombinant populations, 
provide a good opportunity for original student research projects.

Intended Audience
This series of laboratory exercises was designed for and 

implemented in an introductory Genetics course in a liberal arts 
college (sophomore and junior students majoring in biology). 

This laboratory series was also used with junior and senior 
students majoring in biology in an upper-level genomics and 
bioinformatics course. Some knowledge of basic genetics is 
required, and a semester of introductory biology focusing on 
genetics is highly recommended.

Required Learning Time
The laboratory series on quantitative genetics presented here 

was implemented during three three-hour laboratory sessions 
(a total of nine student contract hours). Additionally, the plants 
need to be planted and subjected to the cold stress prior to the 
first lab session (see Supporting File S1. QTLs of Maize Cold 
Response – Detailed Timeline for details). Additional time was 
required for pre- and post-instruction assessment and student 
surveys. In addition, students needed extra time outside of class 
to complete reports of their work.

Prerequisite Student Knowledge
Students need to understand the general principles of genetics, 

such as independent assortment, segregation, and gene linkage, 
as they guide inheritance of simple genetic traits. A short 
introduction to quantitative genetics prior to the laboratory 
activities is useful for students, although an instructor could 
provide required background information during a Laboratory 
session as well. We asked students to read a relevant chapter 
of their textbook for an introduction to quantitative genetics 
and complex traits, as well as a short introduction to QTL 
analysis (42).

The lab description contains detailed information on how 
to run QTL analysis in R and the prior experience in R is not 
required.

Prerequisite Teacher Knowledge
The instructor should understand the general principles of 

the polygenic trait inheritance and QTL analysis, including the 
meaning and significance of the LOD scores. The instructor 

Figure 1. B73 and Mo17 maize seedlings demonstrate variable level of 
susceptibility to cold stress. B73 response is very severe: leaf damage, large 
proportion of dry/dead tissue, and severe wilting. Mo17 shows minimal or no 
leaf damage, no discoloration, and minimal wilting.
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should practice the analysis pipeline to be able to help students 
as they navigate the analysis. Specifically, the faculty member 
should be aware of how to lead the students through the QTL 
analysis in R. Most common mistakes students do are related 
to syntaxis, such as missed or misplaced semicolons, and 
commas, and could be spotted quickly with some practice. 
We recommend the instructor considers exploring an R/QTL 
guide (43). Explicit knowledge of plant biology is not required, 
understanding that corn could be self-pollinated or cross-
pollinated is useful in case students are confused.

SCIENTIFIC TEACHING THEMES

Active Learning
During this laboratory series, students work together in small 

groups and engage in discussion and answer questions about 
principles, advantages, and limitations of quantitative trait locus 
mapping. They conduct phenotypic observations, make decisions 
about the details of experimental analysis, decide which traits 
they will score, and estimate the effects of cold stress on maize 
seedlings using quantitative and qualitative approaches they 
develop. Students, individually or in pairs, run quantitative trait 
locus mapping analysis using R software, visualize their results, 
interpret data, and make conclusions.

Assessment
Students’ answers to the questions in four graded worksheets 

(see Supporting File S2. QTLs of Maize Cold Response – Student 
Handout for the questions and Supporting File S3. QTLs of 
Maize Cold Response – Sample Answers to the Questions 
of the Worksheets for sample answers) were used to assess 
their understanding of the genetics of quantitative traits and 
applications and limitations of QTL analysis approaches. 
Students engaged in this laboratory exercise also completed 
pretest and graded posttest (Supporting File S4. QTLs of Maize 
Cold Response – Multiple Choice Assessment Quiz with Correct 
Answers). To assess the results of the project and validate this 
lab series, students presented their results in graded lab reports, 
where they evaluated whether the results of the QTL mapping 
analysis supported their hypothesis regarding the prediction 
of the number of major loci controlling cold tolerance trait in 
maize (Supporting File S5. QTLs of Maize Cold Response –Rubric 
Used for the Assessment of Student Skills in Data Analysis 
and Interpretation in the Lab Reports). For student’s subjective 
assessment of the effects of the laboratory series on development 
of various science-related skills, students completed the CURE 
survey (44). The CURE Survey is designed to measure student 
experiences in “research-like” or other science courses and is 
based on students’ report of learning gains and attitudes toward 
science through a series of Likert-type items. More information 
related to the CURE survey is available on CURE Survey website 
at Grinnell College.

Inclusive Teaching
This laboratory series provides authentic research opportunities 

embedded in the curriculum. While many students find summer 
research opportunities more demanding, highly competitive, 
and less accessible due to students’ obligations outside of 
school, course-embedded research opportunities allow all 
students to engage in science (16). Students with different 
attitudes toward science, different preferences for lab work 
and computational data analysis, and different levels of prior 
knowledge work together in small teams. This laboratory 

series involves investigating plant genetics, a topic frequently 
omitted from genetics courses, thus attempting to address “plant 
awareness disparity,” lack of plant-related topics in many college 
biology courses. Students discuss, observe, and investigate 
genetic diversity of maize lines and make connections to genetic 
diversity in human populations.

LESSON PLAN

The general flow of the experiments and analysis conducted 
in this Lab is shown on Figure 2 (see Supporting File S1. QTLs 
of Maize Cold Response – Detailed Timeline for the detailed 
timeline for this laboratory series). The student handout including 
all worksheets and instructions is available as Supporting File 
S2. QTLs of Maize Cold Response – Student Handout.

Instructor Preparation

Plant Growth and Stress Conditions
Seeds for B73 and Mo17 maize inbreds as well as seeds for 

B73xMo17 recombinant inbred lines are available through 
the Maize Genetics Stock Center. While the Stock Center only 
typically provides a few seeds for each of the lines, they do 
support undergraduate instructors and researchers and will likely 
provide enough seeds for this laboratory series. In addition, 
many maize researchers in large universities work with B73, 
Mo17, and RILs and should be able to provide a small number 
of seeds (under 10 for each line) that are necessary to conduct 
this lab series. We obtained all of our seeds from Dr. Nathan 
Springer at the University of Minnesota.

Figure 2. Outline of the experiment mapping QTLs controlling maize response 
to cold stress.

https://rqtl.org/tutorials/rqtltour.pdf
https://rqtl.org/tutorials/rqtltour.pdf
https://www.grinnell.edu/academics/resources/ctla/assessment/cure-survey
https://www.grinnell.edu/academics/resources/ctla/assessment/cure-survey
http://maizecoop.cropsci.uiuc.edu/
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Planting of the B73 and Mo17 inbreds, as well as recombinant 
inbred lines (RILs) needs to be timed, so, the cold stress could 
be administered 10–13 days after planting. To facilitate planting, 
students were asked to plant seeds during the laboratory sessions 
two weeks prior to the corresponding lab activity (see Supporting 
File S1. QTLs of Maize Cold Response – Detailed Timeline for 
details). Adding a regular fertilizer (for example, Miracle Gro©) 
to the soil is beneficial, especially if soil lacks magnesium, 
phosphates, and other nutrients, because maize seedlings tend 
to show various amounts of purple color in the stems and leaves 
in response to lack of nutrients, and the color may influence the 
analysis of chlorophyll content in the leaves. Maize seedlings 
could be grown in growth chambers or green houses, or even 
under the light in regular rooms, at 20–24ºC and 16-hour light 
days. The cold stress implemented in this laboratory series 
was conducted by the instructor, one–two days before the 
lab, at 4ºC in the growth chamber during the night (12 hours). 
Alternatively, cold rooms, or even, the refrigerators, could be 
used for administering the stress conditions, with the stress 
temperature ranging between 4 and 12ºC. Stress phenotype is 
more pronounced, when the plants are left relatively dry before 
and during the stress and are allowed to recover for 1–3 days 
under normal conditions. To account for possible germination 
failure and provide sufficient replication for measurement of 
chlorophyll content, three–five seeds from each of the lines were 
planted. Some of the plants from B73 and Mo17 inbreds were 
not stressed to provide control measurements and observations.

Genetic Structure of the RILs and File Management
The maize intermated B73×Mo17 (IBM) recombinant inbred 

line population (IBM Syn4 RIL) was generated from B73 and 
Mo17 parental lines by four generations of intermating and 
eight generations of inbreeding (41) (Figure 3), resulting in 
about 3.5 fold higher recombination compared to F2 - derived 
recombinant inbred lines.

To facilitate genetic mapping by the students and to prevent 
confusion associated with file formatting, we created a csv file 
for ~2000 markers and 95 RILs used in this laboratory exercise 
(Supporting File S6. QTLs of Maize Cold Response – Genetic 
Architecture of the Lines Used in This Study). We used Google 
Sheets to allow students simultaneously record phenotypic 
observations and measurements for the RIL lines during week 
2 of the Lab series (see Supporting File S7. QTLs of Maize Cold 
Response – Sample Phenotypic Data Collected by Students). 
After the phenotypic information was recorded by students 
in multiple lab sections (~80 students in 4 lab sections in our 
implementation), the instructor can calculate average values 
for all phenotypic observations for each line, combine genetic 
and phenotypic information for the RILs, and prepare the file 
for subsequent QTL analysis (see Supporting File S8. QTLs of 
Maize Cold Response – Sample Formatted Data File Ready with 
Visual Scoring Data for QTL Analysis).

Lab Sessions

Phenotypic Observations and Discussion of 
Quantitative Genetic Traits and QTL Analysis 
Approaches – Week 1

Prior to the session, the students read short sections on 
quantitative genetic traits in their textbook and receive a short 
introduction to the complexity of genetic control of polygenic 
traits. The student handout (see Supporting File S2. QTLs of Maize 
Cold Response – Student Handout) contains some background 
information that could be expanded upon the desire and comfort 
level of the instructor. During the first week of this lab series 
students are first presented with a quantitative genetic trait, plant 
response to cold stress. They are asked to observe and describe 
the response to cold stress in B73 and Mo17 seedlings and 
discuss the potential mechanisms of genetic control of this trait, 
as well as potential approaches to measuring and documenting 
the differences in response to cold stress between two maize 
inbreds. At the next step, students are asked to think about 
how genetic mapping works, what populations of plants are 
required for genetic mapping, and how the results of the crosses 
would depend on the genetic architecture of the mapped trait. 
Students realize that F2 populations are necessary for genetic 
mapping and draw the chromosome structure of parental, F1, 
and F2 generations. They also predict the segregation ratios and 
chromosome structure of cold tolerant and cold resistant plants 
in F2 populations under various assumptions about the genetic 
architecture of the cold resistance, from a simple one gene 
completely dominant trait to a more complex multi-gene trait. 
The main outcome of Week 1 session is to prepare students for 
the phenotypic and genetic analysis in weeks 2 and 3.

Phenotypic Observations and Trait Scoring – Week 2
During week 2, the students guided by Worksheet 2 

(Supporting File S2. QTLs of Maize Cold Response – Student 
Handout) observe, measure, and record the level of seedling 
resistance to cold stress. The laboratory series implements two 

Figure 3. Recombinant inbred lines (RILs) provide a great resource of quantitative 
trait locus analysis.
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different approaches to documenting the level of resistance to 
cold stress. In the first approach that was termed qualitative, 
students rank the level of resistance at 1–3 point scale. In the 
second approach, leaf concentration of chlorophyll A and B 
were measured using a simple and straightforward procedure 
described in the student handout (Supporting File S2. QTLs 
of Maize Cold Response – Student Handout). Some students 
decided to measure the area of the leaf that was dry and used 
Image analysis software to produce the data. The main outcome 
of Week 2 is to measure and record diversity of maize seedlings 
response to cold stress in RILs. While student groups choose 
the approach to measure the trait, all students participate in 
data collection as the data for all lines are needed for the QTL 
analysis.

QTL Analysis and Interpretation of the results – Week 3
The QTL analysis approach implemented in this laboratory 

series relies on the use of an R package called QTL (43). In our 
experience, students with no or very limited knowledge of R 
are completely capable of running the analysis. Students were 
working on laboratory computers or on their own laptops, 
usually in groups of 2 or individually. To facilitate this step, 
students were asked during Week 2 to install R and a QTL 
package on their computers. The primary difficulty that students 
face is the ability to navigate the file system in R and open the 
data file correctly. After this step, the analysis ran smoothly. The 
sequence of commands was adopted from the manual for the 
package and is described in detail in Worksheet 3 of the student 
handout (Supporting File S2. QTLs of Maize Cold Response – 
Student Handout). Students analyze the quality of the data and 
explain the steps of the analysis, conduct QTL analysis using 
the stress response data on RILs, and build graphs presenting 
their data. The results are invariably different for students using 
different measurements for the traits. For example, the QTL 
analysis of qualitative data of stress response of 95 RILs and 
1957 markers distributed throughout maize 10 chromosomes 
allowed to identify two major QTLs, on chromosomes 1 and 
5 (Figure 4).

After conducting an initial analysis, students discussed 
and completed a series of questions analyzing the size and 
significance of identified QTLs and connecting physical and 
genetic maps of the maize genome. Specifically, they were asked 
to comment on the significance of the LOD score – a measure 
of significance of association between the locus (region of the 
chromosome) and the phenotypic trait (cold resistance). Students 
were asked to find the markers located close to their positions 
of the QTLs they identified using their data genetic map file 
(Supporting File S7. QTLs of Maize Cold Response – Sample 
Phenotypic Data Collected by Students) and determine their 
physical location using Maize Genetics Database (Supporting 
File S2. QTLs of Maize Cold Response – Student Handout.) 
Whole class discussion of students’ answers allowed for further 
clarifications of similarities and differences between molecular 
and genetic maps.

Finally, students chose one of the parameters in the QTL 
analysis and modified it to understand the role of this parameter 
in the ability of QTL analysis to identify significant QTLs. 
Students could choose to reduce the number of RILs or number 
of markers involved in the analysis, or to modify the phenotype 
scoring systems (1–2 instead of 1–3, for example). They modified 
the original data file accordingly and re-ran the analysis with 
their modified data. Since different groups chose to investigate 

Figure 4. Cold stress response in maize seedlings is controlled by two major 
QTLs. Example profiles for QTLs for response to low temperature in maize 
seedlings in IBM Syn 4 population are shown across the genome (A) or on 
chromosome 1 (B).

Figure 5. QTL analysis parameters affect the significance and the size of the 
identified QTLs. The lack of the clear peaks in the analysis run with only 10 
RIL lines (A) or only 100 markers (B) underscores the importance of the large 
number of lines and markers for the QTL analysis.

https://maizegdb.org/
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different parameters, students presented their results as short 
chalk talks. Typically, the decreasing number of lines or 
markers significantly decreased the ability of the QTL analysis 
to identify QTLs (see Figure 5, for example). Interestingly, even 
employing 1–3, or even 1–2, phenotypic scoring system resulted 
in successful identification of QTLs, and using chlorophyll 
concentration measurements did not significantly enhance the 
quality or the number of identified QTLs. Discussing questions 
in the Worksheets 3 and 4 in small groups and as a whole class 
clarified questions and prepared them for writing lab reports. As 
a final assessment, students were asked to complete lab reports 
in the form of a scientific paper, complete with figures and 
figure legends. These reports were graded to evaluate student 
understanding of the principles of QTL analysis.

TEACHING DISCUSSION

Merits of the Laboratory Series
This laboratory series, even though relatively short, 

implements many aspects of the CUREs and could be extended 
to include additional primary literature investigations, formal 
presentations of students’ work, and built-in “catch up and 
re-do” sessions. During three three-hour lab sessions, students 
design experimental conditions and approaches to score the 
phenotypes, conduct the experiments and observations, and 
perform QTL analysis. While this laboratory combines a series 
of wet lab hands-on steps and computational data analysis, the 
previously collected data sets could be used in online settings 
or as a face-to-face computer only exercise.

Instructor Perspectives
We found that the whole group discussions, both at the early 

stages of the experiment planning and after students shared their 
results, are very important because they allow for integrating 
information and discovering misconceptions that could persist 
after small group discussions. Students frequently asked their 
instructor how cold stress is controlled in maize and how many 
genes they were supposed to find in their analysis and were 
empowered when the instructor communicated that nobody 
knows the answer. Reminding students of the importance of 
finding cold tolerant genes in maize and stressing the truly 
investigative nature of this lab series worked well to motivate 
students during the labs.

Evidence of Impact
Based on the results of the assessment we conducted (83 

students completed the assessments in two course sections taught 
in different years), students demonstrated strong learning gains on 
the quantitative genetics quiz. Although it is difficult to separate 
learning in the laboratory from learning in the concurrent 
course, in our implementation, the average proportion of correct 
answers increased from 23 to 77%. For assessment of student 
skills in graphical data visualization and interpretation, 24 
group lab reports were assessed using the rubric that focused 
on the appropriateness, clarity, and quality of the figures, figure 
legends, and data interpretations (S5. QTLs of Maize Cold 
Response – Rubric Used for the Assessment of Student Skills in 
Data Analysis and Interpretation in the Lab Reports). Only 3 of 24 
lab reports (12.5%) failed to achieve the level of “accomplished” 
(15/20 points), while six reports (25%) scored 19 or 20 points. 
Average scores in all five rubric categories exceeded the level 
of “accomplished” (3/4 points), demonstrating that the students 
were able to state appropriate experimental questions, build 

adequate data visualizations, and interpret the results of their 
experiments. Finally, although this activity is not a full CURE 
experience, our students demonstrated gains in CURE survey 
categories related to understanding the scientific process (3.4 
to 3.6 on a 5 point scale with a score of 0 corresponding to no 
perceived gain and a score of 5 as a largest possible value) and 
perceived skills in data analysis (3.3 to 3.7).

Possible Extensions and Modifications
Depending on the design and instructor’s preferences different 

groups could be conducting their own experiments or the 
whole class could contribute data to the shared project. In our 
implementations, students investigated cold stress response 
using quantitative scoring, image analysis, and chlorophyll 
concentration measurements; however, other stress conditions, 
such as drought and heat exposure, as well as UV exposure, 
provide sufficient variation between B73 and Mo17 maize 
inbreds and RILs for the analysis. This approach allows different 
groups of students to conduct novel experiments, varying the 
specific details of the stress conditions and plant age at the 
application of the stress, specific ways to measure phenotype, 
and the number of lines used in the analysis. In addition, other 
environmental factors, such as planting density, humidity, water 
saturation of soil, and exact timing of the stress can affect the 
results of the analysis. In our limited experience of testing some 
of these conditions, while some QTLs were detected under 
multiple conditions, some QTLs were not or demonstrated a 
different level of significance. These observations are consistent 
with literature on QTL analysis of cold stress response where 
different QTLs were reported in different studies depending on 
specific experimental conditions. Comparing the results from 
different experiments provides rich material for discussions of 
the limitations and benefits of quantitative genetics, scientific 
process and reproducibility of data, complexity of such genetic 
traits as stress response, and interactions between inherited 
genetic information and environment.

SUPPORTING MATERIALS

•	S1. QTLs of Maize Cold Response – Detailed Timeline
•	S2. QTLs of Maize Cold Response – Student Handout
•	S3. QTLs of Maize Cold Response – Sample Answers to the 

Questions of the Worksheets
•	S4. QTLs of Maize Cold Response – Multiple Choice 

Assessment Quiz with Correct Answers
•	S5. QTLs of Maize Cold Response – Rubric Used for the 

Assessment of Student Skills in Data Analysis and Interpretation 
in the Lab Reports

•	S6. QTLs of Maize Cold Response – Genetic Architecture of 
the Lines Used in This Study

•	S7. QTLs of Maize Cold Response – Sample Phenotypic Data 
Collected by Students

•	S8. QTLs of Maize Cold Response – Sample Formatted Data 
File Ready with Visual Scoring Data for QTL Analysis
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