Linking Genotype to Phenotype: The effect of a mutation in gibberellic acid production on plant germination

INTRODUCTION

Plants play an essential, albeit often overlooked, role in our
daily lives. They serve as the foundation of our food system,
provide valuable environmental services, and contribute to
energy production. Despite serving these roles, plants are
underappreciated in much of society, a phenomenon known
as “plant blindness” (1). In biology courses, the developmental
processes and genetic concepts behind the growth and
development of organisms, including plants, are often
perceived as difficult to understand and teach. Additionally,
genetics has become a controversial and sometimes
sensationalized topic of discussion in our society, leading to
a wide variety of misconceptions about mutations and natural
variation. Hands-on exercises demonstrating a link between
genotype and phenotype often require the understanding and
use of molecular techniques (2,3), which can be challenging.
To address these concerns simultaneously, and to complement
the biology curriculum, we designed a simple plant-based
hands-on exercise focused on the relationship between genes,
mutations, and phenotype. This exercise was incorporated into
the curriculum, taking advantage of a model plant Arabidopsis
thaliana (Arabidopsis).

Arabidopsis is a weedy plant species native to Europe and
Asia (4) that has become an essential tool in plant science (5,6).
Its small size, short growing cycle, self-fertilization, and small
genome have made Arabidopsis an ideal choice as a model
organism for plant research (6). These characteristics, along
with its relatively low-maintenance growing requirements,
make Arabidopsis a good choice for use in K-12 and college-
level classrooms. While Arabidopsis resources are easily
accessible to researchers via multiple stock centers, the
Arabidopsis Biological Resource Center (ABRC) has taken a
lead to design hands-on teaching lessons and make this plant
more readily approachable for educators as well.

Like any other plant, Arabidopsis seeds require a combination
of the right conditions to germinate. Temperature, light, and
water are the most important environmental stimuli influencing
germination. Additionally, complex chemical processes
within the plant interact with these external factors to control
germination. Gibberellic acid (GA) is a plant hormone required
for seed germination. GA is released by the seed embryo and
diffuses into the aleurone layer (the outermost cell layer of
the endosperm) signaling the metabolism of lipids, which are
utilized by the embryo for growth and germination (7). GA
also triggers a vacuolation process, weakening the aleurone
cells around the radicle (embryo root) tip allowing it to more
easily break through the seed coat (8). If an Arabidopsis plant
is unable to produce its own GA, for example because of a
mutation in a GA biosynthetic gene, then GA must be added
to initiate germination (9).

To demonstrate the requirement of GA for germination, we
selected two different seed strains, a Landsberg erecta (Ler-0)
(referred to here as the wild type) and a ga7-2 mutant. The
mutant strain was generated from wild type Ler-O plants by
mutagenesis and contains a mutation that disrupts the function
of the CAT gene (10). Since the GAT gene product is one of
the essential enzymes in GA biosynthesis (Supporting Material
S1), this mutation eliminates the plant’s ability to synthesize
GA (11,12). This lesson only explores the effect of the gal-
2 mutation on germination, although notably the mutation
causes other developmental consequences such as dwarfism
(8) (Figure 1). The effects of GA on plant height have been
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described extensively by others (13,14).

Figure 1. Wild type (Ler-0) and mutant (ga7-2) Arabidopsis thaliana
plants shown 27 days after planting. Mutant seeds were soaked in
200 pM GA solution for 3 days to initiate germination. No GA was
added during subsequent growth. The plant containing the mutation
exhibits a severe dwarf phenotype.

We tested this hands-on exercise and established that
it worked remarkably well at the introductory biology
undergraduate course level. At the beginning of the activity,
students planted wild type, mutant, and an unknown strain
of Arabidopsis on petri dishes containing either water or GA.
Before recording germination data, they predicted the outcome
of the experiment based on their current understanding of
the topics. They followed germination rates over a period of
five days and recorded their observations, after which they
graphed and analyzed class average results. Based on this
analysis, the class was able to contrast the germination rates
of the wild-type and mutant seeds, to deduce the genotype of
the unknown seed sample, and to compare their germination
predictions with the obtained results. At the end of the exercise,
we assigned homework to help students make connections
between genotype and phenotype, as well as synthesize
knowledge related to concepts such as photosynthesis,
Mendelian genetics, gene expression, and gene regulation.

A number of recent research studies demonstrate that the
basic molecular machineries controlling a plant and an animal
organism are much more similar than previously thought.
Therefore, plants represent excellent models to study both
genetic and epigenetic control of gene expression which in
turn drives the differentiation and development of both types
of organisms. The examples of successful application of the
knowledge obtained on plants and applied to animals are
numerous and range from the transduction of and response
to chemical signals (including hormones), to gene silencing
and chromatin modifications-directed stem cell programs
(15,16,17). Consequently, the conclusions students make
studying a mutant in a plant hormone biosynthesis can be easily
extrapolated to mutations affecting processes regulated by
hormones in animals, including humans. After completing this
exercise, students are equipped with enhanced understanding
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allow for data collection using a clicker response system
limited to responses of 0-9. Place the seeds in an evenly
spaced row to make data collection easier. Use a new
toothpick and a new piece of wax paper for each treatment
and seed type to prevent cross-contamination.

Group Name
Treatment (GA or Water)

WT

Mutant

Figure 2. Template for labeling filter paper

Cover the prepared plates with lids and wrap the edges
with parafilm to prevent excess evaporation. Stack the two
dishes from each group together, and wrap the stack with
aluminum foil. Ask students to submit a prediction of their
results as part of the in-class portion of the assignment
(Supporting Material S2, S5).

Place the plates in a horizontal position at 4°C (any
standard refrigerator) for 3-7 days. This process, called
stratification, simulates winter and breaks the seeds out of

a state of dormancy. It also synchronizes the germination
of the different seed samples. Three days are sufficient to
break dormancy and synchronize seed germination for most
Arabidopsis accessions (23).

Bring the plates back to the class after stratification and
remove the aluminum foil. Students should count the
number of seeds that have germinated in their assigned
plate (Figure 3). Provide each group with a small magnifying
glass to assist with data collection. If necessary, additional
liquid may be added to the dishes at this time so the seeds
remain hydrated until the next observation. Be careful not
to add so much liquid that the seeds become displaced on
the labeled filter paper.

Have students record germination data for each plate (Day
0, Supporting Material S5). Class germination data can be
recorded on an excel spreadsheet shared with the class
or by using the Turning Technologies clicker system if it
is available. Supporting Material S3 and S8 can be used
with the clicker system to store responses, automatically
calculate averages, and display the results to the class. When
clickers are not available, or if a clicker system not capable
of collecting numerical responses is used in the classroom,
students can enter the totals into Supporting Material S9,
which automatically calculates a class average without the
use of a clicker system.

Re-wrap the plates with parafilm (but not aluminum foil)
and place in a horizontal position in a window or under
a continuous light source. Arabidopsis grows best at 120-
150 pmol/m?s continuous light and a temperature of 22-
23°C (23). The suggested light source is a 40W daylight
fluorescent lamp positioned 14.5”- 15” away from the
plates. The number of germinated seeds should be counted
and recorded in class on Day 2 and Day 4 using the same
procedure discussed in steps 6 and 7.

Since the seed samples do not contain any recombinant
DNA, you may discard the plates with regular waste at the
conclusion of the experiment (or students may take them

Figure 3. Seed germination. (A) Seed with no signs of germination (B) Seed in the early stages of germination as evidenced by the presence of a
radicle that has just broken seed coat. (C, D) Root elongation, (E) Hypocotyl emergence, and (F) Greening of the emerging plantlet.
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home to observe further if they would like).

e Have students use the germination class averages to graph
the data as part of the homework assignment (Supporting
Material S5). Example germination results are provided in
Supporting Material S10.

Expected Results

The GA-producing wild-type seeds are expected to
germinate on both the GA and water plates, while GA-
deficient mutant seeds are expected to germinate only on the
GA plates (Figure 4). The mutant seeds should not germinate
on plates lacking GA solution because of a mutation in the
GAT gene. This mutation disrupts the function of ent-copalyl
diphosphate synthase (CPS), an enzyme responsible for
converting geranylgeranyl pyrophosphate (GGPP) into ent-
copalyl diphosphate (CDP), the essential first step of the GA
biosynthetic pathway (Supporting Material S1) (11,12). The
seeds of unknown genotype should have germination results
corresponding to either the wild type or the mutant (Figure 4).
Students are expected to be able to determine the genotype of
the unknown by comparing the germination results with those
observed for the mutant and wild-type samples.

TEACHING DISCUSSION

Introductory Biology Courses

We used this lesson to reinforce the learning goals and
objectives of two introductory biology courses. To emphasize
the value of quantitative data analysis, students were given a
take-home assignment requiring them to graph and analyze
the collated data from the in-class experiment. The graphing
exercise served as an effective tool to demonstrate the
importance of using controls, replicates, and larger sample

sizes for accurate data analysis in a format much like other
similar exercises for which class average data were used to
graph the results (13,14). In addition to asking students to
organize data in graphical form, the homework assignments
also were designed to help students make connections
between various components of the course and to assess their
mastery of course-related biological concepts specific to each
course (Evolution and Genetics). The homework assignments
contained both lower-level (definitions, remembering,
understanding) and higher-level learning questions (application
and analysis). While it was expected that a majority of students
would be able to correctly answer the lower-level questions,
the majority of students were able to answer homework
questions requiring higher-level thinking. For example, most
of the students came up with reasonable interpretations when
asked to explain the difference in phenotypes seen between
the wild-type and mutant seed strains. One particular question
served as an excellent formative assessment. Question 2 in Part
2 of the Genetics Course homework assignment (Supporting
Material S6) is a higher-level question and asks students to
make connections between several concepts covered during
the semester (e.g., gene expression regulation, the effect of a
mutation on phenotype) by describing two possible locations
within the genome where a mutation could have occurred to
result in the phenotype exhibited by the GA mutant strain.
Based on their responses, about 67% of the students made
the expected connections between the activity and the lecture
material as they included descriptions of epigenetic effects,
mutations in a site affecting the splicing of the pre-mRNA,
mutations within the promoter or enhancer regions of a gene
involved in GA biosynthesis, and mutations in the gene for a
transcription factor required for activating a gene involved in
GA biosynthesis.

We found this lesson to be helpful in identifying and

Figure 4. Wild type (Ler-0), mutant (ga7-2), and unknown seeds/seedlings on plates containing (A) water or (B) GA solution. The picture was
taken 4 days after the plates have been exposed to light.
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Order seeds Available through ABRC ordering website TAIR (arabidopsis.org), kit number CS27971 Life in 2 weeks
Bloom - Basic.

Prepare materials Prepare GA solution. Divide seeds for each group. Aliquot GA solution. Put out GA solution, Depends on
distilled water, petri dishes, filter paper, pencils, toothpicks, wax paper, parafilm, sharpies and class size - 1
aluminum foil (Supporting Material S7). Post instructional materials online. hour /25

students

Prepare Petri dishes Label all materials, add appropriate solutions, plant seeds on petri dishes (plates), seal plates and | 45 minutes
cover with aluminum foil.

Stratify seeds Put covered petri dishes in refrigerator. 3-7 days

Grow seedlings Remove petri dishes from refrigerator and place in a window or under continuous light. 5-7 days

Record germination Have students count and record germinated seeds for each genotype 0, 2, and 4 days after 10 minutes
stratification (see Step 5 of the protocol). each day

Take home assignment | Have students organize results and answer questions about the experiment. 1 hour

CourseSource | WWW.Coursesource.org

2017 | Volume 04



