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      Abstract
Complex biological concepts (like symbiosis and coral biology) that span multiple scales and cross disciplinary boundaries 
are often difficult for students to understand. This complexity is compounded by the challenges inherent to teaching and 
learning the process of science, especially at the undergraduate level. To address these issues, we developed the Symbiotic 
Exaiptasia-Algae System, or SEA System, which leverages the model anemone Exaiptasia diaphana (often used as a proxy for 
corals in research laboratories) along with its dinoflagellate symbionts. The SEA System represents a cost-effective, tractable 
platform for students to explore symbiosis and coral biology in the laboratory. We provide lesson plans for both a Preliminary 
Laboratory Activity (PLA) and multiple Authentic Research Experiences (AREs) that are accompanied by detailed, user-friendly 
protocols. Collectively, these resources support a versatile course-based undergraduate research experience (CURE) that 
instructors can implement in one or multiple laboratory sessions of biology courses at any level. The SEAS CURE allows 
students to learn about biological concepts from molecular to ecological scales and to engage in authentic research. By 
emphasizing both concepts and competencies, this holistic and inclusive approach facilitates the teaching and learning of 
science in undergraduate biology courses.
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Lesson

Learning Goals

Students will:

◊ use a model research system to study coral biology and symbiosis.

◊ develop a synthetic understanding of the interactions among 
fundamental biological components of a complex system across 
multiple scales, from molecular to ecological.

◊ develop proficiency with common laboratory techniques.

◊ engage in authentic scientific research.

◊ productively participate in science as a member of a collaborative 
team.

◊ professionally communicate scientific findings.

Learning Objectives

Students will be able to:

◊ describe structural and functional features of cnidarian hosts and 
their algal symbionts.

◊ explain connections among levels of biological organization by 
describing how events occurring at molecular and cellular levels 
can manifest at other levels, such as ecological levels.

◊ use techniques including cell culture, animal husbandry, and 
microscopy to empirically demonstrate how various factors 
influence the relationship between cnidarian hosts and their algal 
symbionts.

◊ make and test predictions about the effects of these factors on the 
health of reef ecosystems by designing, conducting, and analyzing 
the results of novel experiments.

◊ describe and demonstrate behaviors and practices that contribute to 
inclusive and productive group work.

◊ generate written or oral reports of scientific findings.
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INTRODUCTION

Coral Reefs: Symbiosis and Environmental Change
The coral reef ecosystem is often used in biology courses 

to demonstrate fundamental principles that span organismal 
to biosphere levels. Corals provide a compelling example 
for teaching physiological, cellular, and molecular biology, 
because both the physical and trophic structures of the reef 
ecosystem originate from a symbiotic relationship between 
photosynthetic algal symbionts and cnidarian hosts, including 
corals and sea anemones (1). In this symbiotic relationship, 
algae live within membrane-bound compartments inside the 
host cells (2). The animal host and algal symbiont engage in 
exchange and recycling of metabolic products and nutrients 
that facilitate their ability to inhabit an otherwise nutrient-
poor environment (2–4). As a result, corals serve as the trophic 
foundation for the reef ecosystem and are able to grow at 
rates sufficient to create the three dimensional structure in 
which other organisms can live. The symbiotic partnership 
serves as the basis for an emergent property generated through 
symbiosis, the coral reef.

Coral reefs also serve as a powerful case study for the 
impact of anthropogenic disturbances on ecological systems, 
such as rising sea water temperature, ocean acidification, and 
pollution (5). When exposed to environmental stressors such 
as elevated sea water temperatures, the symbiotic relationship 
breaks down at a cellular level and the symbiotic algae are 
expelled from host cells, a phenomenon called bleaching 
(6). Without the contribution of symbionts, bleached corals 
cannot obtain sufficient nutrition to meet their metabolic 
requirements, resulting in reduced growth rates and increased 
susceptibility to disease (5). The decline in coral health due to 
bleaching is manifested at the ecosystem level as a decline in 
the biodiversity and ecosystem function of coral reefs.

Understanding the dynamics of the symbiotic relationship 
and its connection to coral reef decline requires an 
interdisciplinary approach that encompasses multiple scales, 
from molecular to ecosystem science. Students often struggle 
to develop a synthetic understanding of these connections 
without the opportunity to explore the symbiotic relationship 
directly in a field or laboratory experience. The difficulty 
inherent in studying such complex biological processes across 
scales, especially for novice scientists, is complicated by the 
logistical challenge of rearing and manipulating corals in a 
laboratory environment.

To address these issues, we developed an experimental 
system (the Symbiotic Exaiptasia-Algae System, or SEA System) 
and a set of authentic research experiences (AREs) to promote 
meaningful and authentic engagement of undergraduate 
students in the study of coral symbiosis and biology across 
multiple biological subdisciplines and scales. The SEA System 
teaching platform helps students make a compelling personal 
connection with the real world problem of coral reef decline. 
In the laboratory, students observe the structure and function 
of both host and symbiont cells, explore the physiological 
underpinnings of the symbiosis, investigate the impacts of 
anthropogenic disturbance on the symbiotic partnership, and 
engage in other learning activities that cross scales of biological 
organization. By developing an understanding of the animal 
and algal partners in the symbiotic relationship, the cellular 

structure of the symbiosis, and the physiological interactions 
among the partners, students learn how events occurring at 
molecular and cellular levels cascade through biological 
systems and become manifested at ecological levels.

In the SEA System teaching platform, we utilize a 
symbiotic sea anemone, Exaiptasia diaphana, along with its 
dinoflagellate symbionts (Figure 1) and a series of standardized 
protocols to create a tractable, versatile, and easily accessible 
experimental system in which sea anemones can be used as 
a model to study underlying biological processes related to 
coral symbiosis. Our lesson activities are scaffolded, such 
that students first learn the basic biology of the system via a 
Preliminary Laboratory Activity (PLA) and then explore their 
own questions using a series of modular Authentic Research 
Experiences (AREs). Collectively, the PLA and AREs make 
up the SEA System Course-Based Undergraduate Research 
Experience (SEAS CURE).

Course-Based Undergraduate Research Experiences 
(CUREs)

The CURE presented here addresses several of the core 
concepts and competencies presented in the Vision and 
Change in Undergraduate Biology Education report (7). In 
particular, our CURE allows students to gain expertise in the 
core concept that “living systems are interconnected and 
interacting” across multiple functional scales. It helps students 
tap into the interdisciplinary nature of science to connect 
seemingly disparate disciplines, for example using cell biology 
techniques such as microscopy to explore environmental 
factors that promote bleaching. As opposed to the predictable 
outcomes of “cookbook” laboratory exercises, our CURE 
allows students to address novel, literature-driven scientific 
questions with relevance to the real world problems of climate 
change and coral bleaching. Additionally, it allows students to 
learn science in a way that reflects how research is conducted 
by experts in the fields of coral biology and symbiosis. Because 
students collect, manage, and analyze real data, they practice 
quantitative reasoning by using quantitative evidence to make 
arguments and draw conclusions about their hypotheses. 
Lastly, our CURE promotes effective scientific communication 
skills and collaboration within laboratory groups. Overall, 
our CURE engages undergraduates in authentic research 
experiences that promote scientific literacy.

CUREs within biology education have been shown to have 
numerous positive impacts on both students and faculty (8). 
First, CUREs increase student content knowledge and ability 
to analyze and interpret scientific data (9, 10). Furthermore, 
CUREs impact students’ attitudes towards scientific research 

Figure 1. States of the symbiotic relationship between Exaiptasia diaphana 
anemones and their dinoflagellate symbionts. (A) Symbiotic anemones 
(containing dinoflagellate symbionts), (B) Aposymbiotic anemones (lacking 
dinoflagellate symbionts), (C) Dinoflagellate symbionts (family Symbiodiniaceae) 
in liquid culture.
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and their identities as scientists. Specifically, students engaged 
in CURE activities demonstrate gains in self-confidence in 
performing research-related tasks, interest in pursuing future 
research opportunities, and ability to “think like a scientist” (9, 
11). CUREs have also been shown to impact student-instructor 
interactions. Specifically, CURE learning environments, in 
comparison to non-CURE classes, promote more interactive 
behaviors including one-on-one dialogue and asking questions 
(12). Lastly, CUREs provide multiple benefits for faculty 
including the integration of research and teaching, increased 
enjoyment and fulfillment in their teaching, and assistance 
with promotion and tenure (13).

Despite their many benefits, CUREs are challenging to 
incorporate within a biology curriculum. CUREs represent a 
marked departure from traditional biology laboratories and 
therefore require a large time investment from faculty both 
in development and implementation. In addition, CUREs 
often involve increased costs to provide a research-intensive 
laboratory experience. Lastly, CUREs can be complicated to 
run and manage, especially given the degree of uncertainty 
inherent to open-ended laboratory projects (13). Thus, 
for biology CUREs to become more widely used, well-
designed, cost-effective laboratory platforms and systems with 
accompanying teaching exercises are essential. In response to 
this need, we designed a teaching platform and accompanying 
materials that can be used to explore questions rooted in the 
real world problem of climate change and coral reefs and to 
help students explore biology from molecular to ecological 
scales. The organisms and tools necessary to use this platform 
are accessible to any type of biologist and provide low-tech, 
inexpensive options to integrate research into the classroom.

Using a Model System to Study Biology Across Scales: 
Exaiptasia diaphana

The pale anemone (Exaiptasia diaphana, formerly known 
as Aiptasia pallida) is a charismatic, versatile, and tractable 
model system commonly used in research laboratories to 
study questions related to coral symbiosis as well as cnidarian 
ecology and physiology. Like corals, this species is facultatively 
symbiotic with intracellular (endosymbiotic) dinoflagellate 
algae in the family Symbiodiniaceae. Anemones can be reared 
in the laboratory in the symbiotic condition, and they can also 
be experimentally bleached and reared in an aposymbiotic 
(lacking symbionts) condition. Similarly, the symbionts can be 
extracted from the host and grown in culture, and symbionts 
can also be used to recolonize aposymbiotic anemones. The 
combination of host and symbiont represents a tractable 
system to explore questions related both to the formation of 
the symbiotic condition (by bringing the two partners together) 
and to the disassociation of the symbiotic condition (by 
exposing the symbiotic anemones to conditions that provoke 
bleaching). Collectively, the holobiont (host + symbionts) 
allows for the simultaneous teaching of animal and “plant” 
biology across multiple scales and subdisciplines of biology 
(e.g., cell biology, physiology, ecology).

In the SEA System, educators leverage an experimental 
system widely used in research laboratories  that we have 
adapted for teaching purposes. The SEA System consists of the 
living organisms (the symbiotic partners in the three symbiotic 

states: symbiotic anemone, aposymbiotic anemone, and free-
living symbionts) and a set of protocols that can be deployed to 
rear the organisms and experimentally explore the symbiotic 
relationship and questions relating to the cellular biology, 
physiology, or ecology of the organisms living separately or 
together in symbiosis.

The SEA System is an attractive teaching model because the 
organisms are easy to maintain in a laboratory setting using basic 
equipment. Both host anemones and their algal symbionts can 
be propagated indefinitely (by asexual reproduction) in small 
dishes on a benchtop or in a standard growth chamber, with 
light provided by fluorescent bulbs. Symbiotic anemones are 
commercially available from suppliers like Wards and Carolina 
Biological, and Symbiodiniaceae symbionts are available 
through the National Center for Marine Algae at Bigelow 
Marine Laboratory. Standardized clone lines of anemones and 
algal symbionts can also be acquired from several research 
laboratories. As invertebrates, E. diaphana anemones can be 
studied using basic laboratory equipment and techniques 
without the need for animal research permits. For these 
reasons, the SEA System is a highly amenable platform with 
which undergraduate students can readily conduct authentic 
research at little cost.

One of the compelling learning outcomes of the SEA System 
is that students learn how to connect what is happening at the 
ecological scale (global coral bleaching) to the mechanistic 
biological processes occurring at the physiological and 
cellular levels. The suggested readings and videos provided in 
a supporting file create a scaffold for crossing scales, and this 
scaffold can then serve as the basis to support student learning 
of the different scales at which the symbiotic partnership 
is constructed and maintained. One of the most powerful 
elements of the SEA System is the ability to use the lesson 
plans and AREs in a wide variety of courses that span many 
levels of biological organization, including Genetics, Cell 
Biology, Plant Physiology, Animal Structure and Diversity, 
Ecology, and Research Methods courses. Instructors can use 
pre- and post-ARE assessments to help students identify what 
they have learned across multiple scales of biology (examples 
are provided as supporting files).

Undergraduate research and education are well supported 
by the Exaiptasia research community as a whole. A key online 
research resource for Exaiptasia investigators includes a page 
about the Aiptasia Education Network, a group of educators 
(including the authors of this manuscript) from primarily 
undergraduate institutions who are committed to using the 
SEA System in both the research laboratory and the classroom. 
Investigators in this group have used the AREs described here 
as a launching point for undergraduate research projects that 
have been presented by students at regional and national 
conferences, including the annual meeting of the Society for 
Integrative and Comparative Biology.

Intended Audience
These lesson activities were developed for and have 

been successfully implemented by faculty in their teaching 
laboratories associated with undergraduate biology courses 
at all levels, from introductory to advanced, including both 
majors and non-majors courses at both liberal arts colleges 

https://aiptasia-resource.org/
https://aiptasia-resource.org/
https://aiptasia-resource.org/
https://aiptasia-resource.org/
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and research universities. The scope and duration of each 
activity can be modified to suit the needs, interests, abilities, 
and skill levels of the instructors and students. The materials 
required are readily available in most college or university 
teaching laboratories.

Required Learning Time
We provide a PLA that introduces students to the symbiotic 

system consisting of host anemones and their symbiotic 
dinoflagellate partners. This activity is intended to be 
completed during one three-hour laboratory session. We also 
provide ideas for AREs that leverage the symbiotic partners 
and accompanying protocols and that can be implemented 
in one or multiple three-hour laboratory sessions, depending 
on the course goals and intended outcomes. For example, an 
instructor could use the PLA along with one of the AREs to 
teach experimental design over the course of several weeks in 
an introductory or research methods course. Alternatively, an 
instructor could use the PLA along with any or all of the AREs 
in an introductory, cell, physiology, ecology, or specialized 
biology course over the course of several weeks to an entire 
semester. The AREs can even be expanded into capstone 
research projects.

Prerequisite Student Knowledge
The knowledge and skills required to complete the PLA 

and the associated AREs depend on the level of the course in 
which they are implemented. When used in an introductory 
biology course, these activities require minimal prerequisite 
knowledge or skills, although familiarity with simple laboratory 
equipment (including balances, pipets, and microscopes) 
and computers will be helpful. At the introductory level, the 
activities will serve to reinforce concepts relating to eukaryotic 
cells, symbiosis, and the relationship between structure and 
function. In courses beyond the introductory level, familiarity 
with reading scientific literature and writing laboratory reports 
will be beneficial.

Prerequisite Teacher Knowledge
Prerequisite teacher knowledge varies from minimal to 

some level of specialized knowledge. Because the PLA and 
AREs encompass many subdisciplines of biology, instructors 
can implement those elements that align best with their 
knowledge, experience, interests, and course goals. If 
instructors have never worked with Exaiptasia diaphana or 
Symbiodiniaceae, some investment of time will be required to 
become familiar with culturing and maintaining the anemone 
and algal cultures. We provide a foundational reading list 
of papers to help instructors become familiar with the field, 
including questions related to coral reefs and climate change, 
basic physiology and cell biology of the symbiosis, and the use 
of model systems to study cnidarian symbiosis.

SCIENTIFIC TEACHING THEMES

Active Learning
CUREs are exemplars of active learning in that they require 

students to conduct scientific research in a collaborative 
setting. By engaging with the SEA System, students achieve 
specific learning objectives and goals that address the 
active process of science. Furthermore, the focus on real 
world problems such as climate change and coral bleaching 
enhances student engagement and encourages students to 

make personal connections to their coursework. While the 
instructor will do some lecturing to provide students with the 
necessary background knowledge for working with the SEA 
System, carrying out laboratory techniques, and analyzing 
data, AREs are primarily student-driven.

Assessment
A variety of formative and summative assessments can be 

used to evaluate both cognitive and affective student learning 
gains associated with implementation of the SEAS CURE, 
depending on the course goals developed by the instructor. 
For example, formative cognitive assessments developed 
for use with the PLA are included within the PLA handout. 
Additionally, for each ARE, formative assessments can include 
discussions, homework assignments, quizzes, and informal 
conversations with individual student groups. Summative 
cognitive assessments can include traditional assignments 
such as exams, laboratory reports, oral presentations, and 
posters, or more creative final projects such as blog posts or 
videos. Affective gains relating to attitude, motivation, and self-
efficacy as well as perceived competencies can be assessed 
through critical reflection and surveys. Lastly, peer evaluations 
can be utilized to promote self-reflection and to assess the 
dynamics of collaborative teams. Examples of formative and 
summative assessments and rubrics that can be implemented 
to evaluate cognitive and affective gains associated with the 
AREs are provided as supporting files.

Inclusive Teaching
Importantly, CUREs provide opportunities for students 

to engage in authentic research during the academic year, 
unlike traditional summer research projects (e.g., Research 
Experiences for Undergraduates, or REUs). CUREs thereby 
remove a barrier to access that is difficult for some students, 
particularly those from underserved groups, to overcome. 
Like all CUREs, the SEAS CURE thus provides an excellent 
opportunity to include all students in authentic research 
experiences, at levels ranging from introductory to advanced 
(14).

The fate of corals in a warming world is a topic about which 
few students know much from their own experience or their 
prior academic work. However, once they begin learning about 
the ecosystem services of corals and the human dimensions of 
coral reef decline, almost all students find the issue compelling 
and urgent. Students quickly grasp that the complexity of this 
work demands skills and perspectives from a broad range of 
disciplines. They also recognize that the diversity required to 
solve large global challenges encompasses not only scientific 
disciplines but also identities such as gender, ethnicity, 
religion, socioeconomic status, personality, and approach 
to problem-solving (15). In each of the AREs described here, 
students engage in making connections across ecological, 
organismal, physiological and cellular scales to address 
impacts of climate change and other anthropogenic threats to 
the ecosystem services of corals.

To create and empower inclusive research teams, instructors 
must be intentional about demonstrating the value of diversity 
in teamwork and must make the practice of collaborative work 
(including effective communication, conflict management, 
and consensus building) a key learning objective for the 
course (16). A core competency in the Vision and Change 
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in Undergraduate Biology Education report is the “ability to 
communicate and collaborate with other disciplines.” Both 
faculty and students should be intentional and reflective 
about engaging in teamwork, first by making the collaborative 
process a valued component of each student’s individual 
efforts and second by implementing teaching approaches 
that support students in developing inclusive and equitable 
collaboration skills. An excellent resource for instructors 
wishing to cultivate inclusivity and equity in teamwork is 
available at the Eberly Center at Carnegie Mellon University. 
This resource offers suggestions for teaching approaches 
that support students as they form a team and work together 
through a project (e.g., how to structure teamwork in a way 
that ensures interdependence among the students, how to 
create accountability of each individual while working in a 
team). Valuing the collaborative process is key to cultivating 
inclusivity and equity because doing so allows students to see 
for themselves that complex problems require diverse skills, 
perspectives, and contributions.

When implementing CUREs, work should be scaffolded so 
that students can establish an initial base of knowledge and 
skills and then build upon that foundation as they engage 
in the research process. For this reason, we encourage 
instructors to start with the PLA that introduces students to the 
SEA System. While familiarizing students with background 
information about the SEA System, instructors can use the 
simple laboratory activities embedded within the PLA to 
help students develop and practice the skills they will need 
when they begin developing their own project ideas (e.g., 
culturing the symbiotic partners). Further, by beginning with 
a broad introduction to the SEA System, instructors scaffold 
subsequent work, allowing students to tackle problems that 
would otherwise be intractable. Scaffolding is vital to an 
inclusive classroom as it provides instructors with a method 
for adapting their teaching to the individual needs of students 
(17).

LESSON PLAN

The SEA System leverages the three states of the symbiotic 
relationship between anemones and their dinoflagellate 
symbionts along with standardized protocols (see Supporting 
Files S1-S8 for protocols plus Supporting Files S9, S10 for 
supporting images) to study symbiosis and coral biology 
(Figure 2). Instructors should begin with the PLA (student 
handout provided as S11. SEAS CURE - Preliminary Laboratory 
Activity Handout; list of required materials provided as 
S12. SEAS CURE - Preliminary Laboratory Activity Supplies; 
suggested “script” for use by instructors as they introduce the 
PLA provided as S13. SEAS CURE – Teaching Script Outline). 
The PLA will introduce students to the SEA System and allow 
them to learn background information and skills required 
for subsequent study. This scaffolding empowers students to 
tackle problems that arise during subsequent weeks.

After completing the PLA, instructors can choose (or 
develop) one or more AREs. These AREs all require the use 
of various protocols (see Supporting Files S1-S8 for protocols 
plus Supporting Files S9, S10 for supporting images) for 
working with Exaiptaisa diaphana and its symbionts. 
Instructors can mix and match these protocols as necessary 
to address specific AREs (Figure 3). A list of relevant resources 
about the biology underlying the SEA System can be found 

in a supporting file (S14. SEAS CURE - Foundational Resources 
About Coral-Algal Symbiosis), and a list of relevant resources 
about scientific communication can be found in a different 
supporting file (S15. SEAS CURE - Readings About Scientific 
Communication). These resources can be provided to students 
as they proceed through the various components of the SEAS 
CURE, as appropriate. Alternatively, if time and resources are 
limited, instructors could implement the PLA or the PLA in 
combination with modified versions of each ARE.

Week 1 of the SEAS CURE: Preliminary Laboratory 
Activity (PLA) - Introduction to the SEA System

In the first week of the SEAS CURE, students engage in a 
series of activities to become familiar with the SEA System 
and with terminology, biology, and laboratory techniques 
for working with the sea anemone Exaiptasia diaphana and 
its dinoflagellate symbionts. Students learn to use light (and 
optional fluorescence) microscopy to observe the partners 
separately and in symbiosis, and they practice basic techniques 
for maintaining and working with the organisms. Students 
also learn how to quantify the abundance of symbionts living 
within the host using a hemocytometer and a microscope. 
Collectively, all of the PLA exercises can be completed in a 
single three-hour laboratory session using the materials listed 
in a supporting file (S12. SEAS CURE - Preliminary Laboratory 
Activity Supplies). The PLA requires the use of Protocols A, B, 
C/D, and F/G. An example of a student work station required 
for the PLA is shown in Figure 4, and a PLA handout that can 
be provided to students is available in a supporting file (S11. 
SEAS CURE - Preliminary Laboratory Activity Handout).

PLA Learning Objectives and Required Equipment
1. Understand the morphology and behavior of sea 

anemone hosts and Symbiodiniaceae symbionts in 
different stages of symbiosis: dissecting, compound, and 
fluorescence microscopes
a. Observe and compare the three symbiotic states 

using microscopy
i. Symbiotic anemones (holobiont): dissecting 

microscope

Figure 2. The Symbiotic Exaiptasia-Algae (SEA) System. The SEA System 
consists of the living organisms in the three symbiotic states and a set of 
standardized protocols that can be used to culture the organisms and engage 
in authentic research.

www.cmu.edu/teaching/
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ii. Aposymbiotic anemones: dissecting 
microscope

iii. Cultured Symbiodiniaceae cells: compound 
and/or fluorescence microscope

b. Observe anemone feeding behavior: dissecting 
microscope

2. Examine symbionts living within tentacles by comparing 
tentacle clips of symbiotic and aposymbiotic anemones: 
compound and/or fluorescence microscope

3. Quantify the density of symbionts living within their 
host: hemocytometer and compound microscope

Weeks 2+ of the SEAS CURE: Authentic Research 
Experiences (AREs)

Once students have completed the PLA, they will have 
developed a good understanding of the symbiotic relationship 
between anemones and their dinoflagellate symbionts and will 
have learned the basic husbandry techniques to care for the 
organisms. In subsequent weeks of the SEAS CURE, students 
can pursue AREs using the SEA System. Below, we describe 
four authentic research questions related to dinoflagellate 
physiology, host physiology, or aspects of the symbiosis 
that leverage some or all of eight protocols (Figure 3 and 
Supporting Files S1-S8). Within each ARE, multiple treatment 
options are presented to allow instructors the flexibility to 
tailor experiments to the interests of their students and to the 
equipment and reagents available. Paired pre- and post-ARE 
assessments that can be implemented as students develop and 

then conduct their AREs are available as supporting files 
(Supporting Files S16, S17). These assessments were designed 
to be comprehensive in scope and include questions about 
the biology of the SEA System, motivation and relevance, 
experimental design, data analysis, broader implications, and 
personal reflections. Instructors may opt to use or modify some 
or all of the questions as they see fit based on their course 
goals.

1. What factors influence the growth of free-living 
Symbiodiniaceae? Students design experiments to 
explore how different factors (e.g., quantity or quality 
of light, temperature, or chemical treatment) influence 
symbiont growth in culture.
a. Environmental factors: quantify symbiont density in 

populations exposed to various growth conditions
i. Determine the population density of a 

population of cultured symbionts (Protocol F)
ii. Split the culture into groups (Protocol B) 

and maintain the cultures for 5-7 days under 
various growth conditions (e.g., bright vs. dim 
light, white vs. red light, 25 °C vs. 33 °C)

iii. Continue to monitor the population density of 
each culture every other day (Protocol F)

b. Chemical treatment: quantify symbiont density in 
populations exposed to various chemicals
i. Determine the population density of a 

population of cultured symbionts (Protocol F)

Figure 3. Workflow and protocols associated with the implementation of the SEAS CURE.

Figure 4. Student work station for the Preliminary Laboratory Activity. (A) Dissecting microscope work station, (B) 
Compound microscope work station. A list of required materials is provided in S12. SEAS CURE - Preliminary Laboratory 
Activity Supplies.
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ii. Split the culture into groups (Protocol B) 
and maintain the cultures for 5-7 days while 
manipulating media components to which 
symbionts are exposed (e.g., high vs. low 
phosphate, presence or absence of herbicides)

iii. Continue to monitor the population density of 
each culture every other day (Protocol F)

2. What factors influence recolonization during the onset 
of symbiosis? Students design experiments to explore 
how different factors (e.g., symbiont type, environment, 
or chemical treatment) influence recolonization during 
the onset of symbiosis.
a. Host-symbiont specificity: design experiments 

to determine how well different symbiont types 
recolonize aposymbiotic anemones
i. Prepare aposymbiotic anemones (Protocol 

C/D)
ii. Culture and prepare symbionts (Protocols B 

and F)
iii. Recolonize aposymbiotic anemones with 

different symbiont types (Protocol E)
iv. Maintain the anemones for the desired period 

of time (days to weeks, Protocol A)
v. Quantify symbiont numbers in host anemones 

(Protocols F/G and H1)
Note: In the early stages of recolonization (at 
least the first several days), too few symbionts are 
present to quantify using cell counts (Protocol F); 
therefore, use of a fluorescence microscope will 
be required (Protocol G)

b. Environmental factors: design experiments to 
determine how exposure to elevated temperature, 
ultraviolet light, salinity, or other environmental 
factors influences recolonization of aposymbiotic 
anemones
i. Prepare aposymbiotic anemones (Protocol 

C/D)
ii. Culture and prepare symbionts (Protocols B 

and F)
iii. Recolonize aposymbiotic anemones (Protocol 

E)
iv. Maintain the anemones for the desired period 

of time (days to weeks, Protocol A) while 
manipulating environmental factors to which 
anemones are exposed

v. Quantify symbiont numbers in host anemones 
(Protocols F/G and H1)

Note: In the early stages of recolonization (at 
least the first several days), too few symbionts are 
present to quantify using cell counts (Protocol F); 
therefore, use of a fluorescence microscope will 
be required (Protocol G)

c. Chemical treatment: design experiments to 
determine how exposure to chemicals that inhibit 
or promote certain cellular pathways or enzymes 
influences recolonization to determine whether 
they are involved in this process.
i. Prepare aposymbiotic anemones (Protocol 

C/D)
ii. Culture and prepare symbionts (Protocols B 

and F)
iii. Recolonize aposymbiotic anemones (Protocol 

E)
iv. Maintain the anemones for the desired period 

of time (days to weeks, Protocol A) while 
manipulating media components to which 
anemones are exposed

v. Quantify symbiont numbers in host anemones 
(Protocols F/G and H1)

Note: In the early stages of recolonization (at 
least the first several days), too few symbionts are 
present to quantify using cell counts (Protocol F); 
therefore, use of a fluorescence microscope will 
be required (Protocol G)

3. How do body size and/or symbiotic status affect 
the metabolic needs of the host? Students design 
experiments to test whether anemones that differ in body 
mass and/or symbiotic status feed at different rates.
a. Body size: quantify the feeding rate of anemones 

that differ in body mass (Note: body mass can be 
determined as wet mass or total protein content)
i. Determine anemone wet mass using an 

analytical balance (Protocol H1)
ii. Feed anemones (Protocol A) under a dissecting 

microscope and determine the rate at which 
Artemia nauplii are consumed

iii. Optional: quantify anemone protein content 
(Protocol H2) 48 hours after feeding

b. Symbiotic status: quantify the feeding rate of 
anemones that differ in symbiont density (Note: 
symbiont density can be categorical [aposymbiotic 
vs. symbiotic] or continuous [quantified by tentacle 
squash])
i. Generate partially or completely aposymbiotic 

anemones (Protocol C/D)
ii. Feed aposymbiotic and symbiotic anemones 

(Protocol A) under a dissecting microscope and 
determine the rate at which Artemia nauplii are 
consumed

iii. Quantify symbiont density using tentacles 
(Protocol F/G)

c. Body size and symbiotic status: quantify the feeding 
rate of anemones that differ in both body mass 
and symbiotic status (Note: body mass can be 
determined as wet mass or total protein content, and 
symbiont density can be categorical [aposymbiotic 
vs. symbiotic] or continuous [quantified by tentacle 
squash])
i. Generate partially or completely aposymbiotic 

anemones (Protocol C/D)
ii. Determine anemone wet mass using an 

analytical balance (Protocol H1)
iii. Feed anemones (Protocol A) under a dissecting 

microscope and determine the rate at which 
Artemia nauplii are consumed

iv. Determine symbiont density using tentacles 
(Protocol F/G)

v. Optional: quantify anemone protein content 
(Protocol H2) 48 hours after feeding

4. How do environmental stressors affect the symbiotic 
relationship? Students design experiments to explore 
how the symbiosis is affected by anthropogenic factors 
such as rising sea water temperature or chemical 
pollution.
a. Thermal stress (bleaching): design experiments to 

test the effects of elevated temperature (32-33 °C 
compared to the control temperature of 25 °C) on 
symbiont density over time
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i. Maintain symbiotic anemones for the desired 
period of time (days to weeks, Protocol A) 
while manipulating temperatures to which 
anemones are exposed and monitoring 
anemone behavior/health

ii. Quantify symbiont numbers in host (Protocol 
F/G)

Note: when anemones become bleached, too 
few symbionts may be present to quantify using 
cell counts (Protocol F); therefore, use of a 
fluorescence microscope may allow for more 
accurate assessment (Protocol G)

b. Other environmental stressors: design experiments 
to test the effects of chemical contaminants, 
nitrogen or other nutrients, ultraviolet light, or other 
environmental factors of interest
i. Maintain symbiotic anemones for the desired 

period of time (days to weeks, Protocol A) 
while manipulating conditions to which 
anemones are exposed and monitoring 
anemone behavior/health

ii. Quantify symbiont numbers in host (Protocol 
F/G)

Note: when anemones become bleached, too 
few symbionts may be present to quantify using 
cell counts (Protocol F); therefore, use of a 
fluorescence microscope may allow for more 
accurate assessment (Protocol G)

Final Week(s) of the SEAS CURE: Scientific 
Communication and Reflection

Depending on the duration of the ARE(s) implemented, 
instructors may wish to dedicate an entire week or even 
multiple weeks to communicating results and reflecting 
on the process of science. Students may present their 
findings in many ways, from traditional research papers 
and presentations (PowerPoint or posters) to more creative 
modalities like blog posts and videos. A short list of suggested 
readings about scientific communication can be found in a 
supporting file (S15. SEAS CURE - Readings About Scientific 
Communication); these resources can be provided to students 
as appropriate. Examples of rubrics that can be used to assess 
scientific communication are available as supporting files 
(Supporting Files S18, S19). Additionally, students should be 
given time to reflect on their experiences. The value of CUREs 
is not entirely in the data generated; often results are dubious 
or of little scientific import. Instead, CUREs provide students 
a way to learn about the scientific process and reflect on the 
process of working collaboratively as a research team. Critical 
reflection is essential for reinforcing this learning (18). The 
paired pre- and post-ARE assessments available as supporting 
files (Supporting Files S16, S17) include some recommended 
reflection questions. Lastly, students can use a peer evaluation 
form to assess their laboratory group members; this form 
is provided as a supporting file (S20. SEAS CURE - Peer 
Evaluation Form).

Timeline
In Tables 1-4, we provide example timelines for each of 

the four AREs. All AREs begin with the same introductory 
session (Session #1), during which students complete the PLA. 
Subsequent sessions allow students to design and conduct 

their own authentic research projects. All AREs are intended 
to be completed during four or more laboratory sessions, 
each lasting no more than three hours, although the duration 
of each ARE can easily be modified. Instructors may wish to 
provide students with relevant literature prior to the first or 
second laboratory session. A short list of suggested readings 
appropriate for this purpose can be found in a supporting file 
(S14. SEAS CURE - Foundational Resources About Coral-Algal 
Symbiosis). In select cases, students or instructors may also need 
to complete some simple tasks outside of laboratory time. The 
final laboratory session of each ARE provides the opportunity 
for students to communicate their findings and reflect on their 
experiences. A short list of suggested readings about scientific 
communication can be found in a supporting file (S15. SEAS 
CURE - Readings About Scientific Communication). Within 
each table, the “Notes and Relevant Protocols” column 
contains information that will help instructors prepare for each 
session (“Teacher preparation”) as well as a list of the activities 
that students will complete (“During laboratory” and “Outside 
of laboratory time”).

TEACHING DISCUSSION

Ideas for Implementation
One of the inherent strengths of the SEAS CURE is its 

versatility, which allows it to be used in courses of a variety of 
levels and topic areas. We intentionally designed the AREs so 
that instructors have the ability to mix and match protocols to 
address questions that are relevant to their interests and course 
content. For example, an instructor may choose to implement 
just the PLA for an introductory organismal biology course, 
whereas an advanced animal physiology course might also 
include an ARE. An instructor may also wish to combine 
multiple AREs to teach a full semester research methods 
course. Furthermore, instructors can design their own AREs 
with the SEA System to explore other aspects of symbiosis or 
coral biology.

The implementation of each ARE is also very flexible. 
Instructors have the ability to modify which and how many 
treatments are used depending on their course needs, the 
availability of materials, and class size. While we provided 
four example ARE timelines in which specific independent 
variables are tested, instructors may alternatively select their 
own treatments or outcomes to measure to further tailor the 
AREs to their courses. Overall, our goal was to design a CURE 
that is easy to integrate into the framework of an existing 
course and therefore decrease the barriers to implementation.

Common Challenges
Instructors should be aware of potential challenges before 

adopting the SEA System in their courses. First, an initial time 
investment will be required to obtain anemone and symbiont 
cultures of sufficient densities. Furthermore, if ordering 
anemones from commercial suppliers, some variation in 
the size and symbiotic state of the animals obtained can be 
expected. In most cases, commercial suppliers will provide 
fully symbiotic anemones, but we have also experienced 
times when the anemones arrived mostly bleached. In these 
cases, instructors will need time to repopulate anemones with 
symbionts prior to use. Lastly, instructors will need to allow for 
time to generate aposymbiotic anemones, a process that can 
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take up to six weeks depending on the protocol used. Thus, 
we recommend that anemone and dinoflagellate stocks are 
acquired at least 8-10 weeks prior to use.

Another common challenge is the time required for care 
of this system, particularly if instructors intend to maintain 
anemone and symbiont clone lines indefinitely. Anemone 
maintenance is non-trivial and, depending on animal numbers, 
can require several hours each week, including feeding and 
water changes. Additionally, other tasks such as culturing 
dinoflagellates, making sea water, and preparing materials for 
each laboratory session can be time-consuming. If possible, 
we recommend having a single point person to care for this 
system, as doing so will require less training of students or staff 
and will ensure consistency with care over time.

Instructors can also use several strategies to make the initial 
setup of the SEA System less daunting. First, instructors can 
start small by just incorporating the PLA or the PLA plus a 
modified part of a single ARE in their curriculum. For example, 
using ARE Question 1a to test the effect of different light 
levels on symbiont growth requires minimal equipment, as 
students could set up their experiments using one light source, 
with some samples either shaded or farther away from the 
light source. For ARE Question 2b, examining the impact of 
salinity on the onset of symbiosis would also simplify setup. 
Additionally, to prepare aposymbiotic anemones, instructors 
could utilize the quicker menthol bleaching protocol (S3. SEAS 
CURE - Protocol C). If instructors only want to use symbiotic 
anemones, they can complete ARE Question 3a, eliminating 
the need to prepare aposymbiotic anemones or maintain long 
term stocks of animals. For example, instructors could order 
symbiotic anemones from a biological company and have 
these animals arrive just prior to the laboratory session in 
which they will be used. For this ARE, the instructor could also 
use aposymbiotic animals that are not fully bleached to reduce 
the required preparation time. Lastly, for ARE Question 4b, 
selecting a treatment such as added nutrients in conjunction 
with using cell counts to quantify symbionts would reduce 
equipment needs. This flexibility highlights the versatility of the 
SEA System so that instructors can alter various components to 
best meet the needs of their class.

Lesson Effectiveness
For instructors, the SEA System and the SEAS CURE facilitate 

both the teaching of fundamental biological concepts and 
the implementation of authentic research experiences in 
undergraduate courses. As students progress through the 
PLA and one or more AREs, they learn about not only the 
structural and functional features of anemone hosts and their 
algal symbionts but also the connections among multiple 
levels of biological organization. For example, cell signaling 
pathways dictate the uptake, maintenance, and expulsion of 
algal symbionts by anemones, thereby also determining the 
metabolic needs and performance of the hosts, which play 
critical roles in reef ecosystems. While learning concepts from 
multiple subdisciplines of biology and across multiple scales, 
students also refine important skills including using common 
laboratory equipment, designing experiments, analyzing 
and presenting data, communicating scientific findings, and 
working collaboratively. Learning gains associated with these 
concepts and skills can be assessed using paired pre- and 
post-ARE assessments that are available as supporting files 
(Supporting Files S16, S17).

We have found that students who complete the PLA and 
one or more AREs are uniformly enthusiastic about working 
with the SEA System, as it is a charismatic model with which 
to teach important concepts and skills. Showing students one 
or more of the movies (e.g., Chasing Coral) and requiring them 
to read one or more of the articles provided in a supporting 
file (S14. SEAS CURE - Foundational Resources About Coral-
Algal Symbiosis) early in a course helps build excitement 
about the real world relevance of studying cnidarians and 
their symbionts, even among students who do not live near 
the ocean. Many of these foundational resources highlight 
some of biology’s most pressing “grand challenges,” including 
climate change and extinction, so leveraging these resources 
early in a course helps students feel personally invested in the 
projects they will subsequently undertake. Moreover, because 
the SEA System comprises tractable and readily observable 
organisms living in a captivating symbiotic relationship, 
students who study biology using this system can truly see 
science happening in front of them.

In post-course surveys, students reflected on how the SEAS 
CURE affected their biological knowledge. For example:

• “the effects that climate change can have on an 
ecosystem, and how small molecular changes can have 
cascading impacts within and outside of that ecosystem”;

• “how genetics techniques can be used to address 
questions about ecological and environmental issues”;

• “coral symbiosis and how environmental stressors can 
lead to the bleaching response”;

• “the lab project was exciting and a good illustration of 
conceptual topics”;

• “I appreciated the continuity of the Aiptasia project, as 
it was helping in building my understanding more with 
each week”;

• “the ecological significance of researching coral 
symbiosis.”

Students also reflected on how the experience affected their 
understanding of the scientific process:

• “...I found the activity to be very beneficial in allowing 
us to practice making educated observations and 
connecting this with a hypothesis. The experiment was 
simple and great for our level of understanding”;

• “...working with sea anemones made it easier to 
understand experimental design because it was tangible. 
For example, coming up with hypotheses based on the 
color or size of the anemones was effortless. For me, 
anemones allowed for an easy transition from studying 
to developing my experimental design for my semester 
project”;

• “I really liked applying science to real situations and this 
was not too abstract, so I really knew what I was doing.”

Scientific Teaching
Instructors who use scientific teaching employ evidence-

based, active learning strategies to teach students the process, 
not just the outcomes, of science as a discipline (19). A 
common hallmark of scientific teaching is the intentional 
integration of research into both the classroom and the 
teaching laboratory, often through the use of CUREs. Our SEAS 
CURE facilitates sustained yet logistically simple integration of 
research into biology courses across scales and at all levels 
of biology. SEAS CURE is flexible enough that instructors can 
implement activities that range in duration from a single lesson 



CourseSource  | www.coursesource.org 2022  | Volume 0910

SEAS CURE: Exploring Coral Biology Across Scales

to an entire course. As students complete their SEAS CURE 
activities, they design experiments, collect and analyze data, 
and communicate their findings. Because student research 
projects are authentic, data generated by the students can be 
published, thereby contributing to the scholarly productivity of 
their institutions while simultaneously bolstering the students’ 
academic progress. Furthermore, the experiments that students 
design as part of their SEAS CURE activities can be readily 
expanded into capstone senior or honors thesis projects. The 
SEAS CURE provides institutions an opportunity to adopt a 
novel and charismatic system and thus expand the research 
scope of their science department(s) at little cost. Lastly, 
students and instructors who engage with the SEA System 
become part of a growing international research community 
that is leveraging E. diaphana to study coral biology.

Conclusion
Understanding the connection between the cellular events 

associated with coral symbiosis and coral reef decline requires 
students to take an interdisciplinary approach, integrating 
information from multiple levels of biological organization. 
This task is challenging for students, particularly those at 
the introductory level. Additionally, corals are difficult to 
rear and manipulate in the laboratory setting, making coral 
symbiosis and coral reef decline difficult topics for students to 
explore at most institutions. To address these challenges, we 
developed an experimental platform called the SEA System, 
which utilizes the model anemone Exaiptasia diaphana, its 
dinoflagellate symbionts, and a set of eight protocols. This 
system represents a cost-effective, low maintenance platform 
for students to explore symbiosis in the laboratory setting. 
Additionally, we presented a series of authentic research 
experiences, collectively called the SEAS CURE, consisting 
of a preliminary laboratory activity designed to introduce 
students to the basic biology of the symbiosis along with four 
authentic research experiences. We designed the SEAS CURE 
to be highly versatile, so that instructors can mix and match 
protocols in a way that best suits their class level and subject 
area, making it easy to integrate into the framework of existing 
courses.

SUPPORTING MATERIALS

• S1. SEAS CURE - Protocol A (Culture Anemones)
• S2. SEAS CURE - Protocol B (Culture Symbionts)
• S3. SEAS CURE - Protocol C (Generate Aposymbiotic 

Anemones - Menthol)
• S4. SEAS CURE - Protocol D (Generate Aposymbiotic 

Anemones - Cold Shock)
• S5. SEAS CURE - Protocol E (Reestablish Symbiosis)
• S6. SEAS CURE - Protocol F (Quantify Density of 

Symbionts Living Within an Anemone Host)
• S7. SEAS CURE - Protocol G (Detect and Quantify 

Symbionts in Situ)
• S8. SEAS CURE - Protocol H (Quantify Anemone Size)
• S9. SEAS CURE - Brightfield Image
• S10. SEAS CURE - Fluorescence Image
• S11. SEAS CURE - Preliminary Laboratory Activity 

Handout 
• S12. SEAS CURE - Preliminary Laboratory Activity 

Supplies
• S13. SEAS CURE - Teaching Script Outline
• S14. SEAS CURE - Foundational Resources About Coral-

Algal Symbiosis
• S15. SEAS CURE - Readings About Scientific 

Communication
• S16. SEAS CURE - Pre-ARE Assessment
• S17. SEAS CURE - Post-ARE Assessment
• S18. SEAS CURE - Scientific Paper Rubric
• S19. SEAS CURE - Research Presentation Rubric
• S20. SEAS CURE - Peer Evaluation Form
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Table 1. Lesson timeline for implementing Authentic Research Experience #1 (parts a and b). This example lesson 
spans four or more laboratory sessions plus additional instructor preparation time. Note that instructors may wish to 
collect data for more than one week; if so, laboratory time during intervening weeks can be used for writing workshops.

Laboratory Session # Description Estimated Time Notes and Relevant Protocols

Preliminary Laboratory Activity

Note: this activity utilizes Protocols A, B, C/D, and F/G

Session #1 Pre-laboratory lesson

Observing anemones and 
symbionts

Observing anemone 
feeding behavior

Observing tentacles

Homogenizing anemones

Quantifying symbiont 
density

Discussion

15 min

45 min

20 min

20 min

20 min

40 min

20 min

Teacher preparation:

• Culture symbionts (Protocol B)

• Generate aposymbiotic anemones (Protocol C/D)

• Incubate Artemia nauplii 24-48 hours before laboratory 
(Protocol A, step Three)

• Set up class work station: freezer, microcentrifuge, 
fluorescence microscope (optional), analytical balance, 
weigh boats, laboratory wipes

• Set up student work stations: dishes containing symbiotic 
and aposymbiotic anemones, one 1 mL aliquot of 
dinoflagellate culture in a microcentrifuge tube, small 
container of Artemia nauplii, compound and dissecting 
microscopes, hemocytometer, hand tally clicker counter, 
microcentrifuge tube, transfer pipet, spatula, dissecting 
scissors, forceps, homogenizer, microscope slides and 
coverslips, small bottle of MgCl2, small bottle of sea water, 
micropipets and tips

During laboratory:

• Observe symbionts and anemones under dissecting and 
compound microscopes

• Feed and observe anemones under dissecting microscope 
(Protocol A, Step Four)

• Remove one or more tentacles and observe under compound 
microscope

• Homogenize anemones and quantify symbiont density 
(Protocol F, or skip homogenizing and use Protocol G)

Authentic Research Experience #1 (Parts a and b): What factors influence the growth of free-living Symbiodiniaceae?

Note: this activity utilizes Protocols B and F

Session #2 Pre-laboratory lesson and 
demonstration of algal 
culture techniques

Discussion of relevant 
literature (optional)

Discussion of 
experimental design and 
selecting treatments

Starting algal cultures 
(1x106 cells/10 mL 
culture) and applying 
treatments

20 min

30 min

30 min

30 min

Teacher preparation:

• Expand algal culture (Protocol B); each experimental culture 
will need to begin with 1x106 cells

• Sterilize glassware

• Set up class work station: incubators with appropriate growth 
conditions, supplies needed for possible treatments (e.g., 
bottles of chemicals, light filters)

• Set up student work stations: one 10 mL aliquot of 
dinoflagellate culture in a 15 mL centrifuge tube, compound 
microscope, hemocytometer, hand tally clicker counter, 
bottle of sterile algal growth media, autoclaved flasks with 
foam/foil caps, Pipet Aid and 10 mL serological pipets, 
micropipets and tips

During laboratory:

• Design experiments

• Determine experimental treatments

• Start algal cultures
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Laboratory Session # Description Estimated Time Notes and Relevant Protocols

Outside of laboratory 
time throughout 
intervening week(s)

Quantifying symbiont 
density of algal cultures

30-60 min Teacher preparation:

• Set up class work station: compound microscope, 
hemocytometer, hand tally clicker counter, Pipet Aid and 10 
mL serological pipets, micropipets and tips

Outside of laboratory time:

• Quantify symbiont density in liquid cultures every 2-3 days 
(Protocol F, Step Three)

Session #3 Pre-laboratory lesson

Analyzing data

Generating figures

Discussion

Writing workshop

10 min

30 min

30 min

20 min

60 min

During laboratory:

• Run statistical tests

• Create figure(s) with legend(s)

• Discuss findings

• Begin drafting scientific paper

Session(s) #4+ Scientific communication 
and reflection

As needed During laboratory:

• Discussion, presentations, reflections, writing workshops, 
etc.
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Table 2. Lesson timeline for implementing Authentic Research Experience #2 (part b). This example lesson spans 
five or more laboratory sessions plus additional instructor preparation time.

Laboratory Session # Description Estimated Time Notes and Relevant Protocols

Preliminary Laboratory Activity

Note: this activity utilizes Protocols A, B, C/D, and F/G

Session #1 Pre-laboratory lesson

Observing anemones and 
symbionts

Observing anemone 
feeding behavior

Observing tentacles

Homogenizing anemones

Quantifying symbiont 
density

Discussion

15 min

45 min

20 min

20 min

20 min

40 min

20 min

Teacher preparation:

• Culture symbionts (Protocol B)

• Generate aposymbiotic anemones (Protocol C/D)

• Incubate Artemia nauplii 24-48 hours before laboratory 
(Protocol A, step Three)

• Set up class work station: freezer, microcentrifuge, 
fluorescence microscope (optional), analytical balance, 
weigh boats, laboratory wipes

• Set up student work stations: dishes containing symbiotic 
and aposymbiotic anemones, one 1 mL aliquot of 
dinoflagellate culture in a microcentrifuge tube, small 
container of Artemia nauplii, compound and dissecting 
microscopes, hemocytometer, hand tally clicker counter, 
microcentrifuge tube, transfer pipet, spatula, dissecting 
scissors, forceps, homogenizer, microscope slides and 
coverslips, small bottle of MgCl2, small bottle of sea water, 
micropipets and tips

During laboratory:

• Observe symbionts and anemones under dissecting and 
compound microscopes

• Feed and observe anemones under dissecting microscope 
(Protocol A, Step Four)

• Remove one or more tentacles and observe under compound 
microscope

• Homogenize anemones and quantify symbiont density 
(Protocol F, or skip homogenizing and use Protocol G)

Authentic Research Experience #2 (Part b, testing salinity): What factors influence recolonization during the onset of symbiosis?

Note: this activity utilizes Protocols A, B, C/D, E, F/G, and H1

Session #2 Pre-laboratory lesson

Preparing dinoflagellates

Discussion of 
experimental design and 
selecting treatments

Preparing sea water of 
varying salinities

Introducing 
dinoflagellates to 
anemones

15 min

60 min

30 min

30 min

20 min

Teacher preparation:

• Generate and maintain aposymbiotic anemones (Protocols 
C/D and A)

• Culture symbionts (Protocol B)

• Plate aposymbiotic anemones (Protocol E, Step Two)

• Prepare brine shrimp extract (optional; Protocol E, Step One)

• Set up class work station: centrifuge

• Set up student work stations: aposymbiotic anemones in 
6-well plates, one 5 mL aliquot of dinoflagellate culture 
in a 15 mL tube, compound microscope, hemocytometer, 
hand tally clicker counter, brine shrimp extract (optional), 
one large bottle of sea water, one bottle of deionized water, 
smaller bottles for making sea water of varying salinities, 
graduated cylinder or beakers for making sea water of 
varying salinities, micropipets and tips

During laboratory:

• Prepare symbionts (Protocol E, Step Three)

• Design experiments

• Prepare sea water of varying salinities

• Introduce dinoflagellates and treatments to anemones 
(Protocol E, Step Four)
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Laboratory Session # Description Estimated Time Notes and Relevant Protocols

Outside of laboratory 
time throughout 
intervening week(s)

Maintaining anemones 30-60 min, 3/7X 
per week

Teacher preparation:

• Set up student work stations: cotton-tipped applicators, 
transfer pipets, bottle of sea water, squirt bottle of sea water, 
laboratory wipes

Outside of laboratory time:

• Remove symbionts 24 hours after initial exposure using 
transfer pipets

• Scrub plate wells with cotton-tipped applicators and replace 
anemone water every 1-2 days

Session #3 Pre-laboratory lesson

Weighing anemones

Quantifying symbiont 
density in anemones

Analyzing data

20 min

15 min

90 min

45 min

Teacher preparation:

• Set up class work station: microcentrifuge, fluorescence 
microscope (optional), shaker, analytical balance, weigh 
boats, laboratory wipes, freezer or ethanol/dry ice bath

• Set up student work station: 6-well plates containing 
experimental anemones, compound microscope, 
hemocytometer, hand tally clicker counter, tape, 
microcentrifuge tubes, transfer pipets, spatula, microscope 
slides and coverslips, homogenizer, small bottle of MgCl2, 
small bottle of sea water, micropipets and tips

During laboratory:

• Weigh anemones (Protocol H1)

• Quantify symbiont density in control and treated anemones 
(Protocol F/G)

• Start data analysis, including calculations if performing 
Protocol F or image analysis if performing Protocol G

Session #4 Pre-laboratory lesson

Analyzing data

Generating figures

Discussion

Writing workshop

10 min

60 min

30 min

20 min

60 min

During laboratory:

• Finish analyzing data

• Run statistical tests

• Create figure(s) with legend(s)

• Discuss findings

• Begin drafting scientific paper

Session(s) #5+ Scientific communication 
and reflection

As needed During laboratory:

• Discussion, presentations, reflections, writing workshops, 
etc.
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Table 3. Lesson timeline for implementing Authentic Research Experience #3 (part c). This example lesson spans 
five or more laboratory sessions plus additional instructor preparation time.

Laboratory Session # Description Estimated Time Notes and Relevant Protocols

Preliminary Laboratory Activity

Note: this activity utilizes Protocols A, B, C/D, and F/G

Session #1 Pre-laboratory lesson

Observing anemones and 
symbionts

Observing anemone 
feeding behavior

Observing tentacles

Homogenizing anemones

Quantifying symbiont 
density

Discussion

15 min

45 min

20 min

20 min

20 min

40 min

20 min

Teacher preparation:

• Culture symbionts (Protocol B)

• Generate aposymbiotic anemones (Protocol C/D)

• Incubate Artemia nauplii 24-48 hours before laboratory 
(Protocol A, step Three)

• Set up class work station: freezer, microcentrifuge, 
fluorescence microscope (optional), analytical balance, 
weigh boats, laboratory wipes

• Set up student work stations: dishes containing symbiotic 
and aposymbiotic anemones, one 1 mL aliquot of 
dinoflagellate culture in a microcentrifuge tube, small 
container of Artemia nauplii, compound and dissecting 
microscopes, hemocytometer, hand tally clicker counter, 
microcentrifuge tube, transfer pipet, spatula, dissecting 
scissors, forceps, homogenizer, microscope slides and 
coverslips, small bottle of MgCl2, small bottle of sea water, 
micropipets and tips

During laboratory:

• Observe symbionts and anemones under dissecting and 
compound microscopes

• Feed and observe anemones under dissecting microscope 
(Protocol A, Step Four)

• Remove one or more tentacles and observe under compound 
microscope

• Homogenize anemones and quantify symbiont density 
(Protocol F, or skip homogenizing and use Protocol G)

Authentic Research Experience #3 (Part c): How do body size and symbiotic status affect the metabolic needs of the host?

Note: this activity utilizes Protocols A, C/D, F/G, and H

Session #2 Pre-laboratory lesson

Discussion of 
experimental design

Observing anemone 
feeding behavior

Weighing anemones

Quantifying symbiont 
density

15 min

30 min

60 min

15 min

60 min

Teacher preparation:

• Maintain symbiotic anemones (Protocol A)

• Generate and maintain aposymbiotic anemones (Protocol 
C/D and A)

• Incubate Artemia nauplii 24-48 hours before laboratory 
(Protocol A, Step Three)

• Set up class work station: microcentrifuge, fluorescence 
microscope (optional), analytical balance, weigh boats, 
laboratory wipes, freezer or ethanol/dry ice bath

• Set up student work stations: dishes containing symbiotic 
and aposymbiotic anemones, small container of 
Artemia nauplii, compound and dissecting microscopes, 
hemocytometer, hand tally clicker counter, microcentrifuge 
tubes, transfer pipets, spatula, microscope slides and 
coverslips, dissecting scissors, homogenizer, small bottle of 
MgCl2, small bottle of sea water, micropipets and tips

During laboratory:

• Design experiments

• Observe anemones under dissecting microscopes while 
feeding (Protocol A, Step Four) and determine quantify of 
nauplii consumed

• Weigh anemones (Protocol H1)

• Quantify symbiont density in tentacles (Protocol F/G)
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Laboratory Session # Description Estimated Time Notes and Relevant Protocols

Outside of laboratory time:

• Freeze anemones 48 hours after feeding

Session #3 Pre-laboratory lesson

Homogenizing anemones

Quantifying anemone 
protein content

10 min

30 min

120 min

Teacher preparation:

• Thaw previously frozen anemones

• Set up class work station: 96-well plate spectrophotometer, 
microcentrifuge, analytical balance, weigh boats, laboratory 
wipes

• Set up student work stations: thawed anemones from 
previous week, microcentrifuge tubes, spatula or forceps, 
homogenizer, 96-well microplate, small beaker of 
Coomassie reagent (covered with foil), microcentrifuge tube 
containing bovine serum albumin (2 mg/mL), small bottle of 
sea water, micropipets and tips

During laboratory:

• Weigh thawed anemones (Protocol H1)

• Homogenize thawed anemones and quantify protein content 
(Protocol H2, Steps One through Three)

Session #4 Generating standard 
curve

Analyzing data

Generating figures

Discussion

Writing workshop

45 min

60 min

30 min

20 min

20 min

During laboratory:

• Generate standard curve (Protocol H2, Step Four)

• Do calculations if performing Protocol F or image analysis if 
performing Protocol G

• Run statistical tests

• Create figure(s) with legend(s)

• Discuss findings

• Begin drafting scientific paper

Session(s) #5+ Scientific communication 
and reflection

As needed During laboratory:

• Discussion, presentations, reflections, writing workshops, 
etc.
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Table 4. Lesson timeline for implementing Authentic Research Experience #4 (part a). This example lesson spans 
five or more laboratory sessions plus additional instructor preparation time.

Laboratory Session # Description Estimated Time Notes and Relevant Protocols

Preliminary Laboratory Activity

Note: this activity utilizes Protocols A, B, C/D, and F/G

Session #1 Pre-laboratory lesson

Observing anemones and 
symbionts

Observing anemone 
feeding behavior

Observing tentacles

Homogenizing anemones

Quantifying symbiont 
density

Discussion

15 min

45 min

20 min

20 min

20 min

40 min

20 min

Teacher preparation:

• Culture symbionts (Protocol B)

• Generate aposymbiotic anemones (Protocol C/D)

• Incubate Artemia nauplii 24-48 hours before laboratory 
(Protocol A, step Three)

• Set up class work station: freezer, microcentrifuge, 
fluorescence microscope (optional), analytical balance, 
weigh boats, laboratory wipes

• Set up student work stations: dishes containing symbiotic 
and aposymbiotic anemones, one 1 mL aliquot of 
dinoflagellate culture in a microcentrifuge tube, small 
container of Artemia nauplii, compound and dissecting 
microscopes, hemocytometer, hand tally clicker counter, 
microcentrifuge tube, transfer pipet, spatula, dissecting 
scissors, forceps, homogenizer, microscope slides and 
coverslips, small bottle of MgCl2, small bottle of sea water, 
micropipets and tips

During laboratory:

• Observe symbionts and anemones under dissecting and 
compound microscopes

• Feed and observe anemones under dissecting microscope 
(Protocol A, Step Four)

• Remove one or more tentacles and observe under compound 
microscope

• Homogenize anemones and quantify symbiont density 
(Protocol F, or skip homogenizing and use Protocol G)

Authentic Research Experience #4 (Part a, testing temperature): How do environmental stressors affect the symbiotic relationship?

Note: this activity utilizes Protocols A and F/G

Session #2 Pre-laboratory lesson

Discussion of relevant 
literature (optional)

Discussion of 
experimental design and 
selecting treatments

Plating anemones

Establishing temperature 
treatments

10 min

60 min

30 min

30 min

30 min

Teacher preparation:

• Maintain symbiotic anemones (Protocol A)

• Set up class work station: temperature-controlled incubators 
or aquaria with heaters

• Set up student work stations: dishes containing symbiotic 
anemones, transfer pipets, spatula, small bottle of sea water

During laboratory:

• Design experiments

• Determine the experimental temperature treatments

• Plate anemones in dishes

Outside of laboratory time:

• Place anemone dishes into temperature-controlled 
incubators or aquaria 24 hours after plating

Outside of laboratory 
time throughout 
intervening week

Maintaining anemones

Observing anemones

Sampling anemones (for 
teams that have early 
time points)

30 min

15 min

optional

Teacher preparation:

• Incubate Artemia nauplii 24-48 hours before use (Protocol A, 
Step Three)

• Set up student work stations: small container of Artemia 
nauplii (incubated 24-48 hours before use), cotton-tipped 
applicators, bottle of sea water, squirt bottle of sea water, 
laboratory wipes
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Laboratory Session # Description Estimated Time Notes and Relevant Protocols

• If any students plan to sample anemones between sessions 
2 and 3, set up class work station: analytical balance, weigh 
boats, microcentrifuge tubes, spatula, transfer pipets, freezer 
or ethanol/dry ice bath

Outside of laboratory time:

• Change anemone water and scrub dishes with cotton-tipped 
applicators every day or every other day

• Feed anemones and clean dishes twice a week (Protocol A)

• Collect data on anemone behavior

• Weigh and freeze anemones at appropriate sampling times 
(optional, Protocol F, Step One)

Session #3 Maintaining anemones

Observing anemones

Sampling anemones

Writing workshop

30 min

15 min

optional

90 min

Teacher preparation:

• Set up class work station: analytical balance, weigh boats, 
laboratory wipes, freezer or ethanol/dry ice bath

• Set up student work stations: small container of Artemia 
nauplii (incubated 24-48 hours before use), cotton-tipped 
applicators, microcentrifuge tubes, spatula, transfer pipets, 
bottle of sea water, squirt bottle of sea water, laboratory 
wipes,

During laboratory:

• Continue to feed anemones and clean dishes

• Collect data on anemone behavior

• Weigh and freeze anemones at appropriate sampling times 
(optional, Protocol F, Step One)

• Begin drafting scientific paper

Session #4 Sampling anemones

Quantifying symbiont 
density

Analyzing data

Generating figures

Discussion

30 min

60 min

30 min

30 min

20 min

Teacher preparation:

• Set up class work station: microcentrifuge, analytical 
balance, weigh boats, laboratory wipes, freezer or ethanol/
dry ice bath

• Set up student work stations: compound microscope, 
hemocytometer, hand tally clicker counter, microcentrifuge 
tubes, transfer pipets, spatula, microscope slides and 
coverslips, dissecting scissors, homogenizer, small bottle of 
MgCl2, small bottle of sea water, micropipets and tips

During laboratory:

• Weigh and freeze all remaining anemones (Protocol F, Step 
One)

• Thaw anemones

• Quantify symbiont density in anemones (Protocol F/G)

• Do calculations if performing Protocol F or image analysis if 
performing Protocol G

• Run statistical tests

• Create figure(s) with legend(s)

• Discuss findings

Session(s) #5+ Scientific communication 
and reflection

As needed During laboratory:

• Discussion, presentations, reflections, writing workshops, 
etc.


