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Abstract: Cnidarians, which include stony coral reefs, commonly exist in symbiosis with
symbiotic algae of the genus Symbiodinium. This genus has large genetic variation and has been
divided into clades and further divided into species. Species S. microadriaticum, S. minutum and
S. trenchi, of Clades A, B and D respectively, are studied here. It is important to understand
coral-algal symbiosis at varying temperatures since common pollutants, leading to global
warming, cause increased sea temperature. One component of the coral-algal analysis is
examination of symbiotic algae’s ability to grow at varying temperatures when algae is in culture
without the coral host. Future, larger analysis will study whether symbiotic algal species show
similar growth rates when in coral-algal symbiosis at varying temperatures. Accordingly, this
study tracked the growth rates of three symbiotic algal species, first in monocultures and then in
competition with two or three species in one culture. The light level was kept constant (35 pmol
photons m-2 s-1) at all temperatures (190C, 260C and 300C). The results indicate that all three
species had higher growth rates at increased temperatures. This was unexpected because coral
bleaching occurs at increased temperatures. Additionally, the results indicate that monoculture
growth rates are indicative of growth rates when grown with other speciesin a potentially
competitive environment. Looking ahead, the symbiotic algal species examined here can be
examined in coral-algal symbiosis to evaluate whether the species that showed higher growth
rates in monocultures and competition cultures similarly sustain higher growth rates in coral -

algal symbiosis.
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Review of Literature:

Coral reefs are one of the oldest and most diverse ecosystems on earth. Corals, comprised of
the skeletal remains secreted by marine polyps, cover 0 .1% of the earth’s surface and are home
to 25% of all marine fish (Bruke et al. 1998). Coral reefs include about 4,000 species of fish and
800 species of coral (Paulay, 1997). Scientists believe that there may be another 1 to 8 million
undiscovered species living in and around coral reefs (Reaka-Kudia, 1997). Because coral reefs
require a delicately balanced environment to remain sustainable, environmental changes in the
last decade have caused the loss of 19% of reefs and another 35% are in danger (J. E. N. Veron
et al, 2009). This number may be even greater inthe Caribbean (Gardner, 2003).

Coral supports human needs, including supplying fish, shoreline protection, tourism and
shielding land from the eroding forces of the sea (WRI, 2006). More than 100 countries have
coastlines with coral reefs. In these countries there are at least tens of millions of people who
depend on reefs for part of their livelihood or part of their protein intake (Salvat, 1992). In total,
there are at least 500 million people who rely on coral reefs for food, coastal protection, or a
source of income (Wikinson, 2004). Importantly, the damage to coral reefs are indicative of
damage to marine life, the Earth’s food chain and total biodiversity (Veron, 2009).

Coral reef systems must sustain a delicate balance in a symbiotic relationship. Climate
extremes can influence the processes that are responsible for the growth of coral reef colonies.
Coral require a narrow temperature range to thrive; small changes can have large effects on
growth rates (Crabbe, 2008). The zooxanthellae live within the coral cells and pass nutrients,
sugars and amino acids, to the coral. In this symbiotic relationship the coral in turn provides the
zooxanthellae with protection and nitrogen in the form of nitrogenous wastes (Barnes, 1987). In

coral bleaching, which occurs when temperatures rise, this delicate system is disrupted and the



Raphael, Laura

symbiotic algae (zooxanthellae) are released from the coral. Importantly, these algae can still
survive inthe environment and have been shown to adapt to other hosts in certain circumstances
for at least a short period of time (Coffroth, 2010).

Corals, members of the phylum cnidarian, are colonial made up of polyps that bind together
though the secretion of limestone exoskeleton. These reef-building corals are commonly found in
necessary symbioses with dinoflaggellate algae, commonly referred to as zooxanthellae. More
specifically, this algae is within the genus Symbiodinium. The dependence that corals have on
their symbionts is beneficial to both contributors. However, there are also distinct costs. For
example, because of the delicate nature of Symbiodinium, increased temperature can cause the
expulsion of the algae from the coral host. This process is known as coral bleaching.
Temperature increases, along with other environmental changes, will eventually cause the
downfall of coral reef ecosystems.

These important coral reef ecosystems have been subject to unprecedented degradation over
the past few decades as evidenced by coral bleaching (Buchheim, 1998). Bleaching events are
increasing in frequency and severity (Wilkinson, 1999). One of main triggers for bleaching is
elevated sea surface temperatures. As far back as 1993, Glynn found that there was a rapid
increase in the frequency of global bleaching events that strongly correlate with elevated sea
water temperature (Glynn 1993).

The main cause of increased global temperature, and therefore increased sea water
temperature, is increasing CO; levels (Veron et al, 2009). Today, the CO; levels are about 387
ppm. There is a ten year lag time until the oceans will see the resultant change. In the next ten
years, a large amount of coral will suffer, leaving coral in an irreversible decline. By 2030-2040

the amount of CO; in the atmosphere, which causes ocean acidification, is predicted to be
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approximately 450 ppm. If CO- levelsreach 600 ppm, coral will have no chance of ever being
brought back to life. Most importantly, there is so evidence that reefs have never been challenged
with the stressors that exist today (Veron et al, 2009).

As Coffroth et al (2010) discusses, rising sea surface temperatures threaten the delicate
symbiosis between coralsand their symbionts (Brown 1997, Fitt 2001, Glynn 1983 and Douglas
2003). Even sea surface temperatures slightly above average can result in bleaching, a loss of
algal symbionts from the host. (Baker, 2004; Berkelmans, 2006).

Coral bleaching due to climate change has caused wide spread coral mortality, contributing
greatly to the global degradation of coral reef environments (Hughes et al, 2003). The loss of
reef-building corals has had a large negative impact on the diversity of organisms associated with
coral reefs (Munday et al, 2007). Given this devastating process, scientists hope that the marine
ecosystems will be able to adapt to climate change.

Some indications that marine ecosystems will be able to adapt originate from recent findings
about the complex and diverse nature of zooxanthellae. Originally, it was thought that there was
only one algal partner for each cnidarian in a symbiotic system of reef invertebrates (Kinzie et al,
2001 citing Taylor, 1974). Importantly, itisnow known that some invertebrates host a single
algal clade while others have successful symbiosis with at least three distinct types of
zooxanthellae (Rowan and Powers, 1991; Knowlton et al, 1992; Rowan, 1998). Evidence
suggests that when more than one clade exists in a host, the populations densities and locations
of the clades within a host coral colony can be shifted by alterations when the environment
changes (Rowan and Power, 1991; Rowan and Knowlton, 1995; Rowan, 1997; Buddemeier,

1997) In summary, if symbionts change, shift or shuttle around finding new partners when the
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climate changes, there might be hope that the ecosystem can adapt to global increases in
temperature.

These studies led to the Adaptive Bleaching Hypothesis (ABH). The ABH posits that
different algal partners within a host shift in space and time resulting in a symbiotic complex
with many potential combinations. Some of the combinations are more resilient and functional
than others (Kinzie, 2001) The basic assumptions of the ABH include that different types of
zooxanthellae respond differently to different environmental conditions and that sometimes a
bleached adult hosts can acquire zooxanthellae from the environment (Kinzie et al, 2001).

Since 2001, there have been several studies addressing the complex questions relating to
adaption possibilities. In 2010, Coffroth tested the ability of coralsto recover by obtaining
symbionts. Her findings show that some corals do not have the ability to adjust to climate
warming by acquiring more stress-tolerant symbionts. Scleractinian corals were found to be
temporarily able to acquire symbionts from the water column after bleaching; only the symbionts
that were present before bleaching were stable upon recovery.

Research continues to develop a true understanding of coralsand their algal symbionts in
changing environmental parameters. It is important to study the growth rates of algae alone and
when in competition with different algal in competition cultures to determine how these
symbionts respond to increased and decreased temperatures and light. If symbionts are truly
flexible, studies should demonstrate that algae will survive at increased temperatures and that the
strongest algae may parter with corals as the environment changes.

Purpose:
Over the last few decades many studies have been conducted on Symbiodinium and it is

now understood that with the genus Symbiodinium there is a large amount of genetic variation.
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The genus has been divided into several clades and then further divided into species based on
sequence analysis of several molecular markers. It has been found that symbionts behave
differently when inthe host, but as a first step to understanding the coral-host relationship it is
necessary to study how the symbionts respond to environmental changes in culture. Studying
symbionts in culture provide information about how one part of the symbiont partners responds
to increase in temperature.

This study also examined competition among different species of Symbiodinium under a
range of environmental conditions in culture. While this study does not examine how
Symbiodinium will compete within the host coral, the study determined which algae species,
compared to its competitor, is better equipped to survive in a specific environment, Specifically
this study examined the growth of three clades in monoculture, and when in competition with
other clades in culture.

Research Questions:

Thesis 1: What are the growth rates of S. microadriaticum, S. minutum and S. trenchi as
monocultures?

Thesis 2: By looking at growth rates of S. microadriaticum, S. minutum and S. trenchi as
monocultures, is it possible to determine the outcome of competition?

Hypothesis:

Growth Rates:

1) A given clade will grow at the same rate at all temperatures

1)o A given clades growth may vary at a different temperature

2) At a given temperature all clades will grow at the same rate

2)o At a given temperature no clades will grow at the same rate
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Competition:

1) The outcome of competition can be predicted by the growth rate of the symbiont alone

2) The outcome of competition cannot be predicted by the growth rate of the symbiont alone
3) D will grow better at high temperatures (based of literature)

4) D will not growth better at high temperatures

5) A will out compete all other symbionts when in competition (based on literature)

6) A will not out compete all other symbionts when in competition

Methods and Materials:

This experiment was conducted using three species of Symbiodinium, S. microadriaticum
(A194, KB8), S. minutum (B184, Mf1.05b.1) and S. trenchi (D206, Mf2.2b). Prior to the start of
the experiment all cultures were kept in sterile Erlenmeyer flasks filled with F/2 media, left to
grow at a constant temperature of 26 degrees Celsius with a photoperiod of 14 hours, followed
by 10 hours of darkness. This cycle was meant to mimic the amount of sun/darkness that the
algae would receive inthe field. Test tubes were then labeled, autoclaved, filled with 15 ml of
F/2 and inoculated with 10,000 cells/ml of the designated Symbiodinium species. Three
replicates of each treatment were inoculated, the first replicate on the first day, the second
replicate on the second day, and so on. Once inoculated, tubes were randomly placed and rotated
every day to make sure there was even light exposure.

Before inoculation, samples of the original cultures were taken, DNA was extracted using
the 2X CTAB Protocol for Symbiodinium DNA Isolation (modified from Coffroth et al 1992).
The variable region of Domain V of the chloroplast large subunit (23S) rDNA was amplified
using a polymerase chain reaction following the protocols of Santos et al (2002). The amplified

DNA fragments were separated by molecular weight on a LiCor gel (LI- COR 4200 NEN®
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Global IR2 DNA sequencing system, LI- COR Biosciences, Lincoln, NE, USA). The fragments
were then compared to standards to confirm that they are the correct species.

The monocultures replicates were counted in three day cycles. Replicate 1 was counted
on Day 1, Replicate 2 was counted on Day 2, and so on using a hemocytometer (Neubauer
Improved). Each culture was counted six times every three days; the average counts were used to
determine the cell density. The monocultures were counted a total of 10 times in three day
cycles.

Inoculations were prepared as follows:

Replicate 1 included seven inoculations (Monoculture: A, B, D; Competition Cultures: A and B,
Aand D, Band D, and A and B and D). These were placed ina 19 degrees Celsius walk in
refrigerator. An identical set of seven inoculations were prepared and placed in 26 degrees. A
third identical set of seven inoculations were prepared and placed in a 30 degrees Celsius water -
bath. The exact process was repeated the following day to prepare Replicate 2. The process was
then repeated for the third and final time resulting in Replicate 3. The water-bath was kept at 26
degrees Celsius until all replicates were inoculated and placed in the water-bath. The temperature
was then raised slowly to 30 degrees Celsius as to not shock the cultures. There were a total
number 63 inoculations tested, 21 from each Replicate.

Specifically, each inoculation was placed in the following environmental conditions:

Table 1:
Condition Light (Irradiance) Temperature
[«mol photons m? s
Std Light, Std. tempt 35.5 (+6.09) 26°C
Std. Light, Low tempt 35.5 (+6.09) 19°C
Std Light, High tempt 35.5 (+6.09) 30°C

10
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Results and Discussion:
Monocultures:

The control temperature was 26 degrees Celsius and the decreased and increased
temperatures were 19 degrees Celsius and 30 degrees Celsius respectively. Final cell counts
taken 26 days post-inoculation demonstrate that the growth rate did not decrease for any of the
Clades at the increased temperature. Specifically, Clade A did not have significant growth rate
differences at any temperatures. Both Clades B and D had significant growth increases at the
increased temperature.

At 19 degrees Clade A had a significantly higher growth rate than both Clades B and
D. There was no significant growth rate difference between Clades B and D.

At 26 degrees Clade B had a significantly higher growth rate than both Clades A and D.
There was no significant growth rate difference between Clades A and D.

At 30 degrees Clade B had a significantly higher growth rate than both Clades A and D.
There was no significant growth rate difference between Clades A and D.

Highest Growth Rate in Monocultures at Varying Degrees (Listed Clade had higher growth rate)
Table 2:

19 degrees Celsius 26 degrees Celsius 30 degrees Celsius
Clade A vs. Clade B [Clade A (p=7.12 x10-4) |Clade B (p=.003) Clade B (p= 3.64 x10-
11)
Clade A vs. Clade D |Clade A (p=5.87 x10-6) |not significant not significant
Clade B vs. Clade D |not significant Clade B (p=1.44 x10- |Clade B (p=2.05 x10-
6) 7)




Growth between Temperatures while looking at one clade

Table 3:
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Clade A

Clade B

Clade D

19 degrees vs. 26 degrees

Not significant

26 degrees (p=2.83
x1076)

26 degrees (p=1.72
x10°)

26 degrees vs. 30 degrees

Not significant

30 degrees (p=5.37
x107)

30 degrees (p=.014)

30 degrees vs. 19 degrees

Not significant

30 degrees (p=6.49
x107)

30 degrees (p=2.63
x107)

The growth differences between Clade A at 19, 26, and 30 degrees Celsius were not
significant. Clade B did have significant different in growth rates at all temperatures. Clade B
was found to have a higher growth rate at 26 degrees than at 19 degrees. Clade B was also found
to have a significantly higher growth rate at 30 degrees than at 26 degrees. Clade B was also
found to have a significantly higher growth rate at 30 degrees than when at 19 degrees. Clade D
was also found to have significant growth rate differences. Clade D was found to have a higher
growth rate at 26 degrees than when at 19 degrees, and was also found to have a higher growth
rate at 30 degrees than when at 26 degrees. Clade D also had a higher growth rate at 30 degrees
than when compared to its growth rate at 19 degrees.

Competition:

Each competition culture was inoculated with 50 percent of each Clade. Cells counts
were taken 30 days post inoculation. The results show the Clades have the same growth rate
comparisons in both monocultures and competitive cultures.

By looking at extraction strands it can be inferred which Clade has a higher

concentration/density.
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Inferred growth rates between clades in competition: Table 4

19 degrees Celsius 26 degrees Celsius 30 degrees Celsius

Clade Avs. CladeB [Clade B Clade B Clade B
Clade A vs. Clade D Clade A Clade A
Clade Bvs. CladeD [Clade B Clade B Clade B

At 30 degrees it can be inferred that Clade A had higher density than Clade B after 30
days. It can also be inferred that Clade B had a higher density than Clade D, and that Clade B
had a higher density than Clade A.

At 26 degrees it can be inferred that Clade B had a higher density than Clade D after 30
days. It can also be inferred that Clade B had a higher growth rate than Clade A and that Clade A
had a higher density than Clade D. When all Clades were in competition with one another, if can
be inferred from the extractions that Clade B had a higher density then Clade A and Clade A had
a higher density than Clade D.

At 19 degrees it can be inferred that after 30 days Clade B had a higher density than
Clade A. It can also be inferred that Clade B had a higher density than Clade D. When all Clades
were in competition it can be inferred than Clade A and Clade B had similar densities, and that
the density of Clade D was lower.

Growth rates at various temperatures: Tables 5-7

30 degreesC 26 degrees C 19 degrees C

18.00
16.00
14.00
1200
10.00

Cell density (Cell/ml x10/4)
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Conclusion:

This study looked at the growth rates of three clades in monoculture and then in
competition cultures. Both the monocultures and competition cultures were stressed with
increased temperature. The results indicate that all three species had higher growth rates at
increased temperatures. This was unexpected because coral bleaching occurs at increased
temperatures. Additionally, the results indicate that monoculture growth rates are indicative of
growth rates when grown with other species in a potentially competitive environment.

This study provides data which can be used to understand the Adaptive Bleaching
Hypothesis which posits that different algal partners within a host can shift as necessary. Indeed,
this study indicates that some clades are stronger than others at increased temperatures.
Accordingly, if the Adaptive Bleaching Hypothesis is correct, we would expect that at 30
degrees Celsius Clade B would have asignificantly stronger survival rate within a host than
Clades A and D within the same host. (See Kinzie, 2001).

This study also provides data which can be used to complement studies such as Coffroth
2010 that studied the ability of corals to recover by obtaining algal symbionts. As this study
indicates that some clades are stronger in monoculture, we would expect that at certain
temperatures Clade B would increase the ability of corals to recover if Clade B could
successfully enter the algal-coral symbiotic balance. (See Coffroth, 2010).

Limitations:

This study would have provided additional data if the monoculture and competition
culture cell counts were also completed 60 and 90 days post inoculation. Additional cell counts

over time post inoculation would increase reliability that the clades could sustain growth over

14



Raphael, Laura

time at increased temperatures. Further, this study used three replications. Although three
replications is enough for confidence in the reliability, using six replications would have
increased the confidence level. Additionally, testing under various light conditions would have
added another stressor which effects algae in the current environment.

Future Research:

In this study, growth rates and competition between different symbiont species, each
from different clades, were examined. Specifically, data were collected to analyze how different
clades responded to environmental changes. The baseline data from this experiment provides an
understanding regarding each symbiont’s response to environmental stress. This is important
data for the complex analysis associated with understanding how each symbiont partner reacts to
stress when in a symbiotic coral-algal unit. Future larger questions include which clades are
flexible enough to adapt to environmental changes both alone and when in the delicate symbiotic
relationship with coral. Specifically, looking ahead, the symbiotic algal species examined here
can be examined in coral-algal symbiosis to evaluate whether the species that showed higher
growth rates in monocultures and competition cultures similarly sustain higher growth rates in

coral-algal symbiosis.
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