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Abstract: The jellyfish Cassiopea xamachana and C. frondosa co-occur within some habitats in the
Florida Keys, but the frequency with which this occurs is low. It is hypothesized that the symbiosis
with different dinoflagellates in the Symbiodiniaceae is the reason: the medusae of C. xamachana
contain heat-resistant Symbiodinium microadriaticum (ITS-type A1), whereas C. frondosa has heat-
sensitive Breviolum sp. (ITS-type B19). Cohabitation occurs at depths of about 3–4 m in Florida Bay,
where the water is on average 0.36 ◦C cooler, or up to 1.1 ◦C cooler per day. C. frondosa tends not to be
found in the warmer and shallower (<2 m) depths of Florida Bay. While the density of symbionts is
about equal in the small jellyfish of the two species, large C. frondosa medusae have a greater density
of symbionts and appear darker in color compared to large C. xamachana. However, the number
of symbionts per amebocyte are about the same, which implies that the large C. frondosa has more
amebocytes than the large C. xamachana. The photosynthetic rate is similar in small medusae, but a
greater reduction in photosynthesis is observed in the larger medusae of C. xamachana compared to
those of C. frondosa. Medusae of C. xamachana have greater pulse rates than medusae of C. frondosa,
suggestive of a greater metabolic demand. The differences in life history traits of the two species
were also investigated to understand the factors that contribute to observed differences in habitat
selection. The larvae of C. xamachana require lower concentrations of inducer to settle/metamorphose,
and they readily settle on mangrove leaves, submerged rock, and sand compared to the larvae of
C. frondosa. The asexual buds of C. xamachana are of a uniform and similar shape as compared to the
variably sized and shaped buds of C. frondosa. The larger polyps of C. frondosa can have more than
one attachment site compared to the single holdfast of C. xamachana. This appears to be an example
of niche diversification that is likely influenced by the symbiont, with the ecological generalist and
heat-resistant S. microadriaticum thriving in C. xamachana in a wider range of habitats as compared
to the heat-sensitive symbiont Breviolum sp., which is only found in C. frondosa in the cooler and
deeper waters.

Keywords: jellyfish; Cassiopea xamachana; C. frondosa; symbionts; Symbiodiniaceae; photosynthesis;
settlement; metamorphosis; climate change

1. Introduction

The first species of upside-down jellyfish, Cassiopea frondosa, was described in 1774
from the Caribbean, probably Jamaica [1]; the description of C. andromeda from the Red Sea
was published the following year [2]. C. xamachana from the Florida Keys was described
about 100 years later by Bigelow [3]. Two of these species, C. frondosa and C. xamachana,
co-occur in South Florida, the Bahamas, Gulf of Mexico, and the Caribbean Sea. Although
C. frondosa is typically found in deeper areas, both species can be seen side- by-side on
sandy or muddy substrate, in seagrass beds, or among mangrove roots (Figure 1A).
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Figure 1. (A) Cassiopea frondosa (female) and C. xamachana (male) living together in a deep (3–4 m)
channel in Florida Bay. (B) Lifecycle of Cassiopea sp. Eggs hatch into planulae larvae, with both
stages lacking symbiotic algae. The planulae metamorphose into scyphistomae (polyps) that acquire
symbionts from the environment. Scyphistomae can asexually produce buds that settle into polyps.
Symbiotic algae are required for scyphistomae to strobilate into ephyra (immature jellyfish) that
subsequently develop into male or female adult medusae.

The life cycle of all species of Cassiopea is assumed to be similar and resemble that
of other scyphozoans (Figure 1B), except for one crucial aspect. Cassiopea establishes a
symbiotic association with the dinoflagellates of the Symbiodiniaceae family [4] and lives
bell-down, typically at the bottom of mangroves or seagrasses. Cassiopea alternates between
having an initially aposymbiotic scyphistoma (polyp) form and that of a symbiotic medusa.
In fact, the aposymbiotic larvae settle and metamorphose to form an aposymbiotic polyp
possessing a mouth, which enables them to engulf and take up the symbiotic dinoflag-
ellates [5]. These Symbiodiniaceae translocate carbon and other molecules, providing
nutrients to their host [6]. The acquisition of symbionts leads to a second metamorphic
event where the polyps strobilate to give rise to the motile medusa form [7,8].

Ecological theory states that under identical conditions, similar species will compete
with each other for the necessary resources they need for survival, resulting in the competi-
tive exclusion of one of the species. C. frondosa and C. xamachana can sometimes be found
occupying the same niche. It is unlikely that these two species have fundamentally different
lifestyles. However, two similar species can survive together with different symbionts that
have different temperature and light tolerances for survival.

The Symbiodiniaceae family encompasses at least 15 genera living in various corals,
anemones, hydroids, clams, and jellyfish [4,9,10]. Most of these hosts have one species of
detectable Symbiodiniaceae symbiont. However, with global warming, it is thought that
having a heat-resistant symbiont species would provide more benefit than a heat-sensitive
symbiont species. When a symbiotic system is “open”, meaning that a host can take up
more than one symbiont species, a whole new realm of possibilities exist.

Thornhill et al. [11] provided a framework for the symbiosis with C. xamachana. He
found that scyphistomae can take up any small Symbiodiniaceae into a symbiosis, and
that these symbiotic polyps strobilated with all of those symbionts [12]. However, shortly
after stroblilation, the symbiotic algae inside C. xamachana change to a large, heat-tolerant
symbiont called Symbiodinium microadriaticum. The interpretation was that the Symbiodini-
aceae competed with each other such that S. microadriaticum soon outcompeted all of the
other symbionts (competitive exclusion).

As far as we know, no one has performed any long-term analyses of the densities of
these jellyfish in seagrass or mangrove ecosystems. The only place where we consistently
see C. frondose is in the deeper (3–4 m) parts of Florida Bay. If one were to hypothesize the
trends in the populations over time, one would say that C. xamachana might currently have
the advantage, in that the medusae house a heat-resistant symbiont in S. microadriaticum,
while C. frondosa has a heat-sensitive symbiont (= Breviolum sp. ITS-type B19). With a life
cycle that lasts much less than a year, and a high fecundity that takes place during all
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seasons, we hypothesize that the physiology of C. xamachana is different than that of
C. frondosa, and that C. xamachana may be gradually displacing C. frondosa in the warming
waters of Florida, the Bahamas, and the Caribbean.

2. Materials and Methods
2.1. Temperature Probes

Temperature probes (HOBO, Onset Computer Corp, Bourne, MA, USA) were placed
near the bottom of two sites in Florida Bay where various numbers of C. xamachana and
C. frondosa could be found: (1) the nearshore shallow water (1–2 m) in Buttonwood Sound
(25.10194, −80.43817), which had many C. xamachana and no C. frondosa, and (2) in a deeper
cut (25.12859, −80.44357) extending into Little Buttonwood Sound (3–4 m), which had
many C. xamachana and C. frondosa. The probes were collected after 22 d July–August 2017,
and the highest and lowest differences of shallow vs. deep temperatures per day (out of
six per day) were plotted.

2.2. Symbionts

Dominant phylotype(s) of Symbiodiniaceae from each jellyfish were sampled. DNA
was isolated using a modified Promega Wizard genomic DNA extraction protocol (Promega
Corporation, Madison, WI, USA). A touch-down thermal cycle profile with the primers
‘ITS2clamp’ and ‘ITSintfor2’ was used for PCR amplification of the ITS2 region of the
nuclear ribosomal RNA genes. Amplified products were resolved on denaturing gels
(45–80% of 7 M urea and 40% deionized formamide) using a CBS Scientific system (Del
Mar, CA, USA) for 10 h at 150 V at a constant temperature of 60 ◦C. To verify that DGGE
banding patterns corresponded exactly with phylotype designations, samples were run in
parallel to sequenced markers [9,11].

To determine the density of symbiont cells, adult C. xamachana and C. frondosa were
first blotted dry with paper towels, weighed, measured, and then a small piece was cut
from the bell and weighed. The small piece was ground with a homogenizer and a small
volume of seawater, after which the volume of the slurry was measured, the number of
symbionts were subsequently counted with a hemocytometer, which was then multiplied
to obtain the total number per jellyfish.

Symbionts in Cassiopea jellyfish, as a particular feature, reside in amebocytes within the
mesoglea. To determine the density of symbiont cells housed within the host amoebocytes,
a thin layer of mesoglea was spread under a microscope, and the number of dinoflagellate
cells were enumerated for the first 100 amebocytes of five jellyfish from each species. The
symbionts were surrounded by the membrane of the amebocyte. Additionally, the diameter
of 100 symbiont cells were measured from both male and female jellyfish.

Algal samples from a portion of the jellyfish (6 of each species) were analyzed for
chlorophyll content. Acetone was added to the frozen pellet and the volume was mea-
sured; the resulting mixture was homogenized, allowed to develop overnight at −20 ◦C,
centrifuged (1500 rpm, 3–5 min), and absorbances were read on a spectrophotometer.
Chl a was calculated by multiplying the proportion using the equations of Jeffery and
Humphrey [13].

The photosynthesis of jellyfish was determined in variously sized quartz contain-
ers that were submerged in Florida Bay in the middle (10 AM–4 PM) of sunny days
(ca. 1400 µE m−2 sec−1). Oxygen was measured with the Vernier Optical Dissolved Oxy-
gen Probe, which required no calibration nor stirring. The jellyfish mixed the water by
pulsing, with linear measurements extending for 15–30 min. Measurements were made
when the temperatures were 29.0 ± 0.5 ◦C. The intensity of sunlight was read with a
LI-COR LI 185B photometer and the diameter of the bell was measured to determine the
surface area and the wet weight.
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2.3. Settlement and Metamorphosis

Planulae larvae of C. xamachana and C. frondosa were obtained from brooding female
medusae and maintained in 35 ppt Instant Ocean. Four replicate wells (1.0–1.5 mL) of
approximately 10–20 larvae per well were used in the experiments. In the first experiment,
the planulae were exposed to either 20, 10, 5, or 0 µg/mL of the peptide inducer Z-Gly-Pro-
Gly-Gly-Pro-Ala-OH for 1, 2, or 3 days. In the second experiment, larvae were exposed to
the natural substrates from shallow water—either small pieces of aged mangrove leaf, the
seagrasses Thalassia testudinum and Halodule wrightii, rock, sand, or a control—for 1, 2,
3, or 4 days. Comparisons of responses were made between C. xamachana and C. frondosa.

2.4. Scyphistomae

The metamorphosis of larvae into polyps was observed. As the polyps grew larger,
they started to produce buds, and the buds settled and metamorphosed into polyps. When
the calyx of the polyps was about 2 mm in diameter and had obtained an appropriate
symbiont, they were observed to strobilate into medusae. Observations and comparisons
were made in each of these transitions for C. xamachana and C. frondosa.

2.5. Medusae

Medusae show hydrodynamic pulsing behavior via a cyclic bell contraction. The
number of pulses per minute was recorded 10 min after moving five of the medusae of
C. xamachana and five of the C. frondose to measuring containers. The temperature of the
seawater was 29.0 ◦C, and all measurements were made in the shade during the middle of
the day. The diameters of medusae were measured.

3. Results
3.1. Location, Size, and Quantities of Symbionts

All medusae of the C. xamachana sampled contained S. microadriaticum, the temperature-
tolerant species found in virtually all post-ephyra adults. The C. frondosa were colonized
by the heat-sensitive Breviolum sp. (ITS-type B19). Given the temperature tolerance of
the symbionts, the only place where both jellyfish co-occur is in cooler, deeper habitats
(e.g., 3–4 m) that tend to be on average 0.36 ± 0.28 ◦C (s.d., n = 132) cooler at the bottom
compared to shallow water habitats (1–2 m) (Figure 2). The temperature was as much as
1.1 ◦C higher in shallow vs. deep water during the 6 measurements each day (Figure 2).
Peak temperatures varied between 29 ◦C and 34 ◦C and usually occurred at 6 PM; the
coolest temperature usually occurred at 10 AM each day. The largest difference in temper-
ature between the surface and the deep areas occurred in the daytime, between 10 AM
and 10 PM (0.43 ± 0.26, n = 82), as compared to nighttime (0.26 ± 0.23, n = 42) (t = 3.307,
p < 0.001). Light intensity was most probably less in deeper water, but it was not measured.
The medusae of C. frondosa are darker in color than those of C. xamachana because they
have a different symbiont species that is more numerous in larger medusae (Figure 3).

Number of symbionts per amebocyte was similar in C. xamachana (6.66 ± 3.68, n = 5)
and C. frondosa (5.79 ± 4.04, n = 5). However, there were apparently more amebocytes in
the large (>10 cm diameter) medusae of C. frondosa, such that they contained a higher
total number of symbionts and looked much darker than the large (>10 cm diameter)
medusae of C. xamachana (Figure 3). Symbiodinium microadriaticum (A1) isolated from
C. xamachana have a larger diameter (male 9.9 ± 0.8 µm, female 10.1 ± 0.9 µm; n = 100)
and twice the volume of Breviolum sp. (B19) isolated from C. frondosa (male 7.4 ± 0.8 µm,
female 7.3 ± 0.6 µm; n = 100), and contain about twice the chlorophyll-a per symbiont
(C. xamachana male 2.4 ± 0.5 µg/cell, female 2.0 ± 0.4 µg/cell n = 6; C. frondosa male
1.3 ± 0.4 µg/cell, 1.1 ± 0.5 µg/cell, n = 6).
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3.2. Photosynthesis of Symbionts

A higher rate of photosynthesis was observed for the larger medusae (>80 cm2,
>80 g wet weight) of C. frondosa as compared with the similarly sized C. xamachana
(Figure 4). Photosynthetic rates of smaller medusae were not distinguishable. Light inten-
sity (1000–1750 µE m−2 sec−1) was above saturation for all measurements.
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3.3. Scyphistomae

When chemically induced to settle and metamorphose in the laboratory, the planulae
of C. xamachana settled and metamorphosed into scyphistomae with an order of magni-
tude less inducer as compared to the planulae of C. frondosa (Figure 5). Settlement into
scyphistomae on natural substrates was observed (Figure 6); C. xamachana tended to settle
onto natural substrates at much greater densities than C. frondosa, especially on mangrove
leaves, rocks, and sand. As the polyps grew larger, they began to produce buds, and the
buds of C. xamachana settled and metamorphosed into polyps at greater rates than the buds
of C. frondosa (Figure 7(1)). When the polyps of C. xamachana (Figure 7(2)) and C. frondosa
were infected with symbionts and grew to a sufficient size (calyx diameter approximately
2 mm), and when the temperature was above 25 ◦C, they were observed to strobilate into
medusae (Figure 7(3)).

Oceans 2021, 2, FOR PEER REVIEW 6 
 

 

2.4 ± 0.5 μg/cell, female 2.0 ± 0.4 μg/cell n = 6; C. frondosa male 1.3 ± 0.4 μg/cell, 1.1 ± 0.5 

μg/cell n = 6). 

3.2. Photosynthesis of Symbionts 

A higher rate of photosynthesis was observed for the larger medusae (>80 cm2, >80 g 

wet weight) of C. frondosa as compared with the similarly sized C. xamachana (Figure 4). 

Photosynthetic rates of smaller medusae were not distinguishable. Light intensity (1000–

1750 μE m−2 sec−1) was above saturation for all measurements. 

 

Figure 4. Gross photosynthesis (mg O2 h−1) of medusae of C. xamachana (red, n = 16) and C. frondosa (blue, n = 30) per (A) 

bell surface area (cm2) and (B) wet weight (g). Regressions with * are significant (p < 0.05). 

3.3. Scyphistomae 

When chemically induced to settle and metamorphose in the laboratory, the planulae 

of C. xamachana settled and metamorphosed into scyphistomae with an order of magni-

tude less inducer as compared to the planulae of C. frondosa (Figure 5). Settlement into 

scyphistomae on natural substrates was observed (Figure 6); C. xamachana tended to settle 

onto natural substrates at much greater densities than C. frondosa, especially on mangrove 

leaves, rocks, and sand. As the polyps grew larger, they began to produce buds, and the 

buds of C. xamachana settled and metamorphosed into polyps at greater rates than the 

buds of C. frondosa (Figure 7(1)). When the polyps of C. xamachana (Figure 7(2)) and C. 

frondosa were infected with symbionts and grew to a sufficient size (calyx diameter ap-

proximately 2 mm), and when the temperature was above 25 °C, they were observed to 

strobilate into medusae (Figure 7(3)). 

Figure 4. Gross photosynthesis (mg O2 h−1) of medusae of C. xamachana (red, n = 16) and C. frondosa (blue, n = 30) per
(A) bell surface area (cm2) and (B) wet weight (g). Regressions with * are significant (p < 0.05).

Oceans 2021, 2, FOR PEER REVIEW 7 
 

 

 

Figure 5. Settlement and metamorphosis into polyps of C. xamachana (A) and C. frondosa (B) in response to the inducer Z-

GLY-PRO-GLY-GLY-PRO-ALA-OH for 0, 1, 2, or 3 days. Mean ± s.d. (n = 4). The proportion of metamorphosed polyps of 

C. xamachana were significantly higher (*, comparison of means) than metamorphosed polyps of C. frondosa. 

 

 

Figure 6. Settlement and metamorphosis of C. xamachana (A) and C. frondosa (B) on substrates from a shallow habitat (1–2 

m) for 4 days (orange = Day 0, yellow = Day 1, green = Day 2, maroon = Day 3, brown = Day 4). Mean ± s.d. (n = 4). 

Figure 5. Settlement and metamorphosis into polyps of C. xamachana (A) and C. frondosa (B) in response to the inducer
Z-GLY-PRO-GLY-GLY-PRO-ALA-OH for 0, 1, 2, or 3 days. Mean ± s.d. (n = 4). The proportion of metamorphosed polyps of
C. xamachana were significantly higher (*, comparison of means) than metamorphosed polyps of C. frondosa.

3.4. Medusae

The pulse rate is thought to estimate the metabolic rate of Cassiopea sp. [14]. The
pulse rate of C. xamachana is about 50% higher than the pulse rate of C. frondosa (Figure 8),
implying that C. xamachana has a higher metabolism than C. frondosa.



Oceans 2021, 2 817

Oceans 2021, 2, FOR PEER REVIEW 7 
 

 

 

Figure 5. Settlement and metamorphosis into polyps of C. xamachana (A) and C. frondosa (B) in response to the inducer Z-

GLY-PRO-GLY-GLY-PRO-ALA-OH for 0, 1, 2, or 3 days. Mean ± s.d. (n = 4). The proportion of metamorphosed polyps of 

C. xamachana were significantly higher (*, comparison of means) than metamorphosed polyps of C. frondosa. 

 

 

Figure 6. Settlement and metamorphosis of C. xamachana (A) and C. frondosa (B) on substrates from a shallow habitat (1–2 

m) for 4 days (orange = Day 0, yellow = Day 1, green = Day 2, maroon = Day 3, brown = Day 4). Mean ± s.d. (n = 4). 
Figure 6. Settlement and metamorphosis of C. xamachana (A) and C. frondosa (B) on substrates from a shallow habitat (1–2 m)
for 4 days (orange = Day 0, yellow = Day 1, green = Day 2, maroon = Day 3, brown = Day 4). Mean ± s.d. (n = 4).

Oceans 2021, 2, FOR PEER REVIEW 8 
 

 

   
(1) (2) (3) 

Figure 7. (1) Scyphistomae of C. frondosa (A,C) and C. xamachana (B,D). C. frondosa has asymmetrical buds (b) and often 

times multiple stolons (s) ending in attachment of large polyps, whereas C. xamachana has symmetrical buds (b) and one 

attachment at end of the stalk (st). (2) Symbiotic algae in digestive cells and amebocytes in scyphistomae of C. xamachana 

in (A) incandescent and (B) epiflourescent light. Symbionts are about 10 μm in diameter. (3) Strobilating scyphistomae (s) 

and medusae (m) of C. frondosa (A,C) and C. xamachana (B,D). b = bud, bright white dots around the edge of medusa are 

rhopalia (C. frondosa has exactly 12, C. xamachana has 11–23). 

3.4. Medusae 

The pulse rate is thought to estimate the metabolic rate of Cassiopea sp. [14]. The pulse 

rate of C. xamachana is about 50% higher than the pulse rate of C. frondosa (Figure 8), im-

plying that C. xamachana has a higher metabolism than C. frondosa. 

 

Figure 8. Pulse rates of C. xamachana (red) and C. frondosa (blue). Regressions with * are significant (p < 0.05). 

4. Discussion 

C. xamachana and C. frondosa are found to co-occur along the Florida Keys. C. frondosa 

are typically found at greater depths compared to C. xamachana, potentially as an adaptive 

strategy for forming a symbiosis with the temperature-sensitive species of Breviolum (B19). 

C. frondosa is consistently found with C. xamachana in the deeper parts of Florida Bay. The 

physiology of C. xamachana is fundamentally different from that of C. frondosa, and C. 

xamachana may be gradually displacing C. frondosa in the shallow warm waters of Florida, 

the Bahamas, and the Caribbean. These marked differences in development and 

Figure 7. (1) Scyphistomae of C. frondosa (A,C) and C. xamachana (B,D). C. frondosa has asymmetrical buds (b) and often
times multiple stolons (s) ending in attachment of large polyps, whereas C. xamachana has symmetrical buds (b) and one
attachment at end of the stalk (st). (2) Symbiotic algae in digestive cells and amebocytes in scyphistomae of C. xamachana in
(A) incandescent and (B) epiflourescent light. Symbionts are about 10 µm in diameter. (3) Strobilating scyphistomae (s)
and medusae (m) of C. frondosa (A,C) and C. xamachana (B,D). b = bud, bright white dots around the edge of medusa are
rhopalia (C. frondosa has exactly 12, C. xamachana has 11–23).
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4. Discussion

C. xamachana and C. frondosa are found to co-occur along the Florida Keys. C. frondosa
are typically found at greater depths compared to C. xamachana, potentially as an adaptive
strategy for forming a symbiosis with the temperature-sensitive species of Breviolum (B19).
C. frondosa is consistently found with C. xamachana in the deeper parts of Florida Bay.
The physiology of C. xamachana is fundamentally different from that of C. frondosa, and
C. xamachana may be gradually displacing C. frondosa in the shallow warm waters of
Florida, the Bahamas, and the Caribbean. These marked differences in development and
physiology underlie differences in the two populations of upside-down jellyfish observed
in the Florida Keys.

4.1. Settlement and Metamorphosis

Developing planulae larvae were taken from the stalked vesicles on the oral disk of
the sexually mature female medusae of C. xamachana and C. frondosa. The hatched planulae
were of similar size and behavior i.e., [15]. However, they showed pronounced differences
in settlement responses to both a chemical inducer and to natural substrates. When the
planulae were induced to settle with the peptide Z-GLY-PRO-GLY-GLY-PRO-ALA-OH,
C. xamachana responded at lower concentrations in contrast to the planulae of C. frondosa
(Figure 5). In addition, the planulae of C. xamachana settled at the bottom of old, submerged
mangrove leaves, and nearshore sand and rocks, while the planulae larvae of C. frondosa
showed no conclusive settlement affinity towards the shallow water substrates offered
in this experiment (Figure 6). It appears that either the biofilms inducing the settlement
and metamorphosis differ in the shallows vs. deeper sites, or the detection of cues differs
between the two species of jellyfish, with C. xamachana becoming competent to settle quicker
than C. frondosa. Additionally, C. frondosa may have a more complex stimulus-response
system, requiring additional cues not provided in these experiments.

4.2. Bud Formation and Metamorphosis

Buds form easily in C. xamachana, coming off the bottom of the calyx of the scyphis-
tomae in similar sized oblong beads (Figure 7(1B,D)). Buds of C. frondosa also come from
the bottom of the calyx, but in haphazard shapes and sizes (Figure 7(1A,C)). In addi-
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tion, stolon-like extensions protrude from the stalk of C. frondosa and appear to anchor
to the polyp with multiple attachment sites, unlike the single attachment in C. xamachana
(Figure 7(1C,D)). Both types of buds metamorphose on degrading mangrove leaves and
dead seagrasses to form scyphistomae. Aposymbiotic scyphistomae of Cassiopea xamachana
take up almost any Symbiodiniaceae from the seawater (Figure 7(2A,D)), but are eventually
dominated by S. microadriaticum (formerly ITS-type A1) shortly after they strobilate [11].
We know very little about which symbionts are taken up and which cause strobilation in
C. frondosa, though scyphistomae and adult medusae (Figure 7(3A,C)) have been found
with the symbiont Breviolum sp. (formerly B19) (LaJeunesse unpublished). It is unclear
why S. microadriaticum does not replace Breviolum sp. in C. frondosa, though the former
may be too large for the digestive cells in C. frondosa and have additional requirements
associated with its large size [12].

4.3. Medusa

Symbiont types are in constant flux in the scyphistomae of C. xamachana, stabilizing
shortly after strobilation when the dominant type apparently outcompetes all others [11].
While C. xamachana is known to strobilate with species of Symbiodiniaceae ≤ 10 µm
in diameter [12], only S. microadriaticum (A1) is seen in medusae greater than 1 cm in
diameter in the field [11]. No such experiments have been performed on C. frondosa as yet;
the range of symbiont types held in symbiosis is currently unknown. But we do know
that only Breviolum sp. (B19) is currently found in adult C. frondosa from South Florida
(LaJuenesse, unpublished).

An analysis of amebocytes showed approximately the same number of symbionts
per amebocyte in C. xamachana and C. frondosa. There are apparently many more amebo-
cytes in larger (>10 cm diameter) C. frondosa as compared with larger (>10 cm diameter)
C. xamachana. An analysis of C. xamachana and C. frondosa showed that while immature
medusae had roughly similar densities of symbionts, the number of Breviolum sp. (ITS-type
B19) symbionts in large medusae far exceeded S. microadriaticum in July–August when the
temperatures ranged from 29 ◦C to 32 ◦C (Figure 3).

The photosynthetic rate is higher in large C. frondosa than in larger C. xamachana due
to the higher densities of symbionts (Figure 3). There are several things that are not known
about the photosynthesis of the symbionts at this point: (1) the reasons for the general
decrease in the number of symbionts with the size of the jellyfish (assumed to be a function
of light availability or the competition of symbionts for limited resources), (2) the reason for
the bell-shaped curves of photosynthesis with the size of the jellyfish (per surface area, wet
weight, diameter of bell; again assumed to be a function of light availability), and (3) the
relative amount of carbon received by the jellyfish from their symbionts. Of course, this
could all be much different depending on the year the study is performed (e.g., during El
Niño events in 1997–1998, 2014–2016), or the time of year (e.g., winter, spring, fall). For
instance, if the measurement is performed when there is no temperature stress (e.g., spring),
one might see a very different photosynthetic response.

Pulse rates are thought to represent metabolic rates [14,16] and have also been shown
to correlate diurnally with a sleep-like behavior [17]. Pulse rates were determined at mid-
day in May 2019, and were about twice as high in similarly sized C. xamachana as compared
to those in C. frondosa (Figure 8). This is probably due to the difference in metabolic rate in
the two species, perhaps indicating physiological differences between the two different
symbionts. It would be interesting to know the limitations on the symbionts and host, and
how this relates to the metabolic rates (Figure 8) of the two species of jellyfish.

4.4. Climate Change

Late summer and early fall are the periods with the highest temperature in the Florida
Keys. Bleaching during this time could be significant since the symbionts provide over 160%
of the carbon requirement of C. xamachana medusae [18]. Heat-resistant S. microadriaticum
(ITS-type A1) is known to function normally at ≤ 32 ◦C [19,20] and C. xamachana can
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survive in water as warm as 36 ◦C [21]. The heat-sensitive Breviolum sp. (ITS-type B19)
symbionts are thought to become less efficient at fixing carbon as temperatures increase
past 29 ◦C, and they presumably become inactive and exit the host at > 31 ◦C.

Two symbiont species can have pronounced differences in response to the same
temperature: e.g., differences in growth rates, respiration and photosynthetic rates, stability
of lipid membranes; all of these are possible. Putting this together, a 1.1 ◦C or less difference
in temperature (Figure 2) could make a significant difference in their ability to survive,
especially at the critical temperatures of 29–32 ◦C. Robison and Warner [22] documented
differences in the dark-acclimated Fv/Fm (photosynthetic potential) and the critical D1
protein of S. microadriaticum (relatively stable) vs. a heat-sensitive Breviolum sp. (ITS-type
B1) (decreases markedly) at 32 ◦C in elevated light. Enhanced cell death and necrosis
in thermally exposed symbionts were noted in intact symbioses as growth decreased
rapidly in S. microadriaticum or ceased completely in Breviolum sp. at 32 ◦C and high light.
In addition, Iglesias-Prieto [19] showed a rapid decrease (13–22% per degree C) in the
whole-cell fluorescence of S. microadriaticum at temperatures greater than 32 ◦C.

Observations of relatively small differences in temperature between the cooler-deeper
and the warmer-shallower water is probably enabling the Breviolum sp. in C. frondosa
to survive in the summers in the Florida Keys. Anecdotal sightings of C. frondosa in the
shallow waters of Buttonwood Sound were extremely rare over the past 30 years, but the
species is seen consistently in the deeper (3–4 m) sections of Florida Bay. These observations
are probably due to the physiological differences between C. xamachana and C. frondosa,
especially concerning the different symbionts occurring in the jellyfish.

4.5. Conclusions

Cassiopea xamachana has a heat-resistant symbiont, Symbiodinium microadriaticum, and
is found in most Florida Bay habitats, while C. frondosa has the heat-sensitive symbiont,
Breviolum sp. (ITS-type B19), and is only found in cooler-deeper water in Florida Bay.
Deeper habitats tend to be cooler and shadier than shallow ones, and this appears to
be one of the driving factors of the physiological differences between the two species.
Symbiont densities, photosynthesis, chlorophyll, size, and the ability of larvae to settle and
metamorphose on natural substrates and in response to an artificial inducer were different,
as was the pulse rate (= metabolic rate). This appears to be an example of distribution as
determined by the type of symbiont.
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