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Cassiopea xamachana is a model system for studies in animal symbiosis with algal
symbionts. This medusa is also associated with a microbial community that can impact its
health, but this community has not been thoroughly studied. Shifts in the bacterial
community following the loss of symbionts involving stress, environmental changes, or
seasonal fluctuations can be complex, as the role of symbionts in structuring this
community is not well established. To understand the interplay among microbial
associates with this host, we explored the experimental diminishing of algal symbionts,
and the influence of seasonal fluctuations over the structure of the bacterial community,
through 16S rRNA gene high-throughput sequencing. Results showed that
Gammaproteobacteria, Bacteroidia, and Alphaproteobacteria were dominant in all the
mucus samples at the beginning of the experiments. However, after 28 days, bleached
medusas showed a marked increase in Gammaproteobacteria, specifically in the genus
Vibrio, as evidenced by Linear Discriminant Analysis of Effect Size (LEfSe). Seasons also
resulted in shifts of the bacterial community, although bacterial genera were distinct from
those found in bleached medusas, suggesting temporal associations with the host.
According to PERMANOVA analysis, seasonal fluctuations affected the dominant bacterial
members (p = 0.07), but symbiont presence was a more significant driver (p=0.001). We
found the bacterial community of C. xamachana is like that of other jellyfish and corals,
which furthers the interest in this animal as a study model. Defining relevant bacterial
genera can help us understand the functional role of the holobiont members that
assemble and maintain a healthy microbial community. Also, studies in other regions
where C. xamachana distributes can help us define a core bacterial community for
this medusa.
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INTRODUCTION

Cnidarian-microbe interactions are ecologically important (Pitt
et al., 2005; Tinta et al., 2012; Glasl et al., 2016; Röthig et al., 2017;
Webster and Reusch, 2017), facilitating energy acquisition and
potentially contributing to the nutrition (Lesser et al., 2004;
Rädecker et al., 2015; Röthig et al., 2021), health (Bourne et al.,
2016; Hernandez-Agreda et al., 2017), immunity (Bosch, 2013),
and defense of the hosts (Ritchie, 2006; Krediet et al., 2012; Glasl
et al., 2016). A surface mucus layer (SML) covers the Cnidarian
body and protects their live tissues from physical, chemical, and
biological impacts (Brown and Bythell, 2005). Due to its
chemical composition, the SML sustains a diverse microbial
community of Bacteria, Archaea, Microalgae, and Fungi, many
of which are host specific (Rohwer et al., 2002; Lampert et al.,
2008; Carlos et al., 2013; Cleary et al., 2016). Considering the
sparse distribution of nutrients in oligotrophic waters, where
many Cnidarians develop, the SML represents a rich substrate
that stimulates bacterial growth (Hansson and Norrman, 1995;
Wild et al., 2004; Bythell and Wild, 2011). The composition of
Cnidaria-associated bacterial communities is dynamic,
displaying seasonal and geographic variations (Morrow et al.,
2012; Sharp et al., 2017), particularly in short-term studies (Yang
et al., 2017). However, the mechanisms that structure and
regulate this community remain poorly understood.

As in corals, some Scyphozoan jellyfishes contain symbiotic
dinoflagellate algae, like species in the genera Cassiopea,
Mastigias, Linuchae, and Phyllorhiza (reviewed in Djeghri
et al., 2019). The medusae complete their energetic demands
with photosynthetic products supplied by the symbiotic algae,
which also contribute to the production of the SML (Hofmann
and Kremer, 1981; McCloskey et al., 1994; Freeman et al., 2016).
Jellyfish may also lose their symbionts and bleach after heat and
light stress (McGill and Pomoroy, 2008; Newkirk et al., 2018).
The disruption of the symbiosis can affect the SML secretion and
modify its biochemical properties (Lee et al., 2016; Rivera-Ortega
and Thomé, 2018), which may be followed by changes in the
associated bacteria, as occurs with corals (Bourne et al., 2007;
Glasl et al., 2016; Wright et al., 2019). Symbionts can contribute
significantly to mucus production in symbiotic corals (Brown
and Bythell, 2005). A fraction of the carbon translocated to hosts
gets lost from the association as dissolved and particulate organic
carbon (mucus); this loss represents, for example, between 5%
and 50% in 48 h incubations in the coral Stylophora pistillata
(Tremblay et al., 2012), or 20-45% of daily net photosynthate in
corals (as reviewed by Brown and Byhtell, 2005). But unlike
corals, soft-body Cnidarians can directly use the energy from the
translocation of organic carbon from the algal symbionts for
biomass increase and mucus production. Environmental
variations that affect the photosynthesis of symbionts can thus
affect mucus production. Therefore, soft-body symbiotic
Cnidarians like the jellyfish C. xamachana and the sea
anemone Exaiptasia diaphana, represent an opportunity to
directly study the interaction of algal symbionts with the
animal host, and with the commensal/opportunistic bacteria
that live in the mucus layer. But unlike E. diaphana,
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C. xamachana maintains a closer symbiotic relationship (McGill
and Pomoroy, 2008; Voolstra, 2013; Freeman et al., 2016).

The Bacteria-Cnidaria-Symbiodiniaceae must be studied as
consortia since the exchange and recycling of fundamental
nutrients influence its health and stability (Bourne et al., 2016;
Webster and Reusch, 2017; Goulet et al., 2020). However, such
exchange can be affected by bleaching, disease, and colonization
by opportunistic pathogens (Matthews et al., 2020). Shifts in the
bacterial community following the loss of symbionts involving
stress, environmental changes, or seasonal fluctuations can be
complex, considering that the Bacteria-Symbiodiniaceae
association is just beginning to be studied. Some studies have
postulated the existence of bacteria closely associated with the
surface layer of the symbiont that can help it tolerate
physiological stress (as ROS) or variations in environmental
conditions (Matthews et al., 2020; Garrido et al., 2021; Maire
et al., 2021). A model system such as the jellyfish C. xamachana
may prove helpful to define the role of algal symbionts as drivers
of the bacterial community in symbiotic medusae.

Cassiopea medusae are Scyphozoans (Order Rhizostomeae)
common in shallow waters of tropical and subtropical ecosystems
like mangroves, seagrasses, and coral reefs (Niggl et al., 2010;
Ohdera et al., 2018). The planktonic medusae shift from a benthic
polyp stage (Colley and Trench, 1983), which may bring changes
in the associated microbial community. Also, the medusa stage
moves with marine currents, potentially affecting its distribution
and microbiome. Cassiopea jellyfish increase their abundance and
size in areas where human population density is high (Stoner
et al., 2011). Nutrient loading can lead to blooms of epibenthic
jellyfish which can have consequences to the ecology of the
impacted area, competing with other filter-feeding consumers,
and locking the biomass that can alter community structure and
ecosystem function. Further, metamorphosis of the jellyfish larvae
occurs only after the symbiont has been collected by the polyp
and temperatures rise above 20°C (Fitt and Costley, 1998). With
global change advancing, temperatures that used to limit the
reproduction of the jellyfish to the summer months might be
surpassed during colder months and exacerbate the density of
these jellyfish (Aljbour et al., 2019). A limited number of studies
have focused on the bacterial community of symbiotic
Rhizostomeae jellyfishes. For example, the bacterial community
of C. xamachana held in captivity was studied, showing the
dominance of two families, Moxarellaceae and Pseduomonadaceae
(Röthig et al., 2021). In the abundant Pacific jellyfishMastigias papua,
the associated bacterial community displayed high variation within
the species, low diversity, and the highest bacterial abundance related
to members of the Endozoicomonadaceae family (Cleary et al., 2016).

Among non-symbiotic Rhizostomeae jellyfishes, the moon
jellyfish Aurelia aurita is one of the best-studied. Its bacterial
community is similar throughout its pelagic developmental
stages, only the polyp stage being different (Weiland-Bräuer
et al., 2015). Also, reports indicate differences associated with
geographic location (Kramar et al., 2019). After a jellyfish bloom,
in the senescence phase, the bacterial community of A. aurita was
characterized by an increase in Gammaproteobacteria, specifically
Vibrionaceae and Alteromonadaceae (Kramar et al., 2019).
May 2022 | Volume 9 | Article 879184
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Among other species studied, Cyanea lamarckii displayed
significant differences in the bacterial community of the
umbrella in contrast to other body parts (Hao et al., 2019). The
authors also assessed the bacterial community in different life
stages that in general, increased in diversity from larval to adult
stages. A recent study of four jellyfish species that form large
blooms indicated species-specific differences in their bacterial
communities (Peng et al., 2021); Vibrio was the bacterial genus
dominant in Aurelia coerulea, as in other Aurelia species
(Weiland-Bräuer et al., 2015). Mycoplasma dominated the
Rhopilema esculentum and Nemopilema nomurai jellyfishes, but
in Cyanea nozakii its bacterial community was equally abundant
in Sphingomonas, Phyllobacterium, and Ralstonia (Peng
et al., 2021).

Cassiopea xamachana is a benthic jellyfish that lives in
ecologically obligate symbiosis with the photosynthetic
dinoflagellate Symbiodinium microadriaticum (Colley and
Trench, 1983; Lampert, 2016). The adult medusa rests on the
sea bottom, their convex umbrella and oral arms facing upwards
to allow the capture of light by their symbionts (Lampert, 2016;
Ohdera et al., 2018). The colonization by algal symbionts
supports the transition from polyp to adult medusa (Hofmann
et al., 1996; Newkirk et al., 2018). The relative simplicity of
culturing polyps and adults of C. xamachana in laboratory
conditions, makes this symbiotic jellyfish an ideal model
system to study the mechanisms that regulate the colonization
of the host by their symbionts. However, it is not clear how much
C. xamachana depends on its algal symbionts, nor if a decrease in
algal symbionts can restructure its associated bacterial
community. In this study, we characterized the bacterial
community of the SML of this symbiotic jellyfish while in
captivity, contrasting summer and winter seasons, and the
effect of a significant loss of symbionts (bleaching).
MATERIALS AND METHODS

Organisms and Experimental Conditions
Adult medusas of C. xamachana previously collected from
Nichupté lagoon in NE Quintana Roo, Mexico were used for
this study. The organisms were maintained in captivity in an
open system pond (100 L seawater), under natural light and
temperature conditions for more than a year prior to the
experiments. For the experimental procedures, medusas were
taken from the farming pond and maintained individually in one
Liter beakers with 500 mL of seawater from the farming pond,
with bubbling air and daily seawater replacements for the
duration of the experiments (28 days). All medusas in beakers
were maintained under a roof with indirect ambient light.
Medusas were sampled in two seasons, in summer (late August
2019) and winter (early March 2020) with mean temperatures of
~ 29.02°C and ~ 26.05°C, respectively (SAMMO, 2018-2019).
Symbiotic medusas (n = 6) were maintained as controls and
compared to bleached medusas before bleaching (n = 3) and after
bleaching (n = 3). Samples were taken at day zero and after 28
days each season (total number of samples = 24). The organisms
were not fed during the experimental procedures.
Frontiers in Marine Science | www.frontiersin.org 3
Artificial Bleaching of Medusas
Medusas with a similar umbrella size (6 cm in diameter) were
selected. A procedure was chosen to avoid high-temperature
bleaching, which can significantly modify the bacterial
community, including an increase in heterotrophy and
virulence genes (Littman et al., 2011). The experimental
bleaching of medusas was achieved by adding a mixture of
monosaccharides, following Pogoreutz et al. (2017). The
mixture of sugars contained: (D+) glucose (4.14 mg L-1), (D+)
galactose (3.59 mg L-1), and mannitol (2.25 mg L-1), dissolved in
200 mL of distilled water. Seawater (500 mL) containing 3 mL of
this mixture was used daily to replace the seawater of the beaker
containing each medusa for 28 consecutive days, with a final
mixed sugar concentration of 0.3 mg L-1. Every day,
measurements of the umbrella diameter in all medusas were
taken to evaluate the loss of biomass during the experiments.

The bleaching success was evaluated by weekly sampling a
tentacle fragment from each medusa, using sterilized scissors.
Each tentacle fragment was weighed and ground with a Dounce
homogenizer. The homogenate was centrifuged at 13,000 RPM
for 5 min and the supernatant removed. The pellet was
transferred to a microcentrifuge tube, washed twice with milli-
Q water, and resuspended in 500 µL of sterile seawater, adding
Lugol (30%) to aid in symbiont counting. Symbiont density was
quantified with a hemocytometer in an optic microscope (3
replicate counts per sample) and the data normalized to the wet
weight (g) of the tentacle. Further, we photographed a portion of
a tentacle of each medusa with a fluorescence microscope
(Axioskop 40 with aim 20X Tex Red Fs 15) at the beginning
and at the end of the 28-day treatment.

SML and Seawater Sampling for
DNA Extraction
We collected samples from the SML of symbiotic medusas
maintained as controls and bleached medusas, at the start and
end of 28 days. All sampling was repeated for summer and
winter. For the collection of the SML, the medusas were brought
to the lab and individually placed in a sterile beaker with 200 mL
of sterilized seawater. After twenty minutes, the released mucus
(500 µl per medusa) was collected with a transfer pipette and was
processed immediately for total DNA extraction.

We also sampled seawater from the farming pond, at the
beginning (n = 6, each season) and at the end of the experimental
time (n = 6, each season). Seawater samples were pre-filtered
through 2.5 µm (Whatman ™) to remove large debris, followed
by filtering with Durapore® membranes (0.45 µm and 0.22 µm).
These last two filters were conserved for immediate DNA
extraction. DNA extraction from the SML and seawater samples
was carried out with DNeasy® Power Biofilm Kit following the
manufacturer’s instructions. DNA integrity was evaluated by
electrophoresis in 1% agarose gels. DNA concentration and
quality were assessed with a BioSpectrometer (Eppendorf).

16S rRNA Libraries Preparation and
Sequencing
PCR amplification of the hypervariable V3 and V4 regions of
16S rRNA gene was performed using the primers 515F = 5’-
May 2022 | Volume 9 | Article 879184
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TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTA
CGGGNGGCWGCAG - 3’ and 806R = 5’-GTCTCGTGGGCTC
GGAGATGTGTATAAGAGACAGGACTACHVGGGTAT
CTAATC- 3’ and the conditions suggested by Klindworth et al.
(2013). The PCR mixture of each 20 µl reaction contained 2 µl
DNA, 200 U DreamTaq (ThermoFisher Scientific), 2.5 µl 10X
buffer, 1µl 25 mM MgCl2, 0.4 µl deoxynucleotide triphosphate
mix (dNTPs, 10 mM), and 0.2 µM for each primer. The
amplification reaction was performed in an Applied Biosystems
thermal cycler (Veriti 96) with an initial denaturalization of 3 min
at 95°C, followed by 25 cycles of 95°C (30 s), 55°C (45 s), and
72°C (30 s), and a final extension of 5 min at 72°C. PCR products
were verified in a 1% agarose gel-TAE (Tris-acetate-EDTA) and
1 µl of the PCR reaction was evaluated with a Bioanalyzer DNA
1000 chip. A first purification of the PCR amplicons was
performed with AMpure XP Illumina adapters, and a second
PCR was used for barcoding with the Nextera XT Index kit,
having an initial denaturation of 3 min at 95°C, followed by 8
cycles of 95°C (30 s), 55°C (30 s) and 72°C (30 s), with a final
extension of 5 min at 72°C. PCR products were also purified with
AMpure XP. Indexed PCR products were quantified with a
Qubit® 3.0 Fluorometer (Life Technologies, USA). Finally, the
library was diluted to 4 nM using Tris pH 8.5. For sequencing, the
library was denatured with fresh NaOH, diluted with
hybridization buffer, and heated. Twenty % of PhiX was used
as an internal control. Illumina sequencing was carried out in
CINVESTAV-Mérida using an Illumina-MiSeq platform
(Illumina, San Diego, CA, USA), with a MiSeq reagent nano kit
V2 (2 × 250).

Bioinformatic Analysis
We processed the 2 x 250 paired-end reads with the QIIME2
pipeline (Caporaso et al., 2010; Bolyen et al., 2019). Both forward
and reverse reads were trimmed in position 40 from the 5’ end
and truncated to a length of 240. For denoising and resolving the
ASVs we used the DADA2 plugin, removing chimeric sequences
with the “consensus” method (Callahan et al., 2016). For the
taxonomic classification we used SILVA 132 as a reference
database using the classify-consensus-vsearch plugin (Rognes
et al., 2016). The sequences were deposited in the NCBI database
under BioProject ID, PRJNA810909. Representative sequences
were aligned and masked with MAFFT (Katoh and Standley,
2013), and a phylogenetic tree was built with FasterTree 2 (Price
et al., 2010). Chloroplast, mitochondrial ASVs, and unknowns
were pruned, and the feature table exported to the R
environment for statistical analysis performed with phyloseq
(McMurdie and Holmes, 2013) using Vegan (Oksanen et al.,
2007) and ggplot2 v3.1.0 (Wickham, 2016) libraries.

Statistical Analyses
To analyze the bacterial diversity present within each individual
SML sample, the feature table with all samples was normalized
with the CSS (Cumulative Sum Scaling) method. The observed
species alpha diversity indexes were then calculated. Beta-
diversity metrics were calculated for all samples, using the
weighed UniFrac distance. A principal coordinate analysis
(PCoA) with weighted UniFrac distance was applied in R to
Frontiers in Marine Science | www.frontiersin.org 4
visualize beta diversity variations. A nested PERMANOVA
according to season and condition was used to calculate the
significant differences between groups (control and bleached)
using 999 permutations. A Linear Discriminant Analysis Effect
Size (LEfSe; Segata et al., 2011) was performed after removing
samples with lower than 16,900 reads by rarefaction, to identify
bacterial taxa with differential relative abundances between
seasons and for the bleached condition, with a cutoff of LDA>2
and a p-value <0.05. The relative abundances were plotted in R
with significant LEfSe genera in each category (condition and
season). Symbiont density of control and bleached medusas was
assessed with an ANOVA test in SigmaPlot V.12.1.
RESULTS

Experimentally Bleached
Cassiopea xamachana
Bleached C. xamachana was successfully obtained by adding a
mixture of sugars. Cellular counts showed a significant reduction
of symbiont density in bleached medusas in summer and winter
after seven days of treatment (Figure 1A, p = 0.001; Table S1,
Supplementary Material 1). After 14 days, and up to the 28 days
of treatment, symbiont density remained low and constant, with
a total loss of symbionts of 84-99% for bleached medusas in
summer and 89-99% in winter. Control medusas preserved their
symbionts after 28 days (Figure 1A). We observed a diminishing
size of the umbrella in all medusas possibly due to the lack of
enough food (Figure S1). Tentacles of bleached medusas were
checked with a fluorescence microscope at day 0 and after 28
days of treatment (Figures 1B–E); phenotypic characteristics of
the tentacles of control medusas showed fluorescence and
brownish color during the 28 days of treatment (Figure 1F)
and bleached medusas at day 28 showed the absence of brownish
color that gives the presence of symbionts (Figure 1G).

Community Composition and Diversity
A total of 24 SML and 11 seawater samples were sequenced.
DADA2 plugin analysis resolved 12,854 ASVs (Amplicon
Sequences Variants). The sequencing resulted in 1,611,190
high-quality sequence reads (Table S2 and Supplementary
Material 2). A total of 610, 883 reads were assigned for
seawater and 1,000,307 reads for mucus samples. Control
samples in both seasons showed the lowest coverage with
138,376 reads. The analysis of ASVs for all samples indicated
12,654 ASVs affiliated with the domain Bacteria, and only the
ASVs with a relative abundance equal or less than 1% were
collapsed into “Other” (Supplementary Material 3).

Principal Coordinates Analysis (PCoA) indicated a
differential clustering of ASVs from SML and those from
seawater samples (Figure S2). Therefore, seawater samples
were excluded from subsequent analyses to emphasize the fine-
scale differences of ASVs associated with the SML of medusas.
The PCoA analysis of control and bleached samples at day-0
showed a close distance among independent replicates in both
seasons, except for winter controls (Figure 2). After 28 days in
the vessels, control samples were separated according to season,
May 2022 | Volume 9 | Article 879184
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A B

D E

F
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FIGURE 1 | Experimental bleaching and its effects on symbiont density in C. xamachana. Medusas were bleached by daily additions of a mixture of sugars (see
Methods). (A) Symbiont cell density (cells ml-1g-1) in medusas treated for 28 days in summer (red circles) and winter (blue circles); control medusas in summer
(triangles) and winter (rhombs). Values expressed as the mean ± s.e.m. Letters a and b show significant differences between the density of symbionts from bleached
medusas against control medusas. See Supplementary Material 1. (B, C) Confocal fluorescence microscopy images of C. xamachana tentacles of symbiont
density in control medusas at day 0 and day 28 and (D, E) symbiont density at the initial (day 0) and end of bleaching treatment (day 28). White arrows indicate
symbiont cells in host tentacles, scale bars are 100 mm. (F) Photographs of control medusas from day-0 to 28 days in summer (1-3) and winter (4-6). (G)
Photographs of the phenotypic response of medusas at day-0 and after 28 days of bleaching treatment in summer (7-9) and winter (10-12). The numbers on top of
the photographs are the identity for each medusa.
Frontiers in Marine Science | www.frontiersin.org May 2022 | Volume 9 | Article 8791845

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Carabantes et al. Bacterial Community of Cassiopea Mucus
while bleached samples remained grouped according to
symbiotic condition (Figure 2). This analysis suggested the
effect of the season on the clustering of control samples and
the effect of the bleached condition on the clustering of mucus
samples after 28 days.

Control medusas at day-0 and day-28 in both seasons showed
a similar number of observed ASVs and alpha diversity
parameters, although no statistical analysis was performed due
to the low number of samples (Figure 3 and Table S3,
Supplementary Material 4). After 28 days of manipulation,
bleached medusas in both seasons had a lower number of
observed ASVs and alpha diversity parameters.
Frontiers in Marine Science | www.frontiersin.org 6
SML Bacterial Community by Symbiotic
Condition and Season
Gammaproteobacteria, Bacteroidia, and Alphaproteobacteria
were observed as initially dominant classes in all the mucus
samples at the beginning of the experiment (Figure S3).
However, after 28 days, bleached medusas showed a marked
increase in Gammaproteobacteria, specifically in the genus
Vibrio for summer samples (Figure S3 and Figure 4). Linear
discriminant effect size (LEfSe) analysis identified within
bleached medusas initially, Endozoicomonas, Tenacibaculum,
and 21 other genera as significantly different, but after 28 days,
differentially abundant genera were Vibrio, Sphingobium, and
FIGURE 2 | Weighted Unifrac distance PCoA plot for SML samples. Increasing distance between points equates to decreasing similarity between samples from
control (Ctrl) and bleached (Bleach) medusas at day-0 and day-28 in summer (S) and winter (W). The polygons denote groups of samples formed. Circles represent
a single sample of summer and triangles represent a single sample of winter; the same color represents independent samples per condition or season. Significant
differences were found for season (p = 0.017) and symbiotic condition (p = 0.001) after a PERMANOVA comparison (see Table 2).
A B C

FIGURE 3 | Box plot showing observed ASVs and Alpha diversity metrics. (A) Number of observed ASVs, (B) Shannon (H’), and (C) Simpson diversity indexes of
the bacterial community in mucus samples from control (Ctrl) and bleached (Bleach) medusas in summer (S) and winter (W). Values are from 3 samples per
symbiotic condition and season (at the start (0) and end (28) of 28 days of manipulations). See Supplementary Material 4 for raw data.
May 2022 | Volume 9 | Article 879184
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Simiduia (LDA score>2, p <0.05) (Figure 5A). Detailed
differences in the relative abundance of bacterial genera that
were significantly different in bleached medusas between day-0
and day-28, corroborated these significant shifts, in particular for
the more abundant Endozoicomonas and Tenacibaculum
(Figure 5B). Seasons also resulted in significant differences
although genera were different from those underlined in
bleached medusas ; in summer were Pir4_ l ineage ,
Rheinheimera, Sphingomonas, and others, and in winter
Pseudoalteromonas, Enhydrobacter, Acinetobacter, and others
(LDA score>2, p <0.05) (Figure 6A), showing differences in
the relative abundance according to season (Figure 6B).

Pairwise-PERMANOVA analysis indicated significant
differences in the bacterial composition of bleached medusas in
samples from day-0 and day-28, regardless of the season (F =
5.424345, R = 0.3516743, p = 0.0318; Table 1). Also, this analysis
indicated that control and bleached medusas on day-28 were
significantly different (F = 6.591283, R= 0.397273, p = 0.0078;
Table 1). PERMANOVA covariate analysis showed that the
bleached condition was significantly important in defining the
bacterial community in the mucus of C. xamachana (F = 5.8289,
R = 0.40364, p = 0.001), although the season also presented a
value of significance (F = 3.2240, R = 3.2240, p = 0.017; Table 2).
DISCUSSION

Cassiopea xamachana jellyfish naturally harbor symbiotic algae
and associate with a surface bacterial community. We have
studied this bacterial community by comparing symbiotic and
bleached medusas in two seasons. Bleached medusas were
obtained by additions of a labile sugar mix (Figure 1)
Frontiers in Marine Science | www.frontiersin.org 7
(Pogoreutz et al., 2017). The disruption of the symbiotic
relationship in corals by increased organic carbon load is well
established, including the expression of bacterial virulence genes
and the formation of a hypoxic layer on the coral surface (Vega-
Thurber et al., 2009). Elevated levels of dissolved organic carbon
(DOC) (e. g. 25 mg L-1) have also been shown to accelerate
bacterial growth rates associated with the SML of corals,
potentially disrupting the balance of the microbial community
(Kline et al., 2006). However, an experimental study showed that
the bacterial community from coral fragments treated with
enriched DOC levels (e. g. 10 mg L-1), remained stable after 28
days, did not show an increase in virulent bacteria, but caused
bleaching of the coral fragments (Pogoreutz et al., 2017); these
authors also observed the proliferation of diazotrophs. By using a
lower concentration of DOC (0.3 mg L-1) we also induced
bleaching of the jellyfish but perhaps with milder effects over
the SML-associated bacterial community (Figure 2). It is not
clear if moderate additions of labile carbon can promote the
abundance of specific bacterial groups that may lead to changes
in key members of this community (Kline et al., 2006; Vega-
Thurber et al., 2009). For example, Vibrio species highly increase
their abundance during coral bleaching events and become
dominant (Bourne et al., 2007; Tout et al., 2015; McDevitt-
Irwin et al., 2017), possibly due to a reduction of the antibiotic
activity of bacteria found in the mucus of corals (Ritchie, 2006),
and the ability of Vibrio to utilize a wide variety of sugars
(Lee et al., 2016). Also, a study of the jellyfish Aurelia aurita
reported an increase in Vibrionaceae bacteria at the end of
the jellyfish bloom (Kramar et al., 2019). Further, bacterial
groups associated with corals that potentially fix nitrogen
(diazotrophs) are common and diverse. These may include
Cyanobacteria, Alphaproteobacteria, and Deltaproteobacteria
FIGURE 4 | The bacterial composition of medusas at the genus taxonomic level. Bar plots display the bacterial composition in the mucus of all samples (Control
and bleached medusas, at days 0 and 28) in summer and winter. The 40 most abundant genera were plotted and distinguished by color. For a relative abundance
of all genera, see Supplementary Material 3.
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A B

FIGURE 5 | Linear Discriminant Analysis of Effect Size (LEfSe) at the genus level by symbiotic condition in bleached medusas. The analysis shows (A) significant
differences in dominant bacterial genera in Bleached medusas between day-0 (beige bars) and day-28 (gray bars) (LDA score>2, p <0.05). Horizontal columns
represent the relative abundance of bacteria that were significantly different between symbiotic conditions. (B) Abundance for the genera highlighted by the LEfSe
analysis for both sampling times. Note the different values for the x-axis.
A B

FIGURE 6 | Linear Discriminant Analysis of Effect Size (LEfSe) at the genus level by season. The analysis shows (A) genera that differed significantly in abundance in
summer (red bars) and winter samples (blue bars) (LDA score > 2; p < 0.05). (B) Abundance for the genera highlighted by the LEfSe analysis for both seasons. Note
the different values for the x-axis.
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species (Olson et al., 2009). Although our results showed the
occurrence of these bacteria, to better distinguish diazotrophs a
specific study of nifH genes would have been necessary,
considering that such genes correlate with the presence of algal
symbionts (Olson et al., 2009).

Bleached medusas showed a lower diversity of bacterial taxa
(Figure 3), consistent with reports in stressed corals (McDevitt-
Irwin et al., 2017). Medusas sampled during the summer showed
a decrease of bacterial diversity after 28 days of incubation but
during winter, the bacterial diversity of medusas remained
without significant change over time (Figures 3, 4). This
contrasts with results reported by Pogoreutz et al. (2017) in
corals exposed to high DOC, where they observed an overall
decrease of bacterial diversity over time. Our results indicated the
dominance of Gammaproteobacteria, Bacteroidia, and
Alphaproteobacteria in all mucus samples (Figure S3). Jellyfish
species from Indonesia, like Mastigias papua and Tripedalia
cystophora, were also characterized by the higher abundance of
Gammaproteobacteria class in bleached medusas and the
abundant Endozoicomonas genus (Cleary et al., 2016).
However, Rhizosotma pulmo, an endemic and common
jellyfish of the Mediterranean Sea, has a completely different
bacterial community to the one we observed in C. xamachana,
even at the Phylum level (Cleary et al., 2016). Kelly et al. (2014)
found that algae-dominated coral reefs from the Pacific, correlate
with higher abundances of Gammaproteobacteria (such as
Alteromonadales, Psuedomonadales, and Vibrionales),
Betaproteobacteria, and Bacteriodetes; while reefs with high coral
cover, correlate with higher abundances of Alphaproteobacteria
(such as Rhodobacteriales and Sphongomonadales). Similar results
have been obtained for symbiotic and non-symbiotic reef
invertebrates, the former hosting Gammaproteobacteria and the
latter Alphaproteobacteria (Bourne et al., 2013). These same
bacterial classes have been identified in the gastric cavity of other
non-symbiotic marine jellyfish and have been reported with
Frontiers in Marine Science | www.frontiersin.org 9
potential in bioremediation, the degradation of polycyclic
aromatic hydrocarbons, and the synthesis of antimicrobial
compounds (Tinta et al., 2019).

In the present study, the initial abundance of Endozoicomonas
(Figure 5) was consistent with previous studies that report a high
frequency of this genus and with the highest abundance among
reef-forming corals (Bayer et al., 2013; Glasl et al., 2016; Neave
et al., 2017a; Pogoreutz et al., 2017). However, Shiu et al. (2020)
indicated that the relative abundance of Endozoicomonas usually
decreases with heat-induced coral bleaching and perhaps
positively correlates with Symbiodiniaceae abundance. It
remains unclear whether this phenomenon of decreased
Endozoicomonas abundance is caused by temperature stress or
a decreased abundance of Symbiodiniaceae. In this respect, our
results also suggest a correlation of Endozoicomonas with the
presence of symbionts, and in the absence of heat stress.
Additionally, Endozoicomonas has been recognized as an
important, common bacterial genus, extremely flexible and
diverse, associated with a high variety of marine organisms
(Morrow et al., 2012; Forget and Juniper, 2013; Katharios
et al., 2015; Neave et al., 2017b). Even though their role is not
clearly defined yet, it has been proposed that some of their
functions are related to nutrient acquisition and recycling of
carbon and nitrogen (Morrow et al., 2015), antibiotic production,
and the structuring of the microbiota (Bayer et al., 2013; Jessen
et al., 2013; Rua et al., 2014). Endozoicomonas has also been
found in high abundances and associated with other non-
symbiotic marine jellyfish, being considered for its possible
application in biotechnology and as a candidate for studies in
probiotic applications (Mansson et al., 2011; Deering et al., 2016;
Viver et al., 2017; Tinta et al., 2019).

The experimental bleaching of C. xamachana was difficult to
achieve. We tried different bleaching methods (low temperature,
menthol, DCMU addition) with poor success; medusas either
lost a considerable amount of mass or died. The addition of
TABLE 1 | Pairwise PERMANOVA analysis of the bacterial community of mucus between Control and Bleached samples.

Pairs F. Model R2 p.value p.adjusted sig

1. Bleached (0) vs Bleached (28) 5.424345 0.3516743 0.0106 0.0318 •

2. Bleached (0) vs Control (28) 2.815415 0.2196897 0.0062 0.0186 •

3. Bleached (28) vs Control (28) 6.591283 0.3972738 0.0026 0.0078 *
4. Control (0) vs Control (28) 1.381511 0.1213820 0.134 0.1608
Total 1.0900198
May 2
022 | Volume 9 | Article 879
sig = significance codes: 0.01 ‘*’ 0.05 ‘•’.
(0) = Day-0 of treatment.
(28) = Day-28 of treatment.
TABLE 2 | PERMANOVA covariate analysis based on nMDS dissimilarities of the phylogenetic distance of matrix data of the bacterial community of SML by symbiotic
condition (control, bleached) and season (summer, winter).

Df SumsOfSqs MeanSqs F. Model R2 p-value

Symbiotic condition 2 0.22208 0.111038 5.8289 0.40364 0.001 **
Season 1 0.06142 0.061416 3.2240 0.11163 0.017 *
Residuals 14 0.26669 0.019050 0.48473
Total 17 0.55019 1.00000
Significance codes: 0.001 ‘**’ 0.01 ‘*’.
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sugars successfully caused the loss of algal symbionts and, even
though the animals lost mass (≈ 30%), they were kept alive and
active. Sugar addition has the downside of altering the associated
bacterial community, increasing diazotroph abundance
(Pogoreutz et al., 2017), which we may have noted as an
increase in the relative abundance of Vibrio (Figures 4, 5).
However, the relative abundance of Vibrio also increases with
environmental deterioration and bleaching (Vega-Thurber et al.,
2009; Kelly et al., 2014). A different bleaching method could help
distinguish between these two factors (lack of symbionts and
sugar addition) but is methodologically challenging. Considering
that (1) we used a low sugar concentration for the experimental
bleaching of the medusas, and (2) our results showed a
significant effect of the loss of symbionts on the associated
bacterial community, we may suggest it is plausible that algal
symbionts may influence the structuring of the associated
bacterial community.

The bacterial community of medusas like C. xamachana and
other symbiotic model organisms has only begun to be studied
over the past few years. Some studies have attempted to
demons t ra t e coopera t ion be tween the as soc i a t ed
microorganisms, and that the host may be able to select them
(Fraune et al., 2015; Har et al., 2015). In our study the bleaching
stress was unavoidable but there is still a lack of experimental
evidence linking specific factors and the increase of Vibrio during
bleaching. Overall, studies about the functional capabilities of the
bacterial community of C. xamachana, can help us identify
specific roles of certain members of this community that
change in response to a loss of symbionts. Similar studies have
identified other dominant families like Moraxellaceae and
Pseudomonadaceae in C. xamachana when the nitrogen
conditions are not limiting for the algal symbiont (Röthig
et al., 2021). The associated bacteria participate in the
elimination of dissolved inorganic nitrogen (DIN) to overcome
the nitrogen limitation of the symbiotic algae, a mechanism that
has been proposed to help stabilize the host-algae relationship
(Röthig et al., 2021). However, functional studies of bacterial
members will further help understand how biological factors, like
alterations of the algal symbionts, may interact with this
community and the key role of the photosynthetic activity of
Symbiodiniaceae in the maintenance of the bacterial community,
as previously reported (Littman et al., 2010).

Some bacterial members in the mucus in C. xamachana were
enriched for specific taxa at each season (Figure 6). Studies
confirm that seasonal fluctuations include changes in the
physiology of the associated host, in the months of low sea
temperatures (winter); it has been documented those corals such
as Astrangia poculata decrease their metabolic functions, retract
their polyps, and feed less, losing biomass in consequence (Grace,
2017). As temperatures increase, the metabolic activity of the
holobiont resumes, as occurs in tropical corals (Mouchka et al.,
2010; Zaneveld et al., 2016; Sharp et al., 2017). In summer, the
coral holobiont consumes more food and possibly supplies more
substrates that promote bacterial growth following a
restructuring of the bacterial members (Burmester et al., 2017;
Grace, 2017). The variation in certain bacterial groups by
seasonality suggests that the bacterial communities undergo a
Frontiers in Marine Science | www.frontiersin.org 10
succession, that is, changes in the bacterial community can occur
during the colder winter months, followed by a restructuring of
the bacterial community in summer. Lastly, the genetic variation
of the host may also play a role. According to several studies
(Arai, 2001; Holland et al., 2004; Arai et al., 2017; Ohdera et al.,
2018) molecular phylogenetic analyses indicate individuals of
Cassiopea analyzed from the same geographic area
corresponding with different clades.
CONCLUSIONS

The addition of sugars was confirmed to have considerable
potential as a method for rapid and effective bleaching in C.
xamachana. This method can broaden the study of symbiont-
related questions like carbon metabolism and limitation,
dissociation of host and algae, conditions for reestablishing this
relationship, or capacities for symbiont cooperation.
Endozoicomonas, Tenacibaculum, and 21other bacterial genera
were abundant in medusas at day-0; however, it is not clear if
DOC addition, symbiont loss, or both, were significant in
provoking the shift of the bacterial community in the bleached
condition, increasing the abundance of Vibrio. Seasonal
fluctuations did not cause significant variations in dominant
bacterial members; such changes were better associated with
symbiont presence. However, given the low number of replicates
we used, and the natural variation of the bacteria associated with
the medusae, probably also dependent on a genetic variation
of the host, more studies will be needed to ascertain this claim.
At the class level, the bacteria in the mucus of C. xamachana
were similar to bacterial classes found in other tropical,
symbiotic Rhizostomeae jellyfish, in the model organism
Exaiptasia anemone, and in reef-building corals, mainly
dominated by Gammaproteobacteria and Alphaproteobacteria.
Future studies with this model organism can enlighten the role of
symbionts in driving the stability of the associated bacterial
community. Such studies may include seasonal fluctuations
and bleaching events, triggered by seawater temperature,
nutrient levels, and climate change, all associated with diseases
and mortality in symbiotic corals. Also, studies in other regions
where C. xamachana distributes, can help us identify stable and
functional associations of bacteria that may contribute to the
fitness of this jellyfish.
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