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Coral reefs are affected by the deterioration of the oceans due to global warming
and other anthropogenic perturbations, increasing the frequency, and severity of
bleaching and disease. To overcome some of these conditions, reef corals and
other cnidarians rely on a mucus layer housing a diverse community of beneficial
microorganisms and mechanisms of innate immune response. The antimicrobial
defense has been associated with the bacterial community in these organisms, but
the potential antimicrobial activity of the mucus layer itself has not been explored
fully. We hypothesized that the bacteria-free mucus layer of different cnidarians
would show differential and specific antimicrobial and immunological responses when
challenged with two potentially pathogenic bacteria. We evaluated this capability
through antimicrobial properties, immune response and biochemical composition of the
mucus. Results clearly showed that the mucus of healthy cnidarians has the capability
of inhibiting the growth of Serratia marcescens and Aurantimonas sp. in a species-
specific way that includes differences in the potency of the response. The anemone
Exaiptasia pallida was particularly potent against Aurantimonas sp. while the coral
Pseudodiploria strigosa and the medusa Cassiopea xamachana had similar capabilities
against both bacterial strains. In coral affected by black band disease, this antibacterial
capability diminished in the mucus layer, but the associated bacteria remained potent.
Results showed that hydroxyproline and phenoloxidase increased in the transition zone
of diseased corals, although melanin was not detected in any of the animals tested.
Bleaching of anemones and medusas also diminished the antibacterial capability of the
surface mucus layer, but in anemones, the associated bacteria did not show a significant
reduction in their ability to inhibit the growth of the bacterial strains. The mucus of
bleached medusas showed an increased inhibitory activity against Aurantimonas sp.
that may be associated with a specific bacterial strain we isolated. Mucus collected
from bleached anemones and medusas did not show a significant immune response.
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In this work, we show that the surface mucus layer itself has antibacterial properties
not associated with the bacteria this layer houses; such properties diminished due
to disease or bleaching, while immunological responses increased in the mucus of
diseased animals.

Keywords: antimicrobial capability, coral mucus, immunological defense, innate immunity, bacteria-free mucus,
coral immunity, Serratia marcescens, Aurantimonas

INTRODUCTION

As many aquatic invertebrates, reef cnidarians possess a complex
surface layer (SML) of mucopolysaccharides that functions as the
interface between the animal tissue and the external environment,
constituting a physicochemical and physiological barrier (Brown
and Bythell, 2005; Wahl et al., 2012). This layer houses a microbial
community mostly composed of bacteria, that varies depending
on the animal species, geographic location, physiological status,
nutrition, and health (Rohwer et al., 2002; Ainsworth et al., 2006;
Koren and Rosenberg, 2006; Longford et al., 2007; Wahl et al.,
2012; Thompson et al., 2015). Nevertheless, a recent study on the
bacterial community of the model organism Exaiptasia pallida
strongly suggests that this bacterial community may be more
related to environmental conditions than to geographic location,
animal species or symbiont type (Brown et al., 2017). Studies that
have sequenced this community show that it differs from bacterial
communities in the adjacent water column and the sediments,
suggesting some degree of specificity (Rohwer et al., 2002; Brown
and Bythell, 2005). Further, it has been demonstrated that the
bacterial community that colonizes newly settled coral polyps
has a composition apparently related to the host identity (Sharp
et al., 2010). In addition, microbes in the SML alter the immune
system by stimulating specific responses, and the immune system
influences the microbial composition in return (Wahl et al., 2012;
Shöder and Bosch, 2016).

The surface mucus layer represents a biofilm that provides
various substrates for a complex microbial community. This
layer also contains bioactive molecules with antimicrobial activity
(some produced by resident bacteria). Then, the SML represents
the first defense against potential pathogens, contributing to
the function and composition of the microbial community it
supports. As an important observation, microscopic examination
of the coral epidermis beneath the mucus layer reveals a nearly
sterile environment (Johnston and Rohwer, 2007). Further, the
presence of the SML reduces fouling or settlement of unwanted
microbes on cnidarian surfaces. The mucosal surface in other
invertebrates has a role in chemical defense as part of the innate
immune system (Abbas et al., 2007), defending the host organism
with diverse substances that lyse potentially pathogenic bacterial
cells, sequester microbial nutrients or act as decoy to bind and
trap microorganisms (Fleming, 1922; Cole et al., 1999).

Mucosal surfaces appeared for the first time in animal
evolution in Cnidaria (Bosch and McFall-Ngai, 2011). In
Hydra, several studies have determined that different species
house different microbial communities, strongly suggesting
a specific interaction of the SML with potential microbial
commensals and the environment (Fraune and Bosch, 2007;

Franzenburg et al., 2013). Actually, the study of immunology
in cnidarians initiated with studies of Hydra and later of
Nematostella, that identified a lack of specific immune cells,
thus implicating other mechanisms for their defense (reviewed
in Augustin and Bosch, 2010; Ocampo and Cadavid, 2015).
Additionally, cnidarians generate antimicrobial peptides (AMPs)
like aurelin in the medusa Aurelia aurita (Ovchinnikova et al.,
2006), hydramycin in Hydra (Jung, 2009) or damicornin in the
coral Pocillopora damicornis (Vidal-Dupiol et al., 2011). They
also have bacterial recognition receptors, in particular, Nod-
like receptors that activate cell death, so that apoptosis seems
to be important in the innate immune response (Augustin and
Bosch, 2010). Other responses include melanin encapsulation of
microbial cells catalyzed by phenoloxidase (Petes et al., 2003;
Mydlarz et al., 2008), coagulation, and immune cell activation
after disease and injuries, all of which have been defined as key
components of this defense (Mydlarz et al., 2010; Palmer and
Taylor-Knowles, 2012; Ocampo and Cadavid, 2015). All these
immunological responses are located within live tissues, but there
have been no assessments of immunological activity of the mucus
layer in Cnidarians. However, a recent study of untreated mucus
collected from the reef zoanthid Palythoa caribaeorum indicated
the presence of bioactive compounds like lectins and proteolytic
enzymes (Camargo Guarnieri et al., 2018). Further, scleractinian
corals release some antibacterial compounds upon mechanical
stress (Greffen and Rosenberg, 2005).

Environmental and anthropogenic perturbations have
important consequences on coral health, because they modify
the associated microbial community (e.g., increase under
nutrient enrichment and decrease after bleaching). Although
these responses suggest a dynamic community, such variations
may allow for the infection by pathogens, compromising the
health of the animals due to the loss of the protective qualities
of the SML (Ritchie, 2006; Sekar et al., 2006; Bourne et al.,
2007; Vega Thurber et al., 2009; Augustin and Bosch, 2010;
Mydlarz et al., 2010; Thompson et al., 2015). Interestingly, no
diseases have been reported for the model organisms Cassiopea
xamachana or E. pallida. It is possible that these symbiotic
cnidarians do get diseased, but soon die or are eaten by other
animals.

The susceptibility of corals to disease and bleaching has been
inversely correlated with the investment in protection when
assessed by variables commonly associated with invertebrate
immunity, such as the size of melanin-containing granular cells,
phenoloxidase activity, and the concentration of fluorescent
proteins (Palmer et al., 2010). The investment of energy in
immune mechanisms can translate to the species being more
resistant to perturbations such as high temperature. In addition,
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thickness of the tissue and the mucus layer have been found
to relate to the temperature tolerance of corals and to disease
susceptibility (Glynn and D’Croz, 1990; Fitt et al., 2000, 2009;
Green et al., 2008). Further, reproductive patterns and colony
morphology in closely related coral species can vary the levels
invested in immunity (Pinzón et al., 2014b); and in terms of
evolutionary history, older coral lineages have a lower number
of diseases and disease prevalence than more recently diverged
lineages (Pinzón et al., 2014a). Within the Cnidaria, different
taxonomic groups may, therefore, show important differences in
the defensive capabilities of their SML, in addition to species-
specific differences in resources allocated to immune defense,
as well as variations in the composition of their microbial
communities. Our hypothesis is that there is a differential,
species-specific capability of the SML to help fight pathogens, not
related to the bacterial community it houses. With this in mind,
we included distant relatives in our experimental approach.

Although the antimicrobial function of the SML has been
usually assigned to the microbial community housed by this
layer (Gil-Turnes and Fenical, 1992; Castillo et al., 2001; Rypien
et al., 2010), the potential antimicrobial activity of this layer per
se, has not been explored fully (Ritchie, 2006). Therefore, the
purpose of this study was to experimentally evaluate possible
differences in the capabilities of the SML associated with different
taxonomic groups within the Cnidaria when challenged by two
potentially pathogenic bacterial strains. We hypothesize that the
three cnidarians we selected, a coral (P. strigosa), an anemone
(E. pallida) and a medusa (C. xamachana), will demonstrate
different and specific protective capabilities of the SML. The
bacterial pathogens we tested were identified as causative of
diseases in certain coral species (Richardson et al., 1998; Patterson
et al., 2002; Denner et al., 2003), but not associated with black
band disease or bleaching. Our experimental approach included
assays employing the surface mucus layer complex (MC), mucus
layer free of bacteria (SML), and isolated bacteria from the CM
(BAM), against two tester bacterial strains. We also looked at
some of the innate immune activity by measuring hydroxyproline
(Hyp), phenoloxidase activity (PO), and melanin. We collected
mucus from three symbiotic cnidarians, healthy and affected by
disease or bleaching, to contrast the responses.

MATERIALS AND METHODS

Animals and Sampling Conditions
Medium size (25 cm minimum diameter, 25 cm minimum
high) coral colonies of P. strigosa, healthy or visibly affected
with black band disease (BBD), were sampled from the back
reef at Petempich location in the Puerto Morelos Reef National
Park, México. Colonies from 3 to 5 m deep were sampled
between October and November 2017. Mucus was collected
from 6 colonies each, in triplicate samples, with sterile syringes
after softly disturbing the surface layer with a tool (similar to
a microbiological spreader) and stored in an ice chest to be
processed in the lab. For diseased colonies, two areas were
sampled: the transition zone (2–4 cm from the lesion band)
and the apparently healthy-looking tissue (15 cm away from the

band). E. pallida anemones were collected from the water pipes
of the aquaria system at our department facilities. Bleaching of
anemones was produced after cold shocks (Muscatine et al., 1991;
Estes et al., 2003). Bleached anemones were kept in the dark
for 2–3 weeks before being sampled. The Xcaret Park donated
healthy and bleached C. xamachana medusas. Mucus from these
animals was collected after rinsing the animals in sterile filtered
seawater; after 10–20 min the liberated mucus was collected with
a syringe.

Mucus Treatments
All mucus samples were centrifuged twice (20 min in a clinical
centrifuge, 5 min in a microcentrifuge) at maximum speed to
remove excess seawater, with a short vortex agitation in between.
Mucus collected from the different animals was experimentally
processed to compare the antibacterial activity of the mucus
layer itself and that of the associated bacteria. Each sample was
distributed in three microtubes for the following treatments:
(1) Sterilization by irradiating for 20 min under UV-light
(λ = 254 nm; Krediet et al., 2009), named SML. (2) Bacteria
that were cultured after inoculating 1 mL of marine broth with
10 µL of mucus, grown overnight at 27◦C and used in further
tests, named MAB. (3) Mucus without treatment named MC.
Sterilization of the mucus (treatment SML) was corroborated by
incubating an aliquot on marine-agar at 27◦C, overnight, and
checking for the absence of bacterial growth.

Antibacterial Activity
We employed a swarming assay to evaluate the antimicrobial
activity of the three mucus treatments. We first used a marine-
agar layer (15 g L−1 of agar) which was left 12 h to settle. Glass
fiber discs embedded in 10 µL of mucus or 7 µL of cultured
bacteria were placed over this layer. Next, a second cooler (48◦C),
softer marine-agar layer (7 g L−1) with an inoculum (100 µL
of overnight culture) of each tester bacteria, was poured over
and left to settle for 30 min. Plates were incubated at 27◦C in a
controlled culture chamber. Growth measurements were taken
after the growth of the tester bacteria had formed a confluent
lawn on the medium which was about 16 h for Serratiamarcescens
and 48h for Aurantimonas sp. We scored the presence/absence
of an inhibition zone formed around each filter. As a negative
control we used embedded filters in filtered seawater and for
positive control, embedded filters in one of two wide-spectrum
antibiotics, ciprofloxacin or ceftriaxone (at 100 mg mL−1). Assays
were done in triplicate.

Immune Response Assessment
The immune response was assessed by measuring the content of
hydroxyproline and melanin, and the activity of phenoloxidase.
The presence of collagen was evaluated by quantification of
the unique amino acid Hyp following the protocol described
in Hofman et al., 2011. We processed 10 µL of each
mucus sample, with three technical replicates, to be read
in a Biospectrometer (Eppendorf, United States) at 540 nm.
Calculations were performed against the standard Trans-4-
hydroxy-L-proline. For melanin quantification, we followed a
protocol described in Mydlarz and Palmer, 2011 using 10 µL
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of mucus for each sample, with three technical replicates.
Readings in the spectrophotometer were at 410 and 490 nm
to distinguish between two forms of melanin, employing pure
melanin (SIGMA) as a standard. Phenoloxidase (PO) activity was
measured according to Mydlarz and Palmer, 2011, using 10 µL of
mucus from each sample, with three technical replicates; data are
presented as change in absorbance A490 mg protein−1min−1.

Biochemical Determinations
A basic biochemical determination of the mucosal surface
included the total content of protein, carbohydrates, and lipids.
Total protein in mucus from each sample (10 µL) was estimated
by the Bradford method against a standard curve with BSA,
according to the manufacturer (SIGMA). For the estimation
of total lipids, we followed the colorimetric method of sulfo-
phospho-vanillin as described (Mishra et al., 2014), using 10 µL
of sample and readings at 530 nm after processing. Total
carbohydrates were estimated by a colorimetric sulfuric-phenol
assay (Dubois et al., 1951) with 10 µL of mucus sample. Readings
were done at 490 nm and normalized to a standard curve
prepared with glucose. All assays had three technical replicates.

Statistical Analyses
Antibacterial activity of mucus samples against tester bacteria
and among the condition of animals (diseased or bleached) was
analyzed by the exact Fisher test, due to the qualitative nature of
the results (nominal variables) and the sample size used (n = 6).
To compare the different treatments of the mucus layer, we
employed the Cochran Q analysis, using Q0 > χ2 = 5.99 of
significance. For the comparison of the immunological responses
-hydroxyproline content and phenoloxidase activity- as well as
the biochemical composition of the mucus samples, we employed
a Wilcoxon test. This type of analysis was applied since the data
were not normally distributed as evaluated by a graphical test
with the software R Project. In all tests, statistical significance was
established at p < 0.05.

RESULTS

Assessment of Protective Capabilities of
the Mucus Layer in the Coral P. strigosa
To evaluate the antibacterial capability of the mucus layer
in corals, anemones, and medusas, we conducted swarming
assay experiments employing three differentially treated mucus
samples: (1) mucus layer complex without treatment, or CM;
(2) UV-sterilized mucus layer without bacteria, or SML; and (3)
bacteria isolated and cultured from the mucus layer, or MAB.
We tested this capability against the growth of two potentially
pathogenic bacterial strains. In coral colonies, we sampled the
mucus layer as follows: (1) on healthy colonies, and on diseased
colonies in two positions, (2) close to the lesion (transition zone),
and (3) away from the lesion (healthy-looking). Results showed
that in healthy P. strigosa colonies, only coral mucus free of
bacteria (SML) inhibited significantly the growth of S. marcescens,
while the same assay against Aurantimonas sp. showed an

inhibitory effect that was similar for all the differentially treated
mucus (Table 1). The inhibitory capability in the mucus collected
from the transition zone in diseased colonies was lost in the SML,
but the MAB and CM treatments showed a positive inhibition of
S. marcescens. However, only MAB treated mucus showed some
inhibition against Aurantimonas sp. (Table 1). Mucus collected
from healthy-looking tissues in diseased corals had a similar
inhibitory effect on the growth of S. marcescens for all mucus
treatments, but against Aurantimonas sp. the mucus only fraction
(SML) apparently lost its inhibitory effect, although this was not
statistically significant (Table 1). As controls, filtered seawater
had no effect against the growth of both tester bacteria while the
antibiotics ciprofloxacin and ceftriaxone inhibited completely the
growth of both tester bacteria (data not shown).

To assess the immune response of the mucus surface layer in
all three animals, we measured the relative concentration of Hyp
and the activity of PO in this layer. We also measured melanin
content, but values were below the limit of detection of the assay
(results not shown). Mucus collected from healthy coral colonies
had a lower concentration of Hyp than mucus collected from the
transition zone of diseased colonies, while mucus collected away
from the affected area in diseased colonies had intermediate levels
of Hyp (Figure 1A). No statistically significant differences were
detected among the three sampled tissues, probably due to the
dispersion of the data, in particular in mucus sampled from the
transition zone. The results for the activity of phenoloxidase in
mucus from healthy and diseased coral colonies were similar to
these results (Figure 1B).

We evaluated if the antibacterial and immunological
responses of the different animals considered could be associated
with the composition of the mucus layer. With this in mind, we
compared the biochemical composition of the mucus surface
layer from healthy to diseased coral colonies. Results showed that
the total content of proteins, lipids, and carbohydrates was not
significantly different in corals under three different conditions:
healthy, close (transition zone) and away (healthy-looking) from
the lesion (Table 2).

Assessment of Protective Capabilities of
the Mucus Layer in the Medusa
C. xamachana and the Anemone
E. pallida
We also evaluated the antibacterial capability of the mucus
layer from medusas and anemones, healthy and bleached.
The mucus free of bacteria (SML) of healthy medusa showed
some inhibitory effect against the growth of both tester
strains (Table 3). In bleached medusas, the only positive,
significant inhibitory activity was observed for the untreated
mucus fraction (MC) against Aurantimonas sp. The mucus
collected from healthy anemone E. pallida (Table 3) showed
the highest inhibitory effect against both tester bacteria, except
for mucus free of bacteria (SML) against S. marcescens,
which showed no inhibitory effect on its growth. In mucus
collected from bleached anemone, results were similar to
healthy animals, except for a significantly higher inhibitory
effect in the mucus complex (MC) against Aurantimonas sp.
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TABLE 1 | Frequency for the presence of inhibition growth zone of treated mucus collected from healthy or diseased Pseudodiploria strigosa (coral). Treated mucus was
offered to plated tester strains Serratia marcescens and Aurantimonas sp., their growth inhibition scored after 16 and 48 h, respectively.

Animal Condition Serratia marcescens Aurantimonas sp.

SML MAB MC Q0 SLM MAB MC Q0

Pseudodiploria strigosa H 3/6∗ 0/6 0/6 6∗ 1/5 4/5 2/5 4.6

TZ 0/6∗ 3/6 3/6 15∗ 0/5 2/5 0/5 4

HL 1/6 2/6 2/6 1.5 0/5 3/5 3/5 4.5

p 0.25 0.27 0.27 1 0.77 0.25

H, Healthy; TZ, Transition zone (2–4 cm from diseased tissue); HL, Healthy-looking tissue (15 cm from diseased tissue); SML, Superficial Mucus Layer (bacteria-free);
MAB, Mucus Associated Bacteria; MC, Mucus Complex (mucus + bacteria). Numbers for inhibited growth over total scores calculated from 5 to 6 biological replicates
with 3 technical replicates each. Statistically significant different samples are denoted by an asterisk (∗) for p < 0.05 in healthy vs. diseased animals, and for Q > 5.99 for
mucus treatments.

FIGURE 1 | Assessment of the immunological response of the mucus complex in coral colonies. Boxplots showing (A) total hydroxyproline or (B) phenoloxidase
activity levels in mucus samples collected from healthy Pseudodiploria strigosa colonies (left), and colonies affected by black band disease, collected above the
transition zone (center), or above healthy-looking tissues (right). Dots represent atypical data. Data from 5 independent determinations, with three technical replicates
each.

The results of controls for medusa and anemone assays
were identical to the controls used in coral assays (data not
shown).

The immunological response of the mucus layer in medusas
and anemones, healthy and bleached, was also evaluated. In
mucus collected from medusas, the concentration of Hyp was
not significantly different between healthy and bleached animals
(Table 4). The activity of PO in healthy medusa was higher
and the data more dispersed than in bleached medusa, although
not statistically different (Table 4). In anemones, we did not
measure significantly different levels of Hyp or PO between
healthy and bleached animals, although average values for Hyp
in bleached animals were higher (Table 4), as in bleached
medusa.

The composition of the mucus layer from medusas and
anemones indicated that in mucus collected from medusa, total
protein and lipid content were significantly lower in bleached
animals (Table 5). By contrast, in anemones, we measured
significantly lower levels of protein and carbohydrates but
similar lipid levels in bleached compared to healthy animals
(Table 5).

DISCUSSION

The central role of the surface mucus layer in corals and
reef cnidarians is the protection of live tissue, not only as a
physical barrier but also as a chemical one (Brown and Bythell,
2005; Ritchie, 2006; Wahl et al., 2012). In addition, the SML
has antimicrobial compounds and other molecules that can
fight potential pathogenic microorganisms (Abbas et al., 2007;
Mydlarz et al., 2010). We evaluated the antimicrobial capability
of the SML per se, by irradiating collected mucus with UV
light. We found that this layer has antimicrobial activity against
tester strains S. marcescens and Aurantimonas sp. However, as we
hypothesized, results differed among the mucus collected from
the different animals we considered. In healthy animals, only
anemones did not show an inhibitory effect against S. marcescens,
associated exclusively with the surface mucus layer. On the
other hand, the mucus layer of healthy corals and medusas
was not as effective to inhibit the growth of Aurantimonas sp.
as that of anemones. Our results agree with the concept of
the SML as a chemical barrier with antimicrobial capabilities,
containing molecules that contend potential pathogens, related
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to the phylogenetic position of these animals and perhaps to their
particular life history.

A single publication on the antibacterial properties and the
innate immune response of corals has analyzed these properties
in the surface mucus layer (Ritchie, 2006). In this work, the
author evaluated UV irradiated mucus collected from the reef
coral Acropora palmata and found that it has antimicrobial
activity, suggesting its role as a biochemical defense. In addition,
some of the bacteria isolated and cultured from this same
layer showed antimicrobial activity (Ritchie, 2006). In that
same work, UV irradiated mucus collected from colonies that
had experienced increased temperature also was evaluated
and found that it had lost its antimicrobial capability. We
found that, although the SML showed diminished inhibitory
activity in diseased colonies, the antimicrobial capability of
mucus-associated bacteria rather improved against S. marcescens.
The antimicrobial capabilities of the mucus layer that we
assessed in healthy P. strigosa colonies over two tester strains,
demonstrated a differential response: the inhibitory activity
against S. marcescens was associated with the bacteria-free mucus,
while the inhibitory activity against Aurantimonas sp. was mostly
associated with the bacteria cultured from the SML. These results
suggest that the antimicrobial activity of the SML has some kind
of species-specific effect, also indicating that S. marcescens may be
a common potential pathogen.

Previous work has indicated that corals affected by a disease
have reduced defensive capabilities (Palmer et al., 2010; Pinzón
et al., 2014a). Consistent with these reports, diseased coral
colonies of P. strigosa showed a diminished inhibitory effect
against Aurantimonas sp. in mucus over the transition zone,
for all mucus treatments. However, this capacity was not
different in healthy colonies when compared to the mucus over
healthy-looking tissue of diseased colonies. It is interesting that
against S. marcescens, the SML antibacterial activity in diseased
colonies was reduced, but the bacteria associated with this layer
showed positive, inhibitory activity in mucus from diseased
tissue, suggesting that SML associated bacteria may contribute
significantly to protect diseased corals. Black band disease is
characterized as a dark band, formed by a microbial consortium
dominated by cyanobacteria, which migrates across living tissues
degrading and killing entire colonies over a period of several
months (Garret and Ducklow, 1975; Rützler and Santavy, 1983).
Various studies have reported that the microbial community in
different species of corals affected by BBD, increases in diversity,
including some specific genera like Desulfobacteraceae and toxin-
producing cyanobacteria (Frias-Lopez et al., 2004; Sekar et al.,
2006). In P. strigosa colonies affected by BBD, the mucus layer
showed the presence of hydroxyproline, suggesting that the
immune response in these colonies is active and producing
collagen to encapsulate potential pathogens (Mydlarz et al.,
2010; Palmer and Taylor-Knowles, 2012; Ocampo and Cadavid,
2015). Although no melanin was detected in mucus from any
of the animals studied, phenoloxidase activity behaved similarly
to hydroxyproline in coral diseased colonies. These results are
in agreement with studies on Acropora millepora affected with
white syndrome that detected more phenoloxidase activity near
the lesion (Palmer et al., 2011). In addition, the healthy-looking
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TABLE 3 | Frequency for the presence of inhibition growth zone of treated mucus collected from healthy or bleached Exaiptasia pallida (anemone) and Cassiopea
xamachana (medusa).

Animal Condition Serratia marcescens Aurantimonas sp.

SML MAB MC Q0 SLM MAB MC Q0

Cassiopea xamachana H 2/6 0/6 0/6 4 2/6 0/6 0/6 4

B 0/6 0/6 0/6 0 0/6 0/6 5/6∗ 12∗

p 0.45 1 1 1 0.77 0.25

Exaiptasia pallida H 0/6∗ 5/6 5/6 10∗ 6/6 6/6 6/6 0

B 0/6∗ 5/6 5/6 10∗ 3/6 4/6 2/6∗ 1.5

p 1 1 1 0.18 0.45 0.06∗

Treated mucus was offered to plated tester strains S. marcescens and Aurantimonas sp., their growth inhibition scored after 16 and 48 h, respectively. H, Healthy; B,
bleached; SML, Superficial Mucus Layer (bacteria-free); MAB, Mucus Associated Bacteria; MC, Mucus Complex (mucus + bacteria). Numbers for inhibited growth over
total scores calculated from 6 biological replicates with 3 technical replicates each. Statistically significant different samples are denoted by an asterisk (∗) for p < 0.05 in
healthy vs. bleached animals, and for Q > 5.99 for mucus treatments.

TABLE 4 | Total hydroxyproline and phenoloxidase (PO) activity levels of the mucus complex samples collected from healthy and bleached C. xamachana and E. pallida.

Organism Parameters Hydroxyproline (mg ml−1) PO activity (A490 mg protein−1min−2)

Healthy Bleached Healthy Bleached

Cassiopea xamachana Mean∗ 0.160 ± 0.001 0.164 ± 0.003 0.278 ± 0.137 0.055 ± 0.025

Median 0.159 0.161 0.177 0.046

Max. data 0.164 0.179 0.876 0.153

Min. data 0.158 0.161 0 0

n 6 6 6 6

p 0.077 p 0.289

Exaiptasia pallida Mean∗ 0.160 ± 0.001 0.164 ± 0.003 0.249 ± 0.044 0.453 ± 0.252

Median 0.156 0.161 0.233 0.220

Max. data 0.163 0.179 0.233 1.683

Min. data 0.158 0.160 0.133 0.003

n 6 6 6 6

p 0.173 p 0.937

Wilcoxon test did not show statistically significant differences among healthy and bleached mucus samples. ∗Data presented as the mean ± SE.

TABLE 5 | Total protein, lipid and carbohydrates in mucus samples collected from healthy and bleached C. xamachana and E. pallida.

Organism Parameters Proteins (mg ml−1) Lipids (mg ml−1) Carbohydrates (mg ml−1)

Healthy Bleached Healthy Bleached Healthy Bleached

Cassiopea xamachana Mean∗ 0.182 ± 0.043 0.050 ± 0.000 0.065 ± 0.001 0.060 ± 0.000 0.038 ± 0.000 0.034 ± 0.007

Median 0.207 0.050 0.066 0.060 0.038 0.035

Max. data 0.278 0.051 0.066 0.061 0.039 0.055

Min. data 0.061 0.050 0.063 0.059 0.037 0.010

n 6 6 6 6 6 6

p 0.002 p 0.002 p 1.00

Exaiptasia pallida Mean∗ 0.271 ± 0.001 0.124 ± 0.022 0.058 ± 0.000 0.059 ± 0.000 0.040 ± 0.000 0.038 ± 0.000

Median 0.271 0.146 0.058 0.059 0.040 0.038

Max. data 0.276 0.149 0.059 0.062 0.041 0.040

Min. data 0.265 0.015 0.057 0.058 0.039 0.037

n 6 6 6 5 6 5

p 0.002 p 0.329 p 0.017

∗Data presented as the mean ± SE. Significant differences indicated with bold letters at p < 0.05 among samples (healthy vs. bleached) by Wilcoxon test.
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tissue of diseased colonies of Orbicella faveolata affected by yellow
band disease was shown to have an active immune response
(Weil et al., 2009; Morgan et al., 2015). Concurring with previous
reports (Fleming, 1922; Ritchie, 2006; Abbas et al., 2007), we
were able to detect an innate immune activity in the mucus layer,
suggesting that corals expel molecules with such activity from
their tissues.

It seems relevant to comment that there is a lack of reports
on diseases in Exaiptasia anemones or Cassiopea medusas
in the field. Our results suggest that main antibacterial
capacity of these organisms seems to be located in different
components of the superficial mucus layer, being specific
to the tested bacteria: against S. marcescens the mucus of
anemones seemed to depend on the associated bacteria,
while inhibitory effects in medusas associated with the
bacteria-free mucus layer. Against Aurantimonas sp., the
anemones had the same inhibitory effect independent of
the component of the mucus complex, which diminished
in bleached animals. But in medusas, only the bacteria-
free mucus layer demonstrated inhibition of the growth of
Aurantimonas sp., which was also lost in bleached animals.
Apparently, E. pallida does not have a characteristic core
bacterial community (Brown et al., 2017; Herrera et al.,
2017). This community varies according to the environmental
conditions and does so rapidly (Herrera et al., 2017). This
characteristic could explain the high resilience of this anemone
to stress that we corroborated in bleached animals, as they
did not show a diminished capacity to inhibit the growth of
S. marcescens and, although lower, still showed an appreciable
inhibitory effect against Aurantimonas sp. S. marcescens
is a ubiquitous, opportunistic terrestrial pathogen, often
infecting humans. In the ocean, it could be linked to municipal
discharges. This bacterium has been found to cause white
pox disease in the coral A. palmata (Patterson et al., 2002).
Interestingly, the response in E. pallida could implicate a
previous contact with this pathogen, contrasting with P. strigosa
and C. xamachana, which were less successful in inhibiting its
growth. As for Aurantimonas sp., it may be a more common
inhabitant of the sea, which would explain why the mucus
complex of all three cnidarians showed inhibitory activity
against it.

Increased temperatures commonly cause bleaching in
symbiotic reef cnidarians (Brown, 1997; Hoegh-Guldberg, 1999).
After bleaching, there is a diminished translocation of carbon
(Muscatine et al., 1991; McGill and Pomeroy, 2008) and an
essential loss of energy for their health (Iglesias-Prieto et al.,
1992; Grottoli et al., 2006; reviewed in Mydlarz et al., 2010).
As a consequence, bleached corals have been found to be more
susceptible to disease (Miller et al., 2006; Bruno et al., 2007).
Our results showed that the mucus extracted from bleached
anemones did not have a reduced effect against S. marcescens
but the inhibitory effect against Aurantimonas sp. was reduced.
Although bleaching of the medusa reduced the inhibitory effect
of the SML, interestingly the mucus complex exhibited an
increased inhibition over the growth of Aurantimonas sp.

On the other hand, bleaching did not change the levels
of hydroxyproline or phenoloxidase in the SML of anemones

or medusas, suggesting that the loss of symbionts is not
enough to stimulate immunological activities that may reach
the SML. However, the loss of symbionts leads to a loss of
translocated carbon (Muscatine et al., 1991; McGill and Pomeroy,
2008). In anemones, this reflected directly in the levels of
carbohydrates of the surface mucus layer. But in medusas, the
loss of potentially translocated carbon was detected in lipid
levels. This difference may relate to the time these animals
had been without symbionts. E. pallida were bleached by cold
shocks and maintained for 2–3 weeks before the experimental
measures were taken, while C. xamachana were bleached at
low light over a 2 months period with daily feeding, but their
lipid reserves may have been significantly reduced. In any
case, the loss of symbionts probably changes the composition
of the surface mucus layer; but this change did not affect
the antibacterial properties of this layer in anemones but did
so in medusas. Although we did not find antibacterial and
immunological responses to be associated with the composition
of the mucus layer in any of the animals considered, it is
interesting that the values for total proteins, carbohydrates, and
lipids among healthy animals were similar, implying a balanced
C-budget.

Disease and bleaching in tropical symbiotic cnidarians have
increased severely in the past years due to the deterioration of
the reef environment. However, the defensive responses these
organisms possess may help them in a species-specific way. In
coral colonies of P. strigosa affected by BBD, our results indicate
that even though the superficial mucus layer and the associated
bacterial community have antibacterial capabilities, and some
innate immune response was measured, their response may not
be strong enough to fight this disease successfully. Bleached
animals did not show significant changes in their immune
response. The techniques that were used to bleach anemones and
medusas in this work did not involve high temperature, which
may have resulted in less substantial changes in the associated
bacterial community. Diminished carbohydrates or lipids in
the mucus of bleached animals and the presence of immune
activity, may have reduced the antimicrobial capability of the
mucus layer, except for the response against Aurantimonas sp. in
medusas, which was improved. The activity may have been due
to a specific bacterium with antimicrobial capabilities that was
isolated from bleached medusas. We are currently working on its
identification.
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