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ABSTRACT. Histological analysis of bleached samples of Siderastrea stellata Verrill, 1868, with white plague disease and with alteration in the color
pattern, revealed drastic tissue and cellular disturbances, such as lysis of the external epithelium, hyperplasia of gastrodermis, apoptosis of epithelial cells
and zooxanthellae, and degradation of mesenteric filaments and reproductive cells. Fungal hyphae, diatoms, and cyanobacteria were present in diseased
samples and colonies with alteration in the color pattern. Furthermore, bleached and diseased samples showed significant reductions in the number of
zooxanthellae per 100 pm? of gastrodermis and significant reductions in the diameters and volumes of stage V oocytes. We found that bleaching events,
diseases, and colonies with alteration in the color pattern promoted degradation of reproductive cells, resulting in the consequent interruption of the
reproduction of the coral S. stellata, which is one of the most common Brazilian coral species. The implications of these indirect effects of bleaching,
disease, and changes in coral color patterns in the population dynamics of Brazilian reefs are discussed.

KEYWORDS. Brazilian reefs, coral diseases, coral bleaching, histopathology, cellular disturbances.

RESUMO. Efeitos histopatologicos dos eventos de branqueamento e doengas no coral Siderastrea stellata dos recifes costeiros do Brasil. Anélises
histologicas de amostras de Siderastrea stellata Verrill, 1868 branqueadas, doentes e com alteragdo no padrao de cloragdo, revelaram drasticas perturbagdes
teciduais e celulares, como lise do epitélio externo, hiperplasia da mesogleia, apoptose das células epiteliais e das zooxantelas, e degradagio dos filamentos
mesentéricos e das células reprodutivas. Hifas fungicas, diatomaceas e cianobactérias estavam presentes em amostras doentes ¢ em tecidos de colonias
com alteragdo no padrdo de coloragdo. Além disso, amostras branqueadas e doentes apresentavam redugdes significativas no nimero de zooxantelas
por 100 pm? da gastrodermis e, redugdes significativas nos didmetros e volumes dos o6citos de estagio V. Constatamos que eventos de branqueamento,
doengas e coldnias com alteragdo no padrio de cloragdo, promoveram degradagdo das células reprodutivas, resultando na consequente interrup¢do da
reprodugdo do coral S. stellata, que é uma das espécies de corais brasileiro mais comuns. As implicagdes desses efeitos indiretos do branqueamento,
doengas e das mudangas nos padrdes de coloragdo dos corais na dindmica populacional dos recifes brasileiros sdo discutidas.

PALAVRAS-CHAVE. Doengas em corais, branqueamento de coral, histopatologia, recifes brasileiros, perturbagdes celulares.

Studies concerning the incidence and prevalence of
diseases in corals are one of many threats to coral reefs all
around world, and the numbers of species affected have
increased considerably in recent years (TRAYLOR-KNOWLES et
al.,2017; RODRIGUEZ-VILLALOBOS & REYES-BONILLA, 2019).
Disease events have been associated with significant declines
in the populations of reef-building species and changes in
the community dynamics of corals affecting the trophic
economy and coral reefs productivity (TRAYLOR-KNOWLES
etal.,2017; WALL et al., 2018; RODRIGUEZ-VILLALOBOS &
REYES-BONILLA, 2019).

The history of investigations into coral diseases dates
to approximately 1970, with the first reports of black band
disease (BBD) in the Caribbean and Indo-Pacific regions
(ANTONIUS, 1988; RICHARDSON, 1998). More than thirty-

five different types of diseases affecting corals have now
been reported from approximately 70 countries (PORTER
et al.,2011; PALMER et al., 2011; RODRIGUEZ-VILLALOBOS
& REYES-BoNILLA, 2019), but despite the progressive
increase in publications on the subject, most diseases and
their etiological agents remain unclear. Also, most of the
work on coral diseases involved only field research with
little histopathology, thus making it difficult to understand
the causes of coral diseases.

According to the literature, although most pathogens
involved in the manifestations of coral diseases naturally
inhabit coral communities, it is believed that their interactions
with various elements of environmental stress exacerbate their
negative effects (BaN et al., 2014; MONTILLA et al., 2019). As
the microorganism communities observed in healthy tissues
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are largely the same as those present in diseased tissues,
additional techniques will be needed to better understand the
appearance of serious diseases among corals (MOREIRA ef al.,
2014). For this reason, researchers from many countries have
used histological techniques that allow spatial visualization
of microorganisms associated with healthy and diseased
tissues, assisting in the assessment of damage to coral tissue
and manifestations of diseases (WORK et al., 2016; TRAYLOR-
KNOWLES et al., 2017).

Although several approaches and sophisticated
tools have been employed in different parts of the world
to examine bleaching and disease events in corals, most
studies undertaken in Brazil have been limited to macroscopic
descriptions, such as bleaching and disease percentages
(FRANCINI-FILHO et al., 2008; COSTA SassI et al., 2014,
SOARES & RABELO, 2014; Sassi et al., 2015), the geographic
distributions and seasonality of these events (Acosta, 2001;
FrRANCINI-FILHO et al., 2008; CosTA et al., 2013; CoSsTA
Sasst et al., 2014), studies directed toward the composition
of microorganisms that could be cultivated (MOREIRA e?
al., 2014), and quantification of microorganisms associated
with healthy and bleached tissues (Costa Sasst et al., 2014;
Sassi et al., 2015).

These approaches, however, have not been sufficient
for accurate diagnosis of coral diseases, and they do not
increase our understanding of their real consequences to
these organisms. Therefore, we aim to describe the tissue
and cellular damage that the bleaching events, diseases, and
pigmented tissue promote on coral Siderastrea stellata Verrill,
1868, which is one of the most common coral species that
occur along the Northeast and Southeast coasts of Brazil.
In addition, this species, along the Brazilian coast, has
been suffering from frequent bleaching and disease events,
although with a very low mortality rate (CosTA Sassi1 ef al.,
2014; Sasst et al., 2015; TEIXEIRA ef al., 2019).

MATERIAL AND METHODS

Study site and sample collections. This research was
carried out on the reefs of Ponta do Seixas (State of Paraiba,
Brazil) located 700 m from the continent (Fig. 1). Ponta do
Seixas Reef are part of the most visited group of coastal
reefs in the state of Paraiba, are inserted in the state marine
preservation area (APA Naufragio Queimado), and several
bleaching events have been reported in this area affecting
several coral species, including Siderastrea stellata (COSTA
Sassi et al., 2014; Sassi et al., 2015).

Fig. 1. Areas where corals were sampled, Ponta do Seixas, state of Paraiba, Brazil.
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During each month between September 2018 and
July 2019, four fragments of 5 cm in diameter of the coral
Siderastrea stellata in healthy conditions, bleached, with
white plague disease, and with alteration in the color pattern
were collected using a hammer and chisel (a total of 176
fragments were collected). In the case of white plague
disease specimens, a paired sample (a sample of healthy
tissue and a sample of tissue from lesions in each affected
colony) was taken. The samples were individually kept in
plastic bags, fixed in a saline 10% formalin, and transported
to the Laboratorio de Ambientes Recifais e Biotecnologia
com Microalgas - LARBIM of the Universidade Federal da
Paraiba, where they were processed. All corals were sampled
from within a 2 m depth.

The healthy specimens (Fig. 2a) showed a golden-
brown color characteristic of the S. stellata and were
classified with scores of 5 or 6 following the criteria of the
Coral Health Chart. The bleached specimens (Fig. 2b) were
classified with scores of 1 or 2 following the criteria of the
Coral Health Chart (severely bleached according to SIEBECK
et al., 2006). The specimens with white plague disease had
an irregularly shaped white lesion, with focal distribution
and located on the periphery of the colony (Fig. 2c¢).

The specimens with diffuse pink discoloration (Fig.
2d) were considered to have a color pattern that was not
characteristic of healthy colonies of Siderastrea stellata.
According to CosTa SassI et al. (2014) and Sasst et al. (2015)
pink pigmentation represents an early stage of bleaching
documented in Brazilian coastal reefs and needs to be
examined more deeply. Thus, all pink specimens collected
in this study will be considered to have a pigmentation pattern
altered (PPA) following Sassi et al. (2015).

Histological analysis. After 12 hours of fixation, the
coral samples were decalcified in a 10% formic acid and 5%
formalin solution, after placed in running tap water to remove
acid traces following PIRES ef al. (2014). After decalcification,
the samples were dehydrated in an ethanol series (70%, 80%,
90% and 100%), cleared in xylene, embedded in paraffin,
sectioned longitudinally and transversely (5-7 pm), and
stained with Hematoxylin and Eosin (H&E). Grocott’s stain
was used to verify the presence of bacteria and fungi. Ten
slides were prepared from each fragment collected for each
type of stain.

All histological slides were analyzed, using a Leica
trinocular microscope DM 2500 to evaluate the integrity and
organization of the tissue layers, their cellular constituents,
the presence of associated microorganisms, zooxanthellae
integrity, presence and aspects of reproductive structures,
and measures of the thickness of the external epithelium.

In cases where stage V oocytes (those showing
nucleus and nucleolus) were observed, measurements of
their dimensions (size and volume) were performed from
cross sections following GLYNN ef al. (1994) and SHIKINA
et al. (2012). The measurements of oocyte diameter (n= 140
randomly chosen oocytes per sample for each coral health
condition), and measures of the thickness of the external

epithelium (n= 50 measurements randomly chosen per sample
for each coral health condition) were made in cross sections
using a previously calibrated micrometric eyepiece.

Three histological slides for each condition (healthy,
bleached, with white plague disease, and PPA colonies) were
photographed at 400x to determine the number of symbiotic
algae (zooxanthellae) within 100 pm? of gastrodermis,
following PALMER ef al. (2008). Photographs were taken of the
epidermal layers in the free body wall region in longitudinal
sections of polyps of Siderastrea stellata, using a Leica
DFC295 camera attached to the Leica trinocular microscope
DM 2500 coupled to a PC microcomputer. The number
of zooxanthellae within 100 um? of the gastrodermis was
recorded in 15 randomly selected areas of healthy, bleached,
diseased, and pigmented tissue longitudinal sections. The
IMAGE J software was used to calculate the tissue area.

Statistical analysis. The degrees of homoscedasticity,
as well as the normality of all the histological variances, were
tested using the Levene and Shapiro tests respectively. The
means of the variables of the tissues (external epithelium
thickness, population density of zooxanthellae per 100 pm?
of gastrodermis, and the diameters and volumes of the stage
V oocytes) were analyzed in healthy and bleached colonies
as well as in those showing white plague disease, and PPA
colonies and compared by variance analysis (ANOVA-One-
way) and Tukey’s HSD test. When the variances did not
demonstrate normality, non-parametric tests were used.
All the statistical treatments were made using Statistica
10.0 software, at a 5% level of significance, following the
recommendations of ZAR (2010).

RESULTS

Bleaching events and diseases promoted drastic
alterations in the cellular and tissue architectures of the
coral S. stellata. Healthy samples showed normal tissue
with columnar epithelium, thin mesoglea and gastrodermis
replete with zooxanthellae, healthy epithelial layers of the
body wall (Fig. 2a.1). Bleached samples, on the other hand,
exhibited fragmentation and/or reductions in the thickness of
the external epithelium, hyperplasia of the mesoglea due to
increased mucocytes cell sizes, and necrosis of gastrodermis
(2b.1). White plague disease samples demonstrated
hypertrophy of their caliciform cells, rupture of the external
epithelium due to the presence of many mucocytes, apoptosis
of epithelial cells, and focal vacuolation of gastrodermis
(Fig. 2c.1). The PPA colonies tissues exhibited apoptosis of
the epithelial cells and zooxanthellae, with an appearance
of the cells that often made their boundaries indistinct due
to the absence of observable cellular contours; under those
conditions, their tissues were totally fragmented, and necrosis
of eternal epithelium is evident (Fig. 2d. 7). Apoptosis of the
epithelial cells and zooxanthellae were observed in 80.95%
of the slides of bleached tissue, and in 100% of the slides of
tissues from colonies suffering from white plague disease
or that were pigmented; healthy tissues were not observed.
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Fig. 2. Siderastrea stellata Verrill, 1868 colonies healthy conditions (a), bleached (b), white plague disease (c), and colonies with pigmentation pattern
altered (PPA) (d). And their respective histological sections, stained in H & E: a./, healthy body wall epithelial layers; b. 1, body wall with gastrodermis
and mucus laden calicodermis, black arrow pointing to necrosis of gastrodermis, and red arrow pointing to mucocytes promote hyperplasia of the
mesoglea; c. 1, epithelium disrupted and presence of many mucocytes (black arrow), and focal vacuolation of gastrodermis (red arrow); d./, basal body
wall with calicodermis, and necrosis of eternal epithelium (black arrow).
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The analyses of those slides allowed us to classify the
appearance of the external epithelium into three categories:
(1) intact (when the epithelial and caliciform cells were intact
and three coral tissue layers could be observed, as well as
the basal laminar and cell outlines; Fig. 2a[), (ii) fragmented
(when the shapes and contours of the epithelial cells could
not be distinguished and have increased mucocyte cell sizes;
Fig. 2b1) and, (iii) epithelium not seen (when the epithelium
could not be distinguished, with apoptosis of the epithelial
cells and zooxanthellae, or if those structures were dispersed
throughout the slide; Fig. 2¢1).

In those analyses, 68.42% of the slides of healthy
tissues demonstrated an intact epithelium, while 31.58%
of the slides showed a fragmented epithelium. The slides
of bleached tissues showed 71.43% having fragmented
epithelium, 12.13% having absence of epithelial structure,
and 16.44% demonstrated intact epithelium. All slides (100%)
of the white plague disease and PPA colonies samples had
fragmented epithelium.

It was also observed that bleaching events, white
plague disease, and PPA colonies tissues, resulted in
significant reductions in the thickness of the external
epithelium. The mean thickness of the external epithelium

was significantly greater in healthy samples (10.64 + 0.79
pm) than in bleached (of 7.04 £ 0.59 pum), white plague
disease (5.40 £ 0.57 um) or PPA colonies tissue (5.09 + 0.34
um) (mean + SD) (F= 122.8381; df=3; p< 0.05).

Several microorganisms were observed on the slides
of healthy, bleached, and diseased colonies and PPA colonies.
Zooxanthellae and diatoms were observed in healthy tissues,
while bleached tissues and those showing white plague
disease contained, in addition to symbiotic zooxanthellae,
various other microorganisms such as diatoms, cyanobacteria,
and fungi (Fig. 3). Grocott’s staining revealed that all of the
slides of bleached tissue, white plague disease, and PPA
colonies tissues showed the distinct presence of fungal
hyphae, including within the mesenteric filaments responsible
for the nutrition of coral reproductive structures (Fig. 3¢,d).

Comparisons of histological sections revealed that the
mean numbers of zooxanthellae per 100 um? of gastrodermis
were significantly greater in healthy samples (0.67 + 0.22
cells 100 um? of gastrodermis) than in white plague disease
samples (0.01 + 0.02 cells. 100 pm? of gastrodermis) or
PPA colonies tissue samples (0.22 + 0.09 cells. 100 pm?
of gastrodermis) (mean + SE) (KW-H (3;79)= 64, 19; p <
0.05; Fig. 4).

Fig. 3. Photomicrographs of organisms associated with bleached sample (a) black arrow is pointing to diatom (see striated frustule) on the surface of
corals. The epidermis is atrophied and cuboidal and gastrodermis is bereft of zooxanthellae (atrophy) and markedly vacuolated; b, dead autolyzed tissue
with another likely diatom (black arrow); c-d, dissociated tissues with fungal hyphae (black arrow); d, shows fungal hyphae (black arrow) invading

coral tissue with necrosis.
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Fig. 4. Comparison of mean densities of zooxanthellae per 100 um? of
gastrodermis between healthy samples, bleached, white plague diseased
and colonies of coral Siderastrea stellata Verrill, 1868 with pigmentation
pattern altered (PPA).

Female reproductive structures (oocytes) were
observed in all samples examined (healthy, bleached,
diseased, and or PPA colonies). On the other hand, male
reproductive structures (spermatids) were present only in
white plague disease samples and planula larva were found in
healthy and PPA colonies samples. We observed degradation
of stage V oocytes and spermatids in bleached, PPA colonies,
and diseased samples. However, in healthy samples, stage V
oocytes showed resorption aspects (Fig. 5a,b). In addition,
we observed that bleached and white plague disease samples
showed damage to the mesenteric filaments, visible losses
of cell integrity, presence of many large pink granules in
gastrodermis and calicodermis, zooxanthellae in various
stages of degradation, apoptosis of their epithelial cells, and
epithelial lysis (Fig. 5d).

The mean size of the stage V oocytes of bleached
samples were significantly smaller than those of healthy and
diseased samples (KW- H (3, 225) = 12.58177; p <0.05; Tab.
I). The mean volumes of stage V oocytes were quite small
among bleached sample than those of healthy and diseased
samples, and significantly larger in PPA samples colonies
(KW-H (3, 225) = 11.71427 p <0.05; Tab. I).

Fig. 5. Degraded reproductive structures of Siderastrea stellata Verrill, 1868: a-b, stage V oocytes from healthy sample; c, spermatids from white plague
disease samples; d, mesenteric filaments from bleached sample. Note in (d) black arrow points tonecrosis of mesenteric filaments.

Tab. 1. Size and volumes of stage V oocytes (Mean + SD) of Siderastrea stellata Verrill, 1868. Similar letters indicate no statistical difference.

Health condition of colonies

Diameters of stage V oocytes (um)

Volumes of stage V oocytes (mm?® x 10°)

Healthy
Bleached
White plague

Pigmented tissue

355.01 £209.13¢
258.18 + 84.86°
353.65 £ 177.95°
445.36 + 164.09¢

160.89 + 236.17°
29,00 £ 27,41°
150.16 £ 215.50¢
187.98 + 142.24*
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DISCUSSION

The histological techniques used in this research
demonstrated the severity of the impacts that disease and coral
bleaching events promote on the body layers of Siderastrea
stellata, on the population density of its zooxanthellae and on
the reproductive structures. In addition, diseased and tissues
pigmented samples showed the marked presence of fungi,
diatoms, and cyanobacteria. These data demonstrate that
visual inspections in the field provide incomplete diagnoses
of the real health conditions of the corals. WORK et al. (2016)
reinforce that the lesions observed in the field have multiple
etiologies and reflected distinct host responses (which varied
from tissue fragmentation to cell apoptosis) demonstrating
the important utility of histopathological analyses.

We found that pink pigmentation of S. stellata,
considered an early stage of bleaching documented in
Brazilian coastal reefs by Sassi et al. (2015), show all the
serious histological changes observed in bleached and
diseased coral samples. Thus, alterations in the color patterns
of coral species represent signals of debilitated coral health
(WiLLIAMS et al., 2011; WORK & AEBY, 2011; WORK &
METEYER, 2014). In the present study, the pink pigmentation
of tissues of S. stellata was also associated with significant
reductions in zooxanthellae density as well as drastic tissue
and cellular alterations.

WORK et al. (2016) reported that the agents most
commonly associated with tissue loss in coral disease were
algae and fungi, and the most common host responses were
fragmentation and necrosis. These data are consistent with
our findings, since we observed several microorganisms,
such as diatoms, cyanobacteria, and fungi, in samples of
bleached and disease tissues.

Of'the 492 articles published between 1965 and 2013
analyzed by WoORK & METEYER (2014), 21% described
microscopic pathologies in corals and, of these, 57%
involved histological analyzes. These researchers noted
that publications that did not provide information concerning
on cell and tissue pathology provided only very incomplete
assessments, because for them, to better understand the coral
disease, it is important to look at coral cells.

The reductions in the thickness of the external
epithelium observed in bleached samples, diseased, and
with diffuse pink discoloration must certainly influence the
coral health, as epithelial layers are responsible for physically
protecting the organism, absorbing required substances from
the aquatic environment, and producing mucus (PALMER et
al., 2008). Moreover, apoptosis of the epithelial cells also
signals the weakening of the coral’s immune system, as these
cells work by protecting the organisms from solar radiation
and produce melanin, which is considered a key ingredient
for coral immunity (PALMER et al., 2008).

According to WORK et al. (2016) and TRAYLOR-
KNOWLES ef al. (2017), the increase in the numbers and
sizes of mucocyte cells in bleached and diseased tissues of S.
stellata represent a physiological response to risk situations
in corals. In addition, the conservation status and myocyte

cell shapes are clues to the damage suffered by corals when
exposed to certain stressors (WORK & AEBY, 2011; WORK
etal., 2016).

All publications that described the histopathological
effects caused by bleaching events and diseases in corals
reported increases in myocyte cells, fragmentation and/
or tissue necrosis, cell apoptosis, and hypertrophy of the
gastrodermis cells. These descriptions are consistent with our
findings and indicate that tissue health was also compromised
in the pigmented samples of this study.

We found significant reductions in the densities of
zooxanthellae within the gastrodermis layer of bleached,
diseased, and diffuse pink discoloration tissues of Siderastrea
stellata, indicating that the health of the coral was quite
compromised. Similar results have been reported by PALMER
et al. (2008) and TRAYLOR-KNOWLEs et al. (2017). Many
research reports that when the immunological systems of
coral species are activated, one of the first responses is the
expulsion of their zooxanthellae (PALMER ef al., 2008).

During our analyses, female reproductive structures
were observed in all specimens of S. stellata. However,
male reproductive structures were only observed in diseased
samples. This observation may largely reflect the sample
collection period, since S. stellata has oogenesis lasting
for approximately 10 months, while spermatid production
occurs only during specific months (BARROS ef al., 2003;
NEVES & SILVEIRA, 2003).

The presence of degraded oocytes in bleached and
diseased samples shows the indirect effects of these events
on corals which interrupt reproductive processes as a manner
of avoiding excessive energetic outlays, although that aspect
will also require additional investigations (BORGER & COLLEY,
2010). On the other hand, healthy tissues demonstrate rare
examples of stage I and V oocyte with vitelline membrane
broken or absent, possibly indicating partial reproductive
failure (SZMANT-FROELICH et al., 1980; NEVES & PIRES, 2002),
or according to ST. GELAIS ef al. (2016), a chronologically
staged biological process of Siderastrea.

According to BARROS ef al. (2003), although stage V
oocytes are mature enough to be released, coral reproductive
strategies can be influenced by environmental conditions.
This explains the presence of degraded or reabsorbed stage V
oocytes observed in bleached and healthy samples collected
from reefs subject to different anthropogenic stressors such
as the Ponta do Seixas reefs (Costa et al., 2007).

In conclusion, this work provides new information
on the effects of bleaching events and diseases on the coral
Siderastrea stellata, which were manifested as cellular
and tissue alterations, affected reproductive aspects of
those cnidarians, and promoted a possible interruption in
the reproductive cycle of this species, which is one of the
main builders of Brazilian reefs. The data presented here
clearly demonstrate the necessity to incorporate histological
techniques to more fully understand the severity of the
impacts of coral bleaching events, white plague diseases,
and change in color patterns of S. stellata. The implications
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of these indirect bleaching effects, diseases and changes in
coral color patterns need to be further investigated.
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