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ABSTRACT: Microplastics pollution differentially impacts coral reef systems, by threatening
corals physically, through physiological distress and by increasing diseases. However, most of the
studies to date have focused on scleractinian corals. The present work reports for the first time the
patterns of microplastic ingestion and adhesion by the alcyonacean Coelogorgia palmosa. Feed-
ing and adhesion tests were carried out with various concentrations of polyethylene microbeads.
Results showed a wide range of surface adhesion, ranging from 3 to 1573 microbeads per coral
fragment, suggesting that adhesion driven by mucus is the main mechanism of microplastic trap-
ping. Polyethylene was ingested by 60 % of coral fragments, and the average number of ingested
microbeads was much lower compared to scleractinian corals. Considering the ecological impor-
tance of soft corals in coral reef ecosystems, specific attention regarding microplastic pollution

effects on this taxon is recommended.
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1. INTRODUCTION

Plastic accounts for 80 % of all accumulated ocean
litter, with an estimated global emission to the oceans
in 2010 of 8 million metric tons (Jambeck et al. 2015),
an amount that has likely exponentially increased
since then (Borrelle et al. 2020). Lamb et al. (2018)
reported that 11.1 billion plastic items were entan-
gled on coral reefs across the Asia-Pacific, estimating
that this number will likely increase by 40 % by 2025.

Plastic wastes gradually break into microscopic
fragments (Huang et al. 2021), known as microplastics
(<5 mm in size). Recently, microplastic ingestion by
scleractinian corals has been demonstrated, and sev-
eral studies have documented their negative effects
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on coral health (e.g. Allen et al. 2017, Reichert et al.
2018). The interaction between microplastics and
coral involves ingestion (Allen et al. 2017, Axworthy &
Padilla-Gamino 2019), egestion (Reichert et al. 2018)
and surface adhesion (Martin et al. 2019). Laboratory
studies have demonstrated that microplastic exposure
might adversely influence growth rate, health status
and physiology of corals, with consequences for feed-
ing behaviour, photosynthetic performance, skeletal
calcification, tissue bleaching and necrosis (reviewed
in Huang et al. 2021).

Corals respond differently to microplastic stress,
depending on the species (Reichert et al. 2018), the
plastic size (Syakti et al. 2019) and the presence of
microbial biofilm on the plastic (Allen et al. 2017).
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However, most such studies to date have focused on
scleractinian species, while non-scleractinian antho-
zoans have been neglected. Currently, studies on the
interaction between non-scleractinian anthozoans
and microplastics are circumscribed to the zoanthids,
known as ‘button polyps' (Anthozoa: Hexacorallia:
Zoantharia). In Rocha et al. (2020), Zoanthus sociatus
showed an elevated sensitivity to polyvinylchloride
(PVC) microplastics, which caused high levels of epi-
dermis adhesion, lipid peroxidation and antioxidant
defences. Moreover, PVC, polyethylene (PE) and
polymethylmethacrylate (PMMA) microplastic ad-
hesion and ingestion caused mucus secretion and
bleaching in Protopalythoa sp. (Anthozoa: Hexaco-
rallia: Zoantharia) (Jiang et al. 2021).

Alcyonaceans (Anthozoa: Octocorallia: Alcyonacea)
represent a diverse component of coral reef com-
munities and comprise the second most common
group of benthic animals on shallow reefs (Nor-
strom et al. 2009). They are fundamental in coral
reef communities since they provide food, suitable
habitat, shelter for reef dwellers and other services
that underpin ecosystem biodiversity (Steinberg et
al. 2020).

Coelogorgia palmosa Milne-Edwards & Haime, 1857
(Order: Alcyonacea), a common soft coral in different
countries of the Indian and West Pacific Oceans, was
chosen to explore for the first time the interaction
mechanisms between microplastics and alcyonaceans
in order to investigate their responses to the presence
of microplastics. In this study, microplastic ingestion
and adhesion were measured at 2 different microplas-
tic concentrations, and the alcyonacean health status
was evaluated by monitoring abnormal mucus pro-
duction and polyp extension.

2. MATERIALS AND METHODS

At the Genoa Aquarium, 13 Coelogorgia palmosa
fragments of ~10 cm (mean + SD number of polyps in
each coral fragment = 190 + 4.5) were collected with
pliers from 6 different random colonies raised in the
aquarium tanks. The fragments were promptly fixed
on supports made by 2-component epoxy resin. Sub-
sequently, they were transported in the experimental
tank for 48 h of acclimation. After the first 24 h of
acclimation, each fragment was transferred into an
individual interaction chamber, consisting of a 2 1-
capacity glass beaker, filled with 1.51 of filtered sea-
water from the aquarium water system. Each interac-
tion chamber was equipped with an air pump, to
allow the circulation of microplastics and to imitate

the motion of particles as occurring in nature (Martin
et al. 2019). Chambers were allocated in a water bath
aquarium's tank to maintain the temperature of 25°C.
Fragments were randomly assigned to 2 treatments
with different concentrations of fluorescent PE
microbeads (0.98 g cm™3), with a size range of 180 to
212 pm (Cospheric). This microplastics size range
was chosen because it is similar to the dimension of
the zooplankton provided to the corals by the Genoa
Aquarium (nauplii of Artemia salina and Brachionus
rotundiformis) and it is a size range of microplastics
common in other coral-microplastics exposure stud-
ies (Huang et al. 2021). PE was chosen since it is one
of the most common types of plastic present in the
marine environment (Steinberg et al. 2020) and is
one of the polymer types most used in similar studies
(de Ruijter et al. 2020, Huang et al. 2021). In the first
treatment (T1), 0.013 g of microplastics was added to
each chamber, corresponding to a concentration of
0.01 g 1"'l. In the second treatment (T2), 0.1 g of
microplastics was added to each chamber, corre-
sponding to a concentration of 0.07 g 1"!. Since no ref-
erence studies were present for alcyonaceans, PE
concentrations were chosen based on previous ex-
periments on scleractinian and button corals (Hall et
al. 2015, Jiang et al. 2021).

For each treatment, 5 C. palmosa fragments were
exposed in single chambers to microplastics for 48 h.
In addition, for each treatment, one chamber with the
air pump and the support but without the coral
(blank) was set up to evaluate the loss of microplas-
tics in the system. Moreover, 3 chambers, each one
with a coral fragment but without PE, were used as
controls to check the coral health status under the
experimental conditions (Martin et al. 2019).

Three water aliquots of 2 ml were collected from
each chamber at the beginning of the treatments (0 h)
and after 2, 4, 6, 12, 24 and 48 h, in order to evaluate the
variation of microplastic concentration through time.
Subsequently, they were filtered using a 100 pm nylon
mesh and the microbeads were counted under a Par-
alux stereomicroscope, equipped with a stereo micro-
scope fluorescence adapter with a UV light head
(NIGHTSEA) kit. At0, 2,4, 6, 12, 24 and 48 h, abnormal
mucus produced by each fragment and the degree of
polyp extension were noted through visual inspection.

Abnormal mucus production was classified as the
presence of mucus strings streaming off the alcy-
onaceans, while the surface mucus layer was consid-
ered as normal mucus.

The degree of polyp extension was classified as
completely introflected (State 1), extroflected with
closed tentacles (State 2) and extroflected with open
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tentacles (State 3). After 48 h of treatment, micro-
bead adhesion and ingestion were assessed. Spe-
cifically, coral fragments were removed from their
chambers and thoroughly rinsed with salt water to
count the number of microbeads adhered. Moreover,
fragments were inspected under a stereomicroscope
(Paralux) integrated with a UV light kit (NIGHTSEA)
to ensure the absence of beads strongly attached to
the coral surface. Finally, each coral fragment, con-
trols included, was placed in a Petri dish and dis-
solved in sodium hypochlorite for 2 h, to allow for the
complete digestion of the coral tissue (Martin et al.
2019). We considered microbeads ‘adhered’ when
they were found attached to the coral surface, out-
side the polyps’' mouths. We considered microbeads
‘ingested’ when, once inspected under stereomicro-
scope, they were found inside the polyps’ mouths or
observed in the Petri dishes after the complete disso-
lution of each C. palmosa fragment. Subsequently,
the solution was observed under a stereomicroscope
equipped with a UV light and a yellow filter to count
all microplastics ingested.

A

Microbeads adhered

Average microbeads ingested

The Mann-Whitney test was used to evaluate
significant differences in microplastic ingestion and
adhesion. The chi-squared test of homogeneity was
performed to evaluate differences in abnormal mucus
production among treatments, while the chi-squared
test of independence was performed to evaluate the
difference in polyp status between treatments. A
Kendall's tau-b non-parametric correlation test was
performed to investigate associations between mucus
presence and microplastic adhesion. All statistical
analyses were performed in IBM SPSS 27.0 software.

3. RESULTS
3.1. Microplastic surface adhesion and ingestion

At the end of the treatments, all Coleogorgia pal-
mosa fragments showed microbeads stuck to their
surface (Fig. 1A) and trapped by the produced
mucus (Fig. 1B). The highest adhesion value of PE
beads per coral fragment was observed in T2, with
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Fig. 1. Microplastic interactions with Coelogorgia palmosa. (A) Adhered polyethylene (PE) beads on the coral surface next to a

polyp mouth. (B) PE beads trapped by coral mucus; the white arrow shows abnormal mucus coming from a coral polyp. (C) Ad-

hered plastic (average number of PE beads per coral fragment) in corals exposed to treatments T1 and T2. (D) Ingested plastic
(average number of PE beads per coral fragment) in corals in T1 and T2. In C and D, bars indicate SEM
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an average value 9 times higher than that in T1
(Fig. 1C). Differences in microplastic adhesion be-
tween different PE concentrations were not statis-
tically significant (U = 10, z = 0.584, p = 0.686). By
contrast, both T1 and T2 showed a statistically sig-
nificant strong positive correlation between abnor-
mal mucus presence and adhered microplastic
number (Kendall's tau-b correlation test, T, = 0.550,
p = 0.016).

Coral polyps ingested microplastics in both treat-
ments. Coleogorgia palmosa in T2 reported the high-
est values of ingested PE beads per coral fragment
(Fig. 1D) but no statistically significant differences in
microplastic ingestion between the treatments were
detected (U = 4.5, z = -1.433, p = 0.190). Under the
fluorescent stereomicroscope, most of the ingested
microplastics were found inside the polyps' mouths
(Fig. 2), while others entered the coral tissue. No
leaching of the fluorescent dye was noted. No PE
microbeads were found in the control fragments.

3.2. Mucus production and polyp extension

In both treatments, C. palmosa fragments showed
evidence of stress, with abnormal mucus production
and the shrinkage of tentacles. During the experi-
ment, 57 % of the treated fragments had polyps in
State 2, while most of control fragments (64 %) pre-
sented polyps in the healthier State 3 and never pre-
sented polyps in State 1 (Fig. 3A). After 2 h of expo-
sure to microplastics, 40% of fragments already

presented extra mucus filaments that remained
throughout the entire exposure time (Fig. 3B). At the
beginning, there was a strong impact of the micro-
plastics on the coral fragments in both treatments,
followed by a slight decline within the next 6 h and a
peak in abnormal mucus presence (60% of coral
fragments in both T1 and T2) around 12 h after the
start of the experiment (Fig. 3B). By contrast, control
fragments did not show any abnormal mucus produc-
tion. No statistically significant differences in abnor-
mal mucus occurrence between treatments were ob-
served (X21 =0.583, p > 0.05, N = 70). However, when
comparing T1 and T2 with the control, statistically
significant differences in abnormal mucus presence
were found (x?; = 9.234, p < 0.05, N = 91). The post
hoc test (z-test of 2 proportions) confirmed significant
differences between each treatment and the control
(X% = 9.234, p < 0.05, N = 91). Regarding the differ-
ences in polyp status, the chi-squared test of independ-
ence showed no statistically significant differences be-
tween T1 and T2, nor between either treatment and
the control (x% = 0.230, p > 0.05, N = 91).

4. DISCUSSION

We report for the first time the microplastic inges-
tion and adhesion patterns of an alcyonacean.
During the experiment, Coleogorgia palmosa control
fragments did not exhibit signs of stress, whereas
fragments exposed to microplastics showed a quick
abnormal mucus production that generally persisted

Fig. 2. Polyethylene (PE) ingestion by Coelogorgia palmosa. (A) A PE bead inside a polyp's mouth. (B) Beads trapped inside a
polyp; the white arrow shows a polyp tentacle interacting with a bead
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(2019), the mucus occurrence here
acted like a microplastic trap. In this
case, microplastics on the alcyona-
cean surface may produce an involu-
cre that might bury the polyps, pre-
venting the extension of the polyps
and their ability to capture external
particles (Reichert et al. 2018).

Since abnormal mucus production
and polyp status were similar among
treatments, this may suggest that the
occurrence and intensity of these coral
responses do not depend, as expected,
on microplastic concentrations. Ra-

Time (h)

Fig. 3. (A) Frequency of the different Coelogorgia palmosa polyp states during
treatments T1 and T2, and in control fragments after 48 h of experiment con-
ditions. (B) Frequency of abnormal mucus presence in C. palmosa frag-
ments during T1 and T2 and in controls over the duration of the microplastic

exposure

during the interaction time in all treatments. More-
over, they displayed polyp contraction, with polyps
that mostly remained extroflected but closed. Jiang
et al. (2021) reported similar responses for the button
coral Protopalythoa sp. interacting with microplastics
at a concentration of 0.05 mg 17!, Our results showed
that alcyonaceans can ingest microplastics, as al-
ready observed in scleractinian corals (Hall et al.
2015, Allen et al. 2017) and button corals (Rocha et al.
2020, Jiang et al. 2021). In contrast to other studies
(Martin et al. 2019, Jiang et al. 2021), in this work we
found a small number of microbeads ingested, and
this was not correlated to the microplastic concentra-
tion in the water. Similar results for microplastic in-
gestion were described by Rocha et al. (2020), where
the average ingestion was equal to 1.0 + 0.8 mi-
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ther, they might depend on the length
of the interaction between C. palmosa
and microplastics.

Microplastics are ubiquitous in mar-
ine environments, yet to date, only
limited coral reef regions have been
investigated. Microplastic abundance
in the surface water of coral reefs gen-
erally ranges from zero to tens of thousands of items
per cubic meter, while in sediments and corals it is
difficult to quantify due to the lack of a relatively
standardized unit or enough available data (Huang
et al. 2021). At the present environmental microplas-
tic concentrations, it is possible to miss or underesti-
mate an organism response resulting from interac-
tion with microplastics (Cunningham & Sigwart
2019, Opitz et al. 2021). Therefore, when we set our
experimental concentrations, we adopted a higher
microplastic concentration range with respect to the
environmental one. Still, our microplastic concentra-
tions are similar to those used in other microplastic—
coral feeding trials; this was done in order to be able
to observe reliable responses of these overlooked
organisms to microplastic presence, as well as to be
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able to compare our results with other peer-reviewed
results. Moreover, it should be highlighted that tem-
porary very high concentrations of microplastics in
seawater have been recorded in the past, especially
close to coastal areas, and according to our results,
these contaminants can impact benthic fauna even
only after a short time exposure (Sun et al. 2018,
Everaert et al. 2020).

However, additional studies using realistic envi-
ronmental microplastic concentrations and long-term
exposure are required to obtain a clearer picture of
the effects of microplastics on alcyonaceans. More-
over, in order to better evaluate the intensity of the
coral stress caused by the interaction with microplas-
tics, it might also be interesting to assess quantita-
tively the abnormal mucus production.

Recently, adhesion has been recognized as one of
the dominant interaction mechanisms between mi-
croplastics and scleractinian corals, responsible for
removing microplastics from the water column (Mar-
tin et al. 2019, Corona et al. 2020). Our results extend
this hypothesis to soft corals. At 48 h of exposure, all
fragments had similar numbers of PE beads adhered
to their surface, regardless of the microplastic con-
centration. This suggests that, in nature, the adhe-
sion may depend not only on the microplastic con-
centration, but also on the mucus production. Indeed,
PE beads attached to C. palmosa were mostly glued
to the mucus filaments produced by the stressed
polyps. The positive correlation between mucus pro-
duction and the amount of microplastics adhered
highlights the concept that the more mucus C. pal-
mosa creates, the more microplastic will stick on its
surface. Since corals produce mucus when subjected
to stress (Brown & Bythell 2005), factors that induce
the production of abnormal mucus may enhance the
adhesion of random plastic present in the water col-
umn, promoting adhesion and adding plastic pollu-
tion to the multitude of other coral stress factors.

5. CONCLUSIONS

Alcyonaceans provide fundamental services to
coral ecosystems (Steinberg et al. 2020), and will
acquire greater importance in the reefs of the future,
since transitions from scleractinian-dominated to
non-scleractinian-dominated reefs have been al-
ready suggested (Bradbury & Reichelt 1983, Bryce et
al. 2018). Although conditions (PE shape and concen-
trations) and responses described here may not be
representative of present natural reef environments,
they may become more relevant over time, due to

increases in microplastic concentrations in the wild
as the result of the ongoing input compounded with
the further fragmentation of larger plastic debris
(Cunningham & Sigwart 2019). This study reports for
the first time that soft corals are able to ingest
microplastics, and our results provide an important
first demonstration on how microplastics can have
negative effects on soft coral species. Moving on
from our observations, both laboratory experiments
and in situ studies could be carried out to assess on
the finest scale possible the reaction of soft corals to
microplastic interactions. This might expand the re-
search interest on these overlooked organisms, lead-
ing to a better understanding of resilience capacities
in coral reef ecosystems affected by the increasing
plastic pollution in the marine environment.

Acknowledgements. We thank the tropical department staff
of the Acquario di Genova for the technical support and
advice during the project; we are also grateful to the 2
anonymous reviewers and the editor for their useful advice,
and to Lucio Isa for the English revision.

LITERATURE CITED

]<Allen AS, Seymour AC, Rittschof D (2017) Chemoreception

drives plastic consumption in a hard coral. Mar Pollut
Bull 124:198-205

]{ Axworthy JB, Padilla-Gamino JL (2019) Microplastics inges-

tion and heterotrophy in thermally stressed corals. Sci
Rep 9:18193

H‘Borrelle SB, Ringma J, Law KL, Monnahan CC and others

(2020) Predicted growth in plastic waste exceeds efforts
to mitigate plastic pollution. Science 369:1515-1518

] Bradbury RH, Reichelt RE (1983) Fractal dimension of a

coral reef at ecological scales. Mar Ecol Prog Ser 10:
169-171

] Brown BE, Bythell JC (2005) Perspectives on mucus secre-

tion in reef corals. Mar Ecol Prog Ser 296:291-309

] Bryce M, Radford B, Fabricius K (2018) Soft coral and sea

fan (Octocorallia) biodiversity and distribution from a
multitaxon survey (2009-2014) of the shallow tropical
Kimberley, Western Australia. Rec West Aust Mus 85:
45-73

]\(Corona E, Martin C, Marasco R, Duarte CM (2020) Passive

and active removal of marine microplastics by a mush-
room coral (Danafungia scruposa). Front Mar Sci 7:128

¢ Cunningham EM, Sigwart JD (2019) Environmentally accu-

rate microplastic levels and their absence from exposure
studies. Integr Comp Biol 59:1485-1496

]\'{ de Ruijter VN, Redondo-Hasselerharm PE, Gouin T, Koel-

mans AA (2020) Quality criteria for microplastic effect
studies in the context of risk assessment. Crit Rev Envi-
ron Sci Technol 54:11692-11705

] Everaert G, De Rijcke M, Lonneville B, Janssen CR and oth-

ers (2020) Risks of floating microplastic in the global
ocean. Environ Pollut 267:115499

Z‘Hall NM, Berry KLE, Rintoul L, Hoogenboom MO (2015)

Microplastic ingestion by scleractinian corals. Mar Biol
162:725-732


https://doi.org/10.1016/j.marpolbul.2017.07.030
https://doi.org/10.1038/s41598-019-54698-7
https://doi.org/10.1126/science.aba3656
https://doi.org/10.3354/meps010169
https://doi.org/10.3354/meps296291
https://doi.org/10.1007/s00227-015-2619-7
https://doi.org/10.1016/j.envpol.2020.115499
https://doi.org/10.1021/acs.est.0c03057
https://doi.org/10.1093/icb/icz068
https://doi.org/10.3389/fmars.2020.00128
https://doi.org/10.18195/issn.0313-122x.85.2018.045-073

Vencato et al.: Microplastics in alcyonacean corals

139

\,

]iHuang W, Chen M, Song B, Deng J and others (2021)
Microplastics in the coral reefs and their potential
impacts on corals: a mini-review. Sci Total Environ 762:

143112

]\(Jambeck JR, Geyer R, Wilcox C, Siegler TR and others

(2015) Plastic waste inputs from land into the ocean. Sci-
ence 347:768-771

]\(Jiang S, Zhang Y, Feng L, He L and others (2021) Compari-
son of short- and long-term toxicity of microplastics with
different chemical constituents on button polyps. (Pro-

topalythoa sp.). ACS Earth Space Chem 5:12-22

#A‘Lamb JB, Willis BL, Fiorenza EA, Couch CS and others

(2018) Plastic waste associated with disease on coral
reefs. Science 359:460-462

HMartin C, Corona E, Mahadik GA, Duarte CM (2019) Adhe-

sion to coral surface as a potential sink for marine
microplastics. Environ Pollut 255:113281

]\<Norstr6m AV, Nystrom M, Lokrantz J, Folke C (2009) Alter-
native states on coral reefs: beyond coral-macroalgal
phase shifts. Mar Ecol Prog Ser 376:295-306

] Opitz T, Benitez S, Fernandez C, Osores S and others (2021)

Editorial responsibility: Christian Wild,
Bremen, Germany
Reviewed by: C. Martin and 1 anonymous referee

Minimal impact at current environmental concentrations
of microplastics on energy balance and physiological
rates of the giant mussel Choromytilus chorus. Mar Pol-
lut Bull 162:111834

A Reichert J, Schellenberg J, Schubert P, Wilke T (2018)
Responses of reef building corals to microplastic expo-
sure. Environ Pollut 237:955-960

]\'{ Rocha RJM, Rodrigues ACM, Campos D, Cicero LH and
others (2020) Do microplastics affect the zoanthid Zoan-
thus sociatus? Sci Total Environ 713:136659

A Steinberg RK, Dafforn KA, Ainsworth T, Johnston EL (2020)
Know thy anemone: a review of threats to octocorals and
anemones and opportunities for their restoration. Front
Mar Sci 7:590

Z’Sun X, Liang J, Zhu M, Zhao Y, Zhang B (2018) Microplas-
tics in seawater and zooplankton from the Yellow Sea.
Environ Pollut 242:585-595

] Syakti AD, Jaya JV, Rahman A, Hidayati NV and others
(2019) Bleaching and necrosis of staghorn coral (Acrop-
ora formosa) in laboratory assays: immediate impact of
LDPE microplastics. Chemosphere 228:528-535

Submitted: May 27, 2021
Accepted: October 26, 2021
Proofs received from author(s): December 13, 2021


https://doi.org/10.1016/j.scitotenv.2020.143112
https://doi.org/10.1126/science.1260352
https://doi.org/10.1021/acsearthspacechem.0c00213
https://doi.org/10.1126/science.aar3320
https://doi.org/10.1016/j.envpol.2019.113281
https://doi.org/10.3354/meps07815
https://doi.org/10.1016/j.chemosphere.2019.04.156
https://doi.org/10.1016/j.envpol.2018.07.014
https://doi.org/10.3389/fmars.2020.00590
https://doi.org/10.1016/j.scitotenv.2020.136659
https://doi.org/10.1016/j.envpol.2017.11.006
https://doi.org/10.1016/j.marpolbul.2020.111834



