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Antifouling Activity of Epibiotic Bacteria Associated with Soft Coral

Sarcophyton sp. Collected from the Central Red Sea
Shatha S. Mutadaris and Lafi Al Solami

Department of Marine Biology, Faculty of Marine Sciences, King Abdulaziz University, Jeddah,

Saudi Arabia
lalsulami@kau.edu.sa

Abstract. The microbial communities associated with marine invertebrates are considered as a
prolific source of bioactive metabolites. In this study, the bacteria associated with the soft coral
Sarcophyton sp. collected from the Red Sea was screened for antifouling activity to identify
potential natural antifouling compounds. The extract of bacterial strain Ruegeria lacuscaerulensis
KAU-MB3 associated with the soft coral showed strong antifouling activity in laboratory assays.
The crude bacterial extract reduced the growth of biofilm-forming bacteria and inhibited the
biofilm formation significantly. Barnacle larval settlement assay indicated a significant reduction
in the settlement of larvae treated with the crude extract. The crude extract was analysed by GC-
MS to understand the chemical composition. GC-MS results revealed the presence of compounds
such as hexadecane, octatriacontyl pentafluoropropionate, cis-Z-a-bisabolene epoxide and geranyl
isovalerate. In conclusion, this study indicated that the bacteria associated with the soft corals
could be used as one of the potential sources for the natural product antifoulants.

Keywords: Soft corals; bacterial symbionts; biofouling; bioactive compounds; microbial ecology;

Red Sea.

1. Introduction

Soft corals (Alcyonacea) are the main
components of the benthic communities in the
reef environment with great diversity in
tropical regions of the Indian and Pacific
oceans, Fabricius and Alderslade 2001),
including the Red sea (Reinicke 1997).
Previous studies showed that many microbial
species are associated with coral species
mainly in the mucus, tissues and surfaces
(Ritchie and Smith, 1997; Rohwer et al., 2001,
Koren and Rosenberg, 2006). The microbes
associated with the corals may have many
functions based on the relationships such as
mutualistic and pathogenic (Harvell et al.,
1999; Ben-Haim et al., 2003). Generally, the
microbial symbionts of corals provide
protection to the hosts through the production
of Dbiologically active metabolites or

antagonistic activity (Ritchie, 2006; Rosenberg
et al., 2007). Besides, the microorganisms
associated with the corals may have many
ecological functions such as supply nitrogen
and phosphorus to the host, participation in
nutrient recycling etc. (Rosenfeld et al., 1999;
Anthony and Fabricius, 2000).

In marine waters, almost all surfaces
(both living and non-living) are colonized by
microorganisms and macroorganisms. Some
marine organisms have defence mechanism
(antifouling  defence) against unwanted
colonization. The microorganisms associated
with marine organisms are also reported to
play important role in the antifouling defence
of these organisms. These microorganisms
could be a source for the isolation of novel
antifouling  metabolites to control the
biofouling development on artificial materials
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(Satheesh et al.,, 2016). Biofouling
development on hard substrates is one of the
serious issues for marine technology and
maritime sectors due to the ecological and
economical complications (Satheesh et al.,
2016). The biofouling development process
usually begins with the formation of biofilm
(microbes and microalgae) on the substrates,
attachment of larvae and algal spores and
finally assemblage of macroorganisms (Kwon
et al.,, 2002; Wesley and Satheesh, 2009;
Satheesh and Wesley, 2010; Satheesh et al.,
2016).

Many methods are used to control the
biofouling development on technical objects
(Qian et al., 2009). Tributyltin is one of the
popular antifouling compounds wused in
coatings (Nehring, 2001). Though TBT based
coatings are very effective to prevent
biofouling development, the side effects to the
environment and other non-target marine
organisms warrant strict guidelines and
complete  prohibition  from 2008 by
International Maritime Organization (Satheesh
et al., 2016). After the ban on TBT, many
alternatives are suggested but most of those
compounds are also reported to possess toxic
effects on marine organisms (Nehring, 2001).
The natural products from marine organisms
and their microbial symbionts are reported to
exhibits strong antifouling activity in
laboratory assays (Qi et al., 2008; Qian et al.
2009; Viju et al., 2017; Salama et al., 2018).

Marine microbes attracted the attention
of researchers due to their capability to
produce novel metabolites (Milinski, 1993;
Bernan et al., 1997; Fenical, 1997). These
secondary metabolites serve as model systems
in the discovery of new drugs as well as
ecologically relevant compounds. Bacteria
associated with sponges, corals and seaweeds
have been studied for their antimicrobial
activity (Burgess et al., 1999; Boyd et al.,
1999; Thiel and Imhoff, 2003; Radjasa et al.,
2007; Kennedy et al.,, 2009) and many
bioactive compounds have been reported
(Chandramohan, 1997; Anand et al., 2006;

Devi et al., 2010). However, only a few works
are available on the antifouling activity of
bacteria associated with soft corals. Hence, in
this study, the bacterial communities
associated with the surface of the soft coral
species collected from the Red Sea was
analysed for their antifouling activities. The
results obtained in this study will improve our
understanding of the chemical defence role of
bacteria associated with marine invertebrates.

2. Materials and Methods

2.1 Collection of Soft Corals and Isolation of
Surface-Associated Bacteria

The soft coral Sarcophyton sp. was
collected from the Obhur Creek, Jeddah coast
of central Red Sea. The collected coral
samples were immediately transferred to the
laboratory in a sterile container that contained
filtered and sterilized seawater. In the
laboratory, soft coral samples were rinsed in
filtered and sterilized seawater to remove the
debris and other organisms. The surface of the
soft coral samples was swabbed with cotton.
After that, the cotton swab was kept in 2 ml
filtered and sterilized seawater and vortexed.
Following this, the suspension was diluted and
spread on agar plates (Marine agar). The plates
were kept at 30°C for 24-48h for the
development of bacterial colonies. The
bacterial colonies developed on the plates were
separated based on colony morphology. The
isolated colonies were purified by the streak
plate method on marine agar plates. After that,
the purified colonies were maintained in
marine agar slants at 4°C for further studies.

2.2 Preparation of Crude Extract of Coral-
Associated Bacteria

The coral-associated bacterial isolates
were cultured in marine broth in conical flasks
(250 ml). The culture broth was kept at 30°C
in a shaker (100 rpm) for 3 days. Following
this, the culture broth was centrifuged at 10000
X g at 4°C for 15 min. After centrifugation, the
resulting pellet was collected and washed with
10 mM phosphate-buffered saline. The cell
pellet was extracted with 2 ml methanol. The
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extraction process was carried out for 24 hin a
shaker. After that, the supernatant was
collected and concentrated under reduced
pressure in a rotary evaporator. The resulting
crude extract was mixed with the required
amount of methanol for further assays.

2.3 Screening of Antibacterial Activity of
Coral-Associated Bacterial Extracts

The traditional disc diffusion assay was
used to test the antibacterial activity of the
crude extracts of the coral-associated bacteria.
Two biofilm-forming bacteria, Vibrio harveyi
and Planomicrobium sp. isolated from the
artificial materials submerged in the Obhur
Creek (Balgadi et al., 2018) were used as
target bacteria for the anti-biofilm assays. The
crude extract was mixed with methanol (100
tg in 1 ml) and used for the disc assay. Paper
discs (6 mm) were prepared using Whatman
filter paper. About 50 ul of the extract was
loaded on each treatment disc. The control
discs were loaded with 50 ul of methanol. The
extracts and solvent loaded discs were kept in
a chamber for 1 h. After that, the paper discs
were placed on marine agar plates that were
seeded with  biofilm-forming  bacteria.
Following this, the plates were kept in an
incubator at 30°C for 24-48h. The plates were
checked for the inhibition zones around the
discs. The zone of inhibition on the plates was
measured using a scale. The coral-associated
bacterial extract which showed strong activity
in the disc diffusion assay was selected for
further studies.

2.4 ldentification of Coral-Associated Bacteria

Genomic DNA from the bacteria was
extracted using a commercially available DNA
extraction kit by following the protocol
recommended in the kit instructions. The
extracted DNA samples were subjected to
PCR amplification using universal 16S rRNA
primers for bacteria. The PCR conditions and
sequencing protocols described previously by
Balgadi et al. (2018) was used in this study.
The sequences were aligned and the bacterial
strain was identified using National Center for

Biotechnology Information Basic Local
Alignment Search Tool (NCBI-BLAST). The
sequence was submitted to NCBI Genbank.

2.5 Biofilm-forming Bacterial Growth
Inhibition Assay (Spectrophotometer
Method)

Bacterial growth inhibition assay was
conducted using the spectrophotometric

method. About 3 ml of overnight grown
biofilm-forming bacterial culture was taken in
test tubes. To this, two different concentrations
(25 and 50 pg mlt) of coral-associated
bacteria were added and incubated for 5 h.
Two types of control wells were maintained,
one with 25 and 50 pl ml** methanol and the
other control without extract or solvents. The
OD (optical density) of the test and control
samples will be read at 630 nm in UV-Vis
spectrophotometer at 1 h interval for 5 h
duration.

Growth Rate(%)
_ Final OD Value — Initial OD value

Initial OD value

2.6 Antibiofilm Activity Assay (Microtitre Plate
Method)

The microtitre plate biofilm assay
described by O’Toole (2011) was used to test
the antibiofilm activity. In brief, overnight
grown biofilm-forming bacteria culture was
taken into 96 well microtitre plates. Two
different concentrations of the extracts (25 and
50 pg mlY) were added to the wells and
incubated for 24-72 h at 30°C in an incubator.
Two types of control wells were maintained,
one with 25 and 50 pl ml* methanol and the
other control without extract or solvents. After
incubation, the culture along with the
unattached bacterial cells was removed by
gently turning the plates over and washed with
phosphate buffer saline. Crystal violet (0.1%)
was added to the wells to stain the attached
bacterial cells. The plates were incubated for
15 minutes and after that washed with distilled
water to remove excess stain. The attached
biofilm cells were quantified by adding 30%
acetic acid to the wells followed by incubation

100
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for 15 minutes at 30°C. The crystal violet
eluted from the wells was transferred to a new
microtitre plate and the optical density was
measured at 550 nm in a microtitre plate
reader (Biotek). The experiment was
conducted in replicates (n=6) with a different
batch of biofilm-bacteria culture.

2.7 Barnacle Larval Settlement Assay

The barnacle Amphibalanus amphitrite
adults were collected from the Obhur Creek
and maintained in a glass tank in the
laboratory. The barnacles were kept in the tank
with moderate aeration and provided a mixed
diet consisted of Artemia nauplii microalga
(Chaetoceros). The nauplii released by the
adults were collected and transferred to small
tanks. The nauplii were reared up to cypris
stage (settling stage) using a mixed algal diet
according to the conditions outlined in Salama
et al. (2018). The cypris larvae were used for
settlement assays. The settlement assay was
conducted in 6-well plates using 25 larvae in
each well. The extracts in two different
concentrations (25 and 50 pg ml™t) were added
to the wells. Two types of control wells were
maintained, one with 25 and 50 pl ml?
methanol and the other control without extract
or solvents. The plates were kept in dark at
room temperature and the number of cyprids
settled was counted under a microscope after
24, 48 and 72 h. The percentage of settlement
for each concentration was calculated after
deducting the values observed in the methanol
control. The experiment was conducted in
replicates (n=3) using a different batch of
barnacle larvae.

2.8 GC-MS Analysis of Coral-Associated
Bacteria Extracts

The column purified extract of the soft-
coral associated bacteria was carried out using
Shimadzu GC-MS QP 2010 according to the
protocol described previously (Viju et al.,
2020). In brief, the sample was injected using
the carrier gas helium at the flow rate 1ml/
minute. The temperature of the injection port
was kept at 250°C, while the temperature of

the ion source was managed at 280°C. The
column oven temperature was held at 110°C
for 2 minutes then programmed at 10°C /
minute and the ending temperature was
increased to an isothermal point at 280°C/9
minute. Subsequently, the mass spectra of the
fraction were taken at 2-minute scan interval
and the compounds identification was made by
comparing their mass spectra with the mass
spectral library of NIST (National Institute of
Standards and Technology).

2.9 Statistical Analysis

The data obtained from bacterial growth
inhibition and antibiofilm activity were
subjected to one-way ANOVA (analysis of
variance) to find the variation between control
and treatment samples. The barnacle larval
settlement assay data was analysed by two-
way ANOVA using extract concentration and
exposure time as factors. The statistical
analysis was conducted using MS-Excel
(P<0.05 was considered significant).

3. Results

3.1 Antimicrobial Activity and Identification
of Coral-Associated Bacteria

In this study, five coral-associated
bacterial isolates were recovered from the
surface of soft coral Sarcophyton sp. The
crude extracts of all 5 isolates from soft coral
were tested for their antibacterial activity
against the two biofilm-forming bacteria. All
the isolates showed antibacterial activity
against the biofilm-forming bacteria (Fig. 1).
However, the strain KAU-MB3 exhibited
strong activity (inhibition zone size: 18 mm)
than the other surface-associated bacterial
strains. Hence, this bacterial strain was
selected for further antifouling studies.

3.2 Identification of Bacterial Strain KAU-
MB3

The 16S rRNA gene sequences obtained
from the strain KAU-MB3 showed 99.91%
similarity with the bacterium Ruegeria
lacuscaerulensis in the NCBI database
(GenBank). The phylogenetic analysis in
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presented in Fig. 2. The sequence of the strain
KAU-MB3 was submitted to NCBI GenBank
(accession number: MW881524).

3.3 Growth Inhibitory Activity of the Coral-
Associated Bacterial Extract Against
Biofilm-Forming Bacteria

The results of the present study indicated
that the extract of R. lacuscaerulensis inhibited
the growth of both V. harveyi and
Planomicrobium sp. (Fig. 3). The growth rate
of V. harveyi was observed as 77.66% for a
period of 5 h under laboratory conditions. The
V. harveyi culture treated with 25 and 50 pg
ml?t of the coral-associated bacterial extract
showed a growth of 57.33 and 37.33 %
respectively. One-way ANOVA revealed a
significant variation in the growth of V.
harveyi treated with different concentrations of
coral-associated bacterial extract (F=46.33,
df=2,6; P<0.001). Further, post-hoc Tukey test
results indicated significant variation in the
growth of V. harveyi between the control and
treatments (Table 1).

The Planomicrobium sp. control culture
showed a growth rate of 81.33% during the 5h
period under the laboratory conditions (Fig. 3).
However, the Planomicrobium sp. cultures
treated with 25 and 50 pg ml? of coral-
associated bacterial extract recorded a
reduction in growth. The Planomicrobium
culture treated with 25 pg mi? recorded a
growth of 47.66% and 50 pg ml? exhibited a
growth percentage of 39. ANOVA results
indicated a significant difference in the growth
of Planomicrobium sp. treated with different
concentrations of coral-associated bacterial
extract (F=162, df=2,6; P<0.001). Moreover,
the growth of Planomicrobium sp. differed
significantly between control and extract
treated cultures (Tukey test, Table 1).

3.4 Antibiofilm Assay

The antibiofilm assay indicated that the
extract of coral-associated bacterial strain

inhibited the settlement of biofilm-forming
bacteria (Fig. 4). The settlement of V. harveyi
(F=93.09, df=2, 15; P<0.001) and
Planomicrobium sp. (F=77.79, df=2, 15;
P<0.001) on microtitre plate was reduced
significantly (Table 1) due to the treatment of
coral-associated bacterial extract.

3.5 Barnacle Larval Settlement Assay

The results of the barnacle larval
settlement assay are presented in Fig. 5. In the
control well, an average of 84% (21
individuals) settled on the plates after 48 h.
However, the settlement of barnacle larva was
reduced considerably when treated with the
coral-associated bacterial extract. The number
of larvae settled on the wells treated with 25
ug mit of the extract was 11 (44%) after 48 h
of the experiment. Likewise, a low settlement
was recorded from the wells treated with 50
ug ml?t of extract (7 individuals, 28%) during
the same period. Further, the settlement was
very low in the treatment wells during the
initial 24 h of the experiment. Two-way
ANOVA results showed significant variation
in the settlement of barnacle larvae in relation
to extract concentration and observation time
(Table 2).

3.6 GC-MS Analysis of the Coral-Associated
Bacterial Extract

The GC-MS analysis of the coral-
associated bacterial extract showed the
presence of bioactive metabolites such as
hexadecane, octatriacontyl pentafluoropropionate,
cis-Z-a-bisabolene epoxide geranyl isovalerate,
pentadecane- 7-methyl, tetradecane, 2-Ethylhexyl
-2-ethylhexanoate, p-Toluic acid- 2-ethylhexyl
ester, 1-hexacosene, 1-chloroeicosane and
dibutyl phthalate (Fig. 6, Table 3). Among the
compounds, p-Toluic acid- 2-ethylhexy! ester,
dibutyl phthalate and Cis-Z-a-bisabolene
epoxide were exhibited higher concentrations
(based on peak area).
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Table 1. Approximate Probabilities for Post Hoc Tukey HSD tests. P<0.05= significant.

Factor 1 Factor 2 Bacterial growth inhibition Antibiofilm assay
V. harveyi Planomicrobium sp. V. harveyi Planomicrobium sp.
25ug 50 ug 0.007 0.029 0.004 <001
Control 0.006 <001 <001 <001
50 ug control <001 <001 <001 <001

Table 2. Two-way ANOVA results for the settlement of barnacle larvae treated with coral-associated bacterial extract.
Extract concentration and experiment duration were considered as factors. P<0.05= significant.

Degrees of
Freedom F p
Concentration 2 244.884 0.000
Time 3 46.029 0.000
Concentration*Time 6 2.217 0.076
Error 24
Total 35

Table 3. The compounds identified from the extract of soft-coral associated bacterium R. lacuscaerulensis.

Compound hame RT Area (%)
Heptane, 2,2,4,6,6-pentamethyl 4.67 0.16
Tetradecane, 2,6,10-trimethyl 10.95 0.11
Hexadecane 11.08 0.1
3-(2H)-Benzofuranone, 2-methyl 13.91 0.05
Pentacosane, 13-phenyl 14.00 0.06
ert-Hexadecanethiol 16.17 0.19
Octatriacontyl pentafluoropropionate 16.65 0.07
Geranyl isovalerate 18.12 0.30
Methoxyacetic acid, 2-tetradecyl ester 18.95 0.53
17-Pentatriacontene 20.27 0.35
Pentadecane, 7-methyl 21.78 4,57
Tetradecane 22.01 1.31
2-Ethylhexyl 2-ethylhexanoate 2211 5.65
Benzoic acid, 2-ethylhexyl ester 22.52 3.26
1-Hexacosene 2311 154
1-Chloroeicosane 23.56 0.66
1-Octadecanesulphonyl chloride 24.27 0.30
Heptadecane 24.59 1.50
Dodecane, 2,6,11trimethyl 24.72 1.60
2-Octyl benzoate 24.88 1.96
Cholestan-3-ol, 2-methylene, 25.32 0.39
Cis-1-Chloro-9-octadecene 25.81 0.56
Benzene, (1,3,3trimethylnonyl 26.40 2.23
p-Toluic acid, 2-ethylhexyl ester 27.47 20.61
Cis-13-Eicosenoic acid 28.53 0.13
1,2-Benzenedicarboxylic acid, bis-(2methylpropyl) ester 28.63 1.48
Ethaneperoxoic acid, 29.91 0.06
Ethyl isoallocholate 30.83 0.06
Dibutyl phthalate 31.24 14.08
Fenretinide 32.60 0.14
a-D-Mannofuranoside, farnesyl 35.84 0.08
Trans-Geranylgeraniol 35.98 0.38
6-epishyobunol 36.16 0.17
Cis-Z-a-Bisabolene epoxide 36.46 3.02
4,8,13-Cyclotetradecatrienel,3-diol, 38.73 1.08
Squalene 47.76 0.56
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Fig. 1. Antiibacterial activity of coral-associated bacterial extract against biofilm-forming bacteria.

Rueperia lacuscaerulensis strain PS35(1) 168 ribosomal RNA gene, partial sequence
Ruegeria lacuscaerulensis stramn PL35(2) 168 ribosomal RNA gene, partial sequence

a-proteobacteria | 2 leaves
Ruegeria lacuscaerulensis partial 16S rRNA gene, 1solate 17-C1

a-proteobacteria | 2 leaves
KAUMB3-

a-proteobacteria | 4 leaves

Ruegena lacuscaerulensts stram B8CC 168 ribosomal RNA gene, partial sequence
a-proteobacteria | 2 leaves

Ruegeria lacuscaerulensis stram SCSIO 04266 16S rbosomal RNA gene, partial sequence
a-proteobactena | 2 leaves

a-proteobacteria | 2 leaves

Ruegeria lacuscaerulensis strain MCCC1A07695 168 ribosomal RNA gene, partial sequence
a-proteobacteria | 2 leaves

O Ruegeria lacuscaerulensis strain SR80 16S ribosomal RNA gene, partial sequence
Ruegeria lacuscaerulensis stramn F75197 16S ribosomal RNA gene, partial sequence

| 0.007 |

Fig. 2. Phylogenetic tree of coral-associated bacterial strain KAU-MB3. The strain was identified as Ruegeria
lacuscaerulensis.
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Fig. 3. Growth inhibitory activity of coral-associated bacterial extract against biofilm-forming bacteria.
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Fig. 4. Antibiofilm activity of coral-associated bacteria against two biofilm-forming bacteria.
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Fig. 5. Barnacle larval settlement inhibitory activity of coral-associated bacterial extract.
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Fig. 6. GC-MS analysis of crude extract of coral-associated bacterium Ruegeria lacuscaerulensis.
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4. Discussion

The results of the present study indicate
that soft corals harbour many bacterial species
which may provide protection to the host
through the production of secondary
metabolites. Many microorganisms including
bacteria have a wide range of metabolic and
physiological attributes which enable them to
grow and survive in a diverse environment. A
number of bioactive metabolites have been
isolated from soft corals and their associated
microbes (Sarma et al., 2009; Sang et al.,
2019). The microbes associated with soft
corals have also been reported to possess
antifouling activity (Sabdono and Radjasa,
2006; Zhang et al. 2019). Previous studies
also indicated that the bacteria associated with
marine invertebrates could be a potential
source for the biologically active compounds
(Gil-Turnes and Fenical, 1992, Fenical, 1993).
For instance, the bioactive compound
Ubiquinone-8 that was isolated from the
sponge-associated Alteromonas sp. showed
strong antifouling activity against the barnacle
larvae (Kon-ya et al., 1995).

The genus Ruegeria (Roseobacter-clade)
is a Gram-negative, aerobic rods mainly
reported  from the  marine  waters
(Vandecandelaere et al., 2008). This genus
includes the formerly known marine
Agrobacterium  species.  Further,  the
association of bacteria R. lacuscaerulensis
with tropical and subtropical coral reefs was
previously reported by Gong et al., (2020).
Previous studies reported the presence of
Pseudomonas Alteromonas, Flavobacterium
and Vibrio from the surface of marine
invertebrates (Vacelet and Danady, 1997;
Santavy and Colwell, 1990; Ward-Rainey et
al., 1996; Chelossi et al., 2004).
Enterobacteriaceae, Aeromonas, Actinomyces
and Streptomyces were rarely reported from
the invertebrates (Chelossi et al., 2004).
Cornybacteria, Actinomyces and Streptomyces
are widely distributed in the marine
environment. They are considered as a source

of bioactive agents and display competitive
biosynthetic capabilities.

The results of this study indicated that
bacteria associated with soft corals could be
used as a potential source for the isolation of
natural product antifouling compounds.
Microbes as a source for the extraction of
bioactive metabolites have more advantages
than using marine invertebrates and algae.
Mainly, for extraction of bioactive compounds
from marine organisms requires the collection
of a large amount of raw material from the
natural sources (Satheesh et al., 2016).
However, microorganisms are cultivable under
laboratory conditions and using the modern
fermentation methods, the required amount of
metabolites can be extracted from the
microbial sources (Satheesh et al., 2016).

In conclusion, the present study suggests
that bacteria associated with the soft corals
could serve as a potential source for the
searching of new secondary metabolites. Since
bacteria multiply quickly and produce large
quantities of biomass within a short duration,
the microorganisms producing biologically
active compounds can be easily obtained on a
biotechnological scale without the need for
collecting the soft corals from the marine
environment. Though laboratory assays of the
extract obtained in this study showed strong
antifouling activity, further field tests are
essential to confirm the activity.
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Abstract. The composition of fish larval community was studied in Jeddah coast from January to
December 2020. Larvae were collected from Obhur Creek and Shaara Bay on Jeddah coast twice
a month using light traps that deployed for 2 hours after sunset at the new moon and the full
moon. A total of 40 samples yielding 5717 larvae with an average of 1429 larvae/2h belonging to
32 fish families were collected from the two bays. The highest abundance was recorded in Shaara
Bay (3413 larvae forming 59.7% of total larvae), whereas Obhur Creek recorded 2304 larvae
(40.3% of total larvae). During the present work, the most abundant fish families were Clupeidae,
Gobiidae, Scaridae, Pomacentridae, and Blennidae that collectively constituted about 86% of the
total larvae. Family Clupeidae was the most dominant one constituted approximately 57% of total
larvae followed by Gobiidae (1093 larvae) that formed 19.1% of the total larvae. Much more
larvae and more families were collected during the new moon suggesting that settlement of reef

fishes mostly takes place in the darker new moon than full moon periods.

Keywords: Fish larvae, light trap, settlement, Red Sea.

1. Introduction

The Red Sea is unique water, hosting some of
the most productive and diverse coral reefs.
Coral reefs are one of the world’s most diverse
ecosystems, with fish as an essential component
(Maaty et al., 2021). Marine fish stocks are
essential in the world food system and are
particularly important for many of the poorest
people in the globe (Hilborn et al., 2020; Maaty
et al., 2021). The study of coral reef fish
reproduction, as well as the ecology and
biology of their early life stages, is critical for
fish stock management (Fuiman 2002; Abu El-
Regal 2013, 2017; Abu El-Regal et al., 2019).
It is also important to understand population
dynamics and ecological functioning (Sale
2004). However, the great biodiversity of coral
reef fish and the large number of fish larvae
recruited make it a difficult area of research.
(Robitzsch and Berumen 2020). The Red Sea is
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a closed and relatively, isolated tropical sea,
with little change in environmental conditions.
The Red Sea system has very few atmospheric
changes such as rainfall and cloudy days and
lacks any significant tides 20 cm at its center
(Pugh et al.,, 2019). Fish eggs and larvae
represent the meroplanktonic stages of fishes
that are found mainly in the upper 200 meters
of the water column and can be collected by
planktonic gears. They can be utilized to
determine the regional distribution of fishes
since they have a wider range than their reef
stationary adult stages (Leis 1986; Leis and
McCormick 2002; Sale 1980, 2002). They are
also used to estimate the commercial fishes'
spawning stock, spawning seasons, and
spawning sites. Because a simple plankton net
may sample numerous species across large
distances, determining the quantity of eggs and
larvae in an area is generally less expensive
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than collecting the adults. Furthermore, the
plankton samples contain not only fish larvae
but also a portion of their prospective
zooplanktonic prey and predator (Smith and
Richardson, 1977). Zooplankton is the first
food item for virtually all fish larvae, as well as
many plankton-eating adult fishes, when they
transition from their yolk sacs to external
feeding. Natural (e.g., current fluctuations,
climate change, etc.) and human (e.g., growing
pollution, river dams, etc.) influences can alter
zooplankton, and hence fish larvae survival,
and thus fisheries resources. The behavior of
reef fish larvae may affect general trends in the
dispersal and recruitment of reef fish. The
orientation cues of the larvae, the swimming
ability, and the wvertical distribution of fish
larvae in the water column may influence their
ability to return to the natal reef. The horizontal
distribution of fish larvae has been extensively
investigated (Stobutzki and Bellwood 1994,
1997; Leis and Carson-Ewart 1997, 1998;
Fisher et al., 2000; Fisher and Bellwood 2001).
On the other hand, the vertical distribution and
migration behavior of reef fish larvae has
received less attention (Leis 1991). Assessing
the early life cycle requires efficient sampling
methods for fish larvae; different gears work for
different habitats and often choose different
sizes or life stages.

Despite a large number of various
plankton nets and trawls, opening-closing
mechanisms for discrete depth hauls, and
environmental sensing systems, the open water
ichthyoplankton methods are poorly suited
over complex reef structures because rocks
and corals are dangerous for research vessels
and dragged sampling gear. Different methods
are used for sampling fish larvae around
complex reef environments. These methods
include diver-steered plankton tows (Marliave
1986), diver-pushed nets (Smith et al., 1987),
visual censuses (Kingsford and Choat 1989),
free-fall nets (Kobayashi 1989), and night-
lighting (Dennis et al., 1991; Victor 1991). Of
these, towing nets and light traps have been
used to describe the vertical distribution of
reef fish larvae in the field. The study of the

vertical distribution of larval fishes around
Lizard Island (Leis 1986, 1991) found that reef
fish exhibit taxon-specific vertical distribution
patterns that can change during ontogenesis. In
the Red Sea, towed plankton nets of different
mesh size have been extensively used to study
the abundance and distribution of fish larvae
around reefs (Abu EI-Regal et al., 2008; Abu
El-Regal et al., 2019; Abu El-Regal 2013).
However, the problem with towed net methods
is that most larvae were small and preflexion
while the late-stage larvae, most likely to
return to reefs, are always under-estimated
(Doherty 1987; Choat et al., 1993; Abu El-
Regal, 2000, 2008; Leis et al., 2002).
Information about the vertical distribution of
postlarvae will lead to a better understanding
of the settlement processes and consequently
the recruitment success of reef fish.

Night lighting (catching fish larvae by
light at night) is an wunusual collecting
technique that is particularly effective at
capturing larvae over the reef right before
settlement.  Although no  convincing
explanation exists for this behavior, competent
fish larvae are greatly attracted to lights at
night, a trait they share with moths and squid
(Victor, 1991). Light traps have been
extensively used near reefs for sampling larvae
reef fish while settling to the reef in the Red
Sea (Froukh 2001; Fricke and Abu El-Regal
2017a&b; Abu EI-Regal and Kon 2019;
Robitzsch and Berumen 2020). They have
been used to investigate the vertical
distribution of reef fish larvae in the field
(Doherty and Carleton 1997; Hendriks et al.,
2001). These studies have shown that there are
clear differences between taxa although many
taxa are abundant in the surface. Little is
known about the wvertical distribution of
tropical shore fish larvae (Leis 1978, 1986,
1991; Liew 1983; Robison 1985). These
studies all agree that there are taxon-specific
vertical distribution patterns that appear to
have little spatial or temporal variations,
except for day/night fluctuations. Since a few
species were studied in more than one study, it
is uncertain whether the trends are the same
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for related taxa. The purpose of this study is
to examine the settlement of larvae of shore
fish (mainly reef fish) in the relatively shallow
(30 m), sheltered waters of two lagoons during
the new and full moons.

2. Material and Methods
2.1 Study Sites

Plankton samples were collected from
two coastal bays (Obhur Creek and Shaara
Bay) using a light trap on the Jeddah coast,
Saudi Arabia, Red Sea. Obhur Creek (21° 42’
30.8" N, 39° 05’ 48.3" E) is a 9.2 km long
natural cut in the coralline limestone of the
Tihama coastal plain that flows into the Red
Sea through a narrow 264 m wide exit at the
south-western end (Basaham and EI-Sayed
2006). It has a depth of around 50 meters at
the mouth, which rapidly diminishes towards
the north-eastern tip until it is less than 6
meters deep at the terminus (Basaham and El-
Shater 1994). It is a popular tourist destination
that attracts a large number of tourists each
year and offers mooring services for yachts as
well as leisure activities (Fig. 1). The second
sampling site is Shaara Bay, which is roughly
100 kilometers south of the first (21° 05’ 28.3"
N and 39° 05" 48.1"E). This location is a
coastal coral reef lagoon with a short fringing
reef separating it from the beach (Fig. 2). The
lagoon's depth ranges from one to five meters.
The lagoon has a soft bottom with a few spots
of seagrass and coral.

2.2 Fieldwork

This study was conducted for a year (12
months, 2020), where samples were collected
twice a month at the new moon and the full
moon from Obhur Creek Bay and Shaara Bay.
The net was deployed in the water about two
meters from the shoreline at night an hour after
the sunset for two hours (6:00 pm) yielding
two samples/night. The plankton samples were
fixed in 90% ethanol immediately after
collection for further examination in the

laboratory. Due to the Covid-19 pandemic, it
was difficult to take samples in April and May.

2.3 Laboratory Work

Fish larvae were sorted under a
stereomicroscope then preserved in 90%
ethanol. The sorted larvae were separated into
their respective families and were identified to
the lowest taxon and the larvae of each taxon
were enumerated and then photographed under
the microscope using AMOS camera. The
identification of larvae was based on the
literature and the expertise of other scientists,
because the literature on the Red Sea fish
larvae is very rare, we had to use the closest
Indo-Pacific larval fish guides. The literature
used for the identification of larvae in this
study were Leis and Rennis (1983), Leis and
Trnski (1989), Leis and Carson-Ewart (2002),
Abu El-Regal (1999, 2017), Leis and Carson-
Ewart (2004) and Froukh (2001).

3. Data Analysis

The monthly abundance of the larvae of
each taxon was the mean of the standardized
number of larvae at all positive stations for
individual species. The univariate statistics
were done in SPSS 22, using ANOVA to
determine differences in number of individuals
and number of species between months and
sites. All data were tested for homogeneity of
variance. Where the samples were not
homogeneous, data were either transformed or
the non-parametric Kruskal-Wallis test was
used (Zar, 1999; Dytham, 2003). The
multivariate technique cluster analysis, to
determine similarities between sites and
months, and diversity indices (species richness,
the evenness and Shannon-Wiener), were
calculated using PRIMER (Plymouth Routines
in Multivariate Ecological Research) v 5.2.
Similarity percentage analysis (SIMPER) was
used to determine the dominant taxa in each
seasonal grouping. All graphs were illustrated
using GraphPad prism 8.
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Fig. 2. Shaara Bay where fish larval samples were taken by light trap.

4. Results
4.1 Total Number of Fish Larvae

Throughout a year of sampling, a total of
5717 larvae with an annual average of 1429
larvae/2h belonging to 32 fish families were
collected from the two bays. The highest
number of fish larvae (3413, 59.7% of total
larvae) was recorded from Shaara Bay,
whereas Obhur Creek recorded 2304 larvae
that constituted 40.3% of all larvae (Table 1).
Regarding the monthly distribution in both
sites, the highest number of larval fish was
taken in July with 2486 larvae followed by
September (631), whereas the lowest one was
collected in December with 141 larvae (Fig. 3-
4). Regardless to site, the highest number of
fish larvae from both sites was found during
the new moon with 3618 larvae (63.3% from
the total fish larvae) compared to 2099 larvae

(36.7%) during the full moon (Fig. 5-8).
Furthermore, the maximum abundance in a
single sample was observed in July at Shaara
Bay at the new moon with 1647 larvae/2h
(constituted 28.8% of total larvae), followed
by Shaara Bay in the same month at the full
moon (518 larvae/2h, 9% of all larvae). On the
other hand, the minimum abundance of fish
larvae was recorded in June at Obhur Creek at
the new moon with only three larvae (0.05%).
The analysis of variance (one-way ANOVA)
showed that there is no significant difference
between sites, months, or moon phases
regarding the abundance and number of fish
families. However, the two-way ANOVA
showed that abundance and number of fish
families varied significantly at phase moon in
certain months. Moreover, abundance and
number of fish larval families varied
significantly in some sites ate certain months.
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In general, the highest number of fish
larvae families was collected from Shaara Bay
at the new moon (24 families) followed by
Obhur Creek Bay at the new moon (20
species). On the other hand, the lowest number
of fish larval families was found in Shaara at a
full moon and Obhur Creek full moon with
only 15 and 16 families respectively (Table 2,
Fig. 8). The highest number of fish families
was recorded in March with 18 families,
whereas the lowest number of families was
found in January (six families). Shaara Bay
harbored the highest number of families in
March at the new moon (13 families) and in
August at the full moon (10 species) (Table 2).

4.2 Diversity Indices

The highest richness of species fish larvae
was observed in Shaara Bay (3.0) at the new
moon, whereas the lowest richness of species
fish larvae was recorded in Shaara Bay (2.0) at
the full moon. The evenness reached its
maximum in Shaara Bay (0.6) at the full moon,
and its minimum value in Shaara Bay (0.3) at
the new moon. The highest Shannon-Wiener
diversity index was recorded in Shaara Bay
(1.5) at the full moon, followed by Obhur Creek

(2.4) at the new and full moon (Fig. 9). On the
other hand, the Shannon index attained its
lowest value in Shaara new moon (0.9).
Richness values varied from 0.95 in January to
2.82 in March and the evenness varied between
the minimum value in September (0.27) to the
maximum value in December (0.75). The
Shannon diversity index attained its maximum
in August and December (1.81), and its lowest
value in September (0.60) (Fig. 10).

4.3 Species Composition

The fish larval community collected
during the present study was dominated by
larvae of the family Clupeidae where they of
constituted approximately 57% of all larvae.
The most abundant five fish families,
Clupeidae, Gobiidae, Scaridae, Pomacentridae,
and Blennidae constituted about 86% of all
larval fish collected during the present work.
Gobiidae was the second most abundant
family with 1093 constituting 19.1% of all
larvae. With 249 larvae, family Scaridae was
the third most abundant group (4.4%). On the
other hand, larvae of the family Bythitidae
showed the lowest abundance with two larvae
(0.03%) (Tables 3 & 4; Fig. 11-13).

Table 1. Monthly variation in total number of fish larvae at different sites.

Month Shaara Shaara Obhur Obhur Total
New Moon Full Moon New Moon Full Moon
Jan 58 10 81 43 192
Feb 16 173 8 19 216
Mar 253 20 116 19 408
Jun 45 0 305 3 353
Jul 1647 518 267 54 2486
Aug 19 116 185 97 417
Sep 14 7 61 549 631
Oct 97 94 63 51 305
Nov 174 37 92 265 568
Dec 101 14 16 10 141
Total 2424 989 1194 1110 5717
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Fig. 3. Monthly average number of fish larvae collected by light trap from both studied sites.
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Fig. 6. Total number of fish larvae collected from different sampling sites.

3000
2000
1000
0
N o N
O O o
@0 @0 @0 @0
& & & &
& & & &
& & N &
PN ) I3

Sites/phase

M 63.3% New moon

I 36.7% Full moon

Fig. 7. Percentage contribution of fish larvae in both new and full moon.

Table 2. Total number of families of fish larvae at different sites and month.

Month Shaara New Moon Shaara Full Moon Obhur Creek New Obhur Creek Full
Moon Moon
Jan 2 2 4
Feb 2 3 4
Mar 13 5 6 2
Jun 5 0 8 1
Jul 2 5 6 5
Aug 4 10 6 6
Sep 2 3 4 5
Oct 8 4 3 6
Nov 9 3 8 9
Dec 7 3 5 4

21
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Fig. 11. Percentage contribution of fish families to the larval fish community in Jeddah.

Table 3. Monthly number of fish larvae recorded at different sites in the area of study.

Species Jan | Feb | Mar | Apr | May | Jun Jul Aug | Sep | Oct | Nov | Dec | Total
Clupeidae 83 | 178 | 158 - - 61 1984 | 111 | 512 | 44 62 40 3233
Gobiidae 80 27 142 - - 134 260 98 | 104 | 90 | 130 28 1093
Scaridae 3 2 1 - - 11 0 7 0 8 217 0 249
Pomacentridae 4 5 - - 120 4 0 2 3 78 0 221
Blennidae 6 1 7 - - 1 135 12 4 0 6 2 174
Atherinidae 0 0 12 - - 0 2 53 1 84 5 0 157
Lutjanidae 0 0 2 - - 0 3 0 5 61 42 0 113
Chanidae 0 0 - - 0 0 105 0 3 4 0 112
Syngnathidae 0 2 2 - - 10 91 4 0 0 1 0 110
Microdesmidae 0 0 0 - - 1 0 3 0 2 19 40 65
Gerreidae 0 0 43 - - 0 0 0 0 0 0 0 43
Apogonidae 0 1 7 - - 1 2 2 0 3 0 5 21
Engraulidae 0 0 9 - - 0 1 6 0 3 0 0 19
Schindleriidae 16 0 2 - - 0 0 0 0 0 0 0 18
Eleotrididae 0 0 7 - - 0 0 0 0 4 0 5 16
Mugilidae 0 0 0 - - 0 0 0 0 0 0 10 10
Haemulidae 0 0 1 - - 0 0 8 0 0 0 0 9
Soleidae 0 0 0 - - 8 0 0 0 0 0 0 8
Albulidae 0 0 2 - - 1 4 0 0 0 0 0 7
Pempheridae 0 0 5 - - 0 0 0 0 0 0 1 6
Belonidae 0 0 0 - - 0 0 0 0 0 0 6 6
Mullidae 0 0 0 - - 0 0 0 0 0 3 0 3
Labridae 0 0 1 - - 0 0 1 1 0 0 0 3
Carangidae 0 0 2 - - 0 0 0 0 0 0 0 2
Acanthuridae 0 0 0 - - 0 0 0 1 0 0 0 1
Synodontidae 0 0 0 - - 0 0 0 0 0 1 0 1
Gobiesocidae 0 0 0 - - 0 0 0 0 0 0 1 1
Hemiramphidae 0 0 0 - - 0 0 1 0 0 0 0 1
Scorpaenidae 0 0 0 - - 0 0 0 1 0 0 0 1
Sphyraenidae 0 0 0 - - 0 0 6 0 0 0 0 6
Tripterygiidae 0 0 0 - - 3 0 0 0 0 0 3 6
Bythitidae 0 0 0 - - 2 0 0 0 0 0 0 2
Total 192 | 216 | 408 - - 353 | 2486 | 417 | 631 | 305 | 568 | 141 | 5717
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Table 4. Total number of different families of fish larvae at studied sites.

Family Shaara New Shaara Full Obhur New Obhur Full Total
Moon Moon Moon Moon

Clupeidae 1970 510 165 588 3233
Gobiidae 101 49 718 225 1093
Scaridae 22 5 47 175 249
Pomacentridae 67 3 132 19 221
Blennidae 8 149 6 11 174
Atherinidae 26 128 2 1 157
Lutjanidae 52 0 3 58 113
Chanidae 5 34 73 0 112
Syngnathidae 11 92 0 7 110
Microdesmidae 53 4 3 5 65
Gerreidae 43 0 0 0 43
Apogonidae 9 0 9 3 21
Engraulidae 12 6 1 0 19
Schindleridae 1 0 17 0 18
Eleotrididae 5 0 7 4 16
Mugilidae 10 0 0 0 10
Haemulidae 0 2 2 5 9
Soliedae 8 0 0 0 8
Albulidae 2 2 2 1 7
Pempheridae 3 3 0 0 6
Belonidae 6 0 0 0 6
Mullidae 2 0 1 0 3
Labridae 0 0 2 1 3
Carangidae 2 0 0 0 2
Acanthuridae 0 0 1 0 1
Synodontidae 1 0 0 0 1
Gobiesocidae 0 0 1 0 1
Hemirhamphidae 0 1 0 0 1
Scorpaenidae 0 0 0 1 1
Sphyraenidae 5 1 0 0 6
Tripterygiidae 0 0 0 6 6
Bythitidae 0 0 2 0 2

Total 2424 989 1194 1110 5717
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Fig. 13. Distribution of the most abundant fish families in different sites and moon phases.

5. Discussion

Most marine fishes have a planktonic
larval stage (Llopiz and Cowen 2009), which
is commonly referred to as ichthyoplankton
and can be sampled quantitatively with
plankton gear. While there is a variety of
active and passive sampling equipment
available (Neal et al., 2012), the applicability
of each is debatable. Ichthyoplankton of reef
fishes in the Red Sea is poorly studied
compared to that in other Indo-Pacific areas
such as Great Barrier Reef (Abu El-Regal et
al., 2014 a, b).

The identification of the mechanisms
that determine patterns of distribution and
abundance of early stages of fish is an
essential goal of ecology and conservation
biology. In species that experience ontogenetic
changes in habitat utilization, patterns of early
life-stage dispersal, return (i.e. settlement), and
persistence in adult habitats (i.e. recruitment)
can have an impact on population dynamics
and connectivity (Besson et al.,, 2017). To
maximize output that ensure sustainability and
fishery management requires an understanding
of diversity and distribution of
ichthyoplankton. The larval source, supply,
and recruitment patterns of reef-dependent fish

can considerably influence the adult
population dynamics of reef-dependent fish on
both natural (Sponaugle and Shaw 2003) and
artificial reefs (Hernandez and Shaw 2003).

The vertical distribution of late stages of
reef fish larvae may potentially influence their
dispersal, recruitment success, and energetic
expenditure during the recruitment process. To
date, methods of examining the vertical
distribution of reef fish larvae either under-
sample late-stage individuals or are incapable
of discretely sampling the water column
(Fisher and Bellwood 2002). The majority of
fish species’ pelagic phase is poorly
understood. Many species' larvae have been
taken close to shore, while others have been
recovered from large distances offshore (Abu
El-Regal et al., 2014a, b; Maaty 2015). Some
studies have been carried out on the species
composition of larval fish inshore and offshore
(Clark 1991; Leis 1986, 1991; Maaty 2015;
Abu El-Regal 2017). Despite their relevance in
fisheries management, there are very few
research on Red Sea reef fish larvae (Abu EI-
Regal et al., 2014b; Maaty 2015).Because of
its intimate ties to fisheries, ichthyoplankton
research has been more relevant since the turn
of the century. Studies on fish population
dynamics and the reasons of big variations in
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fish stock production have aided in
establishing a better knowledge of fish
population dynamics and pinpointing the
causes of major fluctuations in fish stock
production (Fuiman 2002).

Studies on ichthyoplankton have become
important since the beginning of last century
in view of its close relationship with fisheries.
Studies on the early life history of fish have
been useful in developing a Dbetter
understanding of fish population dynamics and
determining the causes of major fluctuations in
fish stock production (Fuiman 2002). Data
about where and when larvae of these
commercial fish could be very helpful in the
determination of their spawning seasons and
grounds and hence management of their
fisheries of the Red Sea (Abu EI-Regal et al.,
2014 a, b). Larvae of many commercial fishes
were collected during the present study.
Families such as Mullidae, Lutjanidae,
Scaridae, Carangidae, Sphyraenidae, Gerridae
and Serranidae are represented in the current
samples by larvae indicating nearby spawning
grounds. This study presents important
information on the spawning seasons and
spawning grounds of these fishes that form
baseline data concerning the larvae of
commercial fishes as an essential part in
fisheries management. However, the larvae of
some fishes whose adults are important
constituents of Jeddah fisheries were rare or
even absent in the collection. This may be due
to the adult or the larvae behavior (Leis 1991;
Montgomery et al., 2001). Larvae of lethrinid
fishes were absent in the ichthyoplankton
samples during the period of study and other
studies in the Red Sea (Abu EIl-Regal 1999,
2008, 2017; Maaty 2015; Abu El-Regal et al.,
2014 a, b; 2019). Lunar periodicities were
investigated because there are many
hypotheses on lunar reproductive patterns
pertaining to propagule dispersal and predation
rates that occur both at the beginning
(spawning) and end (settlement) of the
planktonic phase (Robertson, 1991). Many
reef fish appear to time their spawning events
with different lunar cycles (Thresher, 1984).

Higher rates of fish settlement often occur
during darker, new moon periods than full
moon periods (Victor 1986; Rooker et al.,
1996), presumably a response to mortality
associated with visual predators. These
patterns of spawning, transport, recruitment,
and settlement in association with the local
physical oceanographic regime, often result in
variable larval supply and settlement patterns
with distinct lunar periodicities.

In the current study, most of the larvae
were collected during the new moon nights in
comparison to the full nights. Approximately,
two-thirds (63%) of all larvae were collected
in the new moon nights. Furthermore, most of
the larvae were recorded in Shaara Bay (about
75%). Species composition varied
significantly among Shaara, Obhur in the new
and full moon nights. The number of clupeid
larvae in the full moon nights is almost half
that of the clupeid collected in the new moon
nights. Hemirhamphidae, Tripterygiidae, and
Scorpaenidae are absent in the new moon and
occurred in the full moon. On the other hand,
larvae of 11 fish families occurred only dark in
the new moon nights. These include
Acanthuridae, Synodontidae, Gobiesocidae,
Carangidae, Bythitidae, Mullidae, Belonidae,
Soliedae, Mugilidae, Schindleridae and
Gerreidae. Settlement of reef fishes mostly
takes place in the darker new moon than full
moon periods.
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Abstract. Daily means sea level has been computed from hourly observations at Aden and
Djibouti for the period of 2011-2014 to study seasonal variability in sea level in the western Gulf
of Aden. This variability is investigated against the following controlling factors: sea level
pressure, wind, and steric sea level. Variability in sea level at Aden and Djibouti shows strong
seasonality with higher sea level in winter and lower sea level in summer with a range up to about
35 cm. The high-frequency variability in sea level agrees with variability in pressure, especially
during winter following normal inverse barometric relation. Cross-shore wind affects sea level
variability in Djibouti more than that in Aden, while along-shore wind plays a significant role in
sea level variability at Aden. Daily steric sea level for both stations play a significant role in
seasonal sea level anomaly (SLA) variability. Both stations shows that strong signals are the
annual and semiannual, while small frequencies are negligible in comparison. For Aden and
Djibouti stations, steric sea level is the dominant factor with a determination coefficient (DC) of
0.73, and 0.71, respectively. Along-shore wind has the second higher contribution for Aden with
(DC) of about 0.3. The cross-shore wind component has the second highest contribution on
Djibouti SLA with a DC of about 0.3, while for Aden, this factor has no effect on SLA. Sea level
pressure (SLP) contribution is clearly seen in short-period variability for both stations.

Keywords: Gulf of Aden, Mean Sea Level, Steric Sea Level, Wavelet, Atmospheric forcing.

1. Introduction

The Gulf of Aden is a strategic water body that
connects the Red Sea with the Indian Ocean,
and it is distinguished by the complexity and
variability of its climate and oceanography. As
part of the northwestern Indian Ocean, it falls
under the control of the monsoon reversal
wind regime, which contributes to the
formation of various water circulation patterns
such as water exchange with the Red Sea and
the Arabian Sea, eddy formation, and coastal
upwelling. In the winter NE monsoon, winds
push the gulf’s surface water westward along
the axis of the gulf and continue to flow NNW
into the Red Sea through the strait of Bab-el-
Mandab. During the summer SW monsoon,
winds are relatively stronger and reach 20-40
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km/h (Sultan and Ahmed, 1997). The surface
water of the gulf is pushed eastward under the
effect of the SW wind along the Arabian coast
and deflected SE; this type of steering causes
some eddies to form along the center of the
gulf (Alsaafani et al.,, 2007). Other eddies
propagate to the gulf from the Arabian Sea
(Alsaafani et al., 2007; Fratantoni, et al.,
2006). Due to these eddies, some weak and
scattered upwellings occur in a few spots
along the Somali coast. Along the Arabian
coast, strong upwelling occurs due to the
Ekman transport, which pushes surface water
offshore and is replaced with subsurface
waters; in this season, upwelled waters come
from much greater depth (Currie et al., 1973).
The Gulf of Aden experiences strong
evaporation; Ahmad and Sultan (1989)
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investigated the evaporation of the southern
part of the Red Sea, including Bab-el-Mandab,
and found that evaporation is higher in
summer and lower in winter. Their annual
average of evaporative heat flux in this region
was 152 Wm™2, The western Gulf of Aden has
a mixed type of tide with similar tidal
amplitudes and phases at both stations
(Madah, 2020).

Sea level variability is affected by many
factors, which operate at different temporal
and spatial scales (Bergant, et al., 2005). The
main variability in sea level in seasonal and
interannual  variability is  related to
meteorological and oceanographic forces
(Woodworth et al.,, 1999; Tsimplis and
Woodworth, 1994). The contribution of the
gravitational forces of annual and semiannual
frequencies present in the tide-generating
potential can be neglected in comparison with
meteorological and oceanographic forcing
(Bergant, et al., 2005; Woodworth et al., 1999;
Fukumori, et al., 1998; Pugh, 1987; Shankar,
2000).  Oceanographic  factors  include
circulation, changes in temperature, and
salinity and eddies, while atmospheric factors
include changes in average air pressure and
wind fields. The impact of wind and
atmospheric pressure on sea level was
extensively globally studied in many areas
(Tsimplis and Vlahakis, 1994; Garcia-Lafunte,
et al., 2004). The most obvious contribution of
oceanic factors is the thermosteric effect
associated with heat fluxes at the surface layer
of the ocean (Cheney et al., 1994; Tsimplis
and Woodworth, 1994). Low-frequency
variations in air pressure and wind fields
associated with the seasonal pattern of
atmospheric circulation contribute to the
variability of sea level through the in-verted
barometer response and wind  setup,
particularly in coastal areas. They also
contribute to sea level variability by inducing
fluctuations in the mean ocean circulation at
both the regional and global scales (Wunsch,
1991).

Studies of sea level changes in the Gulf
of Aden are scarce. Most recent studies related
to sea level in the Gulf of Aden investigate the
sea level rise in the gulf and its relation to
global warming (Unnikrishnan and Shankar
2007; Woodworth et al. 2009) and climate
modes (Alawad et al., 2019), or to study the
impact of sea level rise on coastal areas
(Dasgupta et al., 2009; Alsaafani, et al. 2015).
The study by Patzert (1972) showed that sea
level is higher in winter and low-er in summer,
with a range up to 33 cm due to the steric
effect and along-shore wind stress based on
1879-1893 and 1937-1946 sea level data at
the Port of Aden. The study conducted by
Cromwell and Smeed (1998) for sea level
fluctuations based on altimetric data from
TOPEX/Poseidon from 11 November 1993 to
16 January 1997 shows that the dominant
cycle is annual with an amplitude of 13 cm
and a secondary semiannual cycle with an
amplitude of 4-8 cm. They believe that the
annual cycle is due to wind forcing, while the
semiannual cycle is due to evaporation. The
nearest region to the Gulf of Aden is the
southern part of the Red Sea, where
fluctuations of MSL at Gizan (Jazan) are
investigated by (Abdelrahman, 1997). The
author reported that MSL was high in winter
and low in summer with a range up to 40 cm,
and its seasonal changes are affected by steric
effects, evaporation rates, and along-shore
wind.

However, since no previous studies
investigated seasonal variability at Djibouti
station, this study used four-year sea level data
along with sea level pressure (SLP), wind
stress, and the monthly climatology of steric
sea level to investigate the annual and short-er-
period variability in SLA, and its relation to
the controlling parameters at both Aden and
Djibouti.

2. Materials and Methods

Time series of sea level from two tide
gauge stations; Aden and Djibouti, located in
the western Gulf of Aden were used to
investigate seasonal variations of sea level in
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the western part of the gulf associated with
atmospheric forcing and steric sea level. (See
Fig. 1 for locations). The daily and monthly
mean sea levels were computed from hourly
observations that spanned the period of 2011—
2014. Tide-gauge data are collected by the
Permanent Service for Mean Sea Level
(PSMSL) (Holgate et al., 2013), and retrieved
from http://www.psmsl.org/data/obtaining/.

Hourly sea level data usually have a
spectrum that covers all frequencies. Since our
interest is in seasonal variability, we followed
(Goden, 1972; Alsaafani, et al., 2017) to
smooth hourly data to eliminate the tidal effect

2
X24 X25

by applying a filter of type EITE which
entails a loss of 70 h of smoothed
observations. A sequence of means is first
computed for 25 observations; then, a series of
means for 24 of these means is repeated twice,
and the mean of this last series gives the
smoothed values. Daily and monthly sea level
values are estimated from the smoothed one.

Sea level pressure (SLP) and wind stress
components covering four years from 2011 to
2014 were provided by European Centre for
Medium-Range Weather Forecasts (ECMWF)
Reanalysis (ERA) (Uppala et al., 2005; Dee et
al., 2011).

The monthly steric sea level has been
estimated for Djibouti (43.15 E and 11.61 N)
and Aden (44.97 E and 12.79 N) using
WOA18 climatology (Abdullah et al., 2019)
for the water column from surface till 700 m
based on formula of (Gill, 1982), the daily
climatology has been interpolated from the
monthly climatology. Since the steric sea level
has no noticed interannual variability,
therefore the daily climatology of steric sea
level is repeated for the four years to get
similar time series length as the sea level for
the wavelet analysis.

For wavelet analysis the data should be
continuous, for that the gaps in Djibouti SLA
data are filled and interpolated. As Aden and
Djibouti stations show similar variability with
(CC of 96% and DC of 92%), Aden SLA is

used in interpolation. In this the interpolated
value is set as an average value of the previous
time step of Djibouti SLA and SLA of Aden
from the same time step multiplied with its
DC. The interpolated time series match will
with AVISO (figure not shown) for the nearest
grid to Djibouti station.

The seasonal relationships of sea level
elevations to winds, SLP, and steric sea level
were examined in both time and frequency
domains; multiple linear regression techniques
were used to quantify the relations between
sea level and different forcing.

2.1. Wavelet Analysis Approach

The wavelet analysis transforms any
time series to time-frequency space (two-
dimensional). Torrence & Compo, (1998)
defines the Morlet wavelet as

wo(n) = m~ % et e_nz/z 1
where 7 and wo are the dimensionless time and
frequency, respectively. Frequency wo = 6
represents a good balance between time and
frequency localization. The  continuous
wavelet transform (CWT) of the time series
Xn, as define by Torrence & Compo, (1998), is

< (' —n)st
W)= Y X [
n'=0

N

where, n = one..., N with a uniform time
interval, while ¥” is the complex conjugate of
. The cone of influence (COI) was used to
avoid edging error; therefore, it is defined as
the region of which the edge effects become
important by distorting the feature either in the
beginning or end of the wavelet power
spectrum. Thus, the edge dropped by a factor
of e2, where it is negligible here (Grinsted et
al., 2004; Torrence & Compo, 1998). The red
noise is assessed using the first order
autoregression model (AR1), while the Monte
Carlo method was used to generate the 5%
statistical significance level. To measure the
intensity of the covariance of two time series
X and Y, we followed the approach of
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Torrence & Webster, (1999); the cross-wavelet
spectrum was used and is defined as

Wyy (s, t) = Wx(s, )Wy (s,t) 3)
where (*) indicates the complex conjugate.

From the cross-wavelet spectrum,
wavelet transform coherence (WTC) can be
determined. WTC is a useful method for
discovering the coherence and phase lag
between two time series as a function of both
time and frequency using the following
approach (Grinsted et al., 2004; Torrence &
Webster, 1999)

|S(s‘1Wan(s))| 2

STHWES)I?) - S(s~HW ()12
Where S is the smoothing operator.

RZ(s) = 4)

3. Results and Discussions

Figure 2 shows the time series of daily
mean sea level at Aden and Djibouti as well as
the time series of sea level pressure, and
along- and  cross-shore  wind  stress
components. For clarity in comparing the data,
a value of 100 kPa (1000 mb) was subtracted
from the sea level pressure time series. Wind
stresses were calculated using the formula
(7x Ty) = pCylV|(u v), where p is the air
density (1.25 kg m™3), Cq is the drag
coefficient, and |V|, u, and v are the
magnitude, and along- and cross-shore
components of wind speed (msY),
respectively.

Sea level variability at Aden and
Djibouti reveals a similar pattern with strong
seasonality of higher sea level in winter and
lower sea level in summer (Fig. 2a).
Superimposed on the seasonal signal is a high-
frequency variability of time scale ranging
from few days to 30 days, as they were
smoothed out in the monthly average. The
range in sea level variability is up to about 35
cm at both locations, which is similar to that of
(Patzert, 1972). The pat-tern of variability is
similar for the four years. Sea level data in
Djibouti had more gaps during 2012.

Since Aden and Djibouti are located at
the western part of the Gulf of Aden, the
atmospheric forcing conditions are similar
over the two locations, especially atmospheric
pressure, which is high during winter and low
during summer at the two stations. High-
frequency variability is the same at both
stations, with some variability during summer
(Fig. 2b). The comparison between variability
in daily sea level (Fig. 2a) and daily
atmospheric pressure (Fig. 2b) shows high sea
level during winter with high pressure and vice
versa for summer; thus, the annual cycle of sea
level is not the result of an inverted barometric
response to atmospheric pressure.

The along-shore wind component also
shows strong seasonality at both locations,
with stronger positive stress during the
southwestern monsoon (June—August) and
weaker negative stress during winter, with
higher values at Aden compared with those of
Djibouti (Fig. 2c). This variability is in the
same phase with sea level, with a low sea level
lag with about one month with the along-shore
wind. Like daily sea level and atmospheric
pressure, high-frequency variability of the time
scale of the along-shore wind ranges from few
days to 30 days is superimposed on the
seasonal signal.

The cross-shore component of wind
stress is weak at Aden station compared with
the along-shore component, with higher values
during the southwestern monsoon at Djibouti
station (Fig. 2d).

For a clear idea regarding the seasonal
variability in sea level and its relation to the
controlling forcing, the daily averaged time
series for the no-gap year (2014) is selected for
all the parameters at Aden and Djibouti. Figure
3 shows the time series of those parameters in
addition to daily steric sea level interpolated
from monthly climatology. For both stations,
sea level variability shows a clear annual cycle
with high sea level during winter and low
during summer. High-frequency variability in
sea level agreed with variability in pressure,
especially during winter, where low sea level
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coincides with high atmospheric pressure,
indicating a normal inverse barometric relation
(Fig. 3a, b). The phase difference in low-
frequency variability (more than 30 days)
show that SLA precedes SLP with 3-4 months;
these findings agree with those for the
Mediterranean Sea (Le Traon and Gauzelin,
1997), where it is attributed to friction at the
strait of Gibraltar. The seasonal cycle of cross-
shore wind shows more variability, with a
clear cycle for Djibouti, compared with Aden,
while it is the oppo-site for the along-shore
component (Fig. 3c, d). The along-shore wind
is out of phase with SLA at Aden, with
negative wind stress during low sea level
(summer), and positive stress during winter.
This indicates that along-shore wind plays a
significant role in sea level variability at Aden.
Fig. 3e shows the daily steric sea level for both
stations, with a clear high-level annual cycle
during winter, and a low-level during summer,
which is in phase with sea level variability in
both stations, which indicates that steric sea
level plays a major role in seasonal SLA
variability. The low steric level at summer can
be associated with coastal upwelling at both
stations.

Since Fig. 2 and 3 (a and b) do not show
a clear high frequency relation between SLA
and SLP signals; a high-pass filter has been
applied for the SLA and SLP time series to
make them more pronounced; Fig. 4a and b
shows the comparison for the high frequency
variability of SLA and SLP for Aden and
Djibouti, respectively. The figure shows that
the SLA has a prompt inverse parametric
response to the SLP all over the year.

To clearly identify signals in all time
series, spectral analysis has been conducted as
shown in Fig. 5. Regarding the spectral SLA
for both stations, Aden and Djibouti shows the
most obvious annual and semiannual signals,
while the small frequencies were negligible in
comparison. For SLP, the annual signal is the
most dominant for both stations, while the
semiannual in Aden had more of a presence
than that in Djibouti. The seasonal (quarter-

annual) and semiannual signals are
comparable. The along-shore wind signals are
clear and strong in Aden and appears to be
annual, semiannual, and seasonal. In Djibouti,
the along-shore wind shows only the annual
signal. The cross-shore wind shows the
opposite situation for Aden and Djibouti,
where all signals in Aden are weak. Steric
spectral signals are almost identical for the
SLA in both stations.

To clearly identify signals in all time
series, spectral analysis has been conducted as
shown in Fig. 5. Regarding the spectral SLA
for both stations, Aden and Djibouti shows the
most obvious annual and semiannual signals,
while the small frequencies were negligible in
comparison. For SLP, the annual signal is the
most dominant for both stations, while the
semiannual in Aden had more of a presence
than that in Djibouti. The seasonal (quarter-
annual) and semiannual signals are
comparable. The along-shore wind signals are
clear and strong in Aden and appears to be
annual, semiannual, and seasonal. In Djibouti,
the along-shore wind shows only the annual
signal. The cross-shore wind shows the
opposite situation for Aden and Djibouti,
where all signals in Aden are weak. Steric
spectral signals are almost identical for the
SLA in both stations.

3.1.Correlation and Determination Coefficient

As seen from Fig. 6, the sea level is in
the same phase with steric sea level and along-
shore wind component for Djibouti station,
while for Aden station, it is in the same phase
with cross-shore wind and steric level. To
understand the contribution of each of those
factors on seasonal sea level variability, the
correlation coefficient (CC) and determination
coefficient (DC) were estimated and are
summarized in Table 1. For both stations,
steric level is the dominant factor with a CC
(DC) of 0.86 and 0.84 (0.73, 0.71) for Aden
and Djibouti, respectively. This result agrees
with that of (Patzert, 1972) for Aden station.
The along-shore wind had the second higher
contribution for Aden, and the third highest for



Djibouti, with DCs of about 0.3 and 0.21,
respectively. The cross-shore wind component
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had the second highest contribution on similarly contributed for both stations.

Somalia

Fig. 1. Study area and tide-gauge stations.
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Fig. 2. Time series of daily mean SLA (a) at Aden and Djibouti, SLP (b), and along- and cross-shore wind stress components

Djibouti SLA with DC about 0.3, while for
Aden, this factor had no effect on SLA. SLP

(c, d). For Aden (Djibouti) station, the cross-shore wind is positive (negative) inshore and negative (positive) offshore

while the along-shore wind is positive eastward (northward) and negative westward (southward).



Factors Controlling Seasonal Variability of Sea Level in the Western Gulf of Aden

SLP (MB)
=
[}
[

——Aden

Djibuti
|

.
A
® o
F =Y
~
I

o
N

I s

]
(]
~

Along-wind (N/mz)
o

Aden ——Djibuti
1

1
o
»

0.4 —
) | | | I | I I
0.2 —

Aden

Cross-wind (N/mz)
®

Djibuti
|

Steric (m)
®
|

Aden Djibuti

| | | | | | | | |
-0.1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 3. Time series of daily average of 2014 SLA (a), SLP (b), along-shore (c), cross-shore (d), and steric sea level (e).
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Fig. 6. Wavelet transform coherence (WTC) between SLA time series at (left) Aden and (right) Djibouti with SLP, steric SL,
cross-shore wind, and along-shore wind for the same period. The relative phase relationship is shown as arrows (with
in-phase pointing right, anti-phase pointing left, and SLA leading by 90° pointing straight down). The direction of
arrows in the period of 6 month and above (seasonal period) indicates inphase relations among SLA and SLP, steric

SL, and cross-shore wind, while it is off-phase with along-shore wind.

Table 1. Correlation and determination coefficients for SLA at Aden and Djibouti, and other controlling parameters.
Djibouti Station

Aden Station

Variables CC (%) DC (%) CC (%) DC (%)
SLP 0.42 0.175 0.37 0.14
Along-shore wind -0.55 0.30 0.46 0.21
Cross-shore wind -0.014 0.0002 -0.55 0.30
Strict 0.86 0.73 0.84 0.71
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4. Conclusions

Variability in sea level at western Gulf
of Aden shows strong seasonality of higher sea
level in winter and lower in summer with a
range up to about 35 cm which agrees with
(Patzert, 1972). The comparison between the
variability in daily sea level and daily
atmospheric pressure indicates agreement in
high sea level during winter with high
pressure, and vice versa for summer; thus, the
annual cycle of sea level is not a result of an
inverted barometric response to atmospheric
pressure. However, after applying high-pass
filter for the high frequency variability of SLA
and SLP for both stations; their SLA show a
prompt inverse parametric response to the SLP
all over the year. Moreover, the phase
difference in low-frequency variability (more
than 30 days) show that SLA precedes SLP
with 3-4 months, which agrees with those of
the Mediterranean Sea (Le Traon and
Gauzelin, 1997). Seasonal cycle of the cross-
shore wind reveals more variability with SLA
in Djibouti compared with that for Aden, while
it is the opposite for the along-shore
component. The along-shore wind is out of
phase with SLA at Aden, with negative wind
stress during low sea level (summer) and
positive stress during winter. This indicate that
along-shore wind plays a significant role in sea
level variability at Aden. Daily steric sea level
for both stations exhibit an annual cycle with a
high level during winter and low during
summer, which is in phase with sea level
variability in both stations.

Spectral analysis for SLA shows that the
most obvious signals are the annual and
semiannual, while the small frequencies (less
than two months) are negligible in
comparison. For SLP, the annual signal is the
most dominant for both stations, while the
semi-annual in Aden has more of a presence
than that in Djibouti.

The seasonal and semiannual signals are
comparable, though. Along-shore wind signals
are strong in Aden and shows to be annual,
semiannual, and seasonal. In Djibouti, only the

annual signal could be observed. Cross-shore
wind reveals the opposite situation for Aden
and Djibouti, where all signals in Aden are
weak. Steric spectral signals are almost
identical for the SLA in both stations. The
wavelet transform coherence (WTC) between
SLA and SLP in both stations for short periods
is in antiphase, which is the normal inverse
barometric relation. For Aden station, the SLA
is leading for periods from one season and
longer, while the Djibouti SLA shows an
antiphase for one season, and SLA is leading
for the rest. This indicates that the SLP is not
the major contributor to SLA fluctuation in the
periods of one season and longer. Aden SLA
shows the importance of along-shore wind for
all periods with anti-phase relation in general;
this effect is normal since Aden station is
located along the northern coast of the gulf.
The cross-shore wind effect is weak; however,
it shows variable relation for the short period,
and antiphase for one season, and SLA is
almost inphase with short time lagging. Wind
components play the opposite role at Djibouti
station, where cross-shore wind is the most
dominant component, which shows an anti-
phase for one season and longer. For both
stations, steric sea level shows an inphase with
SLA, indicating that it plays a major role in
sea level variability for seasonal and annual
periods.

To summarize, the SLA shows strong
seasonal variability with high values during
winter and the opposite in summer. The major
contributor for this variability is steric SL with
CCs (DCs) of 0.86 and 0.84 (0.73 and 0.71)
for Aden and Djibouti, respectively. The
second contributor at Aden is along-shore
wind with DCs of about 0.3 and 0.21,
respectively, while it is cross-shore wind for
Djibouti with a DC of about 0.3. The SLP
similarly contributes for both stations, and
only plays a major role in short SLA
variability.
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Abstract. Biofilm bacteria are primary surface colonizers in marine biofouling assemblage on
submerged surfaces and dominate the early microfouling phase. They are an important target in
the design of antifouling treatment due to their ability to initiate biofouling and support of the
subsequent macrofouling colonization. In this study, several biofilm bacteria were isolated from
Petri dish and polyvinyl chloride (PVC) pipes submerged in the Red Sea coast for a week. The
biofilm-forming bacteria were isolated by spread plate method under standard conditions and
identified by 16S rRNA sequencing method. Each of the isolates was evaluated for biofilm
formation qualitatively using the tube assay. Microtiter plate assay was used to quantify the
biofilm produced by the selected organisms. A total of 11 out of 21 isolated bacteria were able to
form biofilm under laboratory conditions. Most of the isolates (7 out of 11) are from the genus
Pseudoalteromonas and one isolate each from the genera Halomonas, Marinomonas,
Psychrobacter and Vibrio. This study indicated that the bacterial community forming the biofilms
on hard substrates in the Red Sea are diverse and capable of forming biofilms on surfaces under
laboratory conditions. These isolates could be used as target microorganisms for antifouling

screening assays.

Keywords: Biofilm; bacteria; biofouling; antifouling; Pseudoalteromonas; Red Sea.

1. Introduction

Marine biofouling occurs on all submerged
surfaces following colonization by living
organisms in marine environment. It is an
undesirable process that has economic and
environmental consequences (Cruz, 2020). It
IS impacting negatively on the finances of
maritime, naval, tourism, aquaculture, and
fisheries industries due to operational and
maintenance cost to prevent the attachment of
the organisms through the application of
protective coatings or in their labour-intensive
removal and increase in fuel consumption
(Mathew et al., 2021). To the environment,
fuel increase causes increase burning of
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greenhouse gases for hull and propeller
machines and several coatings applied to
prevent biofouling causes water pollution and
alters the marine ecological setup (Farkas et
al., 2021). The consequence of biofouling is
increase in transportation cost. It also affects
other services such as service delivery and
quality of the products.

Biofouling is a sequential process that
involves the attachment of different organisms
at different stages at distinct time interval. It
begins with the conditioning of the surface by
organic matter followed by development of
microfouling assemblage dominated by
extracellular polymeric substances (EPS)
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producing bacteria and diatoms. The
microfouling phase marks the initial stage of
the colonization process by living organisms
leading to microbial biofouling (biofilm)
formation (Grasland et al., 2003). The biofilm
communities colonize the surfaces rapidly in
the multistage process less than one hour of
the surface contact with water to alter its
chemistry due to their attachment strength
(Salta et al., 2013). Bacteria dominate in the
biofilm among surface associated microbes
with its high rate of occurrence by attaching to
the surface faster than other organisms (Zobell
and Allen, 1935; Papadatou et al., 2021). They
colonize both living and non-living surfaces
and the biofilm is held firmly by EPS secreted
by the bacteria that enable their attachment
and modification of the submerged surface
(Renner and Weibel, 2011). This modification
enables the biofilm bacteria to colonize
surfaces quickly and further provide access for
the subsequent colonization by macrofouling
organisms (Lorite et al., 2011). The EPS form
a matrix to hold the individual organisms
together which allow the bacteria to withstand
harsh environmental conditions (Flemming et
al., 2007). The biofilm is a highly dynamic,
stable, heterogeneous structure that can
survive for longer period (Flemming, 2008;
Salta et al., 2013). The structure is difficult to
remove by cleaning when it matures on
surfaces (Flemming, 2008) and is affected by
site and type of substrates (Briand et al.,
2012). Despite protective coatings applied on
surfaces to prevent attachment of fouling
organisms, microfouling assemblage still
occurs due to adhesion strength of the biofilm
forming organisms (Oliveira and Granhag,
2016). This stage can have impact on the
performance of ships as such, it is important in
determining the efficacy of antifouling
treatments (Hearin et al., 2016). To improve
the effectiveness of antifouling strategies, the
strength, nutritional requirement, and physico-
chemical properties of the biofilm bacteria is
very relevant.

Different biofilm bacteria are involved in
the assemblage making them an important

target in preventing and controlling biofouling.
The composition of the bacterial communities’
changes with time and seasonal variation
making the communities highly variable and
complex (Sawant et al., 1995). All bacterial
phyla are involved but proteobacteria often
dominates the stage which can be attributed to
their success in the competition for space and
nutrients during the biofilm development
stages and production of inhibitory substances
(Burchard and Sorongon, 1998; Matz et al.,
2004).  The  biofilm influences the
metamorphosis of the larvae of benthic
invertebrates (Hadfield, 2010) and release of
macroalgal spores (Goecke et al., 2010). The
larval settlement is dictated by the nature and
type of the biofilm communities (Dobretsov
and Qian, 2006) which serve as natural
settlement cues for the larvae to choose the
right settlement site (Qian et al., 2007). The
settlement is also enhanced or inhibited by the
properties of the bacteria forming the biofilm
in the environment (Dobretsov et al., 2006).

Understanding the early stage of
biofouling (microfouling) is important for the
development of non-toxic techniques to
control biofouling on surfaces (Qian et al.,
2007). This depends on the identification of
the different biofilm bacteria involved and
their physico-chemical properties (Grasland et
al., 2003; Afonso et al., 2021). Microfouling
assemblage can be estimated based on the
bacterial cell density forming the biofilm and
relate directly with the rate of attachment of
subsequent colonizers (Dang and Lovell,
2015). Biofilm is detrimental to all submerged
surface in seawater. Understanding the
diversity of the biofilm bacteria which are the
dominant cause of microfouling assemblage
and factors relevant in biofilm formation are
important in combating biofouling. This is an
important  consideration in  antifouling
technologies to minimize or prevent the
problem and it completes eradication.

In this study, biofilm bacteria from two
substrates (Petri dish and PVC pipes)
submerged in the Red Sea coast of Central Red
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Sea were isolated and identified with
morphological and 16S rRNA features. This
will have significant contribution in the
development of control strategies against the
occurrence of microfouling on submerged
surfaces in marine environments.

2. Materials and Method

2.1 Isolation and Identification of Microfouling
Bacteria

The  formation of  microfouling
communities was studied by submerging
polyvinyl chloride (PVC) pipes and sterile
Petri dishes (SaudiPlast, Saudi Arabia) at 2m
depth in the Obhur creek of the Red Sea
(N21°42.562" E39°05.764") in six replicates
each. The PVC pipes are white in colour, cut
to 15cm each per piece in length and a rope
was tight to one end of the pipe and then
submerged in the sea by hanging the rope
tightened to the Jetty stationed at Obhur creek.
The petri dish which is made up of polystyrene
is 90 mm in diameter. A hole is made at a side
of the plate to hang the rope before
submerging it in the sea in the same way as
PVC. This was carried out at the beginning of
fall in September 2021. The method of Balgadi
et al. (2018) was adopted and modified for the
development of biofilm on the submerged
surfaces. In brief, prior to submersion in water,
the PVVCs and Petri dishes were cleaned, dried,
and sterilized with 99 % ethanol. They were
allowed to stay for at least 48 hours after
exposure in the sea water after which they
were removed, rinsed in sterilized filtered sea
water (SFSW) and immersed in a sterilized
container containing SFSW before
transporting it to the laboratory. At the
laboratory, microfouling bacteria were isolated
from the microfouling assemblage using
traditional culture method with Zobell marine
agar (ZMA) after vigorous agitation of the
container to release the attached biofilm
bacteria. Serial dilution was carried out using
SFSW using ten-fold dilution, inoculated in
ZMA and incubated at 28 °C for 48 hours.
Individual distinct colonies were subcultured
on fresh ZMA plates and incubated as before.

Unique organisms identified based on colony
morphology; microscopic features were
screened for biofilm formation ability.
Morphologically distinct bacterial strains were
selected, re-streaked, purified and tested for its
biofilm forming ability through crystal violet
assay.

2.2 Assessment of Biofilm Formation Ability

To assess the ability of the strains to form
biofilm, crystal violet (CV) assay described by
Haney et al. (2018) was followed with some
modifications. Briefly, to prepare the inoculum,
one colony of each of the bacterial isolate was
inoculated in 10 ml Zobell marine broth (ZMB)
and incubated with shaking at 150 rpm overnight
at 28 °C. Fresh overnight culture of each of the
organism (10%) was inoculated in borosilicate
glass tubes containing 5ml of ZMB and
incubated for 24 hours (incubated for 12 hours
with shaking in a shaker incubator at 150 rpm
and 12 hours under static condition) at 28 °C.
The planktonic cells were removed gently, and
the tubes were washed with phosphate buffered
saline (PBS) twice and allowed to dry. To the
attached cells, crystal violet at 0.2% was added
and the tubes were incubated for 20 mins at
room temperature without shaking. The tubes
were then washed again with PBS after
discarding the CV as described before and
allowed to dry. The biofilm formation was
observed directly with the eyes and in most
cases a visible coloured ring formed at the
interface in the tube or at the bottom is
interpreted as a sign of biofilm formation.

2.3 Microtiter Biofilm Quantification

The biofilm bacteria screened were
subjected further for biofilm quantification using
the microtiter quantification assay. The
procedure of O'Toole (2011) was adopted and
modified. In brief, the 96-well round bottom
microplates previously sterilized with 95%
ethanol were inoculated with 200 pl of
autoclaved FSW for 1 h prior to condition the
wells. Overnight culture of each biofilm bacteria
was diluted in fresh media (1:100) and 200 pl
aliquot was suspended into the microtiter wells
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(n=12). Control contains 200 pl media only
without bacterial culture to detect contamination.
The plates were incubated statically for 48 h at
28 °C. The planktonic suspension was carefully
removed with a multichannel pipette into a new
96 well plates. The absorbance was read at an
optical density of 570 nm in a microplate reader.
For the attached cells in the plates, 300 ul of
PBS was suspended into each well using a
multichannel pipette to wash the plates. This was
repeated 3 times and dried in inverted position.
The attached cells were stained using 200 ul of
0.2% crystal violet (CV) in water and incubated
at room temperature for 20 minutes after which
the excess CV stain was removed by washing
the plates twice as described above. The leftover
of the CV was solubilized with 200 puL. of 96 %
ethanol to destain the wells and incubated with
shaking for 15 min at room temperature and then
transferred to fresh 96 well plates. The plates
were read with the microplate reader (Synergy,
Biotek) at 570 nm (ODs). Biofilm formation
ability was recorded as highly positive, low
grade positive or negative when ODs7ois > 1, 0.1
to <1 or<0.1 respectively (Lagha et al., 2019).

2.4 ldentification of Biofilm Bacteria by 16s
rRNA Method

The promising biofilm bacterial strains
were then identified up to species level
through 16S rRNA gene sequencing. Genomic
DNA was extracted from each of the isolate
and polymerase chain reaction (PCR) was
carried to amplify the 16S rRNA gene
sequence  with universal primers 27F
(AGAGTTTGATCCTGGCTCAG) and 1492R
(AAGGAGGTGATCCACCC). The 16S
rRNA gene was sequenced at Macrogen inc.
and sequences obtained were analyzed and
compared with closely related sequences
available in NCBI using BLAST limiting the
search to sequences from type materials
(Zhang et al., 2000). The processed sequences
were submitted to NCBI GenBank and their
respective accession numbers were obtained.
This was followed by phylogenetic tree
construction using MEGA neighbour joining
method to determine the phylogenetic position

of the strains and their evolutionary
relatedness (Kumar et al., 2018).

3. Results
3.1 Identification and Confirmation of Biofilm

Bacteria

A total of 11 strains of microfouling
bacteria isolated from the PVCs and Petri
plates were identified and confirmed as
biofilm bacteria from 21 different isolates. The
biofilm forming strains were labelled as IMB1,
IMB2, IMBS8, IMB10, IMB11 IMB12, IMB13,
IMB14, IMB15, IMB16 and IMB17. All the
strains were Gram-negative and have mucoid
colonies except IMB2 and IMB8. From PVC,
IMB12 - 17 were confirmed to be biofilm-
forming bacteria while IMB 1, IMB2, IMBS,
IMB10 and IMB 11 isolated from Petri dish
plates were having the ability for biofilm
formation. Based on 16S rRNA gene
sequences and similarity search, 7 of the 11
microfouling bacteria isolated were identified
as members of the Pseudoalteromonas (IMB1,
IMB10, IMB12, IMB13, IMB14, IMB15, and
IMB17). The other bacterial strains identified
include Halomonas (IMB2), Psychrophile
(IMB8), Vibrio (IMB11) and Marinomonas
(IMB16) genera. They all belong to the
proteobacteria phylum and all except
Marinomonas (an alphaproteobacteria) are
gammaproteobacteria. Details of each isolate
with the closest strain are provided in Table 1.
Based on phylogenetic relatedness, all the
isolates are closely related to each other as
shown in Fig. 1.

3.2 Biofilm Quantification

The result of biofilm quantification is
shown in Fig. 2. The value which represents an
average of 12 replicates ranges from 0.36 to
1.57. The categorization of the biofilm bacteria
as low grade positive and highly positive is
presented in Table 2 as quantified based on the
ODs70 absorbance values. Apart from two
isolates that were classified as highly positive,
all the remaining 9 isolates are low grade
biofilm formers.
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Table 1. Identification of biofilm-forming bacteria isolated from microfouling assemblage formed on PVC pipes and Petri dish.

Isolates Substrate Identification (closest NCBI relative) Gram reaction
IMB1 Petri Dish Pseudoalteromonas sp. (97.93%) Gram negative
IMB2 Petri Dish Halomonas sp. (81.54%) Gram negative
IMB8 Petri Dish Psychrobacter sp. (97.16%) Gram negative
IMB10 Petri Dish Pseudoalteromonas sp. (95.36%) Gram negative
IMB11 Petri Dish Vibrio alginolyticus (96.67%) Gram negative
IMB12 PVC Pseudoalteromonas issachenkonii (97.73%) Gram negative
IMB13 PVC Pseudoalteromonas shioyasakiensis (97.67%) Gram negative
IMB14 PVC Pseudoalteromonas gelatinilytica (97.59%) Gram negative
IMB15 PVC Pseudoalteromonas gelatinilytica (99.01%) Gram negative
IMB16 PVC Marinomonas aquiplantarum (96.71%) Gram negative
IMB17 PVC Pseudoalteromonas sp. (97.26%) Gram negative
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Fig. 1. Phylogenetic tree showing evolutionary relationship among the biofilm bacteria identified from submerged substrates
of PVC and Petri dish.
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Fig. 2. Biofilm quantification of microfouling bacteria isolated from submerged PVC pipes and Petri dish at ODs7. Results
presented is an average of 12 replicates with standard deviation.
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Table 2. Categorization of biofilm formation by biofilm bacteria isolated from submerged PVC pipes and Petri dish.

Isolate code Substrate Biofilm categorization
IMB1 Petri Dish low-grade positive
IMB2 Petri Dish low-grade positive
IMB8 Petri Dish Highly positive
IMB10 Petri Dish low-grade positive
IMB11 Petri Dish low-grade positive
IMB12 PVC Highly positive
IMB13 PVC low-grade positive
IMB14 PVC low-grade positive
IMB15 PVC low-grade positive
IMB16 PVC low-grade positive
IMB17 PVC low-grade positive

4. Discussion polystyrene and is transparent while the PVC

Biofilm formation by bacteria is a
necessary requirement for the development of
microfouling assemblage on surfaces. The
control of biofilm formation by bacteria has
great potential in the prevention or
minimization of biofouling on surfaces
(Flemming, 2011). In  the  biofilm
development, different surfaces attract diverse
bacteria (Kerr et al., 1998) because the surface
properties have effect on the development of
microfouling (Dobretsov et al., 2013). Diverse
bacteria are involved in biofilm formation on
submerged surfaces during initial biofouling
forming stage, the microfouling stage (Chen et
al., 2013). In this study, we used two different
surfaces to study the diversity of biofilm
bacteria capable of biofilm formation. A
diverse group of biofilm bacteria were
reported in this study from the PVC and Petri
Dish surfaces with the genus
Pseudoalteromonas dominating among all the
genera identified. The bacteria isolated from
PVC are less diverse than those isolated from
Petri dish. All of the isolates from PVCs are
members of the genus Pseudoalteromonas
except one organism that belong to the genus
Marinomonas. The Petri dish comprises of
four different genera from 5 bacterial isolates
which are Vibrio, Halomonas, Psychrobacter
and Pseudoalteromonas. The difference in
species composition may be due to the
composition and colour of the substrates used
in this study. The Petri dish is made up of

is made up of polyvinyl chloride and white in
colour. These differences can affect the
attachment of the different biofilm bacteria
due to different properties and structure of the
surface (Camps et al., 2014). Colour of the
substrate is important in determining the
attachment and colonization of surfaces by
biofilm bacteria (Dobretsov et al., 2013,
Balgadi et al., 2018). Surfaces that differ in
hydrophobicity, hydrophilicity, roughness, or
topography will be colonized differently (Kim
et al., 2022). Different biofilm bacteria will
attach differently on the same surfaces based
on their lifestyle due to their properties such as
motility, cell-cell communication (Vance,
2019; Zheng et al., 2021). This is an indication
on how the type and nature of surfaces dictate
the type of biofilm bacteria that will colonize
the surfaces and its diversity.

The bacterial biofilm is an important
target of antifouling compounds, and their
diversity is relevant in the design and
implementation of antifouling technologies
(Qian et al., 2007). Attachment to surfaces by
biofilm bacteria determines the success of the
initial colonization process and subsequent
colonizations (Slightom and Buchan, 2009).
Once the diverse bacteria colonize the
surfaces, they accumulate forming films on
surfaces which aggregate and begin the
process of the microfouling. The microfouling
assemblage is held firmly by a matrix of EPS
which comprises of majorly polysaccharides,
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proteins, as slimy layer which allow the
biofilm bacteria to colonize many surfaces.
The bacterial cells are closely associated with
each other in high densities (Sutherland,
1999). Other factors that support the
aggregation of the biofilm structure, shape and
functions comprises of intra and inter species
interaction among the species and ability to
survive the competition (Dang and Lovell,
2015).

The domination of Pseudoalteromonas
is reflected on its ability to outcompete other
species in the biofilm formation process.
Pseudoalteromonas is well known to be
significant biofilm forming bacteria in
biofouling process for it out competition of
other species in biofilm communities and in
inducing metamorphosis and settlement of
marine invertebrates (Bowman, 2007). The
organism is known to grow rapidly and form
biofilm at a faster rate couple with the
production of inhibitory compounds against
other bacteria (Rao et al., 2005). This gives the
organism greater advantage than other bacteria
forming the multispecies biofilm on surfaces
in natural biofilm formation (Rao et al., 2010).
Multispecies biofilm is evidence of inter/intra
specific association among the bacteria with
benefits or inhibition through their metabolic
products and it’s the survival of the fittest
through competition (Guillonneau et al.,
2018).

The biofilm formation observed in the
tubes and in the microtiter plates is an
indication of the strains ability to form biofilm.
Formation of biofilm in a ring form on the side
or bottom of the well in the tubes via the CV
stain is an evidence of biofilm formation
(O'Toole, 2011). The evidence of biofilm
formation is necessary to determine the ability
to form microfouling assemblage by the
bacteria. Members of the genera identified in
this study Halomonas Marinomonas, vibrio,
Psychrobacter and Pseudoalteromonas were
reported to produce biofilm on surfaces
(Heyrman et al.,, 2002; Rao et al., 2010;
Bernbom et al.,, 2013; Brian-Jaisson et al.,

2016; Balgadi et al., 2018; Aykin et al., 2019;
Delacuvellerie et al., 2021). While biofilm
formation gives the bacteria the ability to
overcome many stresses in the marine
environment, but its deleterious effect on
surfaces leading to microfouling development
causes damage to marine structures and
installations (de Carvalho, 2018).

5. Conclusion

In conclusion, several biofilm bacteria
from different genera are involved in the
formation of microfouling assemblage on
surfaces through their ability to form biofilm
structure. The organisms form multispecies
biofilm and most of the biofilm bacteria are
Gram-negative bacteria. The organisms are
important consideration in antifouling studies
and can be good candidates for used as target
in antibiofilm assays.
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Abstract. The rapid development of the intensive sea cucumber industry poses the appearance of
potential threats, which makes it necessary to develop safe concentrations of common
disinfectants used in aquaculture for controlling pathogens or infestation of predators. In this
study, the effect of dip immersion and prolonged exposure of disinfectants on sea cucumber was
investigated in order to formulate the optimum treatment concentrations. Acetic acid, formalin-
F™, copper sulphate, methylene blue, trichlorfon, potassium permanganate and dechlorinated
freshwater were used as disinfectants. The effects such as evisceration, skin lesion and mortality
were determined during exposure and post-exposure. The 1-min dip immersion of all chemicals
used in the study was safe for disinfectant treatments and did not show any negative impact on sea
cucumbers. The effect of prolonged exposure varied based on chemical toxicity, chemical
concentration, and duration of exposure. Sea cucumber was less sensitive to acetic acid and
trichlorfon for prolonged treatment and tolerates a wide range of safe concentrations up to 100 mg
I* for acetic acid and 4 mg I for trichlorfon. Sea cucumber was more sensitive to prolonged
exposure to formalin, copper sulphate and methylene blue which caused severe effects. The
upper-level concentrations which considered safe and did not show significant effect were 1 mg I
10.05 mg I* and 4 mg I for formalin, copper sulphate and methylene blue respectively.
Potassium permanganate at 2 mg I'* was very toxic to the sea cucumber. Freshwater bath for 1 and
10 minutes considered safe treatments for sea cucumber and no negative impact was observed.
The study concluded that short dip immersion is a potential treatment for sea cucumber and
considered safe to control the external pathogens and predators. Prolonged treatment with
freshwater, acetic acid and trichlorfon could also be positively considered for sea cucumber
treatment due to low sensitivity. Even though some of the disinfectants used in this study were
toxic, they can be used at lower concentrations.

Keywords: Aquaculture, Sea cucumbers, Echinoderms, Disease control, Pond management.

1. Introduction

The populations of sea cucumber (Holothuria
scabra) are threatened by the depletion by
artisanal fisheries due to the high price for
human consumption and their precious nature
(Choo, 2008). Therefore, since the first
application of artificial sea cucumber breeding
techniques in the 1980s, attempts have made to
establish and refine the breeding protocols
(Wang et al., 2004). The massive development
and entrenchment of sea cucumber cultivation
have resulted in the emergence of multiple
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diseases, causing significant economic losses
for aquaculture and being one of the
constraints of the industry's sustainable
production (Michael and Kelly 2015).
Furthermore, many parasites such as
protozoans, turbellarians and gastropods
besides to pathogenic bacteria and fungi
emerge in the system when growing the sea
cucumber in outdoor ponds and cause ulcers,
skin erosion, and many diseases that contribute
to high mortality, which can exceed 80
percentage of the yield (Jangoux, 1987, 1990;
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Smith, 1984; Wang et al., 2004). Snails can
attack sea cucumbers causing death with
eviscerated animals. Depending on the severity
of the injury, the healing process might take
one to several weeks (Tresnati et al., 2019).
Evisceration is a type of autotomy performed
by many holothurian echinoderms which
include ejection of the digestive tract and other
internal organs (Emson and Wilkie 1980).
Evisceration was found to be a response to
artificial stimuli such as body injury,
overcrowding or water pollution (Wilkie,
2001).

Many disinfectant compounds are used
in fish culture ponds to reduce disease-causing
parasites and pathogen bacteria (Jo and
Andrew, 2007). In fish farming, formalin is
used as disinfection to destroy parasites such
as monogeneans and ciliated protozoans or it
may be used for ammonia elimination and
plankton killing at 25-40 ppm (Leal et al.,
2018). On the other hand, potassium
permanganate (KMnOs) at 5 ppm is the most
widely used inorganic compounds globally for
the treatment of external parasites and
bacterial disease which helps the healing of
wounds (Duncan, 1978). Moreover, some
compounds such as methylene blue,
trichlorfon and potassium nitrate, etc., are also
used in disinfection and cause considerable
toxicity when their concentrations rise (Claude
and Laurence, 1999; Tonguthai, 2000; Park et
al., 2019). The attack of predators and disease
outbreaks were one of the main issues of sea
cucumber Holothuria scabra production in the
outdoor ponds (Tresnati et al., 2019).

Previous studies discussed the effect of
different chemical disinfectants such as acetic
acid (Forrest et al., 2007; Locke et al., 2009;
Meira-Filho et al., 2017), copper sulphate
(Bambang et al., 1995; Chen and Lin, 2001),
formalin (Speare et al., 1997; Buchmann et al.,
2004; Lamela et al., 2008), methylene blue
(Turnipseed et al., 1997; Park et al., 2019),
potassium permanganate (Duncan, 1978;
Mischke et al., 2014) and trichlorfon (Meyer
1966; Flores-Nava and Vizcarra-Quiroz, 1988)

on aquatic organisms. Therefore, the main
objective of this study was to determine the
safe concentration of different common
disinfectant used in aquaculture on farmed sea
cucumber Holothuria scabra.

2. Material and Methods
2.1 Animal Source and Acclimatization

The experiment was conducted in the
fish farm at the Faculty of Marine Sciences,
King Abdulaziz University, Jeddah, Saudi
Arabia under lab-controlled conditions. Sea
cucumber juveniles (average body weight:
35+5g) were obtained from the National
Aquaculture Group, Saudi Arabia. Animals
were transported in a 300L tub to the
experimental site with filtered (10 microns)
seawater (40 psu salinity, temperature 26°C)
with  oxygen supply. Animals were
acclimatized in a fiberglass tank of 1.9 m
diameter for one-week period (40 psu salinity,
7.9 pH and temperature 29°C). The bottom of
the tank was covered with a substrate of 5 cm
dune sand. Water exchange was carried out
daily at 100% during the acclimatization
period and animals were fed with a compound
diet (14.5% protein, 4.3% lipid, 38% ash and
2395 kcal kg? energy) at the ratio of 2% of
body weight.

2.2 Setup of the Experiment

The effect of seven treatments on sea
cucumber was investigated. Each treatment
was conducted in triplicates using a 250L
fiberglass tank (Fig.1). All buckets were
stocked with four sea cucumbers each with an
average body weight of 35+£5g. The treatments
tested in the experiment were Acetic acid
(CH3COOH- 99.8%), Formalin-F™ (37%),
Copper Sulphate  (CuSO4.5H20-  25%),
Methylene blue (Ci6H1sCIN3S.xH20- 85%),
Trichlorfon (2, 2, 2  trichloro-1-
hydroxyethylphosphonate- 94%), Potassium
permanganate (KMnOgs- 97%) and
dechlorinated freshwater. Each chemical
treatment was examined in dip immersion for
a minute of exposure and prolonged exposure
for 48 hours except the freshwater treatment
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which was conducted for a dip immersion of
one and ten minutes. Animals were starved for
24 hours prior to conducting the treatments
exposure. Upon the completion of each
treatment, survived treated animals from both
dip and prolonged exposure were washed and
transferred to post-exposure observation tanks
of 500L covered with 5cm dune sand for a
period of 168 hours (7 days). Mortality, skin
lesion and evisceration were observed during
the exposure and post-exposure period. No
feeding was given to animals during the
exposure period whereas animals were fed in
recovery post-exposure tanks at the rate of 2%
after 24 hours of transfer. Observations in the
post-exposure tanks were recorded every 24
hours and Dead animals were removed. The
observation factors as mortality, skin lesion
and evisceration were converted to percentage
from the total number of animals in the tank.
The selected chemicals are usually used in the
aquaculture sector for pathogen removal at the
concentrations reported by Noga (2010).
However, higher chemical concentrations were
tested in this study to determine the toxicity on
sea cucumbers.

3. Results

Short dip immersion of studied
treatments showed no mortality, skin lesion
and evisceration on sea cucumber during
exposure period or during the post-exposure
period (Table 1). The results of prolonged
chemical toxicity on sea cucumber showed
various abnormal behaviours during exposure
as a sign of stress such as rolling motion, size
shrinking and at severely affected stage
evisceration of intense and various levels of
skin lesion (light to high) on the dorsal and
ventral side of Sandfish were observed. Acetic
acid did not cause any harmful effect on sea
cucumber up to 75 mg I'* whereas a noticeable
increase of skin lesion was observed with a
rise of concentrations at 100, 125 and 150 mg
I which recorded 10, 50, 100%, respectively.
Mass mortality of 100% was noticed in sea
cucumber when exposed to 150 mg I acetic
for 48 hours.

The formalin has shown varied toxicity
effects on the sea cucumber. The formalin at 1
mg It was very safe whereas 5 mg I"! showed
100% skin lesion (12 animals) and 50%
evisceration (6 animals). The concentration of
10 and 20 mg It formalin was very toxic and
recorded 100% (12 animals) mortality with 10
mg I at 48 hours and with 20 mg I at 24
hours of exposure. The high concentration of
formalin showed skin burn after 8 hours of
exposure (Fig. 2). Copper sulphate of 0.05 mg
I* did not show any effect on sea cucumber
whereas 0.06 mg I resulted in 50% mortality
during the post-exposure period. Effects on sea
cucumber appeared to increase with a rise of
copper sulphate  concentration.  Copper
sulphate 0.08 mg I* showed 25% mortality at
48 hours of exposure and rose to 100% during
the post-exposure period. The concentrations
of 0.1 and 0.2 mg I resulted in 100%
mortality in sea cucumber at 24 and 48 hours,
respectively.

Methylene blue at 2 mg I was safe and
did not show any effect on sea cucumber
whereas 4 mg I"t showed 25% evisceration at
48 hours of exposure without any mortality
during exposure or post-exposure. The
concentrations of 5 and 6 ppm copper sulphate
were highly toxic and showed a severe effect
of skin lesion and evisceration and resulted in
50% and 100% at 48 hours of exposure with 5
and 6 mg I"1. Trichlorfon concentrations at 2, 3
and 4 mg I did not record any mortality
during treatment or post-exposure period. A
slight effect was noticed in 4 mg I resulted in
11% evisceration during the post-exposure
period whereas potassium permanganate at 2
mg I was very toxic and showed 100%
mortality, skin lesion and evisceration at 48
hours exposure period. Further, the freshwater
treatment bath in 1 and 10 minutes did not
show any effect on sea cucumber health or
survival during exposure or post- treatment.

4. Discussion

The global rapid growth of sea cucumber
intensive farming necessitated to investigate
about the toxicity of some common chemical
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disinfectants and to  develop  safe
concentrations for use to control pathogens or
infestation of predators. Previous studies
reported the outbreak of diseases on sea
cucumbers resulted in significant mortality
such as viral diseases (Yin-Geng et al., 2005;
Wang et al., 2007; Deng et al., 2008), bacterial
diseases (Ma et al., 2006; Deng et al., 2009;
Lu et al.,, 2015; Zhang et al., 2015), fungal
diseases (Yin-Geng et al., 2005) predatory of
copepods and snails (Liu et al., 2002; Tresnati
etal., 2019).

Sea cucumber exposed to chemical
disinfectants showed extreme mortality.
However, the mortality occurred within the
groups exposed to the high concentration and
this could be due to the ability of acclimation
reaction in sea cucumber under the chronic
metal exposure (Li et al., 2016). It was
reported by Tresnati et al. (2019) that the
small skin lesions due to the effect of predators
on sea cucumber Holothuria scabra can be
healed in a week and larger could take longer
period (2-3 weeks) for complete healing
whereas eviscerated sea cucumber was unable
to accumulate the energy needs for
regenerating the internal organs and healing
the body lesions. It was revealed that
eviscerated sandfish Holothuria scabra can
regenerate internal organs after viscera
ejection and the development could take 30
days (Dolmatov et al., 2012).

In the current study, acetic acid for
prolonged bath up to 125 mg I for 48 hours
exposure period was safe for treating the sea
cucumber. Previous studies reported the use of
acetic acid as anti-parasitic using different
protocols of concentrations and exposure time.
Harms (1996) recommend the concentration of
500 mg I'* for 30 seconds for the elimination
of protozoa. It was concluded by Meira-Filho
(2017) that a bath of glacial acetic acid for one
hour at 238 and 467 mg I is effective against
Ciliophora protozoans and the registered
mortality in exposed fish juveniles Mugil liza
was 0 and 5%, respectively. Another study
reported that acute toxicity (96 hours) in sand

shrimp showed no mortality up to the exposure
of 50 mg I acetic acid and 100% mortality
was recorded at 100 mg It whereas chronic
toxicity (14 days) showed 15% and 100%
mortality in sand shrimp when exposed to 100
mg It and 320 mg I* acetic acid (Locke et al.,
2009).

The result of the current study indicates
that sea cucumber is sensitive to formalin.
Although dip immersion at 250 mg I for 10
min did not affect the sea cucumber, a high
effect has appeared on sea cucumber when
exposed to formalin for 48 hours resulting in
100% evisceration at exposure of 5 mg I and
100% mortality at 10 mg I It was revealed
that formalin is used in aquaculture for water
treatment and to kill the infectious agents as
prophylactic or with therapeutic measure and
found to be highly successful against most
protozoan  parasites and  monogenetic
trematodes (FDA, 1995; Francis-Floyd, 1996;
Shao, 2001; Leal et al, 2018). The
recommended dose of formalin for short dip
treatment is up to 250 mg I for 1-hour bath
(Scott, 1993; Francis Floyd, 1996; Shepherd
and Bromage, 2001). Previous studies on olive
flounder Paralichthys olivaceus fingerlings
registered the lethal concentration (LCso) of
182 mg I at 48 hours and 141 mg I* at 96
hours (Jung and Kim 1998). The mean lethal
concentration reported in adult shrimp
Streptocephalus seali was between 15 and 25
mg It (Moss 1978).

Copper sulphate is commonly used in
shrimp ponds for the elimination of
filamentous algae and reducing the abundance
of phytoplankton, and in the fish, culture
ponds, for treatment of protozoan ectoparasites
(Chen and Lin, 2001; Noga, 2010). The dip
immersion as well as the prolonged exposure
at 0.05 mg It for 48 hours of copper sulphate
in the current study did not show any harmful
effect on sea cucumber, whereas higher
concentrations were very toxic to sea
cucumbers and caused 25% and 100%
mortality when exposed to for 48 hours at 0.08
and 0.1 mg I, respectively. It is worth noting
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that to kill parasites, free copper ion levels
must be held between 0.15 and 0.20 ppm
(Noga, 2010). It was reported by Chen and Lin
(2001) that copper sulphate has a greater lethal
effect at lower salinity and the mean lethal
LCso at 48 hours exposure for shrimp juvenile
Penaeus monodon was 6.92 and 13.15 mg I*
at salinity 15 and 25 psu, respectively.

The methylene blue is applied in
aquaculture to control protozoan parasites and
could be used as antifungal and to reduce the
incidence of bacterial and water mold infection
(Turnipseed et al., 1997; Noga, 2010). The
doses of dip immersion used in the current
study were safe for sea cucumber. The 48
hours prolonged exposure up to 4 mg It had no
effect on sea cucumber while 50% and 100%
mortality was recorded at the exposure of 5
and 6 mg I, respectively. Noga (2010)
recommend using 1-3 mg It of methylene blue
as prolonged immersion for treatment of
ectoparasite. A previous study on the toxicity
of methylene blue determined the 48 hours
LCso for rainbow trout was 16 ppm (Willford,
1967).

Trichlorfon is useful in eradicating
ectoparasites such as trematodes, water lice
and for the elimination of undesirable
zooplanktonic crustaceans such as copepods
(Flores-Nava and Vizcarra-Quiroz, 1988;
Wang et al., 2005). The current study revealed
that sea cucumber can tolerate trichlorfon as
no mortality was detected in dip immersion as

well as 48 hours of prolonged exposure up to 5
mg It. The recommended dose of trichlorfon
for dip immersion was between 2 and 5 mg It
and between 0.5 and 1 mg I"* for marine
organisms (Noga, 2010). The lethal toxicity of
trichlorfon (48 hours LCso) to fry of
Cichlasoma uwphthalmus Giinther was 23.71
mg It (Flores-Nava and Vizcarra-Quiroz,
1988).

Potassium permanganate is an effective
external  parasiticide  and  bactericide,
particularly, for protozoan parasites and
crustaceans. It is also effective for Trichodina
or Ambiphrya infestations, as well as for
external columnaris infections (Tucker and
Robinson, 1990; Stoskopf, 1993; Noga, 2010).
The current study indicated that dip immersion
at 100 mg It caused 10% mortality whereas 48
hours prolonged treatment at 2 mg I resulted
in 100% mortality. Concentration of potassium
permanganate recommended is 100 mg I for
5-10 minutes as dip immersion and 2 mg I* for
prolonged treatment (Noga, 2010).

The freshwater treatment bath is used for
marine ectoparasites and that can be useful
with the therapy of clinical case of marine
Trichodina, some crustaceans and other
protozoans Monogenea (Langdon, 1992). The
current study showed that freshwater dip had
no negative effects on the sea cucumber.
Further, previously Noga (2010) recommend
the freshwater bath for 3-15 minutes.

Fig. 1. Setup of experimental tanks.
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Fig. 2. Skin burn after 8 hours of 20 ppm formalin exposure.

Table 1. Toxicity of dip immersion (1 minute) of chemical treatments.

Dosage Observation While exposure Post exposure

Treatment
(mg 1) (%) 1 minute 168 hours

Mortality
Formalin -F™ 250 Skin lesion
Evisceration

Mortality
2 Skin lesion
Evisceration

Mortality
Copper Sulphate 1 Skin lesion
Evisceration

Mortality
0.5 Skin lesion
Evisceration

Mortality
Methylene blue 10 Skin lesion
Evisceration

Mortality
Trichlorfon 2 Skin lesion
Evisceration

OO OO0 00O O0|0OO0O OO O0O|OO ©

Mortality
100 Skin lesion
Evisceration

=
o o

Potassium permanganate
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Table 2. Toxicity of prolonged exposure (48 hours) of chemical treatments.

Treatment Dosagle Observation While exposure Post exposure
(mg 1) (%)
24 hours 48 hours 168 hours

Mortality 0 0 0

75 Skin lesion 0 0 0

Evisceration 0 0 0

Mortality 0 0 0

100 Skin lesion 0 10 0

L Evisceration 0 0 0
Acetic acid Mortality 0 0 0
125 Skin lesion 0 50 0

Evisceration 0 75 0
Mortality 0 100 -
150 Skin lesion 0 100 -
Evisceration 50 75 -

Mortality 0 0 0

1 Skin lesion 0 0 0

Evisceration 0 0 0

Mortality 0 0 0

5 Skin lesion 0 100 0

- FTM Evisceration 0 50 0
Formalin - Mortality 0 100 -
10 Skin lesion 0 50 -
Evisceration 0 100 -
Mortality 100 - -
20 Skin lesion 80 - -
Evisceration 100 - -

Mortality 0 0 0

0.05 Skin lesion 0 0 0

Evisceration 0 0 0

Mortality 0 0 50

0.06 Skin lesion 0 50 0

Evisceration 0 0 50

Mortality 0 25 100
Copper sulphate 0.08 Skin lesion 0 75 -
Evisceration 0 25 -
Mortality 60 100 -
0.1 Skin lesion 30 70 -
Evisceration 40 100 -
Mortality 100 - -
0.2 Skin lesion 50 - -
Evisceration 100 - -

Mortality 0 0 0

2 Skin lesion 0 0 0

Evisceration 0 0 0

Mortality 0 0 0

4 Skin lesion 0 0 0

Evisceration 0 25 0

Methylene blue Mortality 25 50 0
5 Skin lesion 0 0 25

Evisceration 25 75 0
Mortality 0 100 -
6 Skin lesion 0 50 -
Evisceration 25 100 -

Mortality 0 0 0

2 Skin lesion 0 0 0

Evisceration 0 0 0

Mortality 0 0 0

Trichlorfon 92% 3 Skin lesion 0 0 0
Evisceration 0 0 0

Mortality 0 0 0

4 Skin lesion 0 0 0

Evisceration 0 0 11

Potassium permanganate 2 gﬂk?{]t?(ilsti)g)n é}) 11%% i
Evisceration 66 100 -
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5. Conclusion

Short dip immersion is a potential
treatment for sea cucumber and considered
safe to control the external pathogens and
predators as no obvious negative impact was
determined.  Prolonged treatment  with
freshwater, acetic acid and trichlorfon could
also be positively considered for sea cucumber
treatment due to low sensitivity. Even though
some of the disinfectants used in this study
were toxic, they can be used at lower
concentrations. It is recommended to develop
higher concentrations for safe short dip
immersion treatment and to determine the
efficacy in eliminating the potential predators
and pathogens.
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