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Introduction

Seaweeds are natural sources of polysaccharides
and are essential resources that humans have used for
decades. Based on their photosynthetic pigments,
seaweeds are classified as red, brown, and green. Red
seaweeds contain carrageenan and agar as the main
extracellular polysaccharides, whereas brown seaweeds
mainly contain alginate. These polysaccharides consist
of small sugar residues linked by glycosidic bonds.
Significant research into the industrial applications of
these polysaccharides has been conducted because of
their economic potential as biomass for energy
production, proteins, feed for animals, food for
humans, fine chemicals, pharmaceuticals, and
cosmetics (Ahmed et al., 2014; Otero et al., 2023).
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Abstract

Seaweed is a rich source of phycocolloids, which include agar, alginate, and carrageenan.
Low molecular weight polysaccharides, namely oligomers or oligosaccharides, can be
produced from seaweed polysaccharides through enzymatic degradation. Most of these
enzymes are produced by microorganisms closely associated with seaweed. This study
aimed to isolate and select polysaccharidases-producing (SPases) bacteria associated
with wild seaweed from the sea around Ambon Island, an area famous for its high
marine biodiversity index. A total of 11 types of marine algae samples could be collected,
and as many as 92 bacterial isolates could be cultured from all these algae samples.
Screening used a clear zone method on a solid medium containing substrates agar,
alginate, or carrageenan and followed by Lugol’s iodine staining solution showed that a
total of 74 of the 92 bacterial isolates obtained were SPases-producing with the
composition: agarase-producing (28 isolates), and alginate lyase-producing (26 isolates),
and carrageenase-producing (20 isolates). The 16S rRNA identification results showed
that the 74 bacterial isolates were representative of 13 species and belong to 2 classes,
namely Gammaproteobacteria and Bacillus. The bacterial isolates in the
Gammaproteobacteria class obtained consisted of three genera: Pseudoalteromonas
(32 isolates), Cobetia (18 isolates), and Microbulbifer (15 isolates). Bacterial isolates in
the Bacillus class obtained only contain a genus consisting of 8 isolates. In conclusion,
the sea around Ambon Island is a potential source of polysaccharidases-producing algal
symbiont bacteria.
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Low molecular weight polysaccharides derived
from seaweed (seaweed oligosaccharides) can be
generated naturally or produced by chemical or
enzymatic hydrolysis (Ahmad et al., 2019; Giordano
et al., 2006; Hong et al., 2017; Xu et al., 2018; Zheng
et al., 2023). Seaweed oligosaccharides have been used
in various industries for nutraceuticals, wastewater
management, pharmaceuticals, biomaterials,
cosmetics, prebiotics, and feed (Chi et al., 2015; Liu
et al., 2015; Yun et al., 2013; Zhang et al., 2023). These
oligosaccharides are generated using seaweed-
degrading enzymes such as carrageenases, agarases,
and alginate lyases to degrade carrageenan, agar, and
alginate, respectively. Enzymatic depolymerization
could generate higher yields and produce more specific
oligosaccharides than chemical and physical methods.
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Polysaccharidases that degrade seaweed
polysaccharides (SPases) have been found in various
organisms, including herbivores and marine mollusks.
However, microorganisms associated with algae are
among the most valuable sources of SPases because
of their easy cultivation, rapid growth, and small space
needed for production (Madgwick et al., 1973; Martin
et al., 2014; Rahman et al., 2012; Suda et al., 1999).
Of all culturable seaweed-associated bacteria, only 30%
were reportedly able to degrade seaweed
polysaccharides (Goecke et al., 2013). SPases have
been reported in microbiota associated with the
macroalgae Delisea pulchra and Ulva australis (Burke
et al., 2011; Fernandes et al., 2012). A cultured approach
is still nedeed to explore the diversity of seaweed-
associated bacteria and determine their ability to produce
SPases.

Several bacteria that produced SPases have been
isolated and their enzymes have been characterized.
They include Wenyingzhuangia fucanilytica (Pei et al.,
2019), Isoptericola halotolerans CGMCC 5336 (Chen
et al., 2018), Sphingomonas sp. (He et al., 2018),
Vibrio furnissii (Zhu et al., 2018) and Microbulbifer
sp. ALW1 (Zhu et al., 2016), which produce alginate
lyases; Flavobacterium sp. YS-80-122 (Li et al., 2017),
Wenyingzhuangia fucanilytica (Shen et al., 2017, 2018)
Wenyingzhuangia aestuarii OF219 (Shen et al., 2018),
and Pseudoalteromonas carrageenovora (Xiao et al.,
2018), which produce carrageenases; and
Microbulbifer sp. (Zhu et al., 2019), Gayadomonas
joobiniege G7 (Jung et al., 2017). Cellulophaga
omnivescoria W5C (Ramos et al., 2018),
Pseudoalteromonas sp. H9 (Chi et al., 2015) and
Aquimarina agarilytica ZC1 (Lin et al., 2017), which
produce agarases. However, only a few studies have
reported SPases obtained from bacteria associated with
Indonesian seaweeds.

In this study, seaweeds were collected, and SPase
producing-bacteria were isolated from Ambon Island
surrounding sea. The aquatic environment is located
in eastern Indonesia known to have a high marine
biodiversity index (Tuapetel et al., 2019).  This study
aimed to isolate and screen polysaccharide producing
bacteria by growing them on media containing specific
substrates, subsequently identifying the species through
molecular analysis  of 16S rRNA.

Materials and Methods

Collection of Seaweed Samples

Seaweed samples were collected by scuba diving
at 2-10 m depths in the sea around Ambon Island,
Indonesia, in September 2018 at the following four
coordinates: (i) 3°29.9730’S - 128°43.0930’E; (ii)
3°29.7750’S - 128°42.7330’E; (iii) 3°38.7470’S -

128°48.7090’E; and (iv) 3°38.7710’S - 128°47.97
60’E. The seaweed codes were ANL for coordinates i
and ii; AMLN for coordinates iii and iv. The in-situ
temperature, pH, and dissolved oxygen were 27.4-
27.9°C, 8.57-8.91, and 0.20%-2.10% respectively. The
samples were placed directly from the site into sterile
bags, one for each species. The plastic bags containing
the fresh seaweeds were stored in cool boxes with
packed ice. Subsequently, the seaweeds were washed
with sterilized seawater previously prepared by filtering
seawater collected from the sampling site. The washed
seaweeds were weighed aseptically prior to storing in
sterile conical tubes. The seaweed samples were
transported to the Biotechnology Laboratory, Research
and Development Center for Marine and Fisheries
Product Processing and Biotechnology (Jakarta Pusat,
Indonesia) in cool boxes with packed ice and stored at
4°C until used.

Isolation and Screening of Microorganism
that Produce SPases

Isolation of bacteria from the seaweed samples was
carried out a week after the collection date. Ten grams
of seaweed were mixed with 20 mL sterile seawater
and shaken by vortex for 10 min to remove bacteria
symbiont from the surface of the seaweed. One mL of
solution was diluted in a series of  10-2-10-4, then spread
on a solid medium containing 0.1% of peptone (Oxoid,
UK) and 0.05% of yeast extract (Oxoid, UK) in
seawater with 5% of carrageenan (TCI, Japan) or 0.1%
of sodium alginate (Solarbio, China) for screening for
carrageenase and alginate lyase activity respectively
(Sawant et al., 2015). For agarase screening, 2% of
bacteriological agar (Oxoid, UK) was added to the
medium. Agar plates were incubated at 30°C for 1-3
days. The colonies growing on each agar plate were
purified and checked for clear zones by streaking the
pure culture on a solid medium. After two days, Lugol’s
iodine solution (10 g potassium iodide and 5 g iodine in
1000 mL dH2O) was poured into the colonies (Kasana
et al., 2008). The clear zone will be formed around the
colony, indicating the capability of isolates to produce
polysaccharidase. The isolate codes followed these
sequences:  screened medium (Car for carrageenan,
Alg for Alginate and Aga for agar) - the source of
seaweed - number of isolates.

DNA Extraction and 16S rRNA Identification

The genomic DNA of bacteria was extracted using
a heat-shock method by boiling 250 L pure 24-h
bacterial cultures for 15 min, then transferring them
immediately on ice for 10 min. The treatments were
done twice. The PCR mixture contained 1 L forward
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primer (27F, 52 -AGAGTTTGATCCTGGCTCAG-32
), 1 L reverse primer (1492R, 52-GGTTAC CTTG
TTACGACTT-32 ), 25 L of 1× PCRmix (TIANGEN,
China), and 2L of DNA templates. The PCR  cycles
were denaturation at 94°C for 5 min, followed by 35
cycles of denaturation at 94°C for 30 s, annealing at
54°C for 30 s, and extension at 72°C for 90 s. The
reaction was ended at 72°C for 10 min (TaKaRa,
Japan). The PCR products were electrophoresed on
1% agarose gel (Mupid-EXu, Japan) along with a 2000-
bp DNA ladder (TaKaRa, Japan), then stained with
ethidium bromide (Sigma Aldrich, USA) and visualized
using a Geldoc UV transilluminator (Biometra-Herolab
UVT-20M, Germany). Then, all PCR products were
sequenced (Personalbio, Qingdao, China) by the Sanger
sequencing method (Winand et al., 2019).

Sequence Analysis

The obtained sequences were used as queries in a
homology search against the NCBI nucleotide sequence
database (nr) using BLASTN (Basic Local Alignment
Search Tool) (Altschul et al., 1990), then aligned using
ClustalW (Higgins et al., 1996). A phylogenetic tree
was constructed by neighbor-joining mid-point analysis
(Kim, 1993) using MEGA7 with 1000 replicates of the
bootstrap test  (Kumar et al., 2016). The Codon Code
Aligner (Codon Code Corporation, Massachusetts,
USA) was used to analyze the similarity of 16S rRNA
sequences (1400-bp fragments). The sequence with
similarity >98% was considered to represent one
operational taxonomic unit (OTU).

Sequence Submission

The DNA sequences of the 74 SPase-producing
bacteria have been deposited in the DNA Data Bank of
Japan (DDBJ) with accession numbers of MK453420-
MK453493.

Results and Discussion

Isolation and Screening the Seaweed
Samples

We collected a total of 92 bacterial isolates from 11
differnt seaweeds inhabiting the sea around Ambon
Island, Indonesia. A total of 74 from 92 bacterial isolates
formed a clear zone on a solid medium containing
substrates of seaweed polysaccharides (carrageenan,
sodium alginate, and agar) after Lugol’s iodine staining.
The clear zone indicated that these bacteria are SPase
producers (Figure 1). The clear zone was formed
because the degraded polysaccharide by the enzyme
did not form a complex with the dye. In contrast, in
the dark zone, the polysaccharide and dye solution
interacted (Hodgson & Chater, 1981; Kasana et al.,
2008). In terms of agarase and carrageenase-producing
bacteria, only one substrate, agar or carrageenan, was
added to the solid medium, so the clear zone formed
on the solid medium was undoubtedly caused by the
degradation of the one added substrate. For screening
carrageenase-producing bacteria, the solid medium
should contain up to 5% carrageenan to compact the
medium. However, the clear zone formed on a solid
medium must be confirmed for alginate-degrading
bacteria by measuring enzyme activity in a liquid
medium using two substrates, sodium alginate and agar,
added on a solid medium. This is because the
degradation of agar, sodium alginate, or both could
have formed the clear zone.

Different types of SPase bacteria were isolated from
different seaweeds. Seaweeds ANL 24 and AMLN 02
only produced one type SPase which was agarase and
carrageenase, respectively. Seaweeds AMLN 05, 06
and 08 produced alginate lyase bacteria. Whereas three

Figure 1. Clear zones formed by polysaccharidase-producing bacteria on seawater agar medium containing seaweed
polysaccharides (A) Agar, (B) Carrageenan, and (C) Sodium alginate after incubation for 48 h at 30°C. The colonies were
stained with 10% Lugol’s iodine solution.

 A B C 
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types of SPase bacteria were isolated from seaweeds
ANL 00, AMLN 12, AMLN 14 and AMLN 15. These
seaweeds also had the highest number of SPsase-
associated bacteria, with 10, 7, 24, and 16 isolates,
respectively (Table 1).

Most of SPase-producing bacteria were reported
to be associated with seaweed (Martin et al., 2014).
Only a small number were reported from the seawater
columns by metagenomic (Ferrer et al., 2016) and
culturable approaches (Neumann et al., 2015). In
addition, the type of some SPases-producing bacteria
is related to the polysaccharide type of seaweed.
Verrucomicrobia, known as fucoidan degrading
bacteria, inhibit specific brown algae, particularly those
within the Fucus genus (Singh & Reddy, 2014). Like
other marine microorganism, polysaccharide-
degrading bacteria play vital roles in carbon recycling
from seaweed polysaccharides. In the marine
ecosystem, polysaccharide-degrading bacteria are
associated with seaweeds and overcome oligotrophic
conditions by degrading seaweed polysaccharides into
biologically versatile forms (Imran et al., 2017).

The specificity associations between algae and
bacteria have been described. Some bacterial groups
(Aquificae, Chlorobi, Dyctioglomi, Lentisphaerae, and
Tenericutes) were reported in macroalga Rhodophyta
and Gemmatimonadetes. At the same time,
Proteobacteria was found in all macroalgal genera
(Martin et al., 2014). Regarding the type of seaweed,
the Laurencia genus belonging to the Rhodophyta class
had the highest bacterial diversity (Florez et al., 2017).

Some studies found that the specificity of bacteria with
the macroalgae was influenced by various factors:
differences in cell walls, polysaccharidases, and
bioactive compounds of the macroalgae.
Polysaccharide cell wall variations distinguish
environmental interactions by governing biological and
biomechanical processes within an individual and among
different organisms such as bacteria. Microorganism
has ability to produce different types of polysaccharide-
modifier enzymes. These enzymes degrade the
polysaccharides as organic carbon sources for them.
Bioactive substances such as antimicrobial, antifouling,
vitamins and growth factors function as defense
mechanisms or attraction for the microorganism
(Martin et al., 2014).

Identification of SPase-Producing Bacteria

The DNA was successfully isolated from the 24-h
cell cultures of all the SPase-producing bacteria. The
amplified 16S rRNA sequences obtained by PCR for
each isolate formed a single band at around 1,400 bp.
The 74 culturable isolates represented 26 strains and
13 species, and their codes, reference names, similarity,
and accession numbers are listed in Table 2. While a
neighbor-joining tree based on the 16S rRNA sequences
of the SPase-producing bacteria is presented in Figure
2.

Based on Table 2, most of the isolates belonged to
phylum Proteobacteria with class
Gammaproteobacteria and represented three genera
Pseudoalteromonas, Cobetia and Microbulbifer.

Table 1. Numbers of polysaccharidase-producing bacteria isolated from seaweed collected from the sea around Ambon
Island, Indonesia

NA : Not Available

Carrageenase Alginate lyase Agarase

ANL 00 4 3 3 10

ANL 08 2 NA 1 3

ANL 24 NA NA 1 1

AMLN 02 1 NA NA 1

AMLN 05 NA 1 NA 1

AMLN 06 NA 1 NA 1

AMLN 08 NA 3 NA 3

AMLN 12 2 3 2 7

AMLN 14 5 9 10 24

AMLN 15 4 1 11 16

AMLN 18 2 5 NA 7

Total 20 26 28 74

Seaw eeds
Number of isolates

Total
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Pseudoalteromonas was the most common genus with
32 isolates, followed by Cobetia (18 isolates) and
Microbulbifer (15 isolates). Phylum Firmicutes class
Bacilli had only one genus Bacillus (8 isolates). This
study was similar to the study of seaweed-associated
bacteria isolat1ed that six major phyla of seaweed-
associated bacteria had been cultured, namely
Bacteroidetes (42%), Proteobacteria (35%), Firmicutes
(10%), Actinobacteria (8%), Verrucomicrobia (5%),
and Planctomycetes (1%). That study showed that
30% of isolates degraded seaweed components or

nutrients available in living seaweed. Another study
identified 36 different bacterial genera associated with
the brown seaweed Ascophyllum nodosum; the most
abundant genus was Marinomonas (13.1%), followed
by Cellulophaga (10.1%) and Pseudoalteromonas
(9.1%). Among 324 isolates, 74 (34%) had
polysaccharidase activity (Martin et al., 2014). Cobetia
and Pseudoalteromonas were the most abundant genera
found among the Ambon seaweeds. Furthermore, this
result was similar to a study by Lin et al. that found
that Pseudoalteromonas was the dominant genus among

Table 2. Details of representative bacteria from the 26 strains of polysaccharidase-producing bacteria isolated from
seaweed collected from the sea around Ambon Island, Indonesia

Code of 
Represented  

Isolates
References strain (GenBank) Similarity

Gen Bank 
Accession 

Number

Total of similar 
isolates

Phylum; Class; 
Genera

Alg-AMLN-18-1 Cobetia  sp. 37 99% MK453430 1

Car-AMLN-14-6 Cobetia sp . strain JCG-23 99% MK453457 1

Alg-AMLN-05 Cobetia  sp. strain P4 100% MK453445 3

Aga-AMLN-15-5 Cobetia  marina strain JCM 21022 99% MK453452 13

Aga-AMLN-14-8 Microbulbifer  sp. HB09007 99% MK453473 7

Alg-AMLN-14-4 Microbulbifer  sp. HB09008 99% MK453461 4

Aga-AMLN-14-4 Microbulbifer  sp. strain THAF38 99% MK453461 1

Car-ANL-00-4 Microbulbifer variabilis  strain 
SCSIO_43706 

99% MK453422 3

Aga-AMLN-15-2 Pseudoalteromonas  sp. BSi20622 99% MK453449 1

Alg-AMLN-15-1 Pseudoalteromonas  sp. BSi20396 99% MK453436 13

Aga-ANL-00-3 Pseudoalteromonas  sp. strain 8-13 99% MK453493 3

Car-AMLN-12-Mix1 Pseudoalteromonas  sp. strain 22-
16 

99% MK453482 4

Alg-AMLN-12-Mix2 Pseudoalteromonas donghaensis 
strain HJ51

99% MK453478 7

Car-AMLN-14-Mix1 Pseudoalteromonas issachenkonii 
strain KMM 3549 

99% MK453479 1

Aga-AMLN-14-Mix2 Pseudoalteromonas issachenkonii 
strain 5-4-4 

100% MK453472 1

Alg-ANL-00-2 Pseudoalteromonas lipolytica 
strain K-W45 

99% MK453490 1

Alg-ANL-00-Mix2 Uncultured Pseudoalteromonas  sp. 
clone CI17 

99% MK453490 1

Alg-AMLN-14-9 Bacillus sp. strain 201705CJKOP-
80

100% MK453431 1

Alg-AMLN-14-1 Bacillus  sp. CNJ796 PL04 99% MK453433 1

Alg-AMLN-14-7 Bacillus  sp. strain CK-35 100% MK453434 1

Aga-AMLN-15-6 Bacillus  sp. BEK11 99% MK453451 1

Car-AMLN-18-1 Bacillus altitudinis  strain -Y118 100% MK453426 1

Car-AMLN-14-3 Bacillus pumilus  strain JMB004 100% MK453444 1

Alg-AMLN-14-2 Bacillus pumilus  strain CFC-5 100% MK453427 1

Car-AMLN-18-2 Bacillus oceani  strain SCSIO 
04524 

99% MK453425 1

Car-AMLN-14-1 Bacterium  strain GU1721 100% MK453455 1

Proteobacteria; 
Gammaproteobacteria; 

Cobetia  

Proteobacteria; 
Gammaproteobacteria; 

Microbulbifer

Proteobacteria; 
Gammaproteobacteria; 
Pseudoalteromonas

Firmicutes; Bacilli; 
Bacillus 
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bacteria associated with the giant kelp Macrocystis
pyrifera. However, Cobetia were not found with either
the cultured or metagenomic approaches in that study
(Lin et al., 2018). Pseudoalteromonas is also found as
a dominant bacterium in infecting disease of Saccharina
japonica (Wang et al., 2008).

The microalgae-associated bacteria not only
produced SPases but also have essenstial functions
for the algae. Some studies found that these bacteria
contributed to macroalgae’s defense, growth, and
nutrient uptake. The bacteria associated improved the
defense of macroalgae by produce antimicrobial and

Figure 2.  Neighbor-joining phylogenetic tree constructed using 16S rRNA sequences of the represented  isolates of 74
polysaccharidase-producing bacteria associated with seaweed and related strains from GenBank. MEGA7 was used to
construct the tree and the % bootstrap values are shown at the nodes.
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antifouling compounds. The number of macroalgae
isolated strains with antimicrobial activity was higher
than seawater or terrestrial strains (Penesyan et al.,
2009). Some microbes produced vitamins and growth
elements in plentiful amounts for macroalgae growth.
In addition, bacteria isolated from macroalgae produced
various hydrolytic enzymes that enhanced the nutrient
uptake of macroalgae. A bacteria isolate from red algae
has agarase activity and amylase, phosphatase, esterase,
urease and lipase activities (Kim & Hong, 2012)

The Composition of SPase-Producing
Bacteria

The compositions of SPase-producing bacteria
capable of degrading the three substrates are shown in
Figure 3. Among  the  13  species  representing  the  74
isolates, four were in class Bacilli, eight were in class
Gammaproteobacteria, and one was unclassified. Some
of these species could degrade all three types of
seaweed polysaccharides, whereas others degraded
only one or two types of seaweed polysaccharides.
Three species only degraded carrageenan; one degraded
alginate; one degraded carrageenan and alginate; two
degraded alginate and agar; two degraded agar and
carrageenan; and four degraded all three
polysaccharides. It was found that all species capable
of degrading agar were also capable of degrading
carrageen and/or alginate. (Figure 4). Microbulbifer
sp., Cobetia marina, and Pseudoalteromonas sp. were
found in high numbers and could degrade all three

polysaccharides. Pseudoalteromonas donghaensis,
which was also found in high numbers, degraded
alginate but had low activity against agar. Three species,
Bacillus altitudinis, Bacillus oceani, and an unclassified
bacterium specifically degraded carrageenan, whereas
Pseudoalteromonas lipolytica degraded alginate.

Pseudoalteromonas, Microbulbifer and Cobetia
species are important in biotechnology because of their
metabolic versatility. Some Pseudoalteromonas Spp.
were reported to produce agarase (Borchert et al., 2017;
Mauro et al., 2013; Oh et al., 2011; Hinojosa et al.,
2018; Schroeder et al., 2003; Vera et al., 1998), alginate
lyase (Li et al., 2011; Zhang et al., 2020) and
carragenase (Xiao et al., 2018; Zhao et al., 2021).
Similarly, various Microbulbifer were found produced
agarose (Li et al., 2018; Ma et al., 2019), alginate lyase
(Yang et al., 2020; Zhu et al., 2016) and carrageenase
(Jonnadula et al., 2018). In addition, the genome
sequences of Microbulbifer Spp. were reported to
contain various genes coding for polysaccharidase,
including agarase, alginate lyase and carragenase (Imran
et al., 2017; Jung et al., 2018). Cobetia were reported
to have alginolytic activity (Gong et al., 2017; Yagi et
al., 2016). These species also were found to produce
bioflocculants (Ugbenyen et al., 2012), phosphatases
(Golotin et al., 2015), sulfated O-polysaccharides that
have anticancer activity (Kokoulin et al., 2016) and
hydrocarbon degradation activity (Ibacache-Quiroga
et al., 2013). However, only a few studies are available
about the agarase and carragenase activity of Cobetia
genus.

Figure 3. The composition of 74 polysaccharidase-producing bacteria which grouped in to 13 species based on their
capability to degrade carrageenan, alginate, and agar.
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Furthermore, some of the species that had been
isolated from Ambon seaweeds had limited information
of SPase producing ability, such as Pseudoalteromonas
lipolytica, Microbulbifer variabilis, and Bacillus
oceani, which provided new insights into the diversity
of SPase-producing bacteria.

Conclusion

In this study, 74 SPase-producing bacteria were
isolated from 11 types of marine algae samples collected
from Ambon Sea waters. The 74 isolates consist of 28
isolates agarase-producing, alginate 26 isolates alginate
lyase-producing and 20 isolates carrageenase-
producing. The identification results showed that 13
species represent 74 isolates and belong to 2 classes,
namely Gammaproteobacteria and Bacillus. The
Gammaproteobacteria class contained three genera:
Pseudoalteromonas (32 isolates), Cobetia (18 isolates),
and Microbulbifer (15 isolates). The Bacillus class only
contained a genus consisting of 8 isolates. Microbulbifer
sp., Cobetia marina, and Pseudoalteromonas sp. were
found in high numbers and were able to degrade all
three types of polysaccharides. Some species have
limited information on the ability of SPase-bacteria
which provided new insights into the diversity of
SPase-producing bacteria. Further work will be
conducted to determine the characteristics of the
polysaccharidases produced by some of these
seaweed-associated bacteria to find suitable applications
for these enzymes.

Acknowledgments

The work was supported by national budget of
Indonesia managed by Research Center for Marine and
Fisheries Product Processing and Biotechnology,
Agency of Marine and Fisheries Research and Human
Resources, Marine and Fisheries Ministry  and the
China-ASEAN Maritime Cooperation Fund.

Supplementary Materials

Supplementary materials is not available for this article.

References
Ahmad, B., Jahan, A., Sadiq, Y., Shabbir, A., Jaleel, H., & Khan,

M. M. A. (2019). Radiation-mediated molecular weight
reduction and structural modification in carrageenan
potentiates improved photosynthesis and secondary
metabolism in peppermint (Mentha piperita L.). International
Journal of Biological Macromolecules, 124, 1069–1079.
https://doi.org/10.1016/j.ijbiomac.2018.12.022

Ahmed, A. B. A., Adel, M., Karimi, P., & Peidayesh, M. (2014).
Pharmaceutical, cosmeceutical, and traditional applications
of marine carbohydrates. Advances in Food and Nutrition
Research, 73, 197–220.

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman,
D. J. (1990). Basic local alignment search tool. Journal of
Molecular Biology, 215(3), 403–410. https://doi.org/https:/
/doi.org/10.1016/S0022-2836(05)80360-2

Borchert, E., Knobloch, S., Dwyer, E., Flynn, S., Jackson, S.
A., Jóhannsson, R., Marteinsson, V. T., O’Gara, F., &
Dobson, A. D. W. (2017). Biotechnological Potential of Cold
Adapted Pseudoalteromonas spp. Isolated from ‘Deep Sea’

 

Carrageenase 
3 

Alginate  
lyase 

1 
Agarase 2 

1 2 

4 

Figure 4. A Venn diagram shows the distribution of the 13 species in degrading the seaweed polysaccharides i. e.
carrageenan, alginate, and agar.

Squalen Bull. Mar. Fish. Postharvest Biotech. (2023) 18(2): 81-92

Patantis et al.,                            Page 88 of 92

https://doi.org/10.1016/j.ijbiomac.2018.12.022
https://doi.org/https:/


Sponges. In Marine Drugs (Vol. 15, Issue 6). https://doi.org/
10.3390/md15060184

Burke, C., Thomas, T., Lewis, M., Steinberg, P., & Kjelleberg,
S. (2011). Composition, uniqueness and variability of the
epiphytic bacterial community of the green alga Ulva
australis. The ISME Journal, 5(4), 590–600. https://doi.org/
10.1038/ismej.2010.164

Chen, Y., Dou, W., Li, H., Shi, J., & Xu, Z. (2018). The alginate
lyase from Isoptericola halotolerans CGMCC 5336 as a
new tool for the production of alginate oligosaccharides with
guluronic acid as reducing end. Carbohydrate Research, 470,
36–41. https://doi.org/10.1016/j.carres.2018.06.005

Chi, W.-J., Lee, C.-R., Dugerjonjuu, S., Park, J.-S., Kang, D.-K.,
& Hong, S.-K. (2015). Biochemical characterization of a
novel iron-dependent GH16 â-agarase, AgaH92, from an
agarolytic bacterium Pseudoalteromonas sp. H9. FEMS
Microbiology Letters, 362(7). https://doi.org/10.1093/femsle/
fnv035

Fernandes, N., Steinberg, P., Rusch, D., Kjelleberg, S., &
Thomas, T. (2012). Community Structure and Functional
Gene Profile of Bacteria on Healthy and Diseased Thalli of
the Red Seaweed Delisea pulchra. PLoS ONE, 7(12),
e50854. https://doi.org/10.1371/journal.pone.0050854

Ferrer, M., Martínez-Martínez, M., Bargiela, R., Streit, W. R.,
Golyshina, O. v., & Golyshin, P. N. (2016). Estimating the
success of enzyme bioprospecting through metagenomics:
current status and future trends. Microbial Biotechnology,
9(1), 22–34. https://doi.org/10.1111/1751-7915.12309

Florez, J. Z., Camus, C., Hengst, M. B., & Buschmann, A. H.
(2017). A Functional Perspective Analysis of Macroalgae
and Epiphytic Bacterial Community Interaction. Frontiers
in Microbiology, 8. https://doi.org/10.3389/
fmicb.2017.02561

Giordano, A., Andreotti, G., Tramice, A., & Trincone, A. (2006).
Marine glycosyl hydrolases in the hydrolysis and synthesis
of oligosaccharides. Biotechnology Journal, 1(5), 511–530.
https://doi.org/10.1002/biot.200500036

Goecke, F., Thiel, V., Wiese, J., Labes, A., & Imhoff, J. F. (2013).
Algae as an important environment for bacteria –
phylogenetic relationships among new bacterial species
isolated from algae. Phycologia, 52(1), 14–24. https://doi.org/
10.2216/12-24.1

Golotin, V., Balabanova, L., Likhatskaya, G., & Rasskazov, V.
(2015). Recombinant Production and Characterization of a
Highly Active Alkaline Phosphatase from Marine Bacterium
Cobetia marina. Marine Biotechnology, 17(2), 130–143.
https://doi.org/10.1007/s10126-014-9601-0

Gong, J.-S., Liu, X.-M., Zhang, M.-J., Li, H., Geng, Y., Li, H.,
Li, J., Lu, Z.-M., Xu, Z.-H., & Shi, J.-S. (2017). Purification
and characterization of a high salt-tolerant alginate lyase
from Cobetia sp. WG-007. Biotechnology and Applied
Biochemistry, 64(4), 519–524. https://doi.org/10.1002/
bab.1506

He, M., Guo, M., Zhang, X., Chen, K., Yan, J., & Irbis, C.
(2018). Purification and characterization of alginate lyase
from Sphingomonas sp. ZH0. Journal of Bioscience and
Bioengineering, 126(3), 310–316. https://doi.org/10.1016/
j.jbiosc.2018.01.017

Higgins, D. G., Thompson, J. D., & Gibson, T. J. B. T.-M. in E.
(1996). [22] Using CLUSTAL for multiple sequence

alignments. In Computer Methods for Macromolecular
Sequence Analysis (Vol. 266, pp. 383–402). Academic Press.
h t t p s : / / do i . o r g / h t t p s : / / do i . o r g / 1 0 . 1 0 1 6 / S0 0 7 6 -
6879(96)66024-8

Hinojosa, V., Asenjo, J., & Leiva, S. (2018). Agarolytic culturable
bacteria associated with three antarctic subtidal macroalgae.
World Journal of Microbiology and Biotechnology, 34(6),
73. https://doi.org/10.1007/s11274-018-2456-1

Hodgson, D. A., & Chater, K. F. (1981). A Chromosomal Locus
Controlling Extracellular Agarase Production by
Streptomyces coelicolor A 3(2), and its Inactivation by
Chromosomal Integration of Plasmid SCP1. Microbiology,
124(2), 339–348. https://doi.org/10.1099/00221287-124-2-
339

Hong, S. J., Lee, J.-H., Kim, E. J., Yang, H. J., Chang, Y.-K.,
Park, J.-S., & Hong, S.-K. (2017). In vitro and in vivo
investigation for biological activities of
neoagarooligosaccharides prepared by hydrolyzing agar with
â-agarase. Biotechnology and Bioprocess Engineering, 22(4),
489–496. https://doi.org/10.1007/s12257-017-0049-8

Hong, S. J., Lee, J.-H., Kim, E. J., Yang, H. J., Park, J.-S., &
Hong, S.-K. (2017). Toxicological evaluation of
neoagarooligosaccharides prepared by enzymatic hydrolysis
of agar. Regulatory Toxicology and Pharmacology, 90, 9–
21. https://doi.org/https://doi.org/10.1016/
j.yrtph.2017.08.001

Ibacache-Quiroga, C., Ojeda, J., Espinoza-Vergara, G., Olivero,
P., Cuellar, M., & Dinamarca, M. A. (2013). The
hydrocarbon-degrading marine bacterium Cobetia sp. strain
MM1IDA2H-1 produces a biosurfactant that interferes with
quorum sensing of fish pathogens by signal hijacking.
Microbial Biotechnology, 6(4), 394–405. https://doi.org/
10.1111/1751-7915.12016

Imran, M., Pant, P., Shanbhag, Y. P., Sawant, S. v., & Ghadi, S.
C. (2017). Genome Sequence of Microbulbifer mangrovi
DD-13T Reveals Its Versatility to Degrade Multiple
Polysaccharides. Marine Biotechnology 2017 19:1, 19(1),
116–124. https://doi.org/10.1007/S10126-017-9737-9

Imran, M., Poduval, P. B., & Ghadi, S. C. (2017). Bacterial
Degradation of Algal Polysaccharides in Marine Ecosystem.
In Marine Pollution and Microbial Remediation (pp. 189–
203). Springer Singapore. https://doi.org/10.1007/978-981-
10-1044-6_12

Jiao, G., Yu, G., Zhang, J., & Ewart, S. H. (2011). Chemical
Structures and Bioactivities of Sulfated Polysaccharides from
Marine Algae. In Marine Drugs (Vol. 9, Issue 2). https://
doi.org/10.3390/md9020196

Jonnadula, R., Imran, M., Poduval, P. B., & Ghadi, S. C. (2018).
Effect of polysaccharide admixtures on expression of
multiple polysaccharide-degrading enzymes in Microbulbifer
strain CMC-5. Biotechnology Reports, 17, 93–96. https://
doi.org/10.1016/j.btre.2017.12.008

Jung, J., Bae, S. S., Chung, D., & Baek, K. (2018). Complete
genome sequence of Microbulbifer agarilyticus GP101
possessing genes coding for diverse polysaccharide-
degrading enzymes. The Microbiological Society of Korea,
54(3), 299–301.

Jung, S., Lee, C.-R., Chi, W.-J., Bae, C.-H., & Hong, S.-K.
(2017). Biochemical characterization of a novel cold-adapted
GH39 â-agarase, AgaJ9, from an agar-degrading marine

Squalen Bull. Mar. Fish. Postharvest Biotech. (2023) 18(2): 81-92

Patantis et al.,                             Page 89 of 92

https://doi.org/
https://doi.org/
https://doi.org/10.1016/j.carres.2018.06.005
https://doi.org/10.1093/femsle/
https://doi.org/10.1371/journal.pone.0050854
https://doi.org/10.1111/1751-7915.12309
https://doi.org/10.1002/biot.200500036
https://doi.org/
https://doi.org/10.1007/s10126-014-9601-0
https://doi.org/10.1002/
https://doi.org/10.1016/
https://doi.org/10.1007/s11274-018-2456-1
https://doi.org/10.1099/00221287-124-2-
https://doi.org/10.1007/s12257-017-0049-8
https://doi.org/
https://doi.org/10.1007/S10126-017-9737-9
https://doi.org/10.1007/978-981-
https://
https://


bacterium Gayadomonas joobiniege  G7. Applied
Microbiology and Biotechnology, 101(5), 1965–1974. https:/
/doi.org/10.1007/s00253-016-7951-4

Kasana, R. C., Salwan, R., Dhar, H., Dutt, S., & Gulati, A.
(2008). A Rapid and Easy Method for the Detection of
Microbial Cellulases on Agar Plates Using Gram’s Iodine.
Current Microbiology, 57(5), 503–507. https://doi.org/
10.1007/s00284-008-9276-8

Kim, J. (1993). Improving the Accuracy of Phylogenetic
Estimation by Combining Different Methods. Systematic
Biology, 42(3), 331–340. https://doi.org/10.1093/sysbio/
42.3.331

Kim, J., & Hong, S. K. (2012). Isolation and Characterization of
an Agarase-Producing Bacterial Strain, Alteromonas sp.
GNUM-1, from the West Sea, Korea. Journal of
Microbiology and Biotechnology, 22(12), 1621–1628. https:/
/doi.org/10.4014/jmb.1209.08087

Kokoulin, M. S., Kuzmich, A. S., Kalinovsky, A. I., Tomshich,
S. v., Romanenko, L. A., Mikhailov, V. v., & Komandrova,
N. A. (2016). Structure and anticancer activity of sulfated
O-polysaccharide from marine bacterium Cobetia litoralis
KMM 3880 T. Carbohydrate Polymers, 154, 55–61. https:/
/doi.org/10.1016/j.carbpol.2016.08.036

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7:
Molecular Evolutionary Genetics Analysis Version 7.0 for
Bigger Datasets. Molecular Biology and Evolution, 33(7),
1870–1874. https://doi.org/10.1093/molbev/msw054

Li, J.-W., Dong, S., Song, J., Li, C.-B., Chen, X.-L., Xie, B.-B.,
& Zhang, Y.-Z. (2011). Purification and Characterization of
a Bifunctional Alginate Lyase from Pseudoalteromonas sp.
SM0524. Marine Drugs, 9(1), 109–123. https://doi.org/
10.3390/md9010109

Li, R.-K., Chen, Z., Ying, X.-J., Ng, T. B., & Ye, X.-Y. (2018). A
novel GH16 beta-agarase isolated from a marine bacterium,
Microbulbifer sp. BN3 and its characterization and high-
level expression in Pichia pastoris. International Journal of
Biological Macromolecules, 119, 1164–1170. https://doi.org/
10.1016/j.ijbiomac.2018.08.053

Li, S., Hao, J., & Sun, M. (2017). Cloning and characterization
of a new cold-adapted and thermo-tolerant é-carrageenase
from marine bacterium Flavobacterium sp. YS-80-122.
International Journal of Biological Macromolecules, 102,
1059–1065. https://doi.org/10.1016/j.ijbiomac.2017.04.070

Lin, B., Liu, Y., Lu, G., Zhao, M., & Hu, Z. (2017). An agarase
of glycoside hydrolase family 16 from marine bacterium
Aquimarina agarilytica ZC1. FEMS Microbiology Letters,
364(4). https://doi.org/10.1093/femsle/fnx012

Lin, J. D., Lemay, M. A., & Parfrey, L. W. (2018). Diverse
Bacteria Utilize Alginate Within the Microbiome of the Giant
Kelp Macrocystis pyrifera. Frontiers in Microbiology, 9.
https://doi.org/10.3389/fmicb.2018.01914

Liu, J., Zhan, X., Wan, J., Wang, Y., & Wang, C. (2015). Review
for carrageenan-based pharmaceutical biomaterials:
Favourable physical features versus adverse biological
effects. Carbohydrate Polymers, 121, 27–36. https://doi.org/
https://doi.org/10.1016/j.carbpol.2014.11.063

Ma, J., Yan, Q., Yi, P., Yang, S., Liu, H., & Jiang, Z. (2019).
Biochemical characterization of a truncated â-agarase from

Microbulbifer sp. suitable for efficient production of
neoagarotetraose. Process Biochemistry, 87, 119–127. https:/
/doi.org/10.1016/j.procbio.2019.08.021

Madgwick, J., Haug, A., Larsen, B., Siebert, W., & Nimmich, W.
(1973). Polymannuronic Acid 5-Epimerase from the Marine
Alga Pelvetia canaliculata (L.) Dcne. et Thur.. Acta Chemica
Scandinavica, 27, 3592–3594. https://doi.org/10.3891/
acta.chem.scand.27-3592

Martin, M., Portetelle, D., Michel, G., & Vandenbol, M. (2014).
Microorganisms living on macroalgae: diversity, interactions,
and biotechnological applications. Applied Microbiology and
Biotechnology, 98(7), 2917–2935. https://doi.org/10.1007/
s00253-014-5557-2

Mauro, T., Susana, V., Silvia, C., Adrián, T., Daniel, C., Andrés,
B., & Walter, M. C. (2013). Extracellular hydrolytic enzyme
production by proteolytic bacteria from the Antarctic. Polish
Polar Research, 34(3), 253–267.

Neumann, A. M., Balmonte, J. P., Berger, M., Giebel, H.-A.,
Arnosti, C., Voget, S., Simon, M., Brinkhoff, T., & Wietz,
M. (2015). Different utilization of alginate and other algal
polysaccharides by marine Alteromonas macleodii ecotypes.
Environmental Microbiology, 17(10), 3857–3868. https://
doi.org/10.1111/1462-2920.12862

Oh, Y. H., Jung, C. K., & Lee, J. W. (2011). Isolation and
Characterization of a Novel Agarase-Producing
Pseudoalteromonas spp. Bacterium from the Guts of Spiny
Turban Shells. Journal of Microbiology and Biotechnology,
21(8), 818–821. https://doi.org/10.4014/jmb.1012.12027

Otero, P., Carpena, M., Garcia-Oliveira, P., Echave, J., Soria-
Lopez, A., García-Pérez, P., Fraga-Corral, M., Cao, H., Nie,
S., & Xiao, J. (2023). Seaweed polysaccharides: Emerging
extraction technologies, chemical modifications and bioactive
properties. Critical Reviews in Food Science and Nutrition,
63(13), 1901–1929.

Pei, X., Chang, Y., & Shen, J. (2019). Cloning, expression and
characterization of an endo-acting bifunctional alginate lyase
of marine bacterium Wenyingzhuangia fucanilytica. Protein
Expression and Purification, 154, 44–51. https://doi.org/
10.1016/j.pep.2018.09.010

Penesyan, A., Marshall-Jones, Z., Holmstrom, C., Kjelleberg,
S., & Egan, S. (2009). Antimicrobial activity observed among
cultured marine epiphytic bacteria reflects their potential
as a source of new drugs. FEMS Microbiology Ecology, 69(1),
113–124. https://doi.org/10.1111/j.1574-6941.2009.00688.x

Rahman, M. M., Wang, L., Inoue, A., & Ojima, T. (2012). cDNA
cloning and bacterial expression of a PL-14 alginate lyase
from a herbivorous marine snail Littorina brevicula .
Carbohydrate Research , 360, 69–77. https://doi.org/
10.1016/j.carres.2012.05.019

Ramos, K. R. M., Valdehuesa, K. N. G., Nisola, G. M., Lee, W.-
K., & Chung, W.-J. (2018). Identification and
characterization of a thermostable endolytic â-agarase Aga2
from a newly isolated marine agarolytic bacteria
Cellulophaga omnivescoria W5C. New Biotechnology, 40,
261–267. https://doi.org/10.1016/j.nbt.2017.09.006

Sawant, S. S., Salunke, B. K., & Kim, B. S. (2015). A rapid,
sensitive, simple plate assay for detection of microbial
alginate lyase activity. Enzyme and microbial technology, 77,
8-13.

Patantis et al.,                             Page 90 of 92

Squalen Bull. Mar. Fish. Postharvest Biotech. (2023) 18(2): 81-92

https://doi.org/
https://doi.org/10.1093/sysbio/
https://doi.org/10.1093/molbev/msw054
https://doi.org/
https://doi.org/
https://doi.org/10.1016/j.ijbiomac.2017.04.070
https://doi.org/10.1093/femsle/fnx012
https://doi.org/10.3389/fmicb.2018.01914
https://doi.org/
https://doi.org/10.1016/j.carbpol.2014.11.063
https://doi.org/10.3891/
https://doi.org/10.1007/
https://
https://doi.org/10.4014/jmb.1012.12027
https://doi.org/
https://doi.org/10.1111/j.1574-6941.2009.00688.x
https://doi.org/
https://doi.org/10.1016/j.nbt.2017.09.006


Schroeder, D. C., Jaffer, M. A., & Coyne, V. E. (2003).
Investigation of the role of a â(1–4) agarase produced by
Pseudoalteromonas gracilis B9 in eliciting disease
symptoms in the red alga Gracilaria gracilis. Microbiology,
149(10), 2919–2929. https://doi.org/10.1099/mic.0.26513-
0

Shen, J., Chang, Y., Chen, F., & Dong, S. (2018). Expression and
characterization of a ê-carrageenase from marine bacterium
Wenyingzhuangia aestuarii OF219: A biotechnological tool
for the depolymerization of ê-carrageenan. International
Journal of Biological Macromolecules, 112, 93–100. https:/
/doi.org/10.1016/j.ijbiomac.2018.01.075

Shen, J., Chang, Y., Dong, S., & Chen, F. (2017). Cloning,
expression and characterization of a é-carrageenase from
marine bacterium Wenyingzhuangia fucanilytica/ : A
biocatalyst for producing é-carrageenan oligosaccharides.
Journal of Biotechnology, 259, 103–109. https://doi.org/
10.1016/j.jbiotec.2017.07.034

Singh, R. P., & Reddy, C. R. K. (2014). Seaweed–microbial
interactions: key functions of seaweed-associated bacteria.
FEMS Microbiology Ecology, 88(2), 213–230. https://doi.org/
10.1111/1574-6941.12297

Suda, K., Tanji, Y., Hori, K., & Unno, H. (1999). Evidence for a
novel Chlorella virus-encoded alginate lyase. FEMS
Microbiology Letters, 180(1), 45–53. https://doi.org/
10.1111/j.1574-6968.1999.tb08776.x

Tuapetel, F., Matrutty, D. D., & Waileruny, W. (2019). Diversity
of Demersal Fish Resources in Ambon Island Waters. Jurnal
Iktiologi Indonesia, 18(3), 223. https://doi.org/10.32491/
jii.v18i3.315

Ugbenyen, A., Cosa, S., Mabinya, L., Babalola, O. O., Aghdasi,
F., & Okoh, A. (2012). Thermostable Bacterial Bioflocculant
Produced by Cobetia Spp. Isolated from Algoa Bay (South
Africa). International Journal of Environmental Research
and Public Health, 9(6), 2108–2120. https://doi.org/10.3390/
ijerph9062108

Vera, J., Alvarez, R., Murano, E., Slebe, J. C., & Leon, O. (1998).
Identification of a Marine Agarolytic Pseudoalteromonas
Isolate and Characterization of Its Extracellular Agarase.
Applied and Environmental Microbiology, 64(11), 4378–
4383. https://doi.org/10.1128/AEM.64.11.4378-4383.1998

Wang, G., Shuai, L., Li, Y., Lin, W., Zhao, X., & Duan, D. (2008).
Phylogenetic analysis of epiphytic marine bacteria on Hole-
Rotten diseased sporophytes of Laminaria japonica .
Journal of Applied Phycology, 20(4), 403–409. https://
doi.org/10.1007/s10811-007-9274-4

Winand, R., Bogaerts, B., Hoffman, S., Lefevre, L., Delvoye,
M., van Braekel, J., Fu, Q., Roosens, N. H., de Keersmaecker,
S. C., & Vanneste, K. (2019). Targeting the 16S rRNA Gene
for Bacterial Identification in Complex Mixed Samples:
Comparative Evaluation of Second (Illumina) and Third
(Oxford Nanopore Technologies) Generation Sequencing
Technologies. International Journal of Molecular Sciences,
21(1), 298. https://doi.org/10.3390/ijms21010298

Xiao, A., Zeng, J., Li, J., Zhu, Y., Xiao, Q., & Ni, H. (2018).
Molecular cloning, characterization, and heterologous
expression of a new ê carrageenase gene from
Pseudoalteromonas carrageenovora ASY5. Journal of Food

Biochemistry, 42(6), e12677. https://doi.org/10.1111/
jfbc.12677

Xiao, Q., Zhu, Y., Li, J., Wu, C., Ni, H., & Xiao, A. (2018).
Fermentation optimization and enzyme characterization of
a new é-Carrageenase from Pseudoalteromonas
carrageenovora ASY5. Electronic Journal of Biotechnology,
32, 26–34. https://doi.org/10.1016/j.ejbt.2017.12.005

Xu, S.-Y., Kan, J., Hu, Z., Liu, Y., Du, H., Pang, G.-C., & Cheong,
K.-L. (2018). Quantification of Neoagaro-Oligosaccharide
Production through Enzymatic Hydrolysis and Its Anti-
Oxidant Activities. Molecules, 23(6), 1354. https://doi.org/
10.3390/molecules23061354

Xu, X.-Q., Su, B.-M., Xie, J.-S., Li, R.-K., Yang, J., Lin, J., &
Ye, X.-Y. (2018). Preparation of bioactive
neoagaroligosaccharides through hydrolysis of Gracilaria
lemaneiformis agar: A comparative study. Food Chemistry,
240, 330–337. https://doi.org/10.1016/
j.foodchem.2017.07.036

Yagi, H., Fujise, A., Itabashi, N., & Ohshiro, T. (2016).
Purification and characterization of a novel alginate lyase
from the marine bacterium Cobetia sp. NAP1 isolated from
brown algae. Bioscience, Biotechnology, and Biochemistry,
80(12), 2338–2346. https://doi.org/10.1080/
09168451.2016.1232154

Yang, J., Cui, D., Chen, D., Chen, W., Ma, S., & Shen, H. (2020).
Purification and Characterization of a Novel Endolytic
Alginate Lyase from Microbulbifer sp. SH-1 and Its
Agricultural Application. Marine Drugs, 18(4), 184. https:/
/doi.org/10.3390/md18040184

Yun, E. J., Lee, S., Kim, J. H., Kim, B. B., Kim, H. T., Lee, S. H.,
Pelton, J. G., Kang, N. J., Choi, I.-G., & Kim, K. H. (2013).
Enzymatic production of 3,6-anhydro-l-galactose from
agarose and its purification and in vitro skin whitening and
anti-inflammatory activities. Applied Microbiology and
Biotechnology, 97(7), 2961–2970. https://doi.org/10.1007/
s00253-012-4184-z

Zhang, Y.-H., Shao, Y., Jiao, C., Yang, Q.-M., Weng, H.-F., &
Xiao, A.-F. (2020). Characterization and Application of an
Alginate Lyase, Aly1281 from Marine Bacterium
Pseudoalteromonas carrageenovora ASY5. Marine Drugs,
18(2), 95. https://doi.org/10.3390/md18020095

Zhao, D., Jiang, B., Zhang, Y., Sun, W., Pu, Z., & Bao, Y. (2021).
Purification and characterization of a cold-adapted ê-
carrageenase from Pseudoalteromonas sp. ZDY3. Protein
Expression and Purification, 178, 105768. https://doi.org/
10.1016/j.pep.2020.105768

Zhu, X., Li, X., Shi, H., Zhou, J., Tan, Z., Yuan, M., Yao, P., &
Liu, X. (2018). Characterization of a Novel Alginate Lyase
from Marine Bacterium Vibrio furnissii H1. Marine Drugs,
16(1), 30. https://doi.org/10.3390/md16010030

Zhu, Y., Gao, H., Li, H., Ni, H., Jiang, Z., Li, L., & Xiao, A.
(2019). Overexpression and characterization of a
thermostable â-agarase producing neoagarotetraose from a
marine isolate Microbulbifer sp. AG1. Acta Oceanologica
Sinica, 38(2), 96–106. https://doi.org/10.1007/s13131-019-
1349-y

Zhu, Y., Wu, L., Chen, Y., Ni, H., Xiao, A., & Cai, H. (2016).
Characterization of an extracellular biofunctional alginate

Patantis et al.,                            Page 91 of 92

Squalen Bull. Mar. Fish. Postharvest Biotech. (2023) 18(2): 81-92

https://doi.org/10.1099/mic.0.26513-
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/10.32491/
https://doi.org/10.3390/
https://doi.org/10.1128/AEM.64.11.4378-4383.1998
https://
https://doi.org/10.3390/ijms21010298
https://doi.org/10.1111/
https://doi.org/10.1016/j.ejbt.2017.12.005
https://doi.org/
https://doi.org/1
https://doi.org/10.1007/
https://doi.org/10.3390/md18020095
https://doi.org/
https://doi.org/10.3390/md16010030
https://doi.org/10.1007/s13131-019-


lyase from marine Microbulbifer sp. ALW1 and antioxidant
activity of enzymatic hydrolysates. Microbiological
Research , 182 , 49–58. https://doi.org/10.1016/
j.micres.2015.09.004

Zhang, C., Li, M., Rauf, A., Khalil, A. A., Shan, Z., Chen, C.,
Rengasamy, K. R. R., & Wan, C. (2023). Process and
applications of alginate oligosaccharides with emphasis on

health beneficial perspectives. Critical Reviews in Food
Science and Nutrition, 63(3), 303–329.

Zheng, L.-X., Liu, Y., Tang, S., Zhang, W., & Cheong, K.-L.
(2023). Preparation methods, biological activities, and
potential applications of marine algae oligosaccharides: A
review. Food Science and Human Wellness, 12(2), 359–
370.

Patantis et al.,                            Page 92 of 92

Squalen Bull. Mar. Fish. Postharvest Biotech. (2023) 18(2): 81-92


