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ABSTRACT

The main cause of the disease is that bacteria thrive and attack seaweed by secreting carrageenan
hydrolyzing enzyme, making it more vulnerable to other microbial pathogens. In this study, the bacterial
composition of healthy and ice-ice samples of Kappaphycus alvarezii were analyzed by sequencing one
hundred 16S rRNA gene of random clones from relevant gene libraries. In addition, the conventional
method was used to isolate bacteria from the ice-ice disease seaweed and identify carrageenan hydrolyzing
bacteria. Our results displayed a significant difference in the number of bacterial operational taxonomic
units (OTUs) between the healthy (11 OTUs) and disease samples (31 OTUs). Bacterial composition in the
healthy algal samples was dominated by two genera Cobetia and Roseobacter, which accouted for 39% and
21% of the total, respectively. In contrast, the ice-ice disease algal sample was dominated by the genera
Pseudoalteromonas and Phaeobacter, which accouted for 14% and 12% respectively, closely followed by
three genera Alteromonas, Salinimonas and Psychrobacter. After screening bacterial isolates from the ice-ice
disease sample for carrageenan, two types of isolates were visually observed to produce this enzyme,
indicated by a clear halo zone on 0.5% carrageenan agar plate. Two carrageenan-producing isolates were
subsequently identified and named as Alteromonas sp. IKS 3 and Tenacibaculum sp. IKS4. In the pathogeny
test, at 5 x 10* CFU/mL, the isolates IKS3 and IKS4 caused an ice-ice disease syndrome to 75.33% and
59.66% K. alvarezii seaweed respectively, higher than that of the control (22%, without any isolate
infection), indicating that Alteromonas sp. IKS3 and Tenacibaculum sp. IKS4 was an ice-ice disease that
caused bacteria on the K. alvarezii seaweed.
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INTRODUCTION
Seaweed is currently used in many
applications, including food for human

consumption and animal feed, as source of
hydrocolloid process, cosmetics, experimental
medicine, fertilizer, biofuel and others [1].
Seaweed is harvested worldwide with an
estimated 97% coming from aquaculture.

Carrageenan is a gelling agent extracted
from red seaweeds and is used for multiple
applications in food processing and other
industrial  purposes. The two genera
Kappaphycus (colloquially known as ‘cottonii’)
and Euchema (‘spinosum’) are primary red
seaweed sources for carrageenan production,
contributing over 90% of the global output [2].
The carrageenan seaweeds were also
introduced and cultivated in more than 20
countries, including India, Madagascar,
Tanzania, and East Timor but the production
scale were remarkably smaller. Kappa
carrageenan, a polysaccharide with alternating
units of D-galactose and 3,6-anhydro-galactose,
extracted from K. alvarezii is stronger than that
extracted from Euchema denticulatum, iota
carrageenan. In 1993, Vietnam started
cultivation of the carrageenan-producing
seaweed, K. alvarezii (Doty) Doty [3], and has
rapidly expanded the cultivation in the middle
and south regions of the country due to the
ease of cultivation, the simple farming
approach, the short cycle, the low initial capital
investment, the processing techniques.

During farming seaweed, numerous
unexpected critical problems such as tropical
storms, disease outbreaks or predators would
occur that cause a significant decrease in
biomass production. One main problem in
seaweed farming is the disease, e.g., ice-ice
and epiphyte infestation [4]. Doty and Alvarez
(1975) presented that ice-ice disease was
characterized by bleaching and softening of the
thallus, followed by the disintegration of the
affected tissue [5], causing a decrease in the
carrageenan vyield and reducing the quality of
carrageenan viscosity and gel strength [6].
There are two leading causes of ice-ice disease.
The first is unfavorable environmental
conditions, including high or low temperatures,
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high or low salinity, high or low light intensity,
and insufficient nutrients, and so forth [4]. The
second is the opportunistic microorganisms
that thrive and attack when seaweed is
stressed and become more vulnerable to
microbial pathogens [4].

Although the ice-ice problem was first
reported in 1974 during commercial farming in
the Philippines, a few studies has been
conducted on the microbial causative agent.
Noticeably, Largo et al., (1995) [7] pointed out
that Vibrio P21 and Cytophage P25 caused early
ice-ice whitening of K. alvarezii when the
seaweed was subjected to experimental
environmental stress. Largo suggested that
pathogenic bacteria was considered as the
secondary causative agent. These bacteria
attack and degrade seaweed tissue by hydrolytic
carrageenase enzyme. After this published
result, by conventional method, the scientists
from Indonesia, the Phillipines, and India have
tried to isolate causative bacteria from ice-ice
infected thallus of K.alvarezii and investigate
their pathogenicity. From their results, more ice-
ice causative bacteria were indicated and
showed to belong to the different species,
including Alteromonas macleodii,
Pseudoalteromonas issachenkonii and
Aurantimonas coralicida [8], P.carrgenovara [9]
and Vibrio sp. ABI-TU15 [10]. It was also known
that microbial communities associated with
seaweed were host-specific, but their pattern
was temporally and spatially variable [11]. This
would explain the incidence of various causative
bacteria in ice-ice disease occurrence at
different farming sites.

Recently, using the Illumina sequencing
method, Kopprio (2021) analyzed the bacteria
associated with carrageenan seaweeds farmed
in Khanh Hoa province of Vietham and showed
a significant  dissimilarity  in  bacterial
compositions between healthy and ice-ice
infected seaweed, with a dominance of genus
Vibrio and Alteromonas observed in infected K.
alvarezii [12]. This result provides a good
insight into the potential role of diverse groups
of bacteria in seaweed life, especially the ice-
ice disease. However, conventional methods
including bacteria isolation, carrageenan
evaluation, and pathogenicity tests, are needed
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to ensure and specify the virulence of the
bacterial isolates. Thus, in this study, we aim to
investigate and specify causative bacterial
isolates involved in ice-ice infected K. alvarezii
farmed in Khanh Hoa, Vietnam, using
conventional  methods  combined  with
sequencing analysis of partial 16S rRNA gene
library constructed in plasmid. Specifically, we
ask (i) which dominant bacterial group is
present in healthy and diseased thallus and (ii)
if bacterial isolates from diseased thallus
possess carrageenan activity and induce ice-ice
disease in the seaweed.

MATERIALS AND METHODS
Sample collection and preparation

The seaweed K. alvarezii used in this study
was collected in the farming site at Van Phong
Bay (N12°40'16", E109°16"41"”, Khanh-Hoa
province of Vietnam in May 2021. Seaweed
thalli were thoroughly rinsed with autoclaved
seawater to remove loosely attached epibionts
or sand particles and transported to the
laboratory in zip-log bags in cold condition for
processing within 24 hours of collection.

Figure 1. Image of the seaweed collected in the
farming site at Van Phong bay. The red arrow
indicates the ice-ice disease point on the thallus

Two types of seaweed, K. alvarezii, were
sampled, including (i) healthy and (ii) ice-ice
disease thalli (Fig. 1). Five replicates of healthy
and apparently ice-ice-infected thalli were
collected. From individual thallus, healthy or
infected parts (~100 mg each) were excised
with razor blades and subsequently used to
prepare healthy or disease samples, each
containing five agal parts from the five
corresponding thallus. The samples were then
used bacterial community DNA extraction. Each
excised part of the individual thallus was used
to isolate associated bacteria within one day of
collection.

DNA extraction, 16S rRNA gene cloning and
sequencing

DNA extraction of associated bacteria:
Bacterial community DNA was extracted
following the protocol of Griffiths [13]: first
with hexadecyltrimethylammonium bromide
(CTAB, Carl Roth), and later with phenol-
chloroform-isoamyl alcohol (25:24:1, Sigma
Aldrich). After a centrifugation step at 16,000 g
at 4°C for 10 min, the upper phase containing
DNA was precipitated with 2 volumes of 30%
polyethylene glycol 6,000 (Sigma-Aldrich) 1.6 M
NaCl at 4°C for 2 hours. The solution was then
centrifuged at 17,000 g at 4°C for 90 min and
the pellet was washed with cold 70% ethanol,
vacuum-dried and resuspended in Tris-EDTA
buffer.

DNA extraction of bacterial isolates:
genomic DNA was extracted following Moore’s
protocol [14]. In brief, the bacterial cell was
suspended in 564 pL Tris-EDTA  buffer
containing 10 plL of lysozyme (100 mg/mL). The
mixture was incubated for 30 min. at 37°C
followed by adding 6 uL of protease K (10
mg/mL), and 30 pl of SDS (10%). Subsequently,
the mixture was incubated at 37°C for 30
minutes, and the suspension becomes
relatively clear and viscous. One hundred plL of
NaCl (5M) was added and mixed thoroughly by
gentle inversion followed by incubation at 65°C
for 2 minutes. CTAB/NaCl solution (preheated
at 65°C) was added and mixed thoroughly (do
not vortex) and incubation was carried out at
65°C for 10 min. The DNA solution was
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extracted with 800 pl
phenol/chloroform/isoamyl alcohol (25:24:1)
solution, followed by centrifugation at 15,000 g
for 5 min. DNA in the upper phase was
precipitated after adding 0.7 volumes of ice-
cold isopropanol. Then, the DNA pellet was
obtained by centrifugation at 15,000 g for 10
min. After washing with 70% EtOH, the DNA
pellet was resuspended in 50 uL TE buffer and
stored at 4°C for immediate use and at -20°C
for long-term storage.

PCR amplification of 16S rRNA genes was
performed using the universal bacterial primer
27F (AGA GTT TGA TC(A/C) TGG CTC AG) and
1492R (TAC GGYTAC CTT GTT ACG ACT) with
the following condition: initial denaturation at
94°C for 3 min, followed by 30 cycles of
denaturing at 94°C for 30 seconds, annealing at
52°C for 1min and extension at 72°C for
90 seconds, and a final extension at 72°C for
10 min. After amplification, PCR products were
examined in 0.8% agarose gel, and expected
bands were recovered and purified using
MEGAquick-spin™ Plus (iNtRON).

Two clone libraries for the 16S rRNA gene
were constructed using purified 16S rRNA
amplicons from healthy and disease agal
samples cloned into the plasmid PLUG-
Prime®TA cloning vector (iNtRON
Biotechnology), following the manufacturer’s
instruction. Competent E. coli DH10B was
transformed by Wu [15]. Clones were screened
for a-complementation with X-Gal (5-bromo-4-
chloro-3-indolyz-B-D-galactopyranoside) as a
substrate on Luria Bertani (LB) agar plates
containing ampicillin (100 pl/mt).
Recombinant plasmids from white color clones
were isolated and purified using a DNA-spin
DNA purification kit (iINtRON Biotechnology)
under manufacturer’s instruction. The plasmids
were digested with restriction endonuclease
Hindlll, resulting in two DNA bands of about
2.7 kb and 1.5 kb to confirm the insertion of
the 16S rRNA gene. For each clone library, one
hundred purified plasmids were sequenced in
one direction using bacterial 27F primer by 1st
BASE DNA Sequencing (Malaysia). These
obtained sequences were aligned and clustered
into operation taxonomic units (OTU) at > 97%
identity using the Clustal Omega tool
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(https://www.ebi.ac.uk/Tools/msa/clustalo/).
The representative sequence of each OTU was
used for BLAST search into GenBank to find the
related sequences for taxonomic classification.

Sequence analysis and data processing

The sequence chromatograms were
analyzed using Bioedit program to obtain good
quality sequences. The 16S rRNA gene sequence
was compared with sequences available in the
GenBank database using the BLASTn program
(http://www.ncbi.nlm.nih.gov/blast).  Bacterial
sequences with high similarity from the clear
taxonomic isolates were recorded for further
analysis. Phylogenetic tree based on 16S rRNA
gene sequences was constructed using the
MEGA7 software and the Neighbor-joining
method [16].

Isolation of bacteria associated with seaweed

The alga parts were kept in ice-cold plastic
bags to ensure the survival of associated
bacteria. In the laboratory, each part was
immersed in 250 plL sterile seawater and
vigorously shaken 100 times, followed by
mechanical grinding of sample using mortar and
pestle to make a concentrated bacteria
suspension. The suspension then was diluted up
to 10 prior to plating using sterile seawater. A
volume of 50 plL of samples of each diluent (10°
to 10°) was spread onto Marine Agar 2216
(Zobell marine agar, MA, HiMedia) plate and
incubated at 25°C for five days with 24 h interval
observation. Colonies were selected based on
the distinct morphological trait of each observed
colony in MA plates. Bacterial colony purification
was done by re-streaking single isolated colonies
in MA plate and stored at 4°C in MA slants, and
monthly sub-culturing. For long term storage,
bacteria were kept in marine broth 2216
medium containing 30% glycerin at -80°C. For
determination of occurrence percentage of a
bacterial group, for each agal part, one MA plate
exhibiting adequate bacterial density of
approximately 80-150 colonies was used for
counting number of colonies with similar
morphology. Abundance rate of each bacterial
group was calculated using a following equation:
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Abundance rate (%)= Z’—'SZ* 100%

i=5

where: n: number of bacterial colonies of
similar morphology observed on one selected
MA plate; N: number of total bacterial colonies
observed on the selected MA plate; i: 5, five
infected samples.

For taxa identification, one representative
of the group were used for 16S rRNA gene
sequencing in one direction using bacterial 27F
primer. Only 16S rRNA gene of the potential
ice-ice causative isolates were sequenced using
two primers 27F and 1492R.

Detection of carrageenan producing bacteria

All the bacterial isolates obtained were
evaluated for their ability to degrade
carrageenan according to the protocol
established by Ohta and Hatada [17]. Briefly,
the bacteria were grown for 2—3 days on the
MA plate at 25°C, and subsequently, the active
bacteria were streaked on the MA plate
containing 0.5% carrageenan (sigma Aldrich).
The plates were then incubated for 2—3 days at
25°C to induce the enzyme production. After
flooding the agar plates with a 10%
cetylpyridinium chloride (CPC) solution, the
bacteria-producing clear zones were identified
as carrageenan-producing bacteria. As a
polyanionic polysaccharide, carrageenan can be
precipitated with CPC, a cationic detergent. All
the experiments were performed in duplicate.
In addition, to examine the extracellular
carrageenan, bacteria were cultured in Zobell
marine broth (MB) at 37°C and 200 rpm for
1 day. Bacterial cells were separated from the
culture by centrifugation at 7,000 rpm for
10 min in a cooling centrifuge at 4°C. The clear
supernatant was considered the crude
carrageenan source and used for extracellular
property test using the agar well diffusion
method. In brief, a volume of 50 ul crude
enzyme was added to a premade hole on the

%ice —iceincidence =

No. of infected piecies

agar plate which contained 0.5% carrageenan
in 50 mM potassium phosphate buffer pH 7.4
supplemented with 2% NaCl. The plates were
incubated at 37°C overnight. Carrageenan
activity was visualized as a halo of clearing
against a milk-white background after flooding
the plate with 10% CPC.

Pathogenity test using potential causative
bacteria

In this experiment, the algae K. alvarezii
was cultured in non-axenic conditions. Healthy
and main branches of K. alvarezii thalli were
washed with natural seawater, cut into
approximately 12 cm long pieces, and
maintained for 7 days in a 200 L-filled concrete
tank in a flow-through water system for
acclimatization. The maintaining factors
included water temperature 25°C, irradiance
130 pmol photons m™s™, controlled lighting
12 h light/12 h dark cycle, salinity ~3.5%, and
pH 8.0. After acclimation, seaweed fragments
(150 explants) in good condition were selected
for disease induction, with 50 pieces randomly
distributed in each 40 L glass tank. The
seedlings were tied to plastic mesh panels and
placed at the bottom of the tank.

Two suspective pathogenic isolates were
used for pathogenicity tests based on their
presence on disease thalli and carrageenan
degrading activities. Bacteria were cultured in MB
medium at 37°C until cell density reached 10%/mL
(~ 24 h). The tank was inoculated with each
bacterial isolate at approximately 5 x 10" CFU/mL
density and labeled according to the bacterial
treatment type. The control tank was not
inoculated with any of the bacterial isolates.
During culturing, thalli were then 3-days intervals
observed for sign of ice-ice disease. The number
of infected pieces was calculated and recorded
towards the final day of the experiment. The
experiments were performed in triplicate.

To compute for incidence, the number of
infected pieces was divided by the total
number of pieces in each tank.

x100%

Total no. of piecies
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The statistical analysis

Statistical data analysis is performed using
Microsoft Excel 10 Data were expressed as
mean % standard deviation (SD).

RESULTS AND DISCUSSION
Bacterial composition of clone libraries

One hundred cloned 16S rRNA genes from
each library generated using healthy and ice-ice
disease algal samples were sequenced in the
forward direction resulting in approximately 750
bps length. Using the Clustal Omega tool, the
sequences with > 97% identities were grouped
in one operation taxonomic unit (OTU).
Subsequently, a representative sequence of
each OTU was blasted in the GenBank database
to examine the nucleotide similarity. There was
a significant difference in the number of
bacterial OTUs between the two clone libraries
created from the healthy and disease thalli
samples (Fig. 2). It was calculated that a number
several 310TUs were found from 100 sequences
of the disease clone library, a higher number

than a healthy one that contained 11 OTUs
(Fig. 2). Unknown OTUs referred to sequences
which did not show a clear identity with any
bacteria at a certain taxa level. The bacterial
composition in the disease sample was more
complicated and diverse. Two genera, Cobetia
and Roseobacter, were shown to dominate in
the heathy sample, with estimation at 39% and
21%, respectively, but less abundant in the
disease sample. Instead, Pseudoalteromonas
and Phaeobacter were the two genera most
found in the disease sample with estimation at
14% and 12%, respectively, closely followed by
the three genera Alteromonas, Salinimonas and
Psychrobacter observed at 7%, 8% and 6% in
total count, respectively. Notably, several
genera, including Vibrio [10], Cytophaga [7], and
Alteromonas (8], reported as ice-ice causative
agents found in disease sample were not
observed in the healthy sample. Three bacterial
phyla existed in the clone library from the
disease algal sample, including Proteobacteria,
Bacteroidota and  Spirochaetota, at the
proportions of 87%, 12%, and 1%, respectively
(data not shown). However, only the phyla
Proteobacteria was observed in the clone library
from the healthy one.

Relative abundance (%)

Bacteria related OTUs

Figure 2: Relative abundance (%) of bacterial OTUs in healthy (A) and
ice-ice disease (B) algal sample K. Alvarezii
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Recently, Riyaz (2024) [9] studied a bacterial
community associated with ice-ice disease K.
alvarezii using the free method, the MiSeg-
lllumina platform (Riyaz, 2024)[18]. These
authors analyzed the bacterial composition of
the distinct parts of the disease fragments and
reported the remarkable difference in bacterial
taxomomy and abundance. The infected thallus
was dominated by Cobetia, Halomonas, and
Marinobacter, with relative abundance of 81%,
13%, and 6%, respectively. In the infected tip,
the genus Bacillus and Paenibacillus dominated
at 82% and 18%, respectively [9]. However,
microbiome analysis of the infected seaweed
demonstrated the abundance of the genera
including Psychrobacter, Marinobacter, and
Cobetia at occurrence percentages of 52%, 32%,
and 15%, respectively. Our result on bacterial
composition by analyzing partial 16S rRNA gene
has showed that the common genera Cobetia,
Psychrobacter, Phaeobacter, and Roseobacter
were found remarkably dominant in both type
of the samples (healthy and diseased) (Fig. 2). To
a certain extent, our finding agreed well with
that of Riyaz on the dominant bacterial genus in
K. alvarezii [18]. In another study [12], using
lllumina Miseq sequencing of the 16S rRNA
gene, Kopprio (2021) studied bacterial
community of three red seaweeds, including
K.avalrezii, K. striatus  and Euchema
denticulatum, which were farmed in Vietnam.
Genera Vibrio, Alteromonas, Cobetia, and
unknown bacteria were most abundant in
diseased K.alvarezii [12]. The healthy parts of
this seaweed hosted mostly Vibrio, Ruegeria,

Porphyrobacter, Rhizobiaceae, Epibacterium,
and unknown genera.
In the present study, remarkable

differences in microbial composition between
the healthy and diseased samples of the
seaweed samples revealed bacterial
involvement in the pathogenesis of ice-ice
disease. However,  microbiological  and
biochemical methods must be applied to
investigate the symptoms and the causative
bacteria to understand major causative
bacteria at the first onset of the ice-ice disease.
These methods include bacterial isolation,
detection of carrageenan hydrolyzing enzyme,
and pathogenicity test.

Bacterial Isolates associated with ice-ice disease
seaweed

Five replicates of ice-ice fragments from five
individual thalli were used to isolate bacteria.
For each ice-ice sample, one plate with a
suitable colony density of about 50-100 colonies
was selected for isolating and calculating the
bacterial distribution. Based on the difference in
morphological features, 14 types of bacteria
were recorded. All of them were taxonomically
identified based on partial 16S rRNA sequences,
and their closest sequences and related taxa
were showed in Table 1.

The bacterial groups present in all infected
samples  were dominated by  Vibrio,
Alteromonas, Pseudoalteromonas, Cobetia,
Tenacibacullum, and Ruegeria, with varying
relative abundance. The remaining groups were
only detected in individual samples with a
lower observed frequency.

Of 14 bacterial geneva found in the disease
thallus, 12 geneva are known as actual marine
bacteria except Priestia and Paracoccus, which
inhabit a wide range of habitats, both
terrestrial and marine ecosystems. The most
observed isolates belonging to the genera
Vibrio, Cobetia, Alteromonas, Tenacibacullum,
Pseudoalteromonas, and Ruegeria were also
recorded as major groups in 16S rRNA gene
library of the diseased thallus. This result
indicated that the traditional microbial method
enabled the successful isolation of dominated
bacterial groups identified using uncultured
method. Several studies were conducted on
isolating bacteria from ice-ice disease K.
alvarezii [8, 18, 19]. In the present study, some
fourteen genera found associated with
diseased thallus demonstrated more diverse
groups as compared to studies of Magun [19]
(5 genera found), Azis [20] (4 genera found),
Riyaz [21] (2 genera found), and Syafitri (7
genera found) [8]. Yusriyyah isolated fourteen
bacteria belonging to 7 genera, including
Vibrio, Alteromonas, Phaeobacter,
Pseudoalteromonas, Cobetia, Celeribacter, and
Labrenzia from K.alvarezii [22]. The fourteen
representatives obtained in the present study
are a good input source for determining ice-ice
causative agent in subsequent work.
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Table 1. Bacterial groups associated with ice-ice disease K. alvarezii and their molecular and morphology characteristics

Number of colonized

Representative

Similarity (%);

No. Colony morphology sample; abundance lsolate Closest species E value Accession number Family/Genus
rate (%)
1 Circular, entire margm, wet, 5/5; (21.3) IKS1 Vibrio alginolyticus 100; 0.0 CP054700.1 Vibrionaceae/ Vibrio
translucent, convex, light cream
2 Slpr;:ferl entire, shiny, convex, 5/5 (24.5) IKS2 Cobetia marina 100; 0.0 MH259982.1 Halomonadaceae/Cobetia
3 |Clrcular, entire margin, umbonate, 5/5 (15.6) IKS3 Alteromonas australica 99.85; 00 MZ298714.1 Alteromonadaceae/
shiny, opaque/white Alteromonas
4 |lrregular, wet, shiny, flat, iridescent 5/5(11.1) IKS4 Tenacibacullum mesophilum 100; 0.0 MN481027.1 F/avob{acter/aceae/
Tenacibacullum
5 C|r§ular, entire, shiny, translucent, 5/5(9.5) IKSS Ps?udoa/t?romonas 100;0.0 MK439592 1 Pseudoalteromonadaceae/
white shioyasakiensis Pseudoalteromonas
g |Circular, entire, convex, smooth, 5/5 (8.0) IKS6 Ruegeria mobilis 100; 0.0 KP843693.1 Rhodobacteraceae/Ruegeria
translucent
7 |small, circular, convex, shiny, beige 3/5(2.1) IKS7 Marinobacter 100; 0.0 MT325887.1 Alteromonadaceae/
hydrocarbonoclasticus Marinobacter
8 |lrregular, wrinkled, opaque, undulate 1/5(0.42) IKS8 Priestia araabhattai 100; 0.0 CP129011.1 Bacilaceae/Priestia
9 |Small, circular, shiny, raised, orange 2/5(1.26) IKS9 Paracoccus zeaxanthinifaciens 100;0.0 NR_025218.1 Rhodobacteraceae/
Paracoccus
10 [°mall, circular, entire, convex, 1/5 (1.26) IKS10 Psychrobacter adeliensis 99.71; 0.0 MT110671.1 Moraxellaceae/
smooth, opaque Psychrobacter
11 zr:é!' circular, entire, translucent, 1/5(0.61) IKS11 Shimia aestuarii 99.16; 0.0 MW828576.1 Rhodobacteraceae /Shimia
1p [°mall circular, entire, smooth, 3/5(3.1) IKS12 Epibacterium mobile 100; 0.0 MH746055.1 Rhodobacteraceae/
opaque Epibacterium
13 flglili,vc'm“'ar' convex, smooth, 2/5 (0.63) IKS13 Mesonia sediminis 99.54;0.0 MT585163.1 Flavobacteriaceae/Mesonia
14 |Circular, entire, convex, smooth, light ) ¢ () 49, IKs14  |Thalassospira povalilytica 99.37; 0.0 MH746072.1 | h@lassospiraceae/

yellow

Thalassospira
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Screening carrageenan activity

The actual marine bacterial genera Vibrio,
Alteromonas, Pseudoalteromonas, Cobetia,
Psychrobacter, Marinobacter, Bacillus,
Micrococcus, etc., were frequently associated
with K. alvarezii. Among them, Alteromonas
and Pseudoalteromonas [8], Bacillus and Vibrio
[9] and Vibrio [10] were reported to be the ice-
ice causative bacteria on K. alvarezii based on
the carrageenanse or pathogenity test. The
ice-ice disease is known to be caused by a
particular pathogen bacteria attack, especially

when the seaweed is in a weak growth
condition (under stress), such as water quality
parameter changes, unfavor temperature or
low (or high) salinaty level. These phenomena
indicate that a bacterial attack is secondary
factor after the seaweed confront a harsh
environmental stressor. The carrageenan
hydrolyzing bacteria are most considered as a
major trigger of ice-ice symptom because they
produce carrageenanse that break down the
seaweed wall (mainly consist of carrageenan),
enabling secondary invasion of opportunistic
bacteria.

Figure 3: Carrageenan hydrolyzing activity of fourteen selected bacterial isolates (A, B) and
extracellular carrageenanse property (C). Carrageenan hydrolysis is indicated by red arrows

The fourteen representative bacterial
isolates were tested for their carrageenan
hydrolyzing capacities. Only two isolates, ISK3
and ISK4, were detected to produce

carrageenan and generate clear halo zones on
the carrageenan agar plate (Fig. 3). In addition,
the two positive strains showed extracellular
carrageenan (Fig.3C), an important property of
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bacteria to metabolize carrageenan distributed
outside cellular membrane. The other bacterial
isolates showed no or unremarkable halo zone
and thus were considered negative strains
regarding carrageenan producers. Nearly the full
length (approximately 1,500 bps) of the 16S
rRNA gene of the two positive isolates were
subsequently sequenced and used for molecular
identification and phylogenetic tree
construction. Regarding 16S rRNA sequence
comparison, the strain ISK3 showed 98.98%
identity with Alteromonas sp. MR31D (AN:
HQ439508) and the strain ISK4 showed 100%
identity with 7. mesophilum F2 (AN:
MN481027). The phylogenetic trees of the ISK3
and ISK4 were constructed based on the
similarity of the 16S rRNA gene sequence

98 — NR 043977 2 Aleromonas Bgae BCRG 17571

MH569098.1 Alleromonas macieodil srain 2328 1
IKS3
NR 137375.1 Alleromenas confuents strain DSSK2-12

NR 148755.1 Atieromenas mediierranea DE
\—NR 179950.1 AlBromonas indica 10380401
NR 024788.1 Agarivorans albus MKT 106
100 NR 148243.1 fusca G-MB1
4‘— NR 043462.1 Colwelia polaris 538
NR 044176.1 sediminum C121
43 NR 1789461 Enterobackr sichuanensis WCHECL1587
00 NR 110501 Vibrio camptelli CAIM 519

100 L LR861573.1 Vibrio parahaemolytcus B1BET6

00100

A

(Fig. 4). Notably, representative members of the
genera Vibrio [22, 23] and Pseudoalteromonas
[22, 24] being reported to produce carrageenan
did not show carrageenan activity in our test.
The finding of carrageenan activity in the
present work supports the notion that the

capability to degrade red algae cell wall
carrageenan is likely common in
Alteromonadaceae. However, the

Tenacibacullum bacterium, for the first time, is
proven to produce extracellular carrageenan,
confirming a novel property of this genus.
Recently, Riyaz [21] studied the microbiome of
ice-ice diseased K. alvarezii and obtained Bacillus
and Vibrio strains that hydrolyzed carrageenan.
However, the enzymatic action on carrageenan
seemed unclear with lugol’s iodine stain [9].

88 — NR 043302.1 Tenacbaculum iibreumstain CL-TF13

NR 1487721 Tenaciaculum ascidiaceicola srain RSS1-6
KCT756879.1 Tenacbaculum doolor srain T84
KY498527.1 Tenachaculum lufimaris sran SWZ21
MG641897.1 Tenackaculum sngaporense strain TLL-A2
IKs4
100 | MN481027.1 Tenacibaculum mesophium stain F2
MW828442.1 Tenacbaculum skagerrakense stain AM-0-22
100 L KP265956.1 Cympnaga sp. J8-4
ABOT3587.2 Cybophaga sp. MBICO4665

-s—|: NR 024737 1 Tenacibaculum amylolyfum sirain MBIC4355
AY006456.1 Flexibacer echinicida sain F2
NR 178987.1 Marbackr mariimus stain HMF 3635
LR851573.1 Vibrio parahaemolyicus B1BETé

0.020

B

Figure 4. Neighbour-Joining phylogenetic tree based on 16S rRNA gene sequence shows the
relationships between the isolate IKS3 (A), IKS4 (B) with other related genera. Numbers at nodes are
levels of bootstrap support (%). Scale bar represents nucleotides substitution per 100 nucleotides

B

Figure 5. colony images of the carrageenase producing bacteria. Alteromonas sp.
ISK3 (A) and Tenacibacullum sp. 1SK4 (B)
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Colony images of the two isolates,
Alteromonas sp. ISK3 and Tenacibacullum sp.
ISK4, was showed in Figure 5.

Pathogeny test

Alteromonas sp. IkS3 and Tennacibacillum
sp. IKS4, the two bacterial strains colonizing all
five ice-ice infected pieces and showing
carrageenan degrading activity, were selected
for pathogeny test. The two bacterial strains
induced apparent ice-ice infection observed in
three replicate tanks as early as day 3 of
culture. In the control tank, only one piece in
three replicate-tanks were observed ice-ice
symptom after 6 days of culture and the ice-ice
had an outbreak since day 12 of culture. The
number of infected pieces treated with two
isolates has increased remarkably as culture
time progressed. At the end of culturing (day
21), the strain Alteromonas caused the ice-ice
infection to 75.33 + 4.16% of agal pieces,
followed by the strain Tenacibacullum, which
caused infection to 59.66 + 2.51%. The lowest
infection was observed in the control tank
without bacterial treatment, with only 22 + 4%
algae pieces got infected until the end of
culturing. Figure 6 shows the highest incidence
of infection, at all interval times of culturing, in
the tank treated with Alteromonas [KS3,
followed by Tenacibacullum IKS4. The lowest

value of incidence was observed for the
control tank. Statistical analysis results (t-test,
paired two samples for means) showed a
significant difference in ice-ice infection
percentage of the tank treated with
Alteromonas sp. IKS3 (value P(T < t) two-tail =
0.00641) or Tenacibaculum sp. IKS4 (value
P(T < t) two-tail = 0.00641) in comparison with
control (no bacterial treatment). Besides,
Alteromonas sp. IKS3 caused more severe
damage to the seaweed than Tenacibacullum
sp. IKS4 is expressed by higher ice-ice disease
percentage (Fig. 6). Previously, a pathogeny
test [24] of bacterial infection on K. alvarezii
was conducted with 9 bacterial strains
belonging to the genera Alteromonas, Bacillus,
Pseudoalteromonas, Aurantimonas,
Rhodococcus. The author(s) concluded that
A. macleodii was the most severe causative
agent among tested bacteria [24]. In another
pathogenic study, Largo (1995) [7] reported
that of 10 tested bacteria, Vibrio sp.11 and
Cytophaga sp.25 severely caused ice-ice
disease to  K.alvarezii  althouth  their
carrageenase detection had not been
conducted. From K. alvarezii, 13 bacterial
strains were isolated and evaluated for their
agalytic activity using phytoplanton cells [17].
Most of the isolates belonged to
Pseualteromonas and Vibrio; five showed
algalytic activity [17].
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Figure 6. Percentage of diseased algal pieces infected with selected bacteria
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CONCLUSION

The main idea was to use a non-culture-
based approach combined with microbial and
biochemical methods to wunderstand the
microbial communities of healthy and ice-ice
diseased K. alvarezii and to identify disease-
causative bacteria. The results reveal that
bacterial groups in ice-ice diseased samples are
more diverse than healthy samples. Some
14 bacterial groups were isolated, including
two isolates named Alteromonas sp. 1SK3 and
Tenacibacullum sp. ISK4 showed carrageenan
degrading activity. Results of the pathogenicity
test of these two isolates on K. alvarezii
showed that the isolate ISK3 and ISK4 caused
the ice-ice disease to 75.33 + 4.16% and 59.66
+ 2.51% algal samples, respectively.

Acknowledgements: This study was financially
supported by the Vietnam Academy of Science
and Technology under project code VAST
02.02/25-26.

Declaration of competing interest: The authors
declare that they have no known competing
financial interests or personal relationships that
could have appeared to influence the work
reported in this paper.

REFERENCES

[1] D. McHugh, A Guide to the Seaweed
Industry. Rome: FAO Fisheries Technical
Paper No. 441, 2003, 105 p.

[2] M. Ohno, H. Q. Nang, and S. Hirase,
“Cultivation and carrageenan yield and
quality of Kappaphycus alvarezii in the
waters of Vietnam,” Journal of Applied
Phycology, vol. 8, pp. 431-437, 1996. DOI:
10.1007/BF02178588.

[3] R. Campbell and S. Hotchkiss,
“Carrageenan industry market
overview,” in Tropical Seaweed Farming
Trends, Problems, and Opportunities, A.
Q. Hurtado, A. T. Critchley, and I. C.
Neish, Eds., Developments in Applied

168

(4]

(5]

(6]

(7]

[10]

Phycology, vol. 9. Cham, Switzerland:
Springer International Publishing, 2017,
pp. 193-205.

M. S. Doty and V. B. Alvarez, “Status,
problems, advances and economics of
Eucheuma farms,” Marine Technology
Society Journal, vol. 9, pp. 30—35, 1975.

D. B. Llargo, “Recent developments in
seaweed diseases,” in Proceedings of the
National Seaweed Planning Workshop,
Tigbauan, lloilo, Philippines: Southeast
Asian  Fisheries Development Centre
Aquaculture Department, 2002, pp. 35-42.
W. G. Mendoza, N. E. Montano, E. T.
Ganzon-Fortes, and R. D. Villanueva,
“Chemical and gelling of infected
Kappaphycus alvarezii by ice-ice disease,”
Journal of Applied Phycology, vol. 14, pp.
409-418, 2002.

D. B. Largo, K. Fukami, and T. Nishijima,

“Occasional pathogenic bacteria
promoting ice-ice disease in the
carrageenan-producing red algae

Kappaphycus alvarezii and Eucheuma
denticulatum (Solieriaceae, Gigartinales,
Rhodophyta),”  Journal of Applied
Phycology, vol. 7, pp. 545-554, 1995. DOI:
10.1007/BFO0003941.

E. Syafitri, S. B. Prayitno, W. F. Ma’Ruf,
and O. K. Radjasa, “Genetic diversity of
the causative agent of ice-ice disease of
the seaweed Kappaphycus alvarezii from
Karimunjawa island, Indonesia,” in /OP
Conference Series: Earth and
Environmental Science, vol. 55, no. 1,
012044, 2017. DOIl: 10.1088/1755-
1315/55/1/012044.

S. M. Riyaz, N. S. Prabhu, S. Nalini, G.
Tejaswini, H. J. Christy, and D.
Inbakandan, “Microbiome identification
from ice ice disease infected Kappaphycus
alvarezii using 16S rRNA gene sequence
analysis and in silico docking studies
against carrageenan degrading bacteria,”
Biocatalysis and Agricultural
Biotechnology, vol. 27, 101707, 2020.
DOI: 10.1016/j.bcab.2020.101707.

A. Azizi, N. Mohd Hanafi, M. N. Basiran,
and C. H. Teo, “Evaluation of disease



(13]

(14]

(15]

(16]

Tran Thi Hong Ha et al./Vietnam Journal of Marine Science and Technology 2025, 25(2) 157-170

resistance and tolerance to elevated
temperature stress of the selected tissue-
cultured Kappaphycus alvarezii Doty 1985
under optimized laboratory conditions,” 3
Biotech, vol. 8, no. 8, 321, 2018. DOI:
10.1007/s13205-018-1354-4.

T. Lachnit, D. Meske, M. Wahl, T. Harder,
and R. Schmitz, “Epibacterial community
patterns on marine macroalgae are host-
specific  but  temporally  variable,”
Environmental Microbiology, vol. 13, no.
3, pp. 655-665, 2011. DOI: 10.1111/
j.1462-2920.2010.02371 .x.

G. A. Kopprio, N. D. Luyen, T. M. Duc, T. H.
Ha, L M. Huong, and A. Gardes,
“Carrageenophyte-attached and
planktonic bacterial communities in two
distinct bays of Vietnam: Eutrophication
indicators and insights on ice-ice disease,”
Ecological Indicators, vol. 121, 107067,
2021. DOI: 10.1016/j.ecolind.2020.107067.
R. I Griffiths, A. S. Whiteley, A. G.
O'Donnell, and M. J. Bailey, “Rapid
method for coextraction of DNA and RNA
from natural environments for analysis of
ribosomal  DNA- and  rRNA-based
microbial ~ community  composition,”
Applied and Environmental Microbiology,
vol. 66, no. 12, pp. 5488-5491, 2000. DOI:
10.1128/AEM.66.12.5488-5491.2000.

E. D. Moore, A. Arnscheidt, A. Kriger, C.
Strompl, and M. Mau, “Simplified
protocols for the preparation of genomic
DNA from bacterial cultures,” Molecular
Microbial Ecology Manual, vol. 1, no. 1,

pp. 1-15, 1999.

N. Wu, K. Matand, B. Kebede, G. Acquaah,
and S.  Williams, “Enhancing DNA
electrotransformation efficiency in

Escherichia coli DH10B electrocompetent
cells,” Electronic Journal of Biotechnology,
vol. 13, no. 5, pp. 21-22, 2010.

S. Kumar, G. Stecher, and K. Tamura,
“MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets,”
Molecular Biology and Evolution, vol. 33,
no. 7, pp. 1870-1874, 2016. DOI:
10.1093/molbev/msw054.

(17]

(18]

[19]

[20]

[21]

[22]

R. V. Azanza, V. M. D. Vargas, K. Fukami,
K. Shashank, D. Onda, and M. Azanza,
“Culturable algalytic bacteria isolated
from seaweeds in the Philippines and
Japan,” Journal of Environmental Science,
Special Issue 1-2013, pp. 1-10, 2013.

S. M. Riyaz, D. Inbakandan, D.
Manikandan, P. Bhavadharani, J. Elson, N.
S. Prabhu, T. S. Dhas, S. Nalini, M. B.
Latha, and J. Simal-Gandara, “Microbiome
in the ice-ice disease of the farmed red
algae  Kappaphycus  alvarezii  and
degradation of extracted food
carrageenan,” Food Bioscience, vol. 42,
101138, 2021. DOI: 10.1016/j.fbio.2021.
101138.

V. V. Mangun, R. Sugumaran, W. T. L.
Yong, and N. A. Yusof, “Dataset of 16S
ribosomal DNA sequence-based
identification of endophytic bacteria
isolated from healthy and diseased Sabah
red algae, Kappaphycus alvarezii,” Data in
Brief, vol. 51, Art. no. 109785, 2023. DOI:
10.1016/j.dib.2023.109785.

M. Achmad, A. Indarjo, and G. Salim,
“Identification of bacteria in seaweed
(Kappaphycus alvarezii) affected by the
ice-ice disease in Amal and Tanjung
Tarakan waters, Indonesia,” AACL Bioflux,
vol. 15, no. 6, pp. 3061-3068, 2022.

S. M. Riyaz, S. Nalini, G. Kavitha, S. A. D.
Sutha, and D. Inbakandan,
“Characterization and identification of
isolated bacteria from ice-ice disease
infected seaweed Kappaphycus alvarezii,”
Indian Journal of Geo Marine Sciences,
vol. 48, no. 08, pp. 1286-1290, 2019.

A. A. Yusriyyah, A. C. M. A. Tassakka, and
G. Latama, “Identification of the potential
of degrading carrageenan in red algae

Kappaphycus alvarezii symbiotic
bacteria,” International  Journal  of
Environment, Agriculture and

Biotechnology, vol. 6, no. 1, pp. 81-85,
2021. DOI: 10.22161/ijeab.61.11.

V. M. Butardo, E. T. Ganzon-Fortes, V.
Silvestre, M. B. B. Bacano-Maningas, M.
N. E. Montano, and A. O. Lluisma,
“Isolation and classification of culturable
bacteria associated with ice-ice disease in

169



Tran Thi Hong Ha et al./Vietnam Journal of Marine Science and Technology 2025, 25(2) 157-170

Kappaphycus
(Rhodophyta,

Solieriaceae),”
Scientist, vol. 40, pp. 223-237, 2003.

and Eucheuma

Philippine

[24] D. Zhao, B. Jiang, Y. Zhang, W. Sun, Z. Pu,

170

and

Y.

Bao,

“Purification

and

characterization of a cold-adapted
K-carrageenase from Pseudoalteromonas
sp. ZDY3,” Protein Expression and
Purification, vol. 178, p. 105768, 2021.
DOI: 10.1016/].pep.2020.105768.



