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INTRODUCTION

Macroalgae influence sediment structure and
water trajectories and have a large surface area that
may be colonized by microbial communities (Martin
et al. 2014). These surfaces are nutrient-rich environ-
ments and provide differentiated habitats for micro-
organisms, with which they experience a range of
interactions. This association is important for growth
and development of macroalgae and may protect the
macroalgal surfaces from colonization by species that
interfere with macroalgal growth and survival (Egan
et al. 2008, 2013).

Epiphytic bacteria (macroalgae-associated bacte-
ria) play a key role in algal defense (by producing
antimicrobial and antifouling compounds), spore ger-
mination and algal morphology (Hehemann et al.
2014). Previous studies have assessed the antifouling
traits in epiphytic bacteria of Ulva lactuca and U. aus-
tralis, which are capable of preventing the settlement
of invertebrate larvae and germination of algal
spores. The results and conclusions showed that
microbial colonization of macroalgae surfaces is a
dynamic process with differences in settlement
strategies exhibited by epiphytic bacteria (Egan et al.
2000, Rao et al. 2006).
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ABSTRACT: Macroalgae provide important habitats for microorganisms, with surfaces that are
rich in nutrients and a microbial niche for isolation of different bacterial groups. In this study, we
evaluated the production of enzymes (amylases, lipases, cellulases and agarases) and side -
rophores by strains isolated from the macroalga Ulva lactuca growing in the Santa Marta region
of the Colombian Caribbean Sea. We taxonomically identified a subset of the bacteria and tested
207 bacterial isolates. Of these, 25 (12%) and 121 (58%) produced agarases and siderophores,
respectively. Out of the isolated bacteria with amylolytic (97), cellulolytic (118) and lipolytic (26)
activity, 31 (32%), 78 (66%) and 4 (15%) strains, respectively, produced a zone of clearance
>1.5 cm, indicating substantial activity. Enzymatic activities and siderophore production were sta-
tistically different between years of sampling, and principal component analysis showed grouping
for samples from the same year. These activities and production were recorded in bacterial strains
belonging to the genera Vibrio, Pseudomonas and Bacillus. The results show that marine bacterial
cultures isolated from the macroalga U. lactuca are a source of enzymes and siderophores that
may have potential for biotechnological and industrial processes.
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Compared to terrestrial plants, macroalgae contain
a high content of water (90% fresh weight), carbohy-
drates (25−50% dry weight), proteins (7−15% dry
weight) and lipids (1−5% dry weight) (Sudhakar et
al. 2018). In addition, algal monosaccharides (rham-
nose, xylose, glucose, mannose and galactose) and
complex polysaccharides (ulvans from green algae;
alginates, fucans and laminarin from brown algae;
and carragenans and porphyrin from red algae) are a
source of carbon and energy for epiphytic bacteria
(Hehemann et al. 2012, Egan et al. 2013, Singh &
Reddy 2014, Hamed et al. 2018). These compounds
can be degraded by enzymes that are synthesized by
epiphytic bacterial groups (de Nys & Steinberg 2002,
Kennedy et al. 2008, Ramanan et al. 2016).

Marine environments are sources of enzymatic
 biocatalysts, and microorganisms associated with
macro algal surfaces have proven to be producers of
enzymes required to metabolize macroalgae-synthe-
sized compounds (Egan et al. 2000, Trincone 2010,
Bakunina et al. 2012a, Rampelotto 2013). Examples
are bacteria of the genera Pseudomonas and Vibrio
isolated from marine samples that are able to pro-
duce extracellular agarases, carrageenases and β-
galactosidases (Ziayoddin et al. 2010, Lee et al.
2014). Epiphytic bacteria isolated from Ulva samples,
specifically Bacillus aquimaris and Cellulosimicro-
bium sp., synthesize extracellular alkaline cellulases
as well as amylases, with highest activity in the pres-
ence of sodium chloride (NaCl) (Trivedi et al. 2011b,
Al-Naamani et al. 2015). These enzymes are used in
applications in pharmacological and food industries,
textile production, cosmetics and other fields includ-
ing (1) environmental biotechnology and (2) biofuel
and bioenergy resource production (Antranikian et
al. 2005, Leary et al. 2009, Bakunina et al. 2012b,
Hehemann et al. 2014).

The cultivable fraction of bacterial communities
associated with macroalgae is a potential source of
novel marine enzymes with biotechnological poten-
tial. This culture-based approach also allows the
identification and selection of isolates showing enzy-
matic activities and the production of bioactive com-
pounds (Hehemann et al. 2014, Martin et al. 2015).

The carbohydrates, proteins and lipids on macro-
algal surfaces are likely to be a source of carbon and
energy for epiphytic bacteria. We thus surmised that
bacteria associated with the marine macroalga U.
lactuca would be a source of enzymes (amylases,
lipases, cellulases and agarases) and siderophores.
We isolated bacterial strains from U. lactuca growing
in the Santa Marta region (Colombian Caribbean
Sea). We taxonomically identified some of these iso-

lates and showed that U. lactuca provides a biotic
environment for the discovery of biocatalysts and
bioactive compounds of marine origin.

MATERIALS AND METHODS

Isolation and culture

Sea lettuce Ulva lactuca was collected on the rocky
littoral site La Punta de la Loma (Santa Marta, Colom-
bian Caribbean) (11° 07’ 00.9’’ N, 74° 14’ 01.3’’ W). La
Punta de la Loma is an exposed rocky platform that al-
lows the establishment of a diverse algal community.
The region has 2 main climatic seasons, the dry sea-
son, from December to April, and the rainy season,
from May to November. La Punta de la Loma has
more than 55 macroalgal species, and the most abun-
dant include the brown alga Padina gymnospora, the
green algae Caulerpa sertularioides and U. lactuca
and the red algae Acantophora spicifera, Laurencia
papillosa and Gracilaria mamillaris. In addition, the
macroalgal community from La Punta de la Loma is
more diverse in the rainy season than in the dry, al-
though species such as U. lactuca are common in both
seasons (García & Díaz-Pulido 2006).

Samples were collected during 2 yr (2015−2016) in
February and July, under the Framework Permission
(Resolution No. 0255 of March 14, 2014). Macroalgae
were stored inside sterile plastic bags containing sea-
water and transported on ice until processing. In the
laboratory, macroalgae were washed several times
with sterile seawater to remove loosely associated
microorganisms, and part of each macroalgal thallus
was transferred to conical flasks with marine broth
(Zobell, HiMedia Laboratories) and placed in a rota-
tory shaker at 180 rpm and 30°C for about 24 to 48 h.
After incubation, a loop full of each sample mixture
was streaked onto nutrient agar with NaCl (1% w/v)
and incubated another 24 h.

Subsamples of macroalgal thalli were also trans-
ferred to petri dishes with marine agar and placed in
an incubator at 30°C for 24 to 48 h. In both isolation
strategies, bacterial colonies were separated by opti-
cal appearance and subcultured several times until
pure bacterial cultures were obtained. The isolates
(207 strains) were deposited in the bank of strains
and genes of the Instituto de Biotecnología of the
Universidad Nacional de Colombia. Strains with
larger degradation zones (zones of clearance) were
also deposited in the International Collection of
Microorganisms of the Pontificia Universidad Javeri-
ana (CMPUJ), with the codes CMPUJ 454−456.
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Screening of amylolytic enzyme production

To identify the amylolytic activity of the bacterial
strains, each isolate was cultured in nutrient starch
agar plates (containing 2% starch, 0.5% peptone,
0.3% beef extract, 1% NaCl and 1.5% agar) and
incubated at 30°C for 24 to 48 h (Tiwari et al. 2014).
After incubation, amylase production was deter-
mined by a zone of clearance surrounding the strain,
after Lugol’s iodine solution (1% iodine in 2% potas-
sium iodide w/v) was added to the plate. The diame-
ters of the digestion zones were measured in each
isolated strain. A strain of Bacillus subtilis was used
as a positive control.

Screening of cellulase producers

Marine bacterial cultures isolated from macroalgae
surfaces were grown in carboxymethycellulose
(CMC) agar (0.2% sodium nitrate, 0.1% dipotassium
phosphate, 0.05% magnesium sulfate [MgSO4],
0.05% potassium chloride [KCl], 0.2% CMC sodium
salt, 0.02% peptone and 1.7% agar). Plates incu-
bated at 30°C for 48 h were flooded with Lugol’s
iodine. A strain of B. subtilis was the positive control
for this activity. The plates that showed cellulase pro-
duction were those with clear zones around the
colonies and dark coloration in the non-hydrolyzed
part of the medium (Kasana et al. 2008).

Screening of lipolytic enzyme production

Bacterial isolates were screened on nutrient agar
supplemented with 1% tributyrin and 1% NaCl.
After the sterilization process, agar nutrient, tribu-
tyrin and Triton X-100 (emulsifier) were sonicated in
distilled water for 30 min. Isolate colonies were
streaked on tributyrin plates and incubated at 30°C
for 48 h (Kiran et al. 2014). Colonies with activity
showed a clear halo formed by the hydrolysis of trib-
utyrin. A strain of Pseudomonas aeruginosa was used
as a positive control for the enzymatic activity.

Screening of agarase producers

Isolated colonies were grown at 30°C for 48 h in
plates containing modified Zobell medium (2.47%
NaCl, 0.63% MgSO4, 0.07% KCl, 0.5% tryptone,
0.1% yeast extract, 5% alginate salts, 40 mM magne-
sium chloride and 1.5% agar) (Martin et al. 2015).

After 48 h to 1 wk, strains that showed hydrolytic
activity (a hole in the jellified medium) were consid-
ered as positives for this activity. A strain of Vibrio
azureus was used as the control.

Siderophore detection

To detect the production of siderophores in the
bacterial isolates, the overlaid chrome azurol sul-
fonate (CAS) assay was used, as modified by Pérez-
Miranda et al. (2007). The composition per liter of
the overlying medium was 60.5 mg CAS, 72.9 mg
hexadecyltrimetyl ammonium bromide and 1 mM
ferric trichloride hexahydrate in 10 mM HCl.
Agarose (0.9% w/v) was the gelling agent. Si der -
ophore detection was achieved after a volume of
10 ml of this medium was poured over the agar
plates containing cultivated microorganisms. After
4 h, a change in color was observed surrounding the
siderophore-producing microorganisms: from blue
to purple (for siderophore production of the catechol
type), from blue to orange (for microorganisms that
produce hydroxamates) and from blue to light yel-
low (for bacteria that produce siderophores of the
carboxylate type) (Pérez-Miranda et al. 2007). For
this assay, a strain of P. aeruginosa was used as a
positive control.

Bacterial identification

Several isolated bacteria (52 strains) were selected
on the basis of enzymatic activities and siderophore
production for further taxonomic identification. For
each, strains were cultivated in marine broth (Zobell)
at 30°C for 24 h. Genomic DNA was manually
extracted using protocol standardized by Kim et al.
(2007) with small modifications.

The 16S ribosomal RNA (16S rRNA) gene of the
strains was amplified by PCR using the primers 27F
and 1492R (Lane 1991). Sanger sequencing was used
to identify the sequences of the amplified rRNA
genes. Low-quality bases were manually trimmed,
and the sequences were then analyzed using the
BLAST program of the NCBI and the NIH genetic
sequence database (GenBank). Closest neighbors
were found by alignments with verified species
through the EzBioCloud platform (Chun et al. 2007).
Multiple sequence alignment was performed using
Clustal_W. The evolutionary relatedness of strains
was inferred with the p-distance method, in addition
to a bootstrap test in 1000 replicates for each cluster.
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The phylogenetic tree was drawn using the MEGA
5.0 program available at www. megasoftware. net/.
Nucleotide sequences were deposited in GenBank
under accession numbers KY421550− KY421 591 and
MF000975− MF000984.

Statistical analysis

Experiments were performed in triplicate. All of
the data were checked for normality by Shapiro-
Wilks test and homogeneity of variances by the
Bartlett test. Because these conditions were not satis-
fied, the Kruskal-Wallis test was performed to iden-
tify differences between years of sampling. A princi-
pal component analysis (PCA) was used to show
possible associations between variables. All of the
tests were performed using R statistical software (R
Development Core Team 2011).

RESULTS

A total of 207 bacteria were isolated from Ulva lac-
tuca. All strains were tested for hydrolytic activities
(amylolytic, lipolytic, cellulolytic and agarolytic) as
well as for siderophore production. We found 20 iso-
lates (10%) with enzymatic activity in one of the
tested substrates besides siderophores; as many as 82
strains (40%) produced 2 of the 4 enzymes and
siderophores, while 19 isolates (9%) synthesized
siderophores and had activity on 3 substrates. The
zones of clearance showed the extent of activity, and
a diameter >1.5 cm was considered significant
(Tiwari et al. 2014).

Significant differences between samplings were
identified in enzyme activities and siderophore pro-
duction (Kruskal-Wallis p < 0.05). In the PCA, the first
3 axes explained 75% of the variation. Fig. 1 shows
a grouping of the data corresponding to the year
2015 and another group for 2016. Cellulolytic activ-
ity, amylolytic activity and siderophore production
also showed grouping (Fig. 1).

Amylase production

Bacterial strains producing variable amylolytic
zones on starch agar plates were isolated from the
macroalgal surface. After staining with iodine solu-
tion, the zones of clearance by isolates showed the
amylolytic activity (Fig. 2a). Clearance zones >1.5 cm
(a criterion of substantial activity as in Tiwari et al.

[2014]) were produced by 31 strains (32% of the iso-
lates with amylolytic activity).

Cellulase production

The epiphytic bacteria were evaluated for cellu-
lolytic activity. In total, 78 strains (66% of the isolates
with activity) produced a clearance zone >1.5 cm on
CMC agar plates and after flooding with Lugol’s
iodine (Fig. 2b).

Lipase production

All isolated bacteria were screened for lipolytic ac-
tivity on tributyrin agar (Fig. 2c). In total, 4 strains
(15% of those with activity) produced a clear zonation
>1.5 cm, and one of these caused a clear halo zone of
2 ± 0.3 cm (mean ± SD) on the substrate (Fig. 2d).

Agarase production

Bacteria isolated from the surface of macroalgae
U. lactuca were screened for agar-decomposing en -
zymes. In 25 strains (12% of all 207 isolates), agarase
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Fig. 1. Principal component analysis with data of enzymatic
activities and siderophore production in 2 yr of sampling;
2015 data are represented by yellow ocher circles, and 2016
data are represented by blue triangles. PC1: principal compo-
nent 1; PC2: principal component 2; CA: cellulolytic activity;
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production was identified (Fig. 2e). Holes on the agar
surface around the bacteria colonies indicated the
ability of the strains to degrade agar (Wang et al.
2006).

Siderophore detection

The siderophore-producing epiphytic bacteria pro-
duced changes in color of the overlying medium. In
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Fig. 2. Enzymatic activity in culture media using different substrates. (a) Amylolytic activity on starch agar. (b) Cellulolytic
zone in carboxymethycellulose agar plates. (c,d) Hydrolysis zone on tributyrin plate. (e) Agarolytic activity as indicated by a 
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total, 121 strains (58% of all 207 iso-
lates) changed the medium from blue
to a light yellow color (Fig. 2f). This
analysis suggested that the epiphytic
bacteria produced siderophores of
the carboxylate type (Pérez-Miranda
et al. 2007).

Bacterial identification

A subset of the strains isolated from
U. lactuca that produced enzymes and
siderophores was selected for DNA
extraction and analysis (see Table A1
in the Appendix). All the isolates were
matched according to genus or species
levels, based on de gree of sequence
similarity (Table 1), and were assigned
to taxonomic groups, which are pre-
sented in a phylo genetic tree (Fig. 3).

Among the 52 identified bacterial
strains (Table 1), 2 phyla were repre-
sented: Proteobacteria and Firmi-
cutes. Bacterial isolates related to Fir-
micutes were affiliated to the genus
Bacillus (5 isolates). In the case of Pro-
teobacteria-like isolates, most of them
were all assigned to the genus Vibrio
(46 isolates), while 1 isolate was
assigned to the genus Pseudomonas
(Fig. 3).

DISCUSSION

Epiphytic bacteria are dependent
on the organic carbon sources pro-
duced by the host. The surfaces of
Ulva lactuca contain carbohydrates
(44%), lipids (5%) and proteins (16%)
(El-Naggar et al. 2014); additionally,
these macroalgae have a high content
of cellulose as the main component of
their cell walls (Lachnit et al. 2011,
Choi et al. 2012). To assimilate these
compounds, enzymes such as cellu-
lases, beta-glucosidases and amy-
lases are found in the bacteria living
in such habitats (Martin et al. 2014,
2016). In this study, we identified 121
isolates (58% of the total) with enzy-
matic activity on the tested sub-

Strains Taxon Similarity (%) Sampling date

5 Vibrio antiquarius 99.36−97.83 Jul 2015
19 V. neocaledonicus 97−100 Jul 2015, Jul 2016
4 V. harveyi 97−100 Jul 2015, Jul 2016
5 V. azureus 99.7−100 Jul 2015
4 V. alginolyticus 98.25−100 Jul 2015, Jul 2016
1 V. natriegens 100 Jul 2015
1 V. nereis 99.57 Feb 2016
1 V. fortis 97.77 Jul 2015
1 V. tubiashii 99.84 Jul 2015
1 V. hyugaensis 98 Jul 2016
1 V. diabolicus 100 Jul 2015
1 V. owensii 99.55 Jul 2016
1 V. diabolicus 100 Jul 2015
1 V. parahaemolyticus 99.84 Jul 2015
1 Pseudomonas sp. 97 Jul 2015
3 Bacillus megaterium 99.74−100 Jul 2015, Jul 2016
1 Bacillus sp. 97 Feb 2016
1 B. xiamenensis 100 Jul 2015

Table 1. Taxonomic identification of the isolates based on the analysis of par-
tial sequences of the 16S ribosomal RNA gene. The length of the nucleotide 

sequences ranged from 359 to 838 base pairs

Fig. 3. Phylogenetic tree of isolates using 16S ribosomal DNA sequences. Iden-
tification number of the strains appears before the name. The evolutionary his-
tory was inferred using the neighbor-joining method, and the sequence of
Clostridium IBUN 158B was used as the outgroup. A bootstrap test was per-
formed on the clusters in 1000 replicates. The evolutionary distances were
computed using the p-distance method. Bootstrap values are displayed as per-
centages on their relative branches. The length of the nucleotide sequences 

ranged from 359 to 838 base pairs
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strates. Some isolates produced particularly large
halo zones compared to other strains that have been
previously tested (Table 2).

One of the most striking results in this study was
the high number of bioactive vibrios isolated from U.
lactuca. The abundance of Vibrio sp. in seawater is in
the range of 103 to 104 cells ml−1; in marine hosts such
as macroalgae, mussels, tunicates and sponges, spe-
cies of the genus Vibrio are among the most abun-
dant culturable constituents of macroalgal communi-
ties (Takemura et al. 2014). Vibrios can metabolize
algal polysaccharides such as alginate, mannan, cel-
lulose, pectin and laminarin (Duan et al. 1995). Other
biological activities that facilitate their association
with the macroalgal host include direct antagonism
towards potential competitors on the macroalgal sur-
face environment (Dobretsov & Qian 2002, Kana-
gasabhapathy et al. 2008), effects on the morpho -
genic development of macroalgae (Nakanishi et al.
1999, Singh & Reddy 2014) and participation in the
spore germination of some Ulva species (Tait et al.
2005).

Another interesting result was the statistically sig-
nificant differences between sampling times in
enzyme and siderophore production. A possible rea-
son was the occurrence of the 2015−2016 El Niño,
which affected the study area. During this climate
phenomenon, rainfall dropped by 30 to 40% and sea
temperatures rose by up to 2.5°C (Institute of Hy -
drology, Meteorology and Environmental Studies,
IDEAM). These conditions could have influenced the
bioactive epiphytic bacteria (Ducklow et al. 1995).

In the enzyme tests in this study, 32% of the iso-
lates that showed amylolytic activity had clearance
zones >1.5 cm (indicating substantial activity). Pro-
duction of amylases by epiphytic bacteria is required
to metabolize starch, which in macroalgae of the
genus Ulva can be 20% of total biomass (Choi et al.
2012, Tsuji et al. 2014). In the present study, the epi-
phytic bacteria with the greatest enzymatic activity
were species of Bacillus (Table 2), consistent with
previous studies (Al-Naamani et al. 2015, Zhou et al.
2015, Homaei et al. 2016).

We found that many strains (66% of the isolates
with cellulolytic activity) produced large clearance
zones indicative of cellulolytic activity. Epiphytic
bacteria can incorporate α-cellulose from macro-
algae cell walls through cellulases and include the
genera Cytophaga, Cellulomo nas, Vibrio, Clostrid-
ium, Nocardia, Pseudoalteromo nas and Strepto-
myces (Zhang & Kim 2010, Trivedi et al. 2011a,b). In
this study, most of the isolates with cellulolytic activ-
ity were assigned to Vibrio sp., and some of them

showed diameters of zones of clearance greater than
the halos displayed by strains reported elsewhere
(Table 2).

Concerning lipases, 4 isolates (15%) showed a
clearance zone >1.5 cm and one of them exhibited a
clear halo zone of 2 ± 0.3 cm. Functional metage-
nomics analysis has been used to identify lipases syn-
thesized by epiphytic bacteria from Ulva, and the
results highlighted the importance of these enzymes
in the interactions between macroalgae and epi-
phytic bacteria (Fang & Zhang 2011, Yung et al.
2011, Krohn-Molt et al. 2013, Peng et al. 2014). How-
ever, there were no previous records of lipases
obtained from cultivable bacteria isolated from U.
lactuca. Our results revealed that epiphytic bacteria
isolated from macroalgae surfaces are a potential tar-
get in the search for marine lipases.

We found that 25 strains (12% of the total number
of isolates) produced agar-decomposing enzymes.
Agarases have been found in marine mollusks and in
bacteria of the genera Vibrio and Bacillus (Fu &
Kim 2010, Hehemann et al. 2012, Arnosti et al. 2014).
The genera Cytophaga, Actinomyces, Alteromonas,
Pseudo monas and Pseudoalteromonas are associated
with hosts and may also contain agar-attacking en -
zymes (Wang et al. 2006, Zhang & Kim 2010, Martin
et al. 2014, Gurpilhares et al. 2016). Our results re -
vealed that bacterial species isolated from U. lactuca
such as V. neocaledonicus and V. azureus are pro-
ducers of agarases.

In addition to enzymatic activity, we evaluated
siderophore production in strains isolated from U.
lactuca thallus samples. These compounds are pro-
duced to sequester iron through functional groups
with a strong affinity to ferric ion (Pérez-Miranda et
al. 2007). We found that 121 strains (58% of the total)
produced siderophores; this production was also
reported by studies of isolated bacteria from diverse
marine and terrestrial environments (Table 2). How-
ever, there have been no previous records of sidero -
phores detected in epiphytic bacteria from U. lac-
tuca, and our results show that these bacterial groups
are also sources of interest for marine siderophores.

The number of studies searching for enzymes in
marine environments is continuing to increase each
year. This is because enzymes such as amylases, cel-
lulases, lipases and agarases are biological catalysts
with potential applications in pharmaceutical, cos-
metic, algal polysaccharide degradation, food, agro-
chemical and biofuel industries (Bell et al. 2002, Trin-
cone 2010, Verma et al. 2012, Arnosti et al. 2014,
Pra bhawathi et al. 2014). Siderophores allow the
development of food supplements and are used for
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biosensor and artificial biofilm construction in bio -
technological applications (Guan et al. 2001, de Car-
valho & Fernandes 2010).

In conclusion, macroalgae-associated microor -
ganisms are known to produce diverse hydrolytic
enzymes and bioactive compounds during their in -

teractions with the host and with the marine environ-
ment. In this study, we isolated 207 bacteria from the
surface of the macroalga U. lactuca and found that
many of them are promising sources of amylases, cel-
lulases, lipases, agarases and siderophores of marine
origin. Strains with the activities evaluated were

114

Activity                                                Source                                            Halo zone               Reference
Strain                                                                                                     characteristic

Amylolytic activity
Bacillus sp. MRS6                             Solid wastes                                     0.8 cm                  Sahoo et al. (2016)
B. cereus SB2                                    Soil                                                    1.2 cm                  Raplong et al. (2012)
B. subtilis                                           Rhizospheric soil                              2.3 cm                  Vijayalakshmi et al. (2012)
B. megaterium                                  Macroalgal surfaces                       2.8 cm                  This study
Vibrio harveyi                                                                                            2.2 cm
V. neocaledonicus                                                                                      2.1 cm
V. parahaemolyticus                                                                                  2.1 cm
V. natriegens                                                                                              1.9 cm
V. diabolicus                                                                                               1.8 cm
V. antiquarius                                                                                             1.8 cm
B. megaterium                                                                                            1.8 cm
Bacillus sp.                                                                                                  1.8 cm
V. alginolyticus                                                                                          1.6 cm

Cellulolytic activity
Bacillus sp. Y3                                  Soil                                                    0.9 cm                  Lugani et al. (2015)
Bacillus sp.                                        Soil                                                    2.9 cm                  Akaracharanya et al. (2014)
B. subtilis BAB-2742                        Compost                                           3.4 cm                  Emmyrafedziawati & Stella (2015)
V. neocaledonicus                            Macroalgal surfaces                       4.2 cm                  This study
V. azureus                                                                                                   3.5 cm
V. parahaemolyticus                                                                                  3.4 cm
V. antiquarius                                                                                             3.1 cm
V. natriegens                                                                                              2.3 cm
V. alginolyticus                                                                                          2.9 cm
Bacillus sp.                                                                                                  2.5 cm
B. megaterium                                                                                            2.2 cm
V. diabolicus                                                                                               1.8 cm

Lipolytic activity
Pseudomonas sp.                              Oil factories                                      1.5 cm                  Noormohamadi et al. (2013)
B. cereus MSU AS                            Gut of a marine Fish                        1.7 cm                  Ananthi et al. (2014)
V. harveyi                                         Macroalgal surfaces                       2.0 cm                  This study
V. tubiashii                                                                                                  1.5 cm

Agarolytic activity
Vibrio sp. F-6                                    Coastal water                        Pits around colonies      Fu et al. (2008)
Micrococcus sp. GNUM-08124       Macroalgal Surfaces            Pits around colonies      Choi et al. (2011)
Flammeovirga sp.                             Coastal Sediments               Pits around colonies      Han et al. (2012)
V. neocaledonicus                           Macroalgal surfaces           Pits around colonies      This study
V. azureus                                                                                       Pits around colonies

Siderophore production
V. harveyi                                          Coastal water                             Orange halos            Murugappan et al. (2011)

                                                                                                               around colonies
P. aeruginosa FP6                             Rhizospheric soils                      Orange halos            Sasirekha & Shivakumar (2016)

                                                                                                               around colonies
Pseudomonas sp.                              Macroalgal surfaces                  Yellow halos            This study
Vibrio sp.                                                                                            around colonies
Bacillus sp.                                                                                            Yellow halos

                                                                                                              around colonies

Table 2. Characteristics of cultivable bacteria tested for enzymatic activities (amylolytic, cellulolytic, lipolytic and agarolytic)
and production of siderophores. Bold font highlights the species isolated in this study and blanks indicate that all the isolates 

were obtained from macroalgal surfaces
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assigned to the genera Vibrio, Bacillus and
Pseudomonas. The results obtained in this study are
the first step in isolating and characterizing the
enzymes and bioactive compounds synthesized by
bacteria from the cultivable microbiota associated
with green macroalgae located in Santa Marta
(Colombian Caribbean). Our results indicate that U.
lactuca offers a promising biotic environment in the
search for enzymes and bioactive compounds of mar-
ine origin and potential biotechnological application.

Acknowledgements. This work is part of the Framework
Contract for Access to Genetic Resources and their Derived
Products No. 121 of January 22, 2016 (OTROSÍ No. 1). The
authors thank the Instituto de Biotecnología de la Universi-
dad Nacional de Colombia, the Consejo Profesional de
Biología, the Corporation Center of Excellence in Marine
Sciences (CEMarin), the Direction of Investigation and
Extension of the Universidad Nacional de Colombia and the
PhD Scholarship Program of Colciencias. The authors de -
clare that they have no conflict of interest.

LITERATURE CITED

Akaracharanya A, Taprig T, Sitdhipol J, Tanasupawat S
(2014) Characterization of cellulase producing Bacillus
and Paenibacillus strains from Thai soils. J Appl Pharm
Sci 4: 6−11

Al-Naamani LSH, Dobretsov S, Al-Sabahi J, Soussi B (2015)
Identification and characterization of two amylase pro-
ducing bacteria Cellulosimicrobium sp. and Demequina
sp. isolated from marine organisms. J Agric Mar Sci 20: 
8−15

Ananthi S, Ramasubburayan R, Palavesam A, Immanuel G
(2014) Optimization and purification of lipase through
solid state fermentation by Bacillus cereus MSU as iso-
lated from the gut of a marine fish Sardinella longiceps.
Int J Pharm Pharm Sci 6: 291−298

Antranikian G, Vorgias C, Bertoldo C (2005) Extreme envi-
ronments as a resource for microorganisms and novel
biocatalysts. In:  Uber R, Le Gal Y (eds) Marine biotech-
nology I. Springer, Berlin

Arnosti C, Bell C, Moorhead DL, Sinsabaugh RL and others
(2014) Extracellular enzymes in terrestrial, freshwater,
and marine environments:  perspectives on system vari-
ability and common research needs. Biogeochemistry
117: 5−21

Bakunina IY, Nedashkovskaya OI, Kim SB, Zvyagintseva
TN, Mikhailov VV (2012a) Diversity of glycosidase activ-
ities in the bacteria of the phylum Bacteroidetes isolated
from marine algae. Microbiology 81: 688−695

Bakunina IY, Nedashkovskaya OI, Kim SB, Zvyagintseva
TN, Mikhailov VV (2012b) Distribution of α-N-acetyl-
galactosaminidases among marine bacteria of the phy-
lum Bacteroidetes, epiphytes of marine algae of the seas
of Okhotsk and Japan. Microbiology 81: 373−378

Bell PJL, Sunna A, Gibbs MD, Curach NC, Nevalainen H,
Bergquist PL (2002) Prospecting for novel lipase genes
using PCR. Microbiology 148: 2283−2291

Choi HJ, Hong JB, Park JJ, Chi WJ, Kim MC, Chang YK,
Hong SK (2011) Production of agarose from a novel

Micrococcus sp. GNUM-08124 strain isolated from the
east sea of Korea. Biotechnol Bioprocess Eng; BBE 16: 
81−88

Choi WY, Han JG, Lee CG, Song CH and others (2012)
Bioethanol production from Ulva pertusa Kjellman by
high-temperature liquefaction. Chem Biochem Eng Q
26: 15−21

Chun J, Lee JH, Jung Y, Kim M, Kim S, Kim BK, Lim YW
(2007) EzTaxon:  a web-based tool for the identification
of prokaryotes based on 16S ribosomal RNA gene
sequences. Int J Syst Evol Microbiol 57: 2259−2261

de Carvalho CCCR, Fernandes P (2010) Production of
metabolites as bacterial responses to the marine environ-
ment. Mar Drugs 8: 705−727

de Nys R, Steinberg PD (2002) Linking marine biology and
biotechnology. Curr Opin Biotechnol 13:244−248

Dobretsov SV, Qian PY (2002) Effect of bacteria associated
with the green alga Ulva reticulate on marine micro- and
macrofouling. Biofouling 18: 217−228

Duan D, Xu L, Fei X, Xu H (1995) Marine organisms
attached to seaweed surfaces in Jiaozhou Bay, China.
World J Microbiol Biotechnol 11: 351−352

Ducklow HW, Quinby HL, Carlson CA (1995) Bacterio-
plankton dynamics in the equatorial Pacific during the
1992 El Niño. Deep-Sea Res II 42: 621−638

Egan S, Torsten T, Holmstr m C, Kjelleberg S (2000) Phylo-
genetic relationship and antifouling activity of bacterial
epiphytes from the marine alga Ulva lactuca. Environ
Microbiol 2: 343−347

Egan S, Thomas T, Kjelleberg S (2008) Unlocking the diver-
sity and biotechnological potential of marine surface
associated microbial communities. Curr Opin Microbiol
11: 219−225

Egan S, Harder T, Burke C, Steinberg P, Kjelleberg S,
Thomas T (2013) The seaweed holobiont:  understanding
seaweed−bacteria interactions. FEMS Microbiol Rev 37: 
462−476

El-Naggar MM, Abdul-Raouf UM, Ibrahim HAH, El-Sayed
WMM (2014) Saccharification of Ulva lactuca via
Pseudoalteromonas piscicida for biofuel production. J
Energy Nat Resour 3: 77−84

Emmyrafedziawati AKR, Stella M (2015) Hydrolysis of car-
boxymethyl cellulose (CMC) by Bacillus isolated from
compost. J Trop Agric Food Sci 43: 129−135

Fang J, Zhang L (2011) Genomics, metagenomics, and
microbial oceanography—a sea of opportunities. Sci
China Earth Sci 54: 473−480

Fu XT, Kim SM (2010) Agarase:  review of major sources,
categories, purification method, enzyme characteristics
and applications. Mar Drugs 8: 200−218

Fu W, Han B, Duan D, Liu W, Wang C (2008) Purification and
characterization of agarases from a marine bacterium
Vibrio sp. F-6. J Ind Microbiol Biotechnol 35: 915−922

García CB, Díaz-Pulido G (2006) Dynamics of a macroalgal
rocky intertidal community in the Colombian Caribbean.
Bol Investig Mar Costeras 35: 7−18

Guan LL, Kanoh K, Kamino K (2001) Effect of exogenous
siderophores on iron uptake activity of marine bacteria
under iron-limited conditions. Appl Environ Microbiol
67: 1710−1717

Gurpilhares DB, Moreira TR, Bueno JL, Cinelli LP, Mazzola
PG, Pessoa A, Sette LD (2016) Algae’s sulfated polysac-
charides modifications:  potential use of microbial
enzymes. Process Biochem 51: 989−998

Hamed SM, Abd El-Rhman AA, Abdel-Raouf N, Ibraheem

115

https://doi.org/10.7324/JAPS.2014.40502
https://doi.org/10.1007/s10533-013-9906-5
https://doi.org/10.1134/S0026261712060033
https://doi.org/10.1134/S0026261712030022
https://doi.org/10.1099/00221287-148-8-2283
https://doi.org/10.1007/s12257-010-0271-0
https://doi.org/10.1099/ijs.0.64915-0
https://doi.org/10.3390/md8030705
https://doi.org/10.1016/S0958-1669(02)00311-7
https://doi.org/10.1080/08927010290013026
https://doi.org/10.1007/BF00367118
https://doi.org/10.24200/jams.vol20iss0pp8-15
https://doi.org/10.1016/j.bjbas.2017.08.002
https://doi.org/10.1016/j.procbio.2016.04.020
https://doi.org/10.1128/AEM.67.4.1710-1717.2001
https://doi.org/10.1007/s10295-008-0365-2
https://doi.org/10.3390/md8010200
https://doi.org/10.1007/s11430-011-4179-0
https://doi.org/10.11648/j.jenr.20140306.11
https://doi.org/10.1111/1574-6976.12011
https://doi.org/10.1016/j.mib.2008.04.001
https://doi.org/10.1046/j.1462-2920.2000.00107.x
https://doi.org/10.1016/0967-0645(95)00022-I


Aquat Biol 27: 107–118, 2018

IBM (2018) Role of marine macroalgae in plant protec-
tion & improvement for sustainable agriculture technol-
ogy. Beni-Suef Univ J Basic Appl Sci 7: 104−110

Han W, Gu J, Yan Q, Li J, Wu Z, Gu Q, Li Y (2012) A poly-
saccharide-degrading marine bacterium Flammeovirga
sp. MY04 and its extracellular agarose system. J Ocean
Univ China 11: 375−382

Hehemann JH, Correc G, Thomas F, Bernard T and others
(2012) Biochemical and structural characterization of
the complex agarolytic enzyme system from the marine
bacterium Zobellia galactanivorans. J Biol Chem 287: 
30571−30584

Hehemann JH, Boraston AB, Czjzek M (2014) A sweet new
wave:  structures and mechanism of enzymes that digest
polysaccharides from marine algae. Curr Opin Struct
Biol 28: 77−86

Homaei A, Ghanbarzadeh M, Monsef F (2016) Biochemical
features and kinetic properties of α-amylases from mar-
ine organisms. Int J Biol Macromol 83: 306−314

Kanagasabhapathy M, Sasaki H, Nagata S (2008) Phyloge-
netic identification of epibiotic bacteria possessing
antimicrobial activities isolated from red algal species of
Japan. World J Microbiol Biotechnol 24: 2315−2321

Kasana RC, Salwan R, Dhar H, Dutt S, Gulati A (2008) A
rapid and easy method for the detection of microbial cel-
lulases on agar plates using gram’s iodine. Curr Micro-
biol 57: 503−507

Kennedy J, Marchesi JR, Dobson ADW (2008) Marine
metagenomics:  strategies for the discovery of novel
enzymes with biotechnological applications from marine
environments. Microb Cell Fact 7: 27−35

Kim JT, Kang SG, Woo JH, Lee JH, Jeong BC, Kim SJ (2007)
Screening and its potential application of lipolytic ac -
tivity from a marine environment:  characterization of a
novel esterase from Yarrowia lipolytica CL180. Appl
Microbiol Biotechnol 74: 820−828

Kiran GS, Lipton AN, Kennedy J, Dobson ADW, Selvin J
(2014) A halotolerant thermostable lipase from the ma -
rine bacterium Oceanobacillus sp. PUMB02 with an abil-
ity to disrupt bacterial biofilms. Bioengineered 5: 
305−318

Krohn-Molt I, Wemheuer B, Alawi M, Poehlein A and
 others (2013) Metagenome survey of a multispecies
and alga-associated biofilm revealed key elements of
 bacterial−algal interactions in photobioreactors. Appl
Environ Microbiol 79: 6196−6206

Lachnit T, Meske D, Wahl M, Harder T, Schmitz R (2011)
Epibacterial community patterns on marine macroalgae
are host-specific but temporally variable. Environ Micro-
biol 13: 655−665

Lane DJ (1991) 16S/23S rRNA sequencing. In:  Stackebrandt
E, Goodfellow M (eds) Nucleic acid techniques in bac -
terial systematics. John Wiley & Sons, Chichester,
p 115−175

Leary D, Vierros M, Hamon G, Arico S, Monagle C (2009)
Marine genetic resources:  a review of scientific and com-
mercial interest. Mar Policy 33: 183−194

Lee CH, Kim HT, Yun EJ, Lee AR and others (2014) A novel
agarolytic β-galactosidase acts on agarooligosaccharides
for complete hydrolysis of agarose into monomers. Appl
Environ Microbiol 80: 5965−5973

Lugani Y, Singla R, Sooch BS (2015) Optimization of cel -
lulase production from newly isolated Bacillus sp. Y3.
J Bioprocess Biotech 5: 1−6

Martin M, Portetelle D, Michel G, Vandenbol M (2014)

Microorganisms living on macroalgae:  diversity, interac-
tions, and biotechnological applications. Appl Microbiol
Biotechnol 98: 2917−2935

Martin M, Barbeyron T, Martin R, Portetelle D, Michel G,
Vandenbol M (2015) The cultivable surface microbiota of
the brown alga Ascophyllum nodosum is enriched in
macroalgal-polysaccharide-degrading bacteria. Front
Microbiol 6: 1487 

Martin M, Vandermies M, Joyeux C, Martin R, Barbeyron T,
Michel G, Vandenbol M (2016) Discovering novel
enzymes by functional screening of plurigenomic
libraries from alga-associated Flavobacteriia and
Gammaproteobacteria. Microbiol Res 186-187: 52−61

Murugappan RM, Aravinth A, Karthikeyan M (2011) Chem-
ical and structural characterization of hydroxamate
siderophore produced by marine Vibrio harveyi. J Ind
Microbiol Biotechnol 38: 265−273

Nakanishi K, Nishijima M, Nomoto AM, Yamazaki A, Saga
N (1999) Requisite morphologic interaction for attach-
ment between Ulva pertusa (Chlorophyta) and symbiotic
bacteria. Mar Biotechnol (NY) 1: 107−111

Noormohamadi R, Tabandeh F, Sharuati P, Otadi M (2013)
Characterization of a lipase from a newly isolated Pseu
domonas sp. Iran J Microbiol 5: 422−427

Peng Q, Wang X, Shang M, Huang J, Guan G, Li Y, Shi B
(2014) Isolation of a novel alkaline-stable lipase from a
metagenomic library and its specific application for milk-
fat flavor production. Microb Cell Fact 13: 1−9

Pérez-Miranda S, Cabirol N, George-Téllez R, Zamudio-
Rivera LS, Fernández FJ (2007) O-CAS, a fast and uni-
versal method for siderophore detection. J Microbiol
Methods 70: 127−131

Prabhawathi V, Boobalan T, Sivakumar PM, Doble M (2014)
Antibiofilm properties of interfacially active lipase immo-
bilized porous polycaprolactam prepared by LB tech-
nique. PLOS ONE 9: e96152

R Development Core Team (2011) R:  a language and envi-
ronment for statistical computing. R Foundation for Sta-
tistical Computing, Vienna. Available at www.R-pro-
ject.org/

Ramanan R, Kim BH, Cho DH, Oh HM, Kim HS (2016)
Algae-bacteria interactions:  evolution, ecology and
emerging applications. Biotechnol Adv 34: 14−29

Rampelotto PH (2013) Extremophiles and extreme environ-
ments. Life 3: 482−485

Rao D, Webb JS, Kjelleberg S (2006) Microbial colonization
and competition on the marine alga Ulva australis. Appl
Environ Microbiol 72: 5547−5555

Raplong HH, Odeleye PO, Hammuel C, Idoko MO, Asanato
JI, Odeke EH (2012) Production of alpha amylase by
Bacillus cereus in submerged fermentation. Aceh Int J
Sci Technol (Banda Aceh) 3: 124−130

Sahoo S, Roy S, Maiti S (2016) A high salt stable -amylase
by Bacillus sp. MRS6 isolated from municipal solid
waste; purification, characterization and solid state fer-
mentation. Enzyme Eng 5: 1−8

Sasirekha B, Shivakumar S (2016) Siderophore production
by Pseudomonas aeruginosa FP6, a biocontrol strain for
Rhizoctonia solani and Colletotrichum gloeosporioides
causing diseases in chilli. Agric Nat Resour (Bangk) 50: 
250−256

Singh RP, Reddy CRK (2014) Seaweed-microbial interac-
tions:  key functions of seaweed-associated bacteria.
FEMS Microbiol Ecol 88: 213−230

Sudhakar K, Mamat R, Samykano M, Azmi WH, Ishak

116

https://doi.org/10.1007/s11802-012-1929-3
https://doi.org/10.1074/jbc.M112.377184
https://doi.org/10.1016/j.sbi.2014.07.009
https://doi.org/10.1016/j.ijbiomac.2015.11.080
https://doi.org/10.1007/s11274-008-9746-y
https://doi.org/10.1007/s00284-008-9276-8
https://doi.org/10.1186/1475-2859-7-27
https://doi.org/10.1007/s00253-006-0727-5
https://doi.org/10.4161/bioe.29898
https://doi.org/10.1128/AEM.01641-13
https://doi.org/10.1111/j.1462-2920.2010.02371.x
https://doi.org/10.1016/j.marpol.2008.05.010
https://doi.org/10.1128/AEM.01577-14
https://doi.org/10.4172/2155-9821.1000264
https://doi.org/10.1007/s00253-014-5557-2
https://doi.org/10.1016/j.rser.2018.03.100
https://doi.org/10.1111/1574-6941.12297
https://doi.org/10.1016/j.anres.2016.02.003
https://doi.org/10.4172/2329-6674.1000150
https://doi.org/10.13170/aijst.3.3.1592
https://doi.org/10.1128/AEM.00449-06
https://doi.org/10.3390/life3030482
https://doi.org/10.1016/j.biotechadv.2015.12.003
https://doi.org/10.1371/journal.pone.0096152
https://doi.org/10.1016/j.mimet.2007.03.023
https://doi.org/10.1186/1475-2859-13-1
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25848516&dopt=Abstract
https://doi.org/10.1007/PL00011744
https://doi.org/10.1007/s10295-010-0769-7
https://doi.org/10.1016/j.micres.2016.03.005
https://doi.org/10.3389/fmicb.2015.01487


Comba González et al.: Bacterial activity in Ulva lactuca

WFW, Yusaf T (2018) An overview of marine macroalgae
as bioresource. Renew Sustain Energy Rev 91: 165−179

Tait K, Joint I, Daykin M, Milton D, Williams P, Cámara M
(2005) Disruption of quorum sensing in seawater abol-
ishes attraction of zoospores of the green alga Ulva to
bacterial biofilms. Environ Microbiol 7: 229−240

Takemura AF, Chien DM, Polz MF (2014) Associations and
dynamics of Vibrionaceae in the environment, from the
genus to the population level. Front Microbiol 5: 38 

Tiwari S, Shukla N, Mishra P, Gaur R (2014) Enhanced
production and characterization of a solvent stable
amylase from solvent tolerant Bacillus tequilensis RG-
01:  thermo stable and surfactant resistant. Sci World J
2014: 972763

Trincone A (2010) Potential biocatalysts originating from sea
environments. J Mol Catal, B Enzym 66: 241−256

Trivedi N, Gupta V, Kumar M, Kumari P, Reddy CRK, Jha B
(2011a) An alkali-halotolerant cellulase from Bacillus
flexus isolated from green seaweed Ulva lactuca. Carbo-
hydr Polym 83: 891−897

Trivedi N, Gupta V, Kumar M, Kumari P, Reddy CRK, Jha B
(2011b) Solvent tolerant marine bacterium Bacillus
aquimaris secreting organic solvent stable alkaline cellu-
lase. Chemosphere 83: 706−712

Tsuji A, Nishiyama N, Ohshima M, Maniwa S, Kuwamura S,
Shiraishi M, Yuasa K (2014) Comprehensive enzymatic
analysis of the amylolytic system in the digestive fluid of
the sea hare, Aplysia kurodai:  unique properties of two

α-amylases and two α-glucosidases. FEBS Open Bio 4: 
560−570

Verma N, Thakur S, Bhatt AK (2012) Microbial lipases: 
industrial applications and properties (a review). Int Res
J Biol Sci 1: 88−92

Vijayalakshmi, Sushma K, Abha S, Chander P (2012) Iso -
lation and characterization of Bacillus subtilis KC3 for
amylolytic activity. Int J Biosci Biochem Bioinform 2: 
336−341

Wang J, Mou H, Jiang X, Guan H (2006) Characterization of
a novel β-agarase from marine Alteromonas sp. SY37-12
and its degrading products. Appl Microbiol Biotechnol
71: 833−839

Yung PY, Burke C, Lewis M, Kjelleberg S, Thomas T (2011)
Novel antibacterial proteins from the microbial commu-
nities associated with the sponge Cymbastela concen-
trica and the green alga Ulva australis. Appl Environ
Microbiol 77: 1512−1515

Zhang C, Kim SK (2010) Research and application of marine
microbial enzymes:  status and prospects. Mar Drugs 8: 
1920−1934

Zhou G, Jin M, Cai Y, Zeng R (2015) Characterization of a
thermostable and alkali-stable α-amylase from deep-sea
bacterium Flammeovirga pacifica. Int J Biol Macromol
80: 676−682

Ziayoddin M, Manohar S, Lalitha J (2010) Isolation of agar
degrading bacterium Pseudomonas aeruginosa ZSL-2
from a marine sample. Bioscan Int Q J Life Sci 5: 279−283

117

https://doi.org/10.1111/j.1462-2920.2004.00706.x
https://doi.org/10.3389/fmicb.2014.00038
https://doi.org/10.1155/2014/972763
https://doi.org/10.1016/j.molcatb.2010.06.004
https://doi.org/10.1016/j.carbpol.2010.08.069
https://doi.org/10.1016/j.chemosphere.2011.02.006
https://doi.org/10.1016/j.ijbiomac.2015.07.042
https://doi.org/10.3390/md8061920
https://doi.org/10.1128/AEM.02038-10
https://doi.org/10.1007/s00253-005-0207-3
https://doi.org/10.7763/IJBBB.2012.V2.128
https://doi.org/10.1016/j.fob.2014.06.002


Aquat Biol 27: 107–118, 2018118

Accession Close relative Enzymatic activity and siderophore production Diameter of zone 
number in Genbank Amylases Cellulases Lipases Agarases Siderophores of clearance (cm)

(AA) (CA) (AL) (AGA) (SP) AA CA LA

KY421553 Vibrio neocaledonicus + + – – + 1.5 1.1 –
KY421586 Vibrio antiquarius + + – – + 1.2 3.2 –
KY421552 Vibrio natriegens + + – – + 1.9 2.3 –
KY421559 Vibrio nereis + + + – + 0.9 1.2 0.7
MF000977 Vibrio diabolicus + + – – + 1.8 1.4 –
KY421555 Vibrio neocaledonicus + + – – + 1.4 1.3 –
KY412567 Vibrio tubiashii + + + – + 1.3 1.5 1.5
KY421557 Vibrio neocaledonicus + + – + + 1.1 1.6 –
KY412562 Vibrio neocaledonicus + + + + + 1.1 2.1 0.6
KY412575 Vibrio neocaledonicus + + + + + 1.6 3 1.3
KY412583 Vibrio neocaledonicus + + – – + 1.1 2.1 –
MF000980 Vibrio owensii + + – – + 1.6 1.4 –
KY421584 Vibrio neocaledonicus + + – – + 1.6 1.8 –
KY412576 Vibrio neocaledonicus + + – – + 1.5 2.8 –
MF000984 Vibrio alginolyticus + + – – + 1.7 1.7 –
KY421556 Vibrio harveyi + + + – + 1.9 2.9 0.7
MF000981 Vibrio alginolyticus + + – – + 1.6 2.9 –
KY421561 Vibrio azureus + + – + + 1.5 1.1 –
KY421578 Vibrio neocaledonicus + + – – + 2 1.9 –
KY421566 Vibrio harveyi + + + – + 1.5 1.7 2
MF000979 Vibrio neocaledonicus + + – – + 1.3 2.8 –
MF000983 Vibrio diabolicus + + – – + 1.8 1.4 –
KY421587 Vibrio azureus + + – – + 1.1 3.5 –
KY421588 Vibrio antiquarius + + – – + 1.4 2.8 –
MF000982 Vibrio alginolyticus + + – – + 1.4 2.8 –
MF000978 Vibrio harveyi + + – – + 2.2 2.5 –
KY421563 Vibrio antiquarius + + – – + 1.5 1.2 –
KY421590 Vibrio alginolyticus + + – – + 1.4 2.2 –
KY421574 Vibrio neocaledonicus + + – – + 2.1 3.1 –
KY421564 Vibrio azureus + + – + + 1.2 3.0 –
KY421591 Vibrio parahaemolyticus + + – – + 2.1 3.4 –
KY421550 Vibrio antiquarius + + – – + 1.7 3.3 –
KY421579 Vibrio diabolicus + + – – + 1.4 1.8 –
KY421565 Pseudomonas sp. + + + – + 1.4 1.3 0.9
KY421580 Vibrio neocaledonicus + + + – + 1.4 2.9 –
KY421570 Vibrio neocaledonicus + + + – + 1.6 2.4 –
KY421577 Vibrio neocaledonicus + + + – + 1.8 2.4 –
MF000976 Vibrio azureus + + + – + 1.2 1.3 –
KY421581 Vibrio azureus + + + – + 1.7 2.4 –
KY421569 Vibrio neocaledonicus + + + – + 0.7 4.2 –
KY421585 Vibrio neocaledonicus + + + – + 1.6 3.0 –
KY421551 Vibrio antiquarius + + + – + 1.8 1.8 –
KY421582 Vibrio neocaledonicus + + + – + 1.5 2.7 –
KY421568 Vibrio neocaledonicus + + + – + 1.4 3.2 –
MF000975 Vibrio hyugaensis + + + – + 1.3 2.0 –
KY421558 Bacillus megaterium – + + – + – 1.5 0.2
KY421572 Bacillus megaterium + + + – + 1.4 1.7 0.5
KY421573 Bacillus megaterium + + + – + 1.8 2.2 1.2
KY421560 Bacillus sp. + + + – + 1.8 2.5 0.4
KY421571 Bacillus xiamenensis – + + – + – 1.3 0.7
KY421554 Vibrio neocaledonicus + + – – + 1.0 1.6 –
KY421589 Vibrio azureus + + – + + 1.1 3.5 –

Appendix: Table A1. Zone of clearance (cm) on the substrates evaluated for the isolates identified. Enzymatic activity and 
siderophore. (+): observed, (–): not observed
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