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Abstract Sponge-associated bacteria have been found to produce a variety of bioactive com-
pounds including natural pigments. Here, we report the molecular identification of zeaxanthin-
producing sponge-associated bacteria isolated from sponges in the Gulf of Thailand and the effect
of environmental factors on zeaxanthin production from a bacterium. Three colorful sponge-
associated bacteria (CHOB06-6, KODA19-6, and MAKBO08-4) were identified based on the 16S
rDNA profile. The 16S rDNA sequence-based analyses revealed that CHOB 06-6 and MAKB
08-4 were the closest relatives to Sphingomonas phyllosphaerae FA2", and KODA19-6 was a
relative of Shingomonas (Blastomonas) natatoria DSM 31 83T, After all bacteria were cultivated
in a modified Zobell medium, S. natatoria KODA19-6 was found to produce the highest
zeaxanthin at 0.62 mg/l. pH and temperature considerably affected its zeaxanthin production.
Its optimal condition for zeaxanthin production was found at a pH of 7 and 30 °C. The bacterium
had a maximum specific growth rate (timax) of 0.061/h with zeaxanthin productivity (Qp) of
6.27 ug/l'h. Therefore, this newly zeaxanthin-producing bacterium has a potential to produce
natural zeaxanthin for the food, feed, pharmaceutical, and cosmetic industries.
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Introduction

Zeaxanthin (3,3'-dihydroxy-[3-carotene) is the yellow pigment in the xanthophyll group
of the carotenoid family which has a molecular formula of C4yHs¢O, and a molecular
weight of 568.88. The molecule is polyene-like with nine alternating conjugated carbon
single and double bonds which is terminated by a hydroxyl-attached ionone ring.
Zeaxanthin is naturally found in yellow colored vegetables and fruits such as corn,
orange peppers, mangoes, pink grapefruit, apricots, peaches, cantaloupe, and avocadoes
[1, 2]. Moreover, it can be produced by various microorganisms such as the microalga,
Dunaliella salina [3], and the bacteria, Flavobacterium multivorum [4], Zeaxanthini-
bacter enoshimensis [5], Mesoflavibacter zeaxanthinifaciens [6], Synechocystis sp. [7],
Erwinia herbicola [8), Paracoccus zeaxanthinifaciens [9], Sphingobacterium multivorum
[10], and Leeuwenhoekiella sp. [11]. The pigment shows various pharmaceutical prop-
erties. It prevents age-related macular degeneration [12—16], has cancer-preventive prop-
erties [17] and can be used as a food supplement. Currently, it is also employed as a feed
additive for fish (color enhancement for the flesh) and poultry (yolk color enhancement).
These beneficial properties make zeaxanthin an interesting product for industry. Due to
its high demand from the market, finding a new source of natural zeaxanthin production
is increasingly important.

Among all microorganisms found in nature, sponge-associated bacteria are relatively
unfamiliar and increasingly attractive as a source of new chemicals and drugs. Various
species of bacteria including archaea, heterotrophic bacteria, phototrophic bacteria, and
cyanobacteria have been found associated with sponges and possess special physiolog-
ical properties viz., aerobic chemoheterotrophic bacteria [18], nitrogen-fixing bacteria
[19, 20], and Proteobacteria especially y-Proteobacteria and «-Proteobacteria [21-23].
These bacteria inhabit the outer layers of sponges, the sponge mesohyl and inside sponge
cells [24]. The bacteria may constitute up to 40 % of sponge biomass [25]. Sponges
become suitable habitats for their associated bacteria because they have special structures
(inner and outer endosomes) enabling them to seclude food and filter water. According to
the symbiotic relationship, sponges offer nutrients and a safe habitat to bacteria while
they receive some metabolites from translocated processes of microorganisms. Sponge-
associated bacteria have been found to produce antimicrobial agents [18, 26, 27] which
may play an important role for the defense mechanism of sponges. They also produce
other bioactive compounds such as neuroactive compounds [28], cyclic peptides [29],
terpenes [30], and pigments [27].

To our knowledge, zeaxanthin production from sponge-associated bacteria is rarely
investigated. This work, therefore, is the first report on the identification of zeaxanthin-
producing sponge-associated bacteria isolated from the Gulf of Thailand and the study of
their zeaxanthin production.

Materials and Methods
Chemicals and Standards
Seawater was kindly provided by Burapha University, Cholburi, Thailand. Before used,
seawater was filtered through a Whatman No.4 filter paper and kept at 4 °C. Zeaxanthin was

used as a standard pigment purchased from Sigma-Aldrich (St. Louis, MO, USA). Other
chemicals were analytical grade and HPLC grade.
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Cultivation Medium

The cultural medium used was a modified Zobell medium containing 1 g/l proteose
peptone (BBL, MD, USA), 1 g/l yeast extract, 0.5 g/l phytone peptone (BBL, MD,
USA), 0.2 g/l Na,S,03.5H,0, 0.05 g/l Na,SOs3, and 0.002 g/l Fe(C¢Hs07) dissolved in
seawater and distilled water (90:10, v/v) at pH 7.6.

Isolation and Cultivation of Sponge-Associated Bacteria

Sponge-associated bacteria were isolated from sponges (Mycale (Zygomycale) parishii,
Echinodictyum spp., Clathria (Microciona) sp., Echinodictyum spp., Clathria (Thalysias)
reinwardti, Pseudoceratina sp., Gelliodes petrosioides, Pachastrissa nux, Coelocarteria
singaporensis, and Tethya seychellensis) that were collected by scuba diving at a depth of
6—9 m. from Chaolao Beach of Chantha Buri Province, Mak Island of Trat Province, and
Kood Island of Trat Province located in the Gulf of Thailand. The serial homogenate of 5 g
sponge was spread on the modified Zobell agar medium and incubated at 30 °C for 3—
7 days. Bacterial colonies were then picked up randomly and purified on the modified Zobell
agar medium. The pure colonies were cultivated on slants of the medium at 30 °C for 48 h
and kept at 4 °C before use.

Zeaxanthin Production of Sponge-Associated Bacteria

All sponge-associated bacterial isolates were grown on the modified Zobell broth for
zeaxanthin production. A loop-full of each bacterium cultivated on the slant was transferred
to 250-ml flasks containing 100 ml of the modified Zobell broth. The flasks were incubated
at 30 °C on a rotary shaker operated at 120 rev/min for 4 days. After the incubation, bacterial
growth and zeaxanthin production were determined.

Bacterial Growth Measurement

Bacterial growth was determined by cell dry weight measurement. A 100-ml broth was
sampled and centrifuged at 5,700xg for 15 min to collect bacterial biomass. The biomass
was then washed twice with distilled water. Supernatant was discarded and cell pellet was
then dried to constant weight in an oven at 60 °C.

Zeaxanthin Analysis

Bacterial cells were harvested by centrifugation at 5,700xg, 4 °C for 15 min, and washed
twice with distilled water. The cell pellet was suspended in 95 % (v/v) ethanol and the
cell suspension was shaken at 200 rev/min at 30 °C for 24 h. The ethanol extract was
then collected by centrifugation at 5,700xg, 4 °C for 15 min. The extract was evaporated
to dryness by nitrogen gas and re-dissolved in acetone. The extract was filtered through a
0.45-um membrane and analyzed for zeaxanthin by using HPLC (Shimadzu, Kyoto,
Japan). Twenty-microliter extract was subjected to a Polaris C18-A column (4.6x
150 mm, 10 wm) with a guard column (MetaGuard, 4.6x10 mm; Varian, Kyoto, USA)
operated at 25 °C with an isocratic solvent system of acetonitrile/methanol/tetrahydro-
furan (58:35:7 %, v/v) and the flow rate of 1 ml/min [31]. The eluent was monitored with
a photodiode array detector at 450 nm. Zeaxanthin was used as an external standard. It
was eluted at a retention time of 3.23 min.
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Bacterial Identification

The bacterial isolates were re-cultured on the agar medium at 25 °C for 48 h. Gram’s
staining, morphological, physiological, and biochemical characteristics of the isolate were
investigated according to Bergey’s Manual of Systematic Bacteriology Volume 2 [32]. A
rapid bacterial identification test kit for Gram-negative non-Enterobacteriaceae, API 20 NE
(BioMerieux, Marcy 1’Etoile, France), was used to identify species of bacteria. The strains
were confirmed by 16S rRNA gene sequence analysis. Genetic DNA extraction, PCR
amplification of the 16S rRNA gene, and purification of PCR products were carried out.
For DNA isolation, they were cultivated in the broth medium at 25 °C for 48 h. Bacterial
genomic DNA was isolated using the Wizard® Genomic DNA purification kit (Promega,
WI, USA). 16S rDNA genes were amplified using universal bacterial primers 8F (5'-
AGAGTTTGATCCTTGGCTCAG-3") and 1492R (5-GCYTACCTTGTTACGACTT-3")
(Wardmedic, Bangkok, Thailand). PCR was done under the following condition: 5 min
at 95 °C, 25 cycles of 50 s at 95 °C, 30 s at 55 °C, 2 min at 72 °C, and 7 min at 72 °C.
PCR products were verified by agarose gel electrophoresis. PCR products were cloned
into the pGEM-T vector (Promega, WI, USA) and then 16S rDNA-containing plasmids
were transformed to the Escherichia coli competent cells. Bacterial cells containing
plasmid were selected using a blue-white colony selection method. Plasmids were
isolated by alkaline lysis Mini-Prep protocol. 16S rDNA on the plasmid was sequenced
by the Sanger deoxy method using a DNA sequencer (ABI PRISM 3730 Genetic
analyzer, CA, USA) with ABI BigDye Terminator version 3.1 chemistry kit (CA,
USA). The DNA sequence was compared to the GenBank database in the National
Center for Biotechnology Information (NCBI) using the BLAST program. A phyloge-
netic analysis was done using molecular evolutionary genetics analysis (MEGA) soft-
ware version 4.0 [33].

Effect of pH and Temperature on Zeaxanthin Production

Zeaxanthin-producing strains were studied for the optimum pH and temperature on its
growth and zeaxanthin production. An initial medium pH (6-8) and incubation temperature
(25-35 °C) were examined. The strains were incubated at 150 rev/min for 4 days. All
experiments were done in triplicate and the mean results were reported.

Growth and Zeaxanthin Production Under the Optimum Condition

Study on bacterial growth and zeaxanthin production was carried out under optimal
pH and temperature. The bacterium was cultivated in 250-ml flasks containing 100 ml
of modified Zobell broth. The flasks were incubated on a rotary shaker operated at
120 rev/min for 4 days. During incubation, samples were taken periodically to
determine growth, pH, and zeaxanthin. All experiments were done in triplicate and
their mean results were reported.

Statistical Analysis
The quantitative analyses of zeaxanthin were performed in triplicate and the mean values
were calculated. The data was statistically analyzed by the SPSS 16.0 software (SPSS, IL,

USA) using analysis of variance (ANOVA) and Duncan’s multiple range tests to determine
significant differences between the means (p<0.05).
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Results
Isolation and Zeaxanthin Production of Sponge-Associated Bacteria

A total of 24 bacteria were isolated from the sponge samples collected in the Gulf of Thailand.
Most of them were Gram negative rods (data not shown). Of all isolates tested, the three most
distinctively colorful zeaxanthin-producing strains were CHOB06-6, KODA19-6, and
MAKBO08-4 (Fig. 1). They produced zeaxanthin in a range of 0.08-0.62 mg/I after 4 days of
cultivation. The isolate KODA19-6 was found to be the best zeaxanthin producer. It produced
the highest zeaxanthin yield of 4.1 mg/g and gave the lowest biomass of 0.15 g/I.

Identification of Zeaxanthin-Producing Bacteria Associated with Sponge

Three zeaxanthin-producing bacteria, CHOB06-6, KODA19-6, and MAKBO08-4, were iso-
lated from the sponges M. (Zygomycale) parishii from Chaolao Beach, Chanthaburi prov-
ince, T. seychellensis from Kood Island, Trat province, and Pseudoceratina sp. from Mak
Island, Trat province, respectively. All strains were Gram negative, weakly motile, non-
spore-forming and short rods or cocci as shown in Table 1. The cells exhibited 0.9—1.7 um in
width and 1.3-2.4 um in length. All strains formed circular, smooth yellow colonies on the
modified Zobell agar and were able to grow at 30 °C under aerobic condition.

The three sponge-associated bacteria were then identified according to the 16S rRNA
gene sequences. The lengths of the sequences for the strains CHOB06-6, KODA19-6, and
MAKBO08-4 were 1,450, 1,450, and 1,448 bp, respectively. The similarities of CHOB06-6,
KODA19-6, and MAKBO08-4 from the databases of EMBOSS pair-wise alignment algorithms
option and EMBOSS needle method consecutively showed 88.8 % (1,334 bp/1,502 bp)
similarity to Sphingomonas phyllosphaerae FA2", 98.0 % (1,447 bp/1,477 bp) similarity to
Sphingomonas (Blastomonas) natatoria DSM 3183, and 89.0 % (1,322 bp/1,485 bp) similar-
ity to S. phyllosphaerae FA2", respectively, and their GenBank sequence accession numbers
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Fig. 1 Growth and zeaxanthin production of sponge-associated bacteria in a modified Zobell medium under

the cultivation condition: pH of 7.6, 30 °C, 120 rev/min for 4 days. (a, b, and ¢ represent significantly different
data at p<0.05)
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Table 1 Characteristics of zeaxanthin-producing bacteria associated with sponges

Strain Color Gram stain Shape Size (um)

Length Width
CHOB 06-6 Yellow Negative Short rod 22-23 0.9-1.1
KODA 19-6 Yellow Negative Short rod/cocci 1.3-1.5 1.3-1.7
MAKB 08-4 Yellow Negative Short rod 2.1-2.4 1.0-1.2

were FJ999661, FJ999662, and FJ843590, respectively. A phylogenetic tree was constructed
using the neighbor-joining method (Fig. 2) to infer the genetic relationship among these strains

with known species in the class of x-Proteobacteria.

Sphingomonas abaci C42

Sphingomonas rhizogenes RSB-1

Erythromonas ursincola DSM 9006 T
Sphingomonas natatoria DSM 3183T

Novosphingobium pentaromativorans US6-1

— Sphingomonas paucimobilis ATCC 29837

Sphingomonas panni C52

I_I—l

L Sphingomonas pseudosanguinis G1-2T

Erythrobacter indica MSSRF26

Porphyrobacter tepidarius DSM 10594
Porphyrobacter sanguineum IAM 12620

Novosphingobium nitrogenifigens Y88
Novosphingobium yangbajingensis YBSY12-2

Sphingomonas phyllosphaerae FA2
Novosphingobium indicum H25

Sphingomonas mucosissima CP173-2
Sphingomonas bosoensis WF3

Novosphingobium taihuense T3-B9
l: Sphingomonas kwangyangensis CW37

Erythrobacter 1shigakiensis NITE-AP48

—!_— Erythrobacter piscidermidis PS-2

Novosphingobium resinovorum NCIMB 8767

Erythrobacter citreus DSM14432
‘_ Novosphingobium aromaticivorans SMCC

Fig. 2 Phylogenetic tree of CHOB06-6, KODA19-6, and MAKBO08-4 with the corresponding sequences of
16S rDNA for related o«-Proteobacteria using MEGA software version 4.0. (Scale bar=1 substitution per

nucleotide position)
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Fig. 3 Effect of pH on growth and zeaxanthin production of Sphingomonas natatoria KODA19-6 under the
cultivation condition: 30 °C, 150 rev/min for 4 days. (a and b represent significantly different data at p<0.05)

Effect of pH and Temperature on Zeaxanthin Production

Since S. natatoria KODA19-6 appeared to produce the highest zeaxanthin, the pH and
temperature affecting its growth and zeaxanthin production were further studied. The growth
and zeaxanthin production were greatly influenced by pH as shown in Fig. 3. A pH of 7 was
optimal for its zeaxanthin production (0.62 mg/1) with a yield of 4.1 mg/g, whereas a pH of 6
was most favorable for its growth (0.6 g/1).

Temperature considerably affected zeaxanthin production and growth of S. natatoria
KODA19-6 (Fig. 4). A temperature of 30 °C was optimal for its zeaxanthin production
(0.73 mg/l) and yield (4.9 mg/g).
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Fig. 4 Effect of temperature on growth and zeaxanthin production of Sphingomonas natatoria KODA19-6

under the cultivation condition: pH of 7.6, 150 rev/min for 4 days. (a, b, and ¢ represent significantly different
data at p<0.05)
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Growth and Zeaxanthin Production Under the Optimum Condition

Fermentation kinetics of growth and zeaxanthin production from S. natatoria KODA19-6
under an optimal condition of 30 °C and pH 7 are shown in Fig. 5. Bacterial growth
increased continuously until the end of fermentation (0.40 g/I) with a maximum specific
growth rate ({max) of 0.06 1/h. Zeaxanthin was produced slowly at the first 2 days and then
increased rapidly until the end of day 3. After 4 days of incubation, zeaxanthin reached its
maximum at 602 ug/l with a productivity (Qp) of 6.27 pg/I'h. In addition, pH had increased
to 7.9 at the initial stage and then dropped to 6.7 at the end of fermentation.

Discussions

Most sponge-associated isolates found in the Gulf of Thailand were Gram negative rods
which were similar to those isolated from other locations [22, 27]. It is reported that up
to 58 % of all strains isolated from the marine sponge Petrosia ficiformis were Gram
negative with long or short rods, non-spore forming and pigmented (yellow, orange, red,
or brownish). However, a Gram positive coccus, Micrococcus luteus, isolated from the
sponge, Xestospongia sp., in New Caledonia, and a Gram positive rod, Bacillus sp.,
isolated from the sponge, Sigmadocia fibulatus of the Tuticorin coast, South East India
were found [18, 26]. Microorganisms inhabit sponges and help them in nutritional
processes including intracellular digestion and translocation of metabolites by nitrogen
fixation, nitrification, and photosynthesis [24, 34]. Moreover, microorganisms support
sponge skeleton stabilization and participate in a chemical defense system against
predators and biofouling of sponges. On the other hand, sponges can benefit their
symbionts by providing them more nutrients and safer habitat than other surroundings
such as seawater and sediments [24].
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Fig. 5 Fermentation kinetics of growth and zeaxanthin production of Sphingomonas natatoria KODA19-6
under the optimum condition
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Several microbial sources have been reported to produce carotenoids especially
algae (Neospongiococcum excentricum and Spirulina sp.), microalgae (D. salina and
Microcystis aeruginosa), red yeast (Xanthophyllomyces dendrohous or Phaffia rhodo-
zyma), and bacteria (Flavobacterium sp., E. herbicola, Synechocystis sp., Z. enoshi-
mensis, and M. zeaxanthinifaciens) [16]. However, Flavobacterium sp. was reported to
produce zeaxanthin mostly among carotenoids produced in their cells [16]. Alcantara
and Sanchez [10] reported Flavobacterium sp. produced the maximum zeaxanthin of
0.75 mg/l within 32 h on a chemically defined medium with NH4Cl and yeast extract
as a sole carbon source. Bhosale and Bernstein [35] also reviewed that F. multivorum
produced zeaxanthin of 1.6 mg/g. Those reports also indicated that the amount of
zeaxanthin produced by Flavobacterium sp. depended upon medium compositions.
Microbial strain development by mutation and genetic recombination has been used to
improve zeaxanthin production. Jin and co-workers [36] reported that a mutant of the
microalga D. salina using ethylmethyl sulfonate mutagenesis produced zeaxanthin of
6 mg/g. Recombinant strains of Phaffia rhodozyma were reported to produce higher
zeaxanthin concentrations (2.2-5.7 mg/l) [37]. In addition, a recombinant strain of
Pseudomonas putida could produce zeaxanthin up to 239 mg/l under an optimum
condition with lecitin addition during cell cultivation [38]. It seems that our strains
produced less zeaxanthin than the reported strains due to the differences of microbial
species, cultivation condition, medium composition, and nutrient requirements of
microorganisms.

This work is the first to report that zeaxanthin is produced by S. phyllosphaerae and S.
natatoria isolated from sponges. Two of our zeaxanthin-producing and sponge-associated
strains (CHOB06-6 and MAKB08-4) were closely related to S. phyllosphaerae FA2" which
was discovered and isolated from the phyllosphere of a legumous tree, Acacia caven, in
Argentina in 2004 [39]. The bacterium formed yellow-pigmented colonies on a nutrient agar
which was consistent to the isolates CHOB06-6 and MAKBO08-4 showing yellow colonies
on the modified Zobell agar. However, the habitat of the strains CHOB06-6 and MAKB08-4
was distinctively different from that of S. phyllosphaerae FA2". Meanwhile, the strain
KODA19-6 was closely related to S. (Blastomonas) natatoria DSM 31837 which formed
yellow or orange colonies and was reported to produce carotenoids [40]. The habitat of the
strain KODA19-6 was distinctively different from that of S. natatoria DSM 3183" which
was originally isolated from a water sample from a swimming pool [41]. Recently, new
bacterial species of Z. enoshimensis and M. zeaxanthinifaciens isolated from seawater
samples at the Enoshima Island, Japan, and Nubsella zeaxanthinifaciens isolated from a
freshwater sample collected at Misasa (Tottori, Japan) were found to produce zeaxanthin [5,
6, 42]. Thus, zeaxanthin-producing bacteria can be found in marine and freshwater
environments.

Generally, Proteobacteria are bacteria which are reported to be associated with sponges.
Li et al. [21] found bacteria isolated from the sponges, Dysidea avara and Craniella
australiensis, living in the South China Sea were «-, 3-, and y-Proteobacteria and Sphin-
gobacteria. Similarly, bacteria isolated from Mediterranean sponges were classified as «-
and y-Proteobacteria [23]. Lafi et al. [43] also reported «- and y-Proteobacteria were
associated with the sponges—Pseudoceratina clavata and Rhabdastrella globostellata,
located at the Great Barrier Reef, Australia. Furthermore, Gram negative bacteria, Bacter-
oidetes sp., Planctomycetes sp., and Verrucomicrobia sp., and Gram positive bacteria,
Firmicutes sp. and Actinobacteria sp., were found to associate with sponges [34]. Taylor
et al. [34] also concluded that sponge-associated bacteria and archaea found at marine
locations were Proteobacteria.
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In general, pH affected carotenoid biosynthesis in microbial cells. pH is involved in
enzyme activities which play an important role in carotenogenesis and microbial growth.
S. natatoria KODA19-6 had an optimal pH of 7.0 for its zeaxanthin production.
Similarly, a microalga, Haematococcus pluvialis, had the highest astaxanthin production
and biomass at a neutral pH of 7.0 [44]. In contrast, carotenoid yields produced by the
yeast Rhodotorula glutinis were maximized at the slightly acidic pH of 6 with a
maximum biomass concentration occurring at a pH of 6.5 [45]. Astaxanthin formation
and biomass of Xanthophyllomyces dendrorhous were also optimal at the pH values of
5.0 and 6.0, respectively [46].

S. natatoria KODA19-6 had an optimal temperature of 30 °C for its zeaxanthin produc-
tion. It is expected that a temperature of 30 °C would be optimal for (3-carotene hydroxylase
which catalyzes (3-carotene to zeaxanthin. This temperature was reported to be optimal for
astaxanthin by H. pluvialis [47]. However, the astaxanthin producing yeast, Phaffia rhodo-
zyma, had an optimal temperature for astaxanthin formation at 22 °C and astaxanthin content
was drastically decreased at higher temperatures [48].

The formation of zeaxanthin by S. natatoria KODA19-6 was associated with its growth.
Similarly, . multivorum and Chlorella zofingiensis were found to produce zeaxanthin in
association with their growth [4, 49]. In addition, Flavobacterium sp. was able to provide a
zeaxanthin production of 23.44 ug/l'h [10]. Masetto et al. [50] also reported that the
zeaxanthin productivity of Flavobacterium sp. was 109.38 pg/l'h after it was cultured in a
4-1 fermentor operating at 600 rev/min and 2 vvm with a supplementary of 4.6 % corn steep
liquor for 96 h. While, Bhosale et al. [51] reported zeaxanthin productivity of F. multivorum
ATCC 55238 was maximum of 0.43 mg/I'h at the late exponential phase. The maximum
specific growth rates of F. multivorum ATCC 55238 were found at 0.21-0.37 1/h when it was
cultivated in different media [51, 52].
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