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Abstract:

It is well known that microorganisms well-adapted to survival in extreme ecosystems could be
considered as new sources of biomolecules that have biotechnological importance. On French
Polynesian atolls, microbial mats are developing in water ponds exposed to fluctuations in physical
and chemical parameters. In these microbial mats, which are called “kopara” by the inhabitants,
bacteria coexist with cyanobacteria, and a synergistic relationship may exist between these two types
of living microorganisms. A large number of cyanobacteria and bacteria have been isolated from
different mats. Under laboratory conditions, these microorganisms were shown to produce various
exopolymers, including exopolysaccharides and poly-B-hydroxyalkanoates, along with pigments for
further commercial developments. This manuscript gives an overview of substances isolated and
characterized from these bacteria and cyanobacteria and discusses their potential applications in
biotechnology.
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1. Introduction

In the past few years, a remarkable number of structurally uniqgue and highly bioactive
metabolites have been isolated from marine bacteria. Though there is a long, successful
history of antibiotics of terrestrial origin, the search for marine microbial metabolites remains
a relatively untouched subject, even today. Biotechnology has been recognized as one of the
most promising technologies for the 21st century [1]. Life originated in the sea, and the
incredible diversity of ocean life is linked to the relatively prolonged evolutions and
adaptations of marine organisms over their land counterparts. Developing novel drugs for
treating diseases, such as cancer and neurodegenerative diseases, producing diagnostic
devices (biosensors) for monitoring health, discovering new types of composite materials,
biopolymers and enzymes, finding new ways of harnessing bioenergy, ensuring sustainable
and safe aquaculture and fisheries and providing new approaches to protect and manage
marine environments make up just a small subset of the possibilities of marine
biotechnology.

Microbial mats are laminated communities primarily composed of phototrophic and
chemotrophic prokaryotes. The vertical stratification of such communities is a response to
the organisms’ physiological requirements to the gradients of light, oxygen, redox potential,
sulfide and pH. These microbial mat ecosystems require nitrogen fixation from nitrogen fixing
cyanobacteria to develop [2]. Such microbial mats are found in many lagoons in Baja
California [3], lakes in the Sinai, Egypt [4] and still waters in Spain [5]. Benthic microbial
communities, growing as gelatinous deposits several tens of centimeters thick, are also
present in some shallow lakes on the rims of some French Polynesian atolls (Fig. 1). The
inhabitants call these benthic microbial communities “kopara” [6]. “Kopara” mats are
characterized by varied physical and chemical parameters, with pH values ranging from 6 to
10.5, salinity levels ranging from 5 g/l to 42 g/l, temperatures ranging from 20°C during the
night up to 42°C around mid-day [7] and light intensities varying from one site to another. In
such unusual environments, bacteria co-exist with cyanobacteria and may form a synergistic
relationship.

From the discoveries of novel biopolymers and biomolecules of biotechnological significance,
it is now widely accepted that microorganisms from unusual environments not only provide
valuable resources for exploiting novel biotechnological processes but also serve as models
for investigating how biomolecules are stabilized when subjected to changing conditions [8].
In this regard, microbial mats offer new sources of fascinating microorganisms well-adapted
to these changing environments. Over the past 10 years, an increasing number of new
mesophilic bacteria and cyanobacteria species have been isolated from these Polynesian
ecosystems. This new microbial diversity includes strains able to produce novel molecules,
such as biopolymers, pigments and other bioactive molecules.

This paper examines the discovery and applications of innovative biopolymers produced
under laboratory conditions by microorganisms isolated from different microbial mats present
on Polynesian atolls.

2. Microbial community structure

The microbial community structure in “kopara” mats is dominated by only a few functional
groups of microorganisms, which include cyanobacteria, with the predominating genera
Phormidium and Scytonema, sulfurous and non-sulfurous photosynthetic bacteria, sulfate-
reducing bacteria in the deeper layers and Desulfovibrio and Desulfobacter species [9,10].
Other microorganisms isolated include the following: Chromatium sp., Thiocapsa, Thiocystis
spp., Blastochloris spp., Rhodobacter spp. and Rhodospirillum spp., along with heterotrophic
bacteria belonging to the Pseudomonas, Alteromonas, Paracoccus and Vibrio genera [11-
14].



3. Vertical distribution of exopolysaccharides in different mats

Various macromolecules, including polysaccharides, proteins, lipids and nucleic acids, form
the architectural matrix in the intercellular space of microbial biofilms and unattached
aggregates and have been characterized from the environment of the mats (Fig. 2) [10].
Extracellular polymers help microorganisms compete and survive in changing environmental
conditions by altering the physical and geochemical microenvironment around the cell [15]. In
most mats analyzed to date, the highest levels of exopolysaccharides, up to 50 mg EPS/g of
dry weight, were found in the uppermost layers (Table 1, Fig. 3). The exopolymer proportion
decreased markedly with increasing depth and was negligible beyond 8 cm. The highest
levels of exopolysaccharides were clearly related to the highest biomass and presence of
cyanobacteria.

4. EPS fractions analysis

The gross chemical composition of the crude exopolysaccharide fractions showed that
neutral sugars predominated in all samples. However, all exopolysaccharides were
polyanionic in nature, due to the presence of uronic acids with concentrations ranging from
11% to 18 %. The occurrence of uronic acids is, to a great extent, responsible for the binding
of heavy metals and radionuclides in the mats [16]. Within the different mats, the
exopolysaccharide composition showed no marked changes with depth. Glucose, galactose
and mannose predominated as neutral sugars with equal amounts in all samples. In addition,
6-deoxy hexoses, such as rhamnose, fucose and xylose, were found at lower concentrations.
Only traces of arabinose were observed. Glucuronic and galacturonic acids were the only
uronic acids identified in these fractions, with the former predominating [10].

5. EPS producing microorganisms

Using cultures involving laboratory-closed photobioreactors, a partial screening performed on
some Polynesian microbial mats led to the discovery of the following six cyanobacterial
isolates: Chroococcus submarinus (Hansgirg) Kovacik, Johannesbaptistia pellucida (Dickie)
Taylor et Drouet, Rhabdoderma cf. rubrum (Alvik) Komarek et Anagnostidis, Geitlerinema
(Oscillatoria) sp., Lyngbya aestuarii (Mertens) Liebman, and Plectonema (Leptolyngbya) cf.
golenkinianum Gomont [17]. Under unbalanced growth conditions, these strains were shown
to produce both capsular and released EPS. Both exopolymers are characterized by high
proportions of neutral sugars and a significant number of sulfate groups. Additional
experiments are in progress to evaluate the biotechnological potential of these
cyanobacterial exopolysaccharides.

In addition to cyanobacteria and both sulfurous and non-sulfurous photosynthetic bacteria
predominating in the different microbial mats, mesophilic bacteria originating from these
ecosystems were also able to produce novel exopolymers under laboratory conditions. From
a partial screening of the collection of microorganisms (up to 1,100 isolates from different
mats), a number of microbial exopolymers with interesting chemical and rheological
properties have been characterized. Bacteria associated with these changing conditions
have demonstrated their abilities to produce unusual extracellular polysaccharides in an
aerobic, carbohydrate-based medium. Thusfar, the following four main EPS producers have
been identified: Pseudomonas, Alteromonas, Paracoccus and Vibrio. Only a few polymers so
far have been fully characterized, but considerable information related to the chemical
composition of other polymers and their rheological and heavy metal binding properties has
been obtained. Most of these polymers have uronic acid content ranging from 6 % to 28 %
and high molecular weights of up to 10° g/mol. Neutral sugars are present in various ratios,



with rhamnose, fucose, galactose and glucose predominating. The occurrence of amino
sugars, such as N-acetyl galactosamine and N-acetyl glucosamine, along with sulfate and
acyl groups, such as acetate, lactate and succinate, is also of great importance for cosmetic
and other applications.

So far, the most remarkable result of this screening was the discovery of Paracoccus
zeaxanthinificiens subsp. payriae, a bacterium, under laboratory conditions. This bacterium is
able to produce a water-soluble and highly sulfated exopolysaccharide, along with a non-
water soluble macromolecule that was assumed to be a glycoprotein [11,18]. The chemical
composition of the water-soluble exopolysaccharide appeared to be different from that
produced by other bacteria from similar environments. The most important feature is
undoubtedly its high sulfate content, which can be up to 29% w/w, in its native state (Fig. 4).
The biosynthesis of such a highly sulfated exopolysaccharide by a marine bacterium has, to
the extent of our knowledge, never been reported in the literature. The natural occurrence of
sulfate is known to improve the biological activity of some polysaccharides with antiviral
activity, including those with activity against the human immunodeficiency virus. In addition,
certain biological activities, such as blood coagulation, are influenced by the sulfate content
and position on some polysaccharides [19-21]. In this regard, the newly discovered EPS,
referenced RA29 and belonging to the Vibrio sp., deserves special attention (Table 2).
Another bacterium was also isolated in the lagoon of Moorea Island (French Polynesia), and
it is referred to as strain MO 245, also belonging to the Vibrio sp.. During stationary phase
growth in batch cultures in the presence of glucose, this bacterium produced an EPS
characterized by equal amounts of uronic acid and hexosamine (N-acetyl glucosamine and
N-acetyl galactosamine) and traces of galactose. This exopolymer appeared to have very
similar properties to those of another exopolymer synthesized by a bacterium originating
from a deep-sea hydrothermal vent [22,23], i.e. Vibrio diabolicus, which showed innovative
properties in terms of tissue regeneration [24-26].

6. Biopolymers of industrial interest

The broad array of microbial activities within mats suggests that the isolates may have a
number of important biotechnological applications. In addition to bioremediation, aquaculture
and energy production are promising uses [27]. Bacterial exopolymers are also fascinating
sources of macromolecules of biotechnological importance. Due to their many interesting
physical and chemical properties, such as ability to stabilize, suspend, thicken, gel,
coagulate, form films and retain water, polysaccharides have found applications in many
industrial sectors (e.g. detergent, textile, adhesives, paper, paint, food and beverage
industries; pharmaceutical and cancer therapies; drug delivery; oil and metal recovery in the
mining industry; industrial waste and formulation of cell culture media) [20,28].

Another industrial sector interested in the discovery and development of new
polysaccharides is the cosmetics industry, which is searching for new molecules from natural
environments. Consumer concern about the unwanted signs of aging and stress-related
effects has led to the development of products for skin firming, skin lightening, moisturizing,
smoothing, line removing, anti-aging, skin repair, skin protecting, and more. Polysaccharides,
along with vitamins, proteins, peptides, enzymes, coenzymes and pigments play important
roles in such so-called anti-aging products. Three EPSs originating from these microbial
mats have been already commercialized in this area of anti-radical, texturing and
moisturizing agents. A highly sulfated exopolysaccharide, produced by Paracoccus
zeaxanthificiens subsp. payriae, either in its native state or following strong depolymerizarion
(up to 15,000 Da), was shown to strongly inhibit the secretion of the lipoprotein lipase, a
hydrolytic enzyme involved in the hydrolysis of very low density proteins and chylomicrons
into triglycerides [29]. Tests were performed on cultivated adipocytes (3T2-L1) [30]. This
particular exopolymer is under commercial development in the cosmetic field (data not
shown).



Water pollution due to toxic heavy metals remains a serious environmental and public health
problem. Heavy metals are not biodegradable and accumulate in living organisms, causing
serious problems and diseases. Under public and media pressure, different states have
progressively introduced stricter regulations with regards to metal discharges and the
treatment of industrial operations. Biosorption may be defined as a process by which metal is
sequestered by chemical sites naturally present in the biosorbents. Compared to more
conventional technologies, including, but not limited to, chemical precipitation, chemical
oxidation, electrochemical treatment and reverse osmosis ion exchange, biosorption can be
considered an alternative technology on par with these more conventional approaches. One
advantage of biosorption is that it is cost-effective when inexpensive biosorbents are
employed. Inexpensive biosorbents could include those that are either abundant in nature,
such as seaweeds or other biomasses, or products obtained by fermentation of
microorganisms, such as exopolymers. EPS produced under laboratory conditions by
Paracoccus zeaxanthificiens subsp. payriae and isolated from a microbial mat, exhibited a
very high binding capacity for both copper (up to 9.84 mmol/g) and iron (ll) (up to 6.9
mmol/g) salts. It may be expected that other high uronic acid-containing exopolymers (Table
2) may find applications in heavy metal and radionuclide waste cleanup [31]. Experiments
are under progress to select the appropriate exopolymers for different types of applications.
Research in this area will be important for the development of a low-cost biosorbent used in
its native state or as a modified polysaccharide-based material.

7. Bacterial Polyhydroxyalkanoates (PHAS)

Polyhydroxyalkanoates (PHAs) are biopolymers produced by a wide variety of bacteria as
carbon and energy storage materials in response to the presence of excess carbon and to
the restriction of one growth-limiting nutrient (mostly nitrogen) [32,33]. They are deposited
intracellularly in the form of inclusion bodies (“granules”) and may account for up to 90% of
cellular dry weight. The monomeric composition of PHAs depends on the bacterial strain and
on the carbon source supplied. PHAs comprise a large class of polyesters and can be
divided into the following three groups, depending on the number of carbon atoms in the
monomeric units: short-chain-length PHAs (3-5 carbon atoms, “scl PHAs"), medium-chain-
length (6-15 carbon atoms, “mcl PHAS”) and long-chain-length (more than 15 carbon atoms,
“Icl PHAS"). Typically, PHAs with short-chain-lengths, such as poly-3-hydroxybutyrate (PHB), are
highly crystalline, stiff, brittle and poorly elastic. Longer-chain-length PHAs are semi-crystalline
elastomers with low melting points and low tensile strengths, and they require high elongations to
break. Owing to their inherent biodegradability and biocompatibility, PHAs have attracted
industrial interest and have been extensively studied in the last two decades [34-38]. PHAS
can be produced from natural renewable carbon sources and are considered alternatives to
non-biodegradable plastics produced from fossils oils. Thus, PHAs can be used to tackle the
problems of plastic waste in the future. By means of grafting reactions, copolymerizations,
chlorinations, epoxidations, carboxylations, etc., functionalized PHAs can be obtained.
Because of the many ways in which functionalized PHAs can be obtained, PHAs are diverse
in their industrial applications. Applications exist in medical implants, pin and dental sutures,
drug delivery systems, ophthalmology, textiles, industrial and institutional uses, hygiene
products, agricultural products, bag composting, food packaging and tissue engineering [39-
41].

Despite the large variety of novel and recently discovered PHAs, the high production cost of
PHAs has limited their wide acceptance in the market. There are a number of challenges to
their more widespread application for industrial processes. Commercial development has to
undergo a significant decrease in the cost of production by using cheaper carbon substrates,
such as those obtained from agricultural by-products or streams [42-46], optimizing
fermentation strategies and looking for alternative recovery methods to solvent extraction.
With all these advances, it is likely that PHAs will become a major biodegradable plastic with



a wide range of applications in the near future. PHAs may also be able to eliminate disposal
problems and environmental hazards prevalent with petroleum derived polymers.

Little is known about the ecological role of PHAs in the indigenous bacterial populations of
natural ecosystems. Interestingly, PHAs have been detected in many natural environments,
including deep-sea hydrothermal sediments [47] and microbial mats of the Great Sippewisset
Salt Marsh on Cape Cod (USA) and the Ebro Delta in Spain [48,49]. Interesting structures of
both scl- and mcl- PHAs have been identified as synthesized by bacteria isolated from
microbial mats. Additional screenings of the whole bacterial collection are in progress.

An aerobic, mesophilic, heterotrophic bacterium, Pseudomonas guezennei, was isolated
from a “kopara” mat located on the atoll of Rangiroa. Under laboratory conditions, this
bacterium produced a novel mcl PHAs mainly composed of 3-hydroxydecanoate (3HD) (64
mol %) and 3-hydroxyoctanoate (S3HO) (24 mol %), using glucose as its sole carbon source
[12]. Interestingly, rRNA group | Pseudomonas species are well known to biosynthesize mcl
PHAs, but relatively few are able to produce mcl PHASs using glucose as sole carbon sources
for both growth and polymer accumulation [50]. Additional experiments showed that,
depending on the nature of the carbon source supplied, this bacterium was also capable of
producing a variety of mcl PHAs via de novo fatty acid biosynthesis [13].

Pseudomonas guezennei subsp. tikehau isolated from a microbial mat on the atoll of Tikehau
was able to produce a high yield of an elastomeric PHAs copolymer using coconut oil as the
sole carbon source [51]. The melting and glass transition temperatures were 45°C and —
46°C, respectively. The production of PHAs began after 6 h in oil-enriched medium and
increased up to 63% of cellular dry weight after 36 h (Fig. 5).

Another strain, Paracoccus zeaxanthinifaciens subsp. payriae, was shown to synthesize
large amounts of poly-3-hydroxybutyrate (up to 90% of cell volume) and copolymers of
P(3HB-co-3HV), with different ratios of 3-hydroxyvalerate (3HV) and 3-hydroxybutyrate
(3HB) depending on the carbon source supplied [18]. More recently, Pseudomonas
raguenesii isolated from a mat located of the Tetiaroa atoll was demonstrated to produce
different mcl PHAs from various by-products of the cosmetic manufacturing. This finding lead
to the discovery of an interesting class of thermoelastomers [14]. Molecular weights ranged
from 175,000 g/mol to 35, 000 g/mol, with polydispersity values lower than 2. Original
compositions were obtained, which included high levels of unsaturated monomers. The
unsaturated mcl PHAs can be easily modified to produce functionalized polymers and
constitute a promising approach to expend bacterial polyesters to be used in the medical and
environmental areas [52,53].

8. Pigments

Microbial communities in the mats are stratified, and the resulting lamination is easily
recognized by the striking differences in colors (green, red, orange, pink or white) that result
from the different pigments of contribution organisms (Fig. 3). Up to 29 different pigments
have been analyzed in some microbial mats pigments, with B carotene, myxoxanthophyll
bacteriochlorophyll a and chlorophyll a predominating [9]. The occurrence of a significant
amount of zeaxanthine is also of interest. A bacterium described as Paracoccus
zeaxanthinifaciens subsp. payriae and isolated from such microbial mats was shown to
produce large amounts of a yellow-orange pigment [11,18]. High-performance liquid
chromatography and circular dichroic analyses indicated that this pigment mainly consisted
of pure (>98 %, w/w) isomer (3R, 3'R)-zeaxanthin. This finding is one of the first steps in
assessing the metabolite production potential of this strain, which, under similar growth
conditions, also produces a highly sulfated exopolysaccharide of biotechnological interest
[31]. Zeaxanthin (B, B-carotene-3, 3'-diol) is a lipophilic yellow carotenoid useful in the
pigmentation of foodstuffs and cosmetics. Zeaxanthin and lutein are the two pigments
present in the macula membrane, where they play protective roles against light and oxygen
aggression [54]. Zeaxanthin has a remarkable potential for use in pharmaceuticals because it



prevents age-related macular degeneration (AMD), which can lead to blindness [55].
Nevertheless the (3R, 3'R) stereocisomer of zeaxanthin has antioxidant abilities and is
present in large amounts in the macula [56].

9. Prospect and conclusions

One of the most promising and exciting aspects of marine biotechnology is bioprospection,
which is the search for new and innovative natural compounds that can be used as novel
drugs, healthcare products, agrochemicals for crop protection and biopolymers. However,
the major biodiversity in the oceans does not reside in plants and animals but in the
tremendous diversity of microbial life that can be found in diverse marine environments.
Microorganisms continue to provide an exciting source of novel bioactive molecules. Interest
in this particular field is due in part to the ability of many microorganisms to produce these
natural compounds through fermentation, thus minimizing supply problems. In comparison to
the search for new metabolites from terrestrial sources, the search for new metabolites from
marine microorganisms is only beginning and can be expected to satisfy the demand for new
metabolites from terrestrial biological sources in the near future. To achieve success in
marine biotechnology, some obstacles to the discovery and cultures of these organisms must
be overcome. There is a need to design new approaches to isolate and culture new
organisms. Metagenomics, through access to the huge reservoir of uncultivated and hidden
bacteria, opens the door to yet another untapped source of bioactive compounds.
Undoubtedly, microorganisms, whose huge genetic and biochemical diversity is only
beginning to be explored, looks likely to become rich sources of novel chemical entities for
new drugs.

Although the future is unpredictable, it is likely that biotechnology, primarily marine
biotechnology, will play a much more significant role in the 21st century than it did during the
last century. One of the most exciting aspects of marine biotechnology is exploring untapped
ecosystems. The number of novel compounds will continue to grow as new discoveries will
be made in diverse marine ecosystems.
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Fig. 2 Scanning electron micrograph of the occurrence of exopolymeric substances within
microbial mats. Bar represents 10 pm.
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Fig. 3 Microbial stratification within “kopara” mats showing different microbial metabolistic
development. White arrow corresponds to high EPS concentration area.
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Fig. 4 FTIR spectrum of EPS produced by Paracoccus zeaxanthificiens subsp. payriae
describing its main chemical characteristics.
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Fig. 5 Scanning electron micrograph of Pseudomona guezennei biovar. tikehau. (A) SEM
image of cells in phase division when grown in nitrogen-enriched medium. (B) SEM image of
cells after 52 hours in free-nitrogen medium enriched with coprah oil, showing numerous
PHAs granules in each cell. Bar represents 1 um.
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Tables

Table 1. Abundance of the exopolysaccharide fractions of Tetiaroa and Rangiroa mats.

Section Depth (cm) | Abundance mg/g dry

IT1 0-1 26.8
IT1” +1T2 1-6 11.2
IT3+1T4 | 6-13 4.3
ITS 13-19 4.5
R2-1 0-2.7 46.8
R2-2 2.7-4.5 9.4
R2-3 4.5-8 1
R2-4 8-13.7 0
R2-5 13.7-185 | 0
R9 0-2.5 25.1
RO P 0-2.9 48.2

RO G 0-3.1 37.1



Table 2. Polynesian EPS compaosition.

EPS Strains Proteins  Neutrals sugars ' Uronic acids Hexosamines @ Sulfates | Substituents
RA 1 Nd 3 24 15 16 - Lac
RA11 | Nd 6 28 8 8 10 Ac, Pyr
RA 19 | Paracoccus sp 3 48 8 - 29 Ac

RA 29 | Vibrio sp 8 44 8 - 21 Ac

TE 7 Pseudomonas sp | 8 38 14 2 8 Lac
Tik 574 ' Nd 9 28 22 5

Tik 650 @ Alteromonassp 4 a7 10 12

Tik 668 | Nd 7 49 28 5

Tik 725 | Alteromonassp | 7 20 17 -

Mi 550 | Pseudomonassp |5 34 18 -

Mo 245 | Vibrio sp 2 11 27 30 - Ac

Mo 203 | Alteromonassp 4 46 20 - —

Lac, lactate; Ac, acetate; Pyr, pyruvate.
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