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Introduction

Mangroves are recognized to be among the most produc-
tive ecosystems and are characterized by a high turnover
of organic matter mediated by microbial processes (Hol-
guin et al., 2001). Studies have typically focused on the
microbial communities of the terrestrial environments
(i.e. mangrove soils and sediments) (Rigonato ef al.,
2012, 2013; Varon-Lopez et al., 2014), and little is known
regarding the marine microbial communities (Shamina
et al., 2014). The periphyton (close to the submerged
roots of Rhizophora mangle) dominates primary produc-
tion in marine mangroves. This primarily anaerobic envi-
ronment (Attri et al, 2011) serves as an important base
of the food web and also regulates water column oxygen
dynamics (Alongi, 1990). Microbial communities that
grow as microbial mats are a widespread phenomenon
(Swift & Nicholas, 1987; Moyer et al., 1995; Stal, 1995;
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In this multidisciplinary study, we combined morphological, physiological, and
phylogenetic approaches to identify three dominant water bloom-forming
Cyanobacteria in a tropical marine mangrove in Guadeloupe (French West
Indies). Phylogenetic analysis based on 16S rRNA gene sequences place these
marine Cyanobacteria in the genera Oscillatoria (Oscillatoria sp. clone gwada,
strain OG) or Planktothricoides (‘Candidatus Planktothricoides niger’ strain OB
and ‘Candidatus Planktothricoides rosea’ strain OP; both provisionally novel
species within the genus Planktothricoides). Bioassays showed that ‘Candidatus
Planktothricoides niger’ and ‘Candidatus Planktothricoides rosea’ are toxin-
producing organisms. This is the first report of the characterization of Cyano-
bacteria colonizing periphyton mats of a tropical marine mangrove. We
describe two novel benthic marine species and provide new insight into Oscilla-
toriaceae and their potential role in marine sulfide-rich environments such as
mangroves.

Ward et al.,, 1998; Wu et al., 2010; D’Silva et al., 2012).
Marine mats are highly diverse microbial communities,
and include autotrophic and heterotrophic microorgan-
isms tightly coupled within a matrix in periphyton
(Mihm ef al., 1981; Webster & Negri, 2006). In such
context, the cyanobacteria, mostly found in natural aqua-
tic ecosystems (Fogg ef al, 1973) including shallow
hydrothermal vents (Garcia-Pichel, 1998), intertidal areas
(Fenchel, 1998), and freshwater environments (Jungblut
et al., 2012), respond rapidly to environmental conditions
and constitute major component of the microbiota in
mangrove ecosystem along tropical and subtropical coasts
(Kathiresan & Bingham, 2001). Cyanobacteria actively
participate in biomineralization of organic matter and
biotransformation of minerals in mangrove ecosystems
through photosynthesis, nitrogen and carbon fixation,
and phosphorus accumulation (Allen, 1984; Feller & Sit-
nik, 1996). In these sulfide-rich environments (Fike et al.,
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2008), mechanisms of adaptation to sulfide have been
identified in Cyanobacteria to escape sulfide toxicity and
to carry out anoxygenic photosynthesis (Cohen et al.,
1986).

Over the past three decades, some species of prokary-
otes or unicellular eukaryotes have emerged as a threat
for human health or for the environment. Unpredictable
outbreaks of unicellular blooms such as Cyanobacteria
and algal taxa associated with toxins, cyanotoxins, and
phycotoxins, are becoming more widespread and persis-
tent because of the eutrophic state of enclosed and semi-
enclosed coastal waters surrounding numerous countries
(Viviani, 1992; Lee et al., 2002). Among these problem-
atic unicellular organisms, cyanobacteria, predominantly
obligate oxygenic phototrophs (Schopf, 1970; Schopf &
Walter, 1982), are associated with high toxicity. Thus, the
assessment of toxic Cyanobacteria in marine mangrove is
a subject of great interest.

We used combined approaches to identify and charac-
terize filamentous microorganisms colonizing the periph-
yton of marine mangroves to explore the contribution of
Cyanobacteria to mangrove microbial communities and
to understand the structure of Cyanobacteria communities
in these marine ecosystems. We also investigated toxin
production and identified major phycobilin pigment
contents by spectral imaging to further characterize these
microogranisms.

Materials and methods

Origin of mat samples

Samples were collected by snorkeling (c. 0.5 m depth)
and 50-mL syringes were used to recover the mat on the
sediment from the periphyton between R. mangle roots of
the marine mangrove in Guadeloupe (F. W. L.) (‘La man-
che a eau’; W61°35', N16°15') (Mantran et al., 2009).
Once back in the lab (within 1 h after collection), living
samples of each strain were separated from associated
meiofauna under a light microscope. The samples were
then washed with 0.22 pm filtered seawater prior to use
in cellular or molecular experiments as described below.

Culture media and growth conditions

All Cyanobacteria cultures were initiated, maintained, and
cultivated in BG11 medium (Stanier et al., 1971; Guillard,
1973, 1975) supplemented with 2 mM Na,S, 5 mM NaH-
CO3, vitamins (vitamin B12, thiamine HCI, and biotin),
and artificial seawater adjusted to 28 practical salinity
units(PSU, UNESCO, 1981a, b).

Cyanobacteria strains were grown without agitation in
250-mL flasks (Polystyrene, Iwaki, Asahi Techno Glass,
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Japan) containing 75 mL liquid medium with an
inoculum of 10 mL. The strains were grown at 25 °C
with 30 pmol m™?s™' (pE) irradiance (photoperiod
12L : 12D) (measured with a testo 540 lux meter, Testo
AG, Lenzkirch, Germany). Growth was checked daily with
a SZ 61 microscope (Olympus). Cell counts were
performed with a hemocytometer (Malassez counting

chamber).

16S rRNA gene sequence analysis

DNA for PCR was extracted from 10 filaments of each
species after three heat-shock cycles (—20 °C, + 95 °C,
5 min each) in 20 pL of distilled water. 16S rRNA genes
were amplified and sequenced with CYA106F and
CYA78IR (b) primers (Supporting Information, Data S1).
PCR reactions were run in a Thermal Cycler with one
cycle of 95 °C for 5 min, then 30 cycles of 95 °C for
1 min, 55 °C for 1 min and 72 °C for 1 min, followed by
72 °C for 7 min. DNA sequencing was carried out by
GATC Biotech (http://www.gatc-biotech.com).

Phylogenetic analysis

The 16S rRNA gene sequences were aligned and analyzed
by comparison with the BLasT tool of the National Center
of Biotechnology information (NCBI) (http://www.ncbi.
nlm.nih.gov) database (Altschul et al., 1990). Phylogenetic
analyses were performed with GENEIOUS VERSION PRO 5.4.4
software created by biomatters (http://www.geneious.
com). Sequences were aligned with muscLE and alignments
were checked manually. A phylogenetic tree was generated
according to the neighbor-joining method (Saitou & Nei,
1987) with Tamura-Nei (Tamura & Kumar, 2002) as a
genetic distance model.

Environmental scanning electron microscopy
(ESEM)

Cyanobacteria filaments were fixed at 4 °C in 2.5% glu-
taraldehyde in 0.1 M pH 7.2 cacodylate buffer, which was
made isosmotic with seawater by the addition of sodium
chloride and calcium chloride. The filaments were rinsed
quickly in deionized water to remove the salts immedi-
ately prior to observation with an ESEM (Quanta 250,
FEI) operating at 12 kV under an environmental pressure
of 7 Torrs.

Microscopic spectral imaging

Exponential-phase cells were used to determine phycobili-
protein absorption spectra from single cells in vivo. Cell
filaments were transferred onto glass slides (SuperFrost
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Ultra Plus, Menzel-Glaser, Braunschweig, Germany) and
covered with a cover slip (Menzel-Glaser, Braunschweig,
Germany). Absorption spectra of living microorganisms
were analyzed at room temperature by linear spectral
imaging from 500 to 700 nm, which allows the identifica-
tion of major phycobiliproteins with a confocal laser
microscope (TCS SP5 II AOBS; Leica, Wetzlar, Germany)
through a 68x objective lens. Individual pigments were
identified based on their absorption properties.

Toxicity biotests with Artemia salina

Dried cysts of the crustacean Artemia salina (Brine
shrimp) were purchased from Dohse Aquaristik
KG (Grafschaft-Gelsdorf, Germany). Eggs (c. 1.6 x 10’
cysts g ') were hatched in artificial seawater at c. 25 °C
with salinity adjusted to 28 PSU, with vigorous bubbling
from the bottom of the tank to give a high oxygen con-
centration and with illumination at a constant surface
light intensity of 2000 lux. After 24 h, hatched A. salina
cysts, nauplii, exhibiting phototropic movements, were
collected with a light source and Pasteur pipette
(Campbell et al., 1994). Bioactivity of the samples was
monitored according to the brine shrimp lethality test
(Guidi-Rontani et al., 2010). Briefly, the toxicity assay
was performed in triplicate with 50 pL of larval suspen-
sion and about 10-15 nauplii per well (96-multiwell poly-
styrene plate) at room temperature. Cyanobacteria
cultures were centrifuged to separate the culture medium
and the trichomes. Cellular homogenates were obtained
by a tissue grinder (Kontes Glass Company, Vineland,

Fig. 1. Underwater pictures of periphyton
mats covering sediment and leaves fallen from
Rhizophora mangle trees in the marine
mangrove environment. (a) White periphyton
mat mostly composed of sulfur-oxidizing
bacterial filaments belonging to the genus
Beggiatoa sp. The white color of the mat
results from the accumulation of elemental
sulfur granules inside cells. (b) Black mats
mostly composed of benthic cyanobacterial
filaments named OB. (c) Light micrograph of
the white periphyton mat showing white
filamentous sulfur-oxidizing bacteria and a few
brown benthic cyanobacteria. (d) Higher
magnification of the bacterial filaments from
the white mat. Beggiatoa sp. (large white
filaments designated with a white curved
arrow) strains are more abundant than green
Cyanobacteria OG (white arrowhead) and the
OP strain (white star).
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NJ). Artemia salina mortality was recorded periodically
with a binocular dissecting microscope (SZ 61, Olympus)
during 48 h. Artemia salina adults were defined as dead
when no movements were registered within 60 s. Regres-
sion analyses were used for the modeling and analyzing
of the results (Cetin et al, 2011). The results of toxicity
analyses were tested by analysis of variance (ANOVA).

Results and discussion

Morphological analysis

We collected filamentous microorganisms from extensive
white periphyton mats (Fig. la) associated with ‘pig-
mented’ patches, ‘black’ mats (Fig. 1b), and ‘pink’ mats,
of the tropical marine mangrove in Guadeloupe. We used
light microscopy (bright field) to examine periphyton
mats and noticed that the white periphyton mats were
composed of a dense benthic filamentous network con-
taining mostly large Beggiatoa-like filaments (sulfur-oxi-
dizing bacteria) (Jean, 2013) and few filamentous
Cyanobacteria (Fig. 1¢). In contrast, the microbial com-
munity of the ‘pigmented’ patches was composed mostly
of filamentous Cyanobacteria (Fig. 1b and d). We noticed
a striking difference in filament color including ‘black’
(designated strain OB), ‘green’ (designated strain OG),
and ‘pink’ (designated strain OP), reflecting differences in
types or amount of pigment (Fig. 1d).

Cell culture enables the study of organism physiology;
therefore, the first task to achieve following the isolation
of filaments was to define cell culture conditions for these
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isolates. As described in ‘Materials and methods’, OB and
OP isolates were successfully cultivated under similar
growth conditions in BGll medium. In growth
conditions, we observed the release of filament fragments
(c. 5-10 cells) such as hormogonia-like filaments suggest-
ing reproduction by trichome fragmentation. Interest-
ingly, samples displayed motile trichomes
resulting in an ‘Ashley’s knot-like’ formation of filaments.

sediment

Similarly, trichomes exhibited gliding movements on agar
medium in response to light (c. 50 pE irradiance; data
not shown). Therefore, the mat-forming organisms may
use gliding motility to reach the chemocline frontier
(sunlight at the surface of sediment and oxygen (O,)/
hydrogen sulfide (H,S) at the interface). We analyzed
Cyanobacteria growth phases either in aerobic or anaero-
bic conditions. Interestingly, we observed that OB cells
grow either aerobically or anaerobically, whereas OP
requires oxygen (data not shown). This suggests that OP
isolates do not carry out anoxygenic photosynthesis.

We examined the filaments by light microscopy (bright
field). Each filament constituted of a chain of cells (tric-
homes). Trichomes were solitary, generally straight or
slightly waved and never branched: OP (Fig. 2a), OB

C. Guidi-Rontani et al.

(Fig. 2b) and OG (Fig. 2¢). Trichome length changed
considerably as a function of culture conditions (data not
shown); therefore, we did not consider this morphological
character for taxonomic characterization. We examined
the trichomes of these microorganisms with an ESEM;
the trichomes of each isolate appeared covered with thin
and clear sheaths (mucilage envelopes) (OP Fig. 2d, OB
Fig. 2e and OG Fig. 2f). These filaments were similar in
shape and possessed disk-shaped cells that were much
greater in width than in length (5-10 pm wide and 1.25—
2.5 um long). All analyzed strains had similar shaped ter-
minal cells, which were slightly rounded with no hoodlike
part such as calyptra (Fig. 2¢). These characteristics of cell
morphology and oscillation in the movement pointed to
Cyanobacteria such as the Oscillatoriaceae family section
III described by Rippka et al. (1979).

Pigment analysis

We performed microscopic spectral imaging of Oscillator-
iaceae strains (Kithl & Polerecky, 2008) at room

temperature to identify the predominant phycobilin pig-
ment composition. This minimally invasive approach

Fig. 2. Light and ultrastructural micrographs of Oscillatoriaceae strains. White arrows indicate the sheath; black arrows indicate the cell
membranes. (a) Light microphotograph of OP solitary trichome characterized by a general pinky color. The filament is made up of a linear colony
of disk-shaped Cyanobacteria separated from each other by their cell membranes. (b) Light microphotograph of OB solitary trichome
characterized by a black color. OP and OB trichomes appear similar in shape. (c) Light microphotograph of OG trichome. The asterisk (*)
indicates rounded apical cells. (d) Environmental SEM microphotograph of OP trichome. The external sheath completely covers all the disk-shaped
Cyanobacteria composing the trichome, obstructing observation of these bacteria. (e) Environmental SEM microphotograph of OB trichome. The
sample was dehydrated (observation under a higher vacuum) to enable the visualization of the sheath and separation between adjacent disk-
shaped cyanobacteria. (f) Environmental SEM microphotograph of OG trichome.
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showed that the in vivo absorption spectra of OB, OG,
and OP organisms were similar (Fig. 3). Indeed, the
in vivo absorption spectrum of each organism possessed
two large absorption peaks around 570 and 700 nm.
These results indicate that the dominant phycobilin pig-
ments in OB, OG, and OP are similar, with all strains
containing both phycoerythrin-like (PE) and phycocya-
nin-like (PC) dominant pigments. In contrast, these
microorganisms differed with regard to the amount of
pigment. As expected, the highest peak in OP trichomes
with a pinkish color corresponded to a phycoerytrin-like
pigment and this isolate had a high PE : PC ratio
(Fig. 3a), whereas the highest peak in OG trichomes with
a greenish color corresponded to a phycocyanin-like
pigment and therefore this isolate had a low PE : PC
ratio (Fig. 3b). Lastly, the abundance of PE and PC was
equivalent in OB trichomes with a darkish color (Fig. 3c).
Interestingly, when OB and OP strains were grown under
red or green light, their trichome color did not change
(data not shown). These data suggest that these strains
cannot undergo complementary chromatic adaptation
(Grossman, 2003). Furthermore, these three distinct spec-
tral signatures strongly suggest that these three benthic
phototrophic organisms use different regimens to carry
out photosynthesis. Organisms that grow in shallow
waters tend to contain phycobilins that can capture
yellow/red light; therefore OB, OG, and OP probably
exhibit different spatial/temporal dynamics within the
periphyton as function of daylight.

Toxicity

In an attempt to explore the potential toxicity of the OB
and OP strains, we evaluated the toxicity of crude cellular
extracts against larvae of the brine shrimp A. salina

177

(Kiviranta ef al., 1991). We compared first the mortality
of larvae exposed to the negative control or to superna-
tant from either culture medium for 12, 24, or 48 h
(Fig. 4). We found no significant difference between the
control, the OP culture medium and the OB culture med-
ium in terms of mortality (control and OP culture
medium: F = 0.00, 1 d.f; control and OB culture med-
ium: F = 0.40, 1 d.f.) (Data S2). We then tested the puta-
tive toxicity of the crude cellular extracts. Interestingly,
mortality in the presence of the OP or OB crude cellular
extracts were significantly higher than in the presence of
the negative control (control and OP: F =532, 1 d.f;
P < 0.01; control and OB: F=19.82, 1 d.f, P <0.05).
These results reveal that OB and OP strains are toxic for
the early larval stages of A. salina (instar I and II larvae)
and therefore suggest that these strains produce toxins.
These results provide evidence for the production of tox-
ins by marine Cyanobacteria strains and are in agreement
with the findings of Méjean et al. (2010). However, these

% Mortality
w
o

";' N

OP extracts
OB extracts gp ¢ m.

m. .
Negative control

Fig. 4. Toxicity of Oscillatoriaceae strains. Mortality of larvae of the
brine shrimp Artemia salina (%) treated with culture medium (c.m.)
or crude cellular extracts of OB or OP.
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Fig. 3. Normalized in vivo absorption spectra for Oscillatoriaceae strains. Absorption spectra of major phycobiliproteins analyzed by linear
spectral imaging from 500 to 700 nm: (PE) phycoerythrin-like; (PC) phycocyanin-like. (a) OP organism. (b) OG organism. (c) OB organism.
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organisms displayed different levels of toxicity, OP show-
ing a more severe toxicity (F = 6.71, 1 d.f, P < 0.05).
The culture medium of OB and OP strains were not toxic
for larvae, suggesting that toxic compounds were not
released into the medium. However, toxin secretion in
phytoplankton cells may vary widely in relation to the
growth phase and external biotic environmental factors,
such as salinity, temperature, light intensity, and nutrient
availability.

Phylogenetic analysis

We amplified and sequenced the 16S rRNA genes to
ascertain the phylogenetic positions of the isolated cyano-
bacteria. For phylogenetic analysis, we included type
species of the genus Oscillatoria, such as Oscillatoria prin-
ceps (Gomont), O. laetevireus, and representatives of each
group corresponding to the new taxonomic descriptions
by Suda et al. (2002). Phylogenetic analysis based on par-
tial 16S rRNA gene sequences (628 base pairs in length)

Gloeobacter violaceus PCC 7421 (AF132790)

Eoo Uncultured Oscillatoria sp. (DQ917838)
Oscillatoria corallinae (X84812)
10i

Oscillatoria sp. Gwada clone (KC407689)

0
100 E Oscillatoria spongeliae KR04-1 (EF537054)
100
63
Oscillatoria spongeliae 310P1 (AY615504)

1

Arthrospira maxima (AF260509)
100
Arthrospira fusiformis (AF260510)

90
Arthrospira indica PD1998/pus (AY575930)
100

Oscillatoria sp. PCC 6506 (AY768397)

10

95
Tychonema tenue SAG 4.82 (GQ324973)

0.05
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Oscillatoria princeps NIVA-CYA150 (AB045961)

Arthrospira platensis PCC9223 (DQ393285)

Planktothrix pseudoagardhii T1-8-4 group Il (AB045968)

Planktothrix mougeotii TR1-5 group Il (AB045971)

Planktothrix rubescens CCAP 1459/22 group I-PE (AB045901)

1ZZPIanktothrix agardhii C1-12 group |-PC (AB045904)
Planktothrix agardhii NIES 204 group | (AB045954)

1Ig:)hormidium corium PMC299.07 (GQ859649)
Phormidium autumnale SAG 78.79 (EF654084)
0
Tychonema bourrellyi CCAP1459/11B group V (AB045897)
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revealed a high level of sequence identity between OB, OP
(> 98%) and group IV cluster water bloom-forming
oscillatorioids belonging to the family Phormidiaceae
(order Oscillatoriales). The highest 16S rRNA gene
sequence similarity was shared with Planktothricoides raci-
borskii (96%). Thus, we assigned OB and OP to the genus
Planktothricoides in reference to the oscillatorioids group
IV cluster (Suda et al., 2002) (Fig. 5). Interestingly, OB
and OP could be clearly distinguished by properties such
as phycobilin pigment composition, which is an impor-
tant characteristic in taxonomic identification. Therefore,
in reference to phycobilin pigment composition, we pro-
pose to name OB and OP, ‘Candidatus Planktothricoides
niger’ and ‘Candidatus Planktothricoides rosea’, respec-
tively. Group I water bloom-forming oscillatorioids are
subdivided into group I-pc and group I-pe according to
PC/PE composition; therefore, we also propose to divide
group IV into two subgroups, group IV-pc (P. raciborskii)
and group IV-pc-pe (‘Candidatus Planktothricoides niger’
and ‘Candidatus Planktothricoides rosea’) based on this

Limnothrix redekei NIVA-CYA227/1 groupVI (AB045929)

00 Phormidium laetevirens LEGE 06103 (JF708120)
Candidatus Planktothricoides niger (KC407687)
72
Candidatus Planktothricoides rosea (KC407688)
56
=71 100
5.

Planktothricoides raciborskii CHAB3331 (JF429938)

f’lanktothricoides raciborskii NIES-207 grouplV (AB045960)
Planktothricoides raciborskii OR1-1 (AB045964)

Fig. 5. Phylogenetic analysis based on
alignment of 16S rRNA gene sequence

(628 bp). Sequences from other species were
obtained from GenBank. Node robustness was
assessed by performing 1000 bootstrap
replications; only bootstrap values above 50%
are indicated at the nodes of the tree.
Gloeobacter violaceus PCC7421 was used as
an out-group for the phylogenetic analysis.
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property. Further studies will be needed to determine
whether differences in phycobilin pigment content are
correlated with the occurrence of these Planktothricoides
species and may be used as ‘signatures’. Therefore, in
agreement with the findings of Suda et al. (2002) and
Komarek & Komarkova (2004), our results suggest that
16S rRNA gene sequence analysis is not enough to classify
closely related species. Interestingly, our data suggest that
the genera Planktothricoides produces toxins.

Phylogenetic analysis identified an OG clone as a sister
of the O. spongeliae clade (Fig. 5), which is a cyanobacte-
rial symbiont of marine sponges (Ridley et al., 2005). The
165 rRNA gene sequence of this clone shares high
similarity with that of O. spongeliae (99%). We propose
to name this OG strain Oscillatoria sp. clone gwada in
reference to the phylum to which they belong, and to the
sampling site Guadeloupe (Gwada). The symbiotic rela-
tionship between Cyanobacteria and their hosts is cur-
rently not well defined. Therefore, more studies are
needed to characterize the putative symbiotic Oscillatoria
sp. clone gwada and to determine the eventual complex
interactions between this organism and Caribbean man-
grove sea sponges.

In addition, future research should explore further the
toxic properties of each strain and examine the environ-
mental factors that affect toxin production. These toxin(s)
may be identified by HPLC and GC-MS analysis.

Nucleotide sequence accession numbers

Oscillatoria sp. gwada clone, ‘Candidatus Planktothrico-
ides niger’ and ‘Candidatus Planktothricoides rosea’
sequences obtained in this study were deposited in the
GenBank database under accession numbers KC407687 to
KC407689.
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