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Opportunistic Cyanobacteria in benthic microbial mats of a tropical lagoon,
Tikehau Atoll, Tuamotu Archipelago: minor in natural populations, major in
cultures
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Abstract: Studies in microbial ecology focus on identifying field dominant microbial populations using
culture—independent tools, whereas minor populations are often ignored. We characterized the cyanobacterial
populations from the Tikehau Atoll lagoon, Tuamotu Archipelago, which responded to standard culturing media.
The cultivation approach recruited cryptic cyanobacterial taxa, which were not observed in the studied mats, as
revealed by microscopic comparison. Twelve strains belonging to the unicellular genera (Aphanothece NAGELI,
Chlorogloea WiLLE and Cyanocystis Borzi) and the filamentous cyanobacteria with narrow filaments (Leptolyngbya
ANAGNOSTIDIS et KOMAREK, Phormidium KUzING ex GoMmoNT and Pseudanabaena LAUTERBORN) dominated the
cultures. The genera Cyanocystis and Chlorogloea were genotypically characterized for the first time. Four strains
assigned to Phormidium showed 100% identity using 16S rRNA sequences but additional gene analyses as well as
phenotypic distinctions suggest finer differentiation within this group. Eight cyanobacterial strains out of twelve
fixed dinitrogen with rates ranging from 3.3 up to 15.8 nmoles N, pg' Chl-a h™' and their nitrogen fixation
ability was further confirmed by molecular detection of nifH gene. Nine strains possessed phycoerythrin, and two
performed complementary chromatic adaptation. The present study documented the existence of an autochthonous
subdominant cyanobacterial assemblage with variable physiological features that may enable them to replace
dominant species in the microbial mats of Tikehau Atoll lagoon. These minor populations may be ecologically
important, particularily in case of environmental disturbances.
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Introduction often toxic cyanobacteria occur with increasing

frequency in coral reefs and tropical lagoons in

Marine benthic cyanobacteria are the principal
primary producers and builders of biofilms,
microbial mats, microbialites, stromatolites and
other organo—sedimentary structures with long
geological history (Gorusic et al. 2000). Microbial
mats are common in subtidal ranges of coral
reefs and tropical lagoons (SpracHTaA et al. 2001;
ABED et al. 2003). Under normal oligotrophic
conditions, diverse cyanobacterial populations
occupy scattered denuded surfaces in the reef or
form colonies and localized benthic mini—blooms
(ABED et al. 2003a, b). Yet, in recent years,
massive benthic blooms of mat—forming and

response to natural and man—made environmental
disturbances (PAuL et al. 2005; LiTTLER et al. 2006;
LAURENT et al. 2008). The nature and identity of
these cryptic cyanobacterial species have not been
resolved.

Culture—independent molecular methods
applied in microbial ecology have achieved
major progress, however, these approaches
bring their own limitations, such as selectivity in
differential cell lysis, DNA extraction efficiency
(e.g. depending on robustness of cell walls,
presence of exopolymers, osmotic status), primer
selectivity, and PCR biases (RAVENSCHLAG et al.
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1999). Cultivation of microorganisms, on the
other hand, although central to bacteriological
tradition and essential for studying physiological,
biochemical and genetic properties of individual
microorganisms, is known to underestimate the
real diversity of bacterial communities in nature
(Amann et al. 1995; DELONG & PAcE 2001). Axenic
strains represent only a miniscule proportion
of microorganisms present in the environment
(Grovannoni et al. 1990). Attempts to culture mat—
forming cyanobacteria, which produce substantial
biomass and represent principal primary producers
of microbial mat communities have repeatedly
failed, because the target organisms did notrespond
to standard growth media (ABED et al. 2003a, b;
RicHERT et al. 2006; FosTer et al. 2009). They
succeeded, however, in attracting opportunistic
organisms, which may be minor in the field but
become suddenly dominant in response to the
new conditions that favor their growth. While
recent studies in microbial ecology focus on
identifying dominant field bacterial populations
using molecular tools, with the assumption that
they are responsible for most bacterial activities,
minor populations are often ignored.

Benthic cyanobacteria forming mats and
microbialites in the lagoon of Tikehau Atoll,
Tuamotu Archipelago, French Polynesia, have
been investigated, using a polyphasic approach,
with the emphasis on dominant populations
distributed at different depths, from the surface
down to 25 m (ABep et al. 2003a). Complementary
to this study, we investigated here the diversity of
autochthonous cyanobacteria of the same Lagoon
that responded to cultivation under much higher
concentrations of nutrients than in the field. The
isolates were morphologically and genetically
identified and characterized with respect to their
pigmentation and potential to perform chromatic
adaptation and nitrogen fixation. We postulate
that these rare populations in the field represent
cryptic diversity, which becomes important when
the conditions change due to natural or man—made
perturbations.

Materials and Methods

Sampling site

Tikehau is a semi—open atoll, with a central lagoon
connected with the open ocean by a navigable channel
and numerous shallow channels, called hoa. It is
situated at the NW end of the Tuamotu Archipelago,
in the most oligotrophic Pacific waters (CHARPY—
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RouBaup et al. 1990). The lagoon covers an area of
400 km? with an average depth of 25 m. The climate is
tropical, mild and uniform with a warmer rainy season
from November to April and cooler dry season from
May to October. Samples of cyanobacterial mats were
collected in 1998 and 1999 by SCUBA diving (see also
SpracHTA et al. 2001 and ABED et al. 2003b).

Cultivation and strain identification

Twelve uni—cyanobacterial cultures were obtained
from strains originating from microbial mat inocula
collected along a depth profile from the surface to a
depth of ca 25 m, after several transfers of single
filaments and cell colonies to fresh media. All cultures
were maintained in ASNIII medium (Rippka et al.
1979) at 20 °C, at 30 umol photons.m2.s™' (measured
with a LICOR LI-185B quantum /radiometer/
photometer equipped with a LI-190SB quantum
sensor) and under a light/dark cycle of 12/12 h. To
prove the strains’ ability to fix atmospheric nitrogen,
each culture was grown in ASNIII medium without
nitrogen for three months. Morphological observations
were made using photomicroscope Axiovert and
Axioplan, Zeiss equipped with phase—contrast and
Nomarski Interference Contrast optical systems with
the sample preparation described previously (PALINSKA
et al. 1998). Morphological identification was done
in accordance with traditional phycological (GEITLER
1932; KoMAREK & ANAGNosTIDIS 1999, 2005) and
bacteriological (CastennorLz 2001) determination
manuals, while awaiting further confirmation by
molecular sequencing. The cell size of ca 50 cells was
measured for each strain. The variations in dimensions
are provided as ranges.

Extraction and analysis of carotenoids

Two milliliters of each culture, incubated for two
months at 30 umol photons.m=2.s™! (white light) were
centrifuged for 10 min at 14000 rpm (Eppendorf 5424).
The pellet was immediately frozen in liquid nitrogen
and lyophilized (Christ Alpha 1-4) in the dark. The
lyophilized samples were homogenized with ice—cold
90% acetone in water, incubated at 4 °C for 2 h, and
finally centrifuged at 4500 g for 20 min at 5 °C to
remove cellular particle debris. All steps were carried
out under dim light. Pigments were separated using
RP-HPLC (Merck—Hitachi, Darmstadt, Germany) as
described in SToN & Kosakowska (2000). Identification
was performed by chromatography with commercially
available standards. Phycobiliproteins were isolated
according to GANTT et al (1972) In vivo absorption
spectra and spectra of isolated phycobilisomes were
measured at room temperature with a Hitachi 3000
spectrophotometer. The amount of total carotenoids
after incubation under white light (at 30 pmol
photons.m2.s"), red and green light were estimated
according to ALBERTANO (1991).
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Table 1. Oligonucleotide primers used for PCR and thermal cycling conditions for the PCR amplifications.

Locus/Primers Sequence (5" to3")

Reaction conditions Reference

16S rDNA

CYA 106F CGGACGGGTGAGTAACGCGTTA
CYA 781R GACTACTGGGGTATCTAATCCCWTT
nifH

nifHF TGYGAYCCNAARGCNGA

nifHR CCNCTYTACTACCGNDA

nifH 1F TACGGCAARGGTGGNATH

nifH IR ATSGCCATCATYNTCRCCGGA
cpcBA

PCHF GGCTGCTTGTTTACGCGACA
PCaR CCAGTACCACCAGCAACTAA
cpeBA

PEBF TAYCCTAACCGTCGYWTKGCTGC
PEaR GCRCGTTGRATRGAACCTTGTAC

(NUBEL et al.

1x (95 °C, 5 min, 80 °C, 1 min - 1997)
Hot start) 30x (94 °C, 1 min, 60
°C, 1 min 72 °C, 1 min)
. (ZEHR &
1x (94 °C, 5min), 30x (93 °C,  McrpynoOLDS
1.2 min, 50 OC, 1 min, 70 OC, 1989)

1.5 min)

96°C 4min , 30x (94 °C, 1min;
55°C, 1min; 72 °C, 2min) 72
°C, 10min.

(Di1aLLo et al.
2004)

(NEILAN et al.
4x (94 °C, 45 s; 50 °C, 1 min; 1995)
72 °C, 1 min), 25x (94 °C, 45 s;

55 °C, 1 min; 72 °C, 1 min)

(BEaRrD et al.
1999)

4x (94 °C, 45 5,50 °C, 1 min,
72 °C, 1 min), 25x(94 °C, 45 s,
55 °C, 1 min, 72 °C, 1 min)

Determination of chlorophyll-a, phycobiliproteins
and complementary chromatic adaptation (CCA)
Exponential-phase cells were used for the determination
of phycobiliprotein absorption spectra. A 2-4 ml
aliquot of culture was centrifuged at 14000 rpm for 5
min at room temperature. The pellet was suspended
in a buffer consisting of 50 mM Tris/HCI (pH 8), 250
mM NaCl and 10 mM EDTA and the cells were broken
ultrasonically. In order to include chlorophyll-a
peak in the spectrum, the broken cell suspension was
incubated 30 min at 28 °C with 5% Triton, and finally
centrifuged for 5 min at 14000 rpm in an Eppendorf
centrifuge to remove unbroken cells. The absorbance of
the supernatant was measured from 400 to 750 nm at a
Hitachi U 3000 spectrophotometer. Chlorophyll-a and
phycocyanin concentration were determined according
to TANDEAU DE MARSAC (1979) and BENNETT & BoGORAD
(1973), respectively.

For CCA experiments each strain was cultured
for six weeks separately under continuous light
with fluorescent lamps (76 umol photons.m=2.s™).
Chromatic illumination was provided by red or green
plastic filters as described by TANDEAU DE MARSAC
(1979) interposed between the culture vessels and the
fluorescent tubes. Phycobiliprotein absorption spectra
were then determined spectrophotometrically for each
strain as described above.

Nitrogenase activity measurements

1 ml of unicellular and 1 cm? of filamentous
cyanobacterial culture was incubated in 65 ml bottles
fitted with septum with 15 ml of filtered sea water
(DIN<0.5 pM). For heterotrophic nitrogenase activity
measurements, 3 replicates were incubated in the dark
for 24 h; afterwards 5 ml of C H, was added to observe
any heterotrophic N, fixation after 12 h incubation
in the dark. For phototrophic nitrogenase activity
measurements, cultures were let 8 days in incubation
chamber (day and night) to remove the DIN. Later
on 5 ml of C;H, was added to 2 replicates and C,H,
production was measured after 4 days of incubation.
The biomass of incubated benthic cyanobacteria was
calculated from the chlorophyll-a content. At the end of
incubation with C_H., the mat was dried using Whatman
filter paper and frozen for later spectrophotometric
analysis (CHarpy et al. 2007)

PCR amplification of 16S rRNA, nifH, PC-IGS
region and phycoerythrin a and b subunit gene
fragments

DNA was extracted from 25 ml of each culture using
protocol of MarQuUARDT & ParLiNska (2007). DNA
concentration was measured spectrophotometrically
with the help of a LabelGuards cuvette (IMPLEN,
Germany). Genomic DNA was used as a template
in PCR amplifications with the primers specific to
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Table 2. Comparison of nutrient concentration (in mg/1) and salinity (in %o) of the sampling site (from Charpy et al., 1990), culturing medium and data for the site of genetically related strains

(obtained by BLAST on 22.7. 2011).

Closest relative

Culture
PO,

Sampling site

Strain

Salinity = Reference

PO,

NO,

Accession No.

Affiliation

Salinity

Salinity ~ NO,

PO,

NO,

320 50-120 Post AND STUBE 1998

18

FJ546715

Cyanothece sp.
GSL007

312 35

547

0.62 095 35

Aphanothece 51.2

Kvraus et al. 2007
CRESSWELL 1994

32

395

DQ200596
FI178014

clone CD207D04

clone GAS12

312 35

547
547
547

0.62 095 35

Chlorogloea 11.4

18-30.5
33

12.6
475

25

312 35

0.62 095 35

Cyanocystis 1.4.1

MyERS et al. 2007

Leptolyngbya sp. P2b-2  EF372581

Filamentous

312 35

0.62 095 35

Leptolyngbya 18.3

MYERS & RICHARDSON

2009

389 36

238

EU196366)

cyanobacterium 73-2

312 35

547

0.62 095 35

Phormidium 11.1.1

WESTERHOFF 2004

37 32-35

AM709633

Pseudanabaena sp. PCC

7367

312 35

547

0.62 095 35

Pseudanabaena 13.2.1
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various genes (Table 1). PCR amplification reactions
(100 pl) contained: 1 x REDTaq PCR Buffer 200
puM of each deoxynucleotide 200 ng BSA, 500 ng of
each oligonucleotide primer, 5 U of RED Taqg DNA
polymerase (Sigma—Aldrich), and 5 pl of DNA extract.
The reactions were performed in an OmniGene thermal
cycler (Hybaid). The reaction conditions for the PCR
amplifications of the gene loci investigated are shown
in Table 1. PCR products were analysed by agarose
gel electrophoresis, appropriate bands (16S rRNA and
PC-IGS regions) excised and DNA extracted using
the QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany). The amplified products of 16S rRNA and
PC-IGS regions were commercially sequenced in both
directions. The presence or absence of PCR products of
nifH, and phycoerythrin a and b subunit gene fragments
were only documented.

Sequence analysis and phylogenetic affiliations
Sequence alignment and phylogeny of 16S rRNA gene
fragments obtained from the cultures were carried out
using the ARB software (LupwiG et al. 1998) version
07.12.17prv and the official database (www.arb—home.
de) for small subunit RNA sequences (ssu_jan04 corr
opt.arb). Cyanobacterial gene sequences available
from the GenBank were imported and aligned and the
alignment was corrected manually. The phylogenetic
trees were constructed by applying the three different
methods integrated in the ARB software namely
maximum likelihood, maximum parsimony and
neighbor joining. The latter calculation was based on
a matrix of evolutionary distances determined by using
the Jukes—Cantor or Felsenstein equations and subject
to bootstrap analysis (1000 replicates). The presented
phylogenetic tree was calculated by maximum
likelihood, based on long 16S rRNA gene sequences
and the bootstrap values from 1000 trees are indicated
as % at relevant nodes. The sequences were inserted
into the pre—established tree using the parsimony
ARB tool, while maintaining the overall tree topology
without changes. The final tree was minimized for
simplicity in presentation.

Results

Using transmitted light microscopy, 12 different
cyanobacterial strains were identified; 3 in
unicellular  genera  (Aphanothece  NAGELI,
Chlorogloea WiLLE, Cyanocystis Borzi) and
9 in filamentous, within 3 non-heterocystous
genera  (Leptolyngbya ANAGNOSTIDIS et
KoMAREK, Phormidium KUzING ex GoMONT and
Pseudanabaena LAUTERBORN). All strains grew
only on the bottom of the flasks, consistent with
their benthic origin. The strains showed clear
variations in their morphological, physiological
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and genetic features (Table 2 and 3), but were
mainly related to cyanobacteria from different
ecosystems with high levels of nutrients (Table
2). The unicelluar strains (i.e 51.2, 11.4 and 1.4.1)
were morphologically and phylogenetically
different. Aphanothece—51.2 was characterized by
ellipsoidal cells, dividing by binary fission in one
plane and embedded in profuse unstructured slime
(Fig. 1a). The closest sequence refers to the marine
Cyanothece sp. (accession number DQ243690)
from Qingdao, China (Fig. 2) and Cyanothece sp.
GSL007 (FJ546715) from Great Salt Lake (Table
2). Chlorogloea—11.4 formed dense, irregular,
gelatinous aggregates, consisting of spherical
cells (Fig. 1b). Cells divided asynchronously in
more than one plane, showing occasional cleavage
type fission. Phylogenetic reconstrtuction (Fig. 2,
Table 2) showed similarity with two sequences of
cyanobacterial clones; one obtained from highly
polluted Baltic Sea sediments (EDLUND & JANSSON
2006) and the other from polluted coral microbial
communities (Kraus et al. 2007). The closest
sequence of cultured cyanobacteria belonged to
Synechococcus ThN-P16 (98%) from seagrass
in East Africa (Uxku et al. 2007). Cyanocystis—
1.4.1 formed colonies with cells embedded in
asymmetric, club—shaped envelopes (Fig. 1c).
Cells were variable in dimensions (5—12.4 um in
diameter) as a consequence of reproduction by
multiple fission and dissemination of numerous
small, spherical, non—motile baeocytes. The
sequence of this strain clustered close to sequences
from the genera Chroococcidiopsis, Pleurocapsa
and Xenococcus (Fig. 2) but was closest to the
environmental clone GAS12 (FJ178014, Table
2).

The strains 18.3, 22A and 51.1 were
placed in the genus Leptolyngbya. They were all
characterized by sheathed filaments containing
single trichomes. Leptolyngbya—22A and 18.3
showed typical characteristics with trichomes
consisting of isodiammetric or slightly longer
than wide cells, constricted at cross walls (almost
torulose) with rounded end cells. Leptolyngbya—
51.1 filaments had diffluent sheath and pale blue—
green trichomes gradually attenuated towards
tips and cross walls were unconstricted or barely
constricted. End cells were long, conical with a
terminal gas vesicle cluster and with occasional
gas vesicle clusters or granules at cross walls. The
closest match of the Leptolyngbya strains 18.3,
22A and 51.1 were the sequences of Phormidium
persicinum, Phormidium sp. MBIC10025 and
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uncultured cyanobacterium clone 3b/p2e2 refering
to a marine, benthic cyanobacterium (BAUER et al.
2008), respectively (Fig. 2).

Four strains (B.3.1, 11.1.1, 11.2 and 11.3.2)
isolated from two sites at 20 m depth were identified
as representatives of the genus Phormidium (Fig.
1d—g), following the classical definition of the
genus Phormidium (GoMonT 1892). These strains
showed 100% 16S rRNA sequence similarity
with each other (Fig. 2) with the closest cultured
cyanobacterium belonging to a strain isolated
from Dry Rock Reef in Florida (EU196366, Table
2). Our four Phormidium strains showed slight
differences in color, cell size and cell proportions
and significant difference with respect to the
phycocyanine intrageneric spacer sequence (PC—
IGS). The filaments of all strains were curved and
interwined with cells that were slightly constricted
at the cross walls, isodiametric or slightly longer
than wide and end cells were rounded.

Two strains (i.e. 13.2.1 and 72.1) iso-
lated from mats growing at 20 m depth
had the characteristic features of the genus
Pseudanabaena. Both had deep constriction at
cross—walls, cells distinctly separated, inter-
connected by a hyaline bridge (Figs lk-m).
They also exhibited clear distinction between
centroplasma and chromatoplasma, suggesting
parietal thylakoid arrangement. Both strains had
cells longer than wide and end cells that were
rounded, slightly apically attenuated. The cells of
Pseudanabaena—72.1 were cylindrical frequently
containing granulated inclusions. The 16S RNA
of both strains fell next to sequences of the strain
Pseudanabaena 63—1 from coral black—band
disease in the Caribbean region (Voss et al. 2007)
and Pseudanabaena PCC 7367 originating from
a snail shell, intertidal zone in Mexico (Riprka &
Herbpman 1992)(Fig. 1, Table 2).

Amplification of nifH genes and rates of
nitrogen fixation

The amplification of nifH gene was successful in
8 out of the 12 strains, and their potential to fix
atmospheric nitrogen was confirmed by growing
them for three months under standard culture
conditions in ASNIII medium without a nitrogen
source (Table 3). Acetylene reduction assay
revealed nitrogenase activity in the same strains
(Table 4). No CH, production was measured
after 24 hours incubation in the dark. From
the unicellular species, Chlorogloea—11.4 and
Cyanocystis—1.4.1 and from the filamentous types
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Fig. 1. Photomicrographs of cyanobacterial strains isolated from the mats in the benthos of the Lagoon of Tikehau Atoll,
Tuamotu Archipelago, French Polynesia. Numbers in left corner represent strain numbers. Scale bar is 10 um long, except for
strains 13.2.1 and 72.1 where it is 5 pm. The strains include coccoid cyanobacteria, Aphanothece (a ), Chlorogloea (b), and
Cyanocystis (c); three sheathed and nonmotile filamentous strains of Leptolyngbya (d — f), four motile strains with diffluent
sheats and slime production classified under the genus Phormidium (g — j) and two strains of Pseudanabaena (k—m). See text
and Table 2 for description of properties of these strains by strain number.
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Leptolyeghya sp, P2b-2 (EF372381)
f.qu.'uh'-'rffﬂ_'lw.ﬂ't. FLEBEDI (EF110975)
Leptolymghya sp. HBC2 (EU249138)
Phormidiun persicinum (AB115963)
Leptolynghya-18.3 (FI769795
9% J'.‘-pru.l_'ﬂ.l.l_::’g_|-r.":.-i$. PCC ;3 75 qmmﬁ' 9011
Pharmidivm-B3.1 (FI769802)
Phaormidinm=11.1.1 (FI769801)
age; Phormidinm-11.2 (FI1769792)
’ Pharmidioe-11,3.2 (F1769799)
Uncultured cvanobacterium clone Ct=-3-39{AM1 77427}
LPP-group MBIC 10012 (ABOSE209)
FPhormiditen sp. MBIC 10003 (ABOSE2Z00)
LPP-group MBIC 10087 (ABO38225)
Leprodvnghya sp. HRC L (EL2491 20)
gy Leprodyngbyva sp. HBCE (EL249] 19)
Oscillatoria neglecia IAM M-82 (ABDO3 168)
yrge o UTrowmicitem sp. AA (MIETEL D)
B7% Lepwolynghva sp, POC 7104 (ABO3%)] 2)
Leptofargbva nodulosa UTEX 2910 (EF 1 22600)
Phormiclium sp. 195-A12 (ELI282429)
Spiruling laxissima (IDX)3I93278)
| Leptolyngbya-22A (FJ769791)
46% Phormidivm sp. MBIC10025 (AR 183566
779, Leptolvaghya antarctica ANTACEV6.] (AY493589)
- (seillaroria sp.CCMEE416 (398781)
) Leprodynghya sp. 0BB30S02 (AJG39E92)
% Leptofynghya-51.1 (FI769796)
Uncultured eyanobacterium clone3bhip2e2 (EF 160043)
LPP-group MBIC 10026 (ARDSE224)
Uncultured cyanobacterium clome CR20TIHE (DO200594)
Uncultured cyanobacterium clone VAS2T (AM G001 )

8%
49%
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66% Clrferogioea-11.4 (FJT69793)
Swiechococcus sp. PCC 7336 (AF34R078)
- Chroococcidiopsis sp, CCMP 1489 (A 344556)
MW Cyanocystis=1.4.1 (FJ769794)
Plewrocapsa sp. CALU 1126 {DO293994 )

3%

Xenococcus sp. POC 7307 (ABO74510)
Dermacarpella incrassata (AJ344359)

Myxosarcing sp. PCCT325 (AJ344562)
9% — Cyanothece sp. 115 (DQ243690)
8% Aphanothece-51.2 (FI1769797)
Cyanothece sp. PCC 7418 (AF206872)
Enhalothece sp, MPLO3AHL3 (AJOOOT10)
FPrendanabaena sp. PCC 7367 (AMT09613)

Prendanabaena sp. 63-1 (EF110976)

Psendanabaena-13.2.1 £FJ THIRM)

H%-h Psendanabacna-T

105

A (FIT69798)

Fig. 2. 16S rRNA gene—based phylo-genetic reconstruction based on maxi-mum likelihood methods, showing the affiliations
of cyanobacterial cultures ob-tained from Tikehau Lagoon. Accession numbers are indicated in brackets. Bootstrap values
from 1000 trees are included and indicated as % at relevant nodes The scale bar shows 10% sequence divergence. Sequences

obtained in this study are marked bold.

only Phormidium—11.2 and Pseudanabaena—72.1
did not exhibit any nitrogenase activity. The
nitrogen fixation rate ranged from 3.3 to 15.8
nmoles N, ug' Chl-a h™' with the highest rate
measured in the culture of Phormidium 11.3.2.

Pigment composition and complementary
chromatic adaptation (CCA)

Cyanobacteria isolated from the depth >15.5
m contained PE genes and pigment, as detected
by PCR and absorption spectroscopy, with the
exception of Aphanothece—51.2, where neither
the gene nor an absorption peak at 540 nm was
detected (Table 3). The ability to undergo CCA
was found only in two strains; Leptolyngbya 18.3
(isolated at 15.5 m depth) and Phormidium 11.1.1
(20 m depth). Carotenoid content in most strains

(except Chlorogloea—11.4 and Leptolyngbya—
51.1), showed that the ratio of total carotenoids
to chlorophyll-¢ increased after incubation
under green light in comparison to the growth
under white light. Most strains showed higher
carotenoids/chlorophyll-a ratio after incubation
under red light than after the incubation under
white and green light. The opposite results, i.e.
a better utilization of green light was obtained in
strains isolated from deeper water (5.5-15.5 m),
which showed the carotenoid/chlorophyll—a ratio
increased under white light rather that under green
light.

HPLC analyses (Table 5), identified the
major photoprotective and auxiliary carotenoid
pigments; f—carotene, zeaxanthin, canthaxanthin,
astaxanthin, xanthophylls, echinenone and
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Table 4. Phototrophic nitrogenase activity measurements.
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Strain nmoles C H,/ pg Chl nmoles C H,
4 h incubation incubated  pg'.ChlLh

Aphanothece 51.2 42.30 3.24 3.30
Leptolyngbya 18.3 88.80 2.00 11.10
Leptolyngbya 22 A 59.30 3.68 4.00
Leptolyngbya 51.1 55.80 3.44 4.10
Phormidium 11.1.1 107.40 4.05 6.60
Phormidium 11.3.2 177.60 2.80 15.80
Phormidium B.3.1 60.20 4.00 3.80
Pseudanabaena 13.2.1 37.20 2.65 3.50

myxoxanthophyll. p-carotene and zeaxanthin
were present in all isolates, however, f—carotene
quantitatively ~ dominated. = Myxoxanthophyll
occurred in all tested strains, except in the strain
Leptolyngbya—18.3. Canthaxanthin was found
only in Aphanothece—51.2 and Astaxanthin in
Pseudanabaena—72.1. The molar carotenoid/
chlorophyllaratios were highly variable fromsstrain
to strain, depending on the individual physiological
conditions and the degree of light adaptation.
Therefore, two to three—fold differences in the
pigment ratios could usually be detected. Some
isolates showed always higher concentrations
of a specific pigment compared to other strains.
For example, the strains Aphanothece—51.1 and
Pseudanabaena—72.1 exhibited particularly high
concentrations of zeaxanthin.

Discussion

The cyanobacteria that grew in our cultures were
entirely different from those that dominated in
inocula and presented a different picture from the
one obtained from the sampling sites (ABED et al.
2003). While mats in the field were dominated
by cyanobacterial populations of Phormidium
laysanense, P. hendersonii, P. crosbyanum,
Symploca hydnoides, Hydrocoleum coccineum,
H. cantharidosmum and Spirulina subsalsa,
the enrichment cultivation recruited minute
filamentous and unicellular cyanobacteria. This
could be attributed, among other factors, to the
clear difference in nutrient concentrations in
the field and in the provided medium. While the
ammonium and phosphate concentrations were
0.62 and 0.95 mg.I"! in the field (CHARPY—ROUBAUD

et al. 1990), they reached 547 and 312 mg.l"! in
the culture medium, respectively (see Table 2). In
the process of matching our sequences with their
closest genetic relations listed in the GenBank, we
found a general agreement regarding the habitat,
including association with elevated nutrient levels
(Table 2 and Fig. 1). For example, Chlorogloea
strain—11.4 was related to the clone CD207D04
obtained from an environment that had 610
and 395 mg.l! of ammonium and phosphate,
respectively and also shared 99% sequence
similarity with the clone VAS27, which appeared
and increased in abundance after dredging in
polluted Baltic Sea sediment (EpLUND & JANSEN
2006). The same signature was detected in bacterial
communities along a gradient from pristine to
polluted conditions, expressed especially in
shallow coastal waters (Kraus et al. 2007). Our
Phormidium strains were affiliated to sequences of
cyanobacteria obtained form photosynthetic coral
reef sediments while our Leptolyngbya strain 18.3
was related to cyanobacterial species associated
with black band diseased corals where nutrient
concentrations were also high (Table 2). The
cultured strains showed variability in their ability
to fix nitrogen, in pigment composition and the
capacity for complementary chromatic adaptation.
Although these properties were also observed in
field dominant cyanobacteria, they may still help
the cultured cyanobacteria to replace dominant
taxa in different niches and at different depths,
light regimes and nutrient conditions (RezNick et
al. 2002).

Cyanobacteria with extremely thin filaments
havebeen generally observed to overtake dominant
populations following catastrophic impacts and
natural perturbations (ABED et al. 2001; EbDLUND &
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Table 5. Carotenoid and chlorophyll-a concentrations (nmol.g"' dry weight) in different strains [(Ech) Echinenone, (Myx)
Myxoxanthophyll, (Zea) Zeaxanthin, (B—Ca) B-Carotene, (Cat) Cathaxanthin, (Ast) Astaxanthin].

Strain Depth  Chl-a  Ech Myx Zea B—Ca Cat Ast
Aphanothece 51.2* 19 873.7 272.3 579.5 19.0 352.2 18.4 -
Chlorogloea 11.4 20 12.5 - 62.5 7.1 101.3 - -
Cyanocystis 1.4.1 5.5 5647  — 31.8 174.1 119.1 - -
Leptolyngbya 18.3 15.5 10062 — - 194.3 187.3 - -
Leptolyngbya 22A 12 404.7 - 58.9 80.6 1459 - -
Leptolyngbya 51.1 19 17747 42.0 1402 4612 4909 - —
Phormidium 11.1.1 20 4015 — 424 106.8 7.6 - -
Phormidium 11.2 20 929.1 - 45.9 1904 6110 - -
Phormidium 11.3.2 20 8079  — 51.6 233 3316 - -
Phormidium B.3.1 20 5349 - 73.1 114.3 2198 — -
Pseudanabaena 72.1%* 20 3439.6 — 1264 538.0  543.1 - 1134.9
Pseudanabaena 13.2.1 20 1038.0 — 1592 2226 2430 - -

Jansen 2006; Kraus et al. 2007) and thus may be
considered opportunistic. These populations are
referred to as “r—selected species” according to
the r/k selection theory, because they have a high
growth rate and typically produce many offsprings,
each has a relatively low probability of survival
to adulthood (Reznick et al. 2002). The field
populations can be considered as the “k—selected”
species because they are often strong competitors
in crowded niches and invest heavily in fewer
offsprings that can survive to adulthood. It should
be, however, noted that not all cyanobacteria with
narrow filaments are opportunistic. For instance,
the narrow filaments of Phormidium hendersonii
and P. crosbyanum produced frequently occurring
populations in the field of the Tikehau lagoon,
where stable oligotrophic settings are prevalent
(ABED et al. 2003b). These taxa are different from
Leptolyngbya-like organisms cultured from the
same environment. Nutrient release is common in
coastal environments; periodic storms contribute
to sediment erosion and nutrient release at a scale
commensurate with the impact, whereas small
scale concentrations of nutrients accompany
decomposing carcasses. Such events offer transient
opportunities to fast responding microorganisms,
which are otherwise present in the environment in
low numbers. Indeed, a recent study demonstrated
that subdominant species representing less than
0.3% of the total cell number, contributed to more
than 40% of the ammonium uptake and 70% of
the carbon uptake in Lake Cadagno (MusAT et al.

2008), hinting to the ecological and functional
importance of field minor populations. The
occurrences of similar and/or related taxa were
consistently observed in marine, coastal and
nutrient rich environments (e.g. BAUER et al. 2008).
For example, the transfer of a microbial mat from
the field and its maintainance under laboratory
conditions for 1.5 year (ABep et al. 2001) and
the exposure of a microbial mat to oil pollution
(ABED et al. 2002), both showed a dramatic shift
in the cyanobacterial community in the favor
of thin filamentous cyanobacteria. Among our
isolates, six have closest genetic similarity to
cyanobacteria associatecd with microflora of the
“black band disease” (MYERs et al. 2007; Voss et
al. 2007; Kraus et al. 2007; MYERS & RICHARDSON
2009) and two more with “white plague disease”
in corals (Suacawa et al. 2009). These authors
might not have detected the causes but rather the
consequences of the coral disease. The diseased
and decomposed coral tissue may have served as
a local nutrient source, an assumption consistent
with our findings.

The identification of thin filamentous
opportunistic cyanobacteria is often hampered by
their very small size and inconspicuous structure.
For instance, the distinction between the genera
Leptolyngbya and Phormidium is not clear either
by morphotypic or genotypic characterization.
GoMonT (1892) and GEITLER (1932) included taxa
with narrow trichomes within Phormidium genus,
whereas these were transferred by KoMAREK &
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ANAGNOSTIDIS (2005) into a newly established
genus Leptolyngbya (ANAGNOSTIDIS & KOMAREK
1988). Both genera are polyphyletic and require
further revision (CAsTENHOLZ 2001; MARQUARDT
& PaLinska 2007). The sequence similarity
among our strains with narrow trichomes ranged
between 8 and 11%. Therefore, we separated our
strains with narrow trichomes into Leptolyngbya
and Phormidium on the basis of trichome motility,
with immotile strains placed in Leptolyngbya,
following the recommendation of CASTENHOLZ
(2001).

The four strains we have identified as
Phormidium were identical with respect to 16S
rRNA gene, but they showed some morphological,
physiological and genetic differences. While
their 16S rRNA sequences were identical, they
differed from each other by 15-22% with respect
to phycocyanin coding gene fragment (CpcBA—
1GS). In addition, the nifH gene was present in
three out of four strains (B.3.1, 11.1.1, and 11.3.2
but not 11.2) whereas only one of the strains
(11.1.1) exhibited chromatic adaptation. These
strains were also phenotypically distinct, showing
different slime production and significant
quantitative differences in the composition
of carotenoids. These differences are most
probably adaptations to the environment where
the organisms spread and show intra—specific
diversity. Using molecular methods in case of
Phormidium, we were unable to decide at what
sequence similarity to define a species and how
to incorporate its ecology into species definitions.
Inside the generic cluster of Phormidium there
exist numerous stable eco— and morphotypes,
but also numerous intermediate populations.
Hypotheses about the impossibility to identify
taxa on a specific level (“only strains exist”)
support this opinion. In spite of it, many important
morphologically and eco—physiologically stable
units exist in nature, and they occur repeatedly
in distant localities under similar ecological
situations. They are important for ecologists
and thus the traditional morphological concept
of species is still commonly used in ecological
studies. These findings demonstrate the resolution
limits of the 16S rRNA gene as a single taxonomic
marker. Our Phormidium strains were in respect
of 16S rRNA sequences identical, however
morphologically and physiologically different.
Further, we have found big genetic differences
in PC-IGS fragments, therefore all four isolates
were treated during our studies as separated
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strains. The conventional 97% similarity index
with respect to bacterial species separation using
this gene (STACKEBRADT & GOEBEL 1994) has been
recently revised upward to 98% (STACKEBRANDT
& EBEirs 2006), however an inclusion of analysis
of additional genes is needed in determination of
cyanobacteria. Further revision took place in IAC
meeting in Ceske Budejovice 2010, were it was
postulated not to accept strict percentage limits in
species definition.

Summarizing, our study on cryptic diversity
of cyanobacteria from Tikehau Lagoon shows the
potential of these populations to fix atmospheric
nitrogen, perform chromatic adaptation and use
different light intensities and qualities owing to the
diverse pigments (carotenoids and phycobilins).
We could demonstrate that the cultivation
approach result in taking over the dominance
of those populations that are present but cryptic
in nature. Thus, today’s minor community
members can be tomorrow’s main players in
microbial ecosystems. Further, they can indicate
eutrophication processes, maybe even faster, than
it will be visible on macrofauna or macroflora.
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