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New findings on the true—branched monotypic genus Iphinoe (Cyanobacteria)
from geographically isolated caves (Greece)
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Abstract: The type of branching is a morphological character of great significance, separating taxa within the
true—branched cyanobacteria. In this paper, true-branched morphospecies of cyanobacteria belonging to genus
Iphinoe LampriNOU et PanTaziDOU, from different and geographically isolated caves of Greece, were investigated
by coupling classical approach i.e. microscopy analysis (LM, SEM, TEM, CLSM) and molecular analysis (16S
rRNA gene diversity). The morphological study revealed interspecific differences which could be attributed to
adaptations to local conditions: Iphinoe cf. spelacobios from the cave ‘Diktaion Andron’ (Crete island) exhibit
different type of branching (Y—and T—type) and smaller size compared to the type species Iphinoe spelaeobios (T—
and V-type of branching) from the caves ‘Kastria’ and ‘Koutouki’ (Peloponnese, Attica). Despite their phenotypic
differences and geographical isolation molecular analysis showed identical 16S rRNA sequences which indicate

that both populations belong to the same genus.
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Introduction

Taxonomic classification is a method for
registration the Earth’s biodiversity on the basis of
evolutionary and ecological relations. Taxonomy
of prokaryotes and especially of cyanobacteria is
very difficult and confusing (HorFmann et al. 2005;
KoMAREK 2006). The definition of a prokaryotic
species is extremely subjective as it depends on
the theory and the concept of species that each
researcher accepts, and this debate is undergoing
(ROSSELLO-MORA & AMANN 2001; KONSTANTINIDIS
& TiepIe 2005).

The term ‘genera’ comprises numerous
stable morpho— and eco-types in nature, which
differ in ecophysiological, biochemical and
phenotypic markers. According to KoMAREK
(2006), the terms morphospecies’  or
‘ecospecies’ are probably the most appropriate
for such organisms as Cyanobacteria, and these
entities can be morphologically distinguishable
but genetically similar according to 16S rRNA

sequences. Furthermore, it has been already found
that 16S is not enough sensitive for species and
population levels needing sequencing of other
genes, e.g. analysis of ITS region (Ferris et al.
2003). As a result the evaluation of morphological
characters and ecology in these particular cases is
crucial and inevitable.

The use of 16S rRNA gene sequences
has led to the establishment of many new taxa
and to the re—evaluation of the taxonomy of
cyanobacteria, revolutionizing our knowledge of
their diversity. The conserved nature of 16S rRNA
has also drawbacks, since isolates with identical
16S rRNA have been assigned to different species.
The evolution of cyanobacteria is continual based
on the Horizontal Gene Transfer (HGT) between
their strains and populations (KomAREk 2006).
Processes like HGT, causing genes’ exchange,
can be responsible for the differences found
between closely related genomes. As the number
of bacterial genomes increases, it has been shown
that HGT is widespread in the bacterial world
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(DaGan 2001). In this way, HGT could complicate
the analysis of phylogenetic relationships between

microorganisms because species boundaries
become blurred (ZHaxyBAYEvA et al. 2006; CHol
& Kim 2007).

Furthermore, the evolution of 16S rRNA
can cause inability to discriminate closely related
prokaryotic taxa. For instance, two Bacillus strains
assigned to different species according to DNA—
DNA hybridization values have identical 16S
rRNA sequence (Fox etal. 1992); also, Microcystis
species distinguished in morphospecies through
morphology and physiology have no molecular
support (Via—OrDORIKA et al. 2004). By coupling
the different morphospecies of Cylidrospermopsis
raciborskii with phylogenetic analysis in a
shallow lake (MoustakaA—Gouni et al. 2009), it has
been shown that these morphospecies were stages
of the life cycle of the same species, based on 16S
rRNA analysis. In addition, various cyanobacteria
have more than one ribosomal operon. PEr et al.
(2010), investigating 13 cyanobacterial genomes,
mention an average of 2.55 rRNA operons
per genome, however, with little intra—operon
diversity (average 0.06%). It seems that the
multiple operons are almost identical in sequence,
so the query on their phylogenetic relationship
arises only in the case of very closely related
organisms (LokMER 2007).

As mentioned above, the similarity in 16S
rRNA sequences observed in morphologically
diverse cyanobacteria is problematic. Molecular
methods enabled revelation of cryptic species,
but also the physiological and ecological diversity
in Cyanobacteria (LokMER 2007). As a result,
the correlation between phylogenetic relatedness
and phenotypic, ecophysiological characters is

Table 1. Environmental and geological data of the caves
‘Diktaion Andron’ and ‘Kastria’ [(PAR) photosynthetically
acrive radiation, (T) temperature, (RH) relative humidity,
(XRD) X-ray diffraction analysis of the substrate].

‘Diktaion Andron’  ‘Kastria’
PAR 0.013-0.113 0.01-0.77
(umol.st.m™2)
T (°C) 10.20-12.74 6.31-18.5
RH (%) 84.63-90.32 88.06—97.76
Altitude 1025 m 827 m
XRD Calcite, Dolomite, Calcite

Quartz

LamMPRINOU et al.: Monotypic genus Iphinoe

promising (e.g. polyphasic approach, KoMAREK
2011).

In the herein paper a true—branched cyano-
bacterium provisionally named as Iphinoe cf.
spelaeobios is described from the Greek cave
‘Diktaion Andron’. This taxon exhibits significant
phenotypic differences in the type of branching
from the type Iphinoe spelaeobios LaMPRINOU
et Pantazipou found in other Greek caves
(LamprINOU et al. 2011), but without molecular
support at least through 16S rRNA analysis. The
query whether the type of branching is sufficient
to distinguish populations with identical 16S
rRNA sequence is additionally discussed.

Material and Methods

Cave ‘Diktaion Andron’ (35°09°46” N; 25°26’°41”
E; altitude 1025 m a.s.l) is located in Lasithi, Crete
(Greece) (Fig.7); it is a touristically exploited cave of
2.220 m? with 250 m touristic path. Air temperature,
relative humidity and photosynthetically active
radiation were measured by a LI-1400 data logger (LI
COR Biosciences, USA) during the survey (Table 1).
X-ray diffraction analysis of the lithic substrates was
conducted with X—Rays Diffraction, Siemens D-500
using Cu tube operated at 40 keV and 30 mA.

Sampling was made at different distances from
the cave entrance of ‘Diktaion Andron’, and from
selected sites inside the cave hosting various growth
habits of cyanobacteria. Sampling was conducted 3
times (12th of October, 2nd of November and 6th of
December 2010). Collected material was partly fixed
with formaldehyde solution at a final concentration
of 2.5%, and partly kept alive for culturing. Enriched
cultures were obtained in flasks and petri—dishes with
BG11 and BG 11, (STaniEr et al. 1971). Cultures were
maintained in incubator (SANYO, GALLENKAMP)
under stable conditions, and under daylight (north
facing window).

The strain Iphinoe cf. spelacobios (Herbarium
of Philadelphia: PH 1095566; GenBank JQ435484,
DKA-1 in our tree) was found near the entrance of
cave ‘Diktaion Andron’. It is noted that the type species
Iphinoe spelaeobios (Herbarium of Philadelphia:
PH1088600; GenBank HM748317, LO2-B1 in the
tree), used herein for comparison, was described from
two other Greek caves (LampriNouU et al 2011): Cave
‘Kastria’ located in Peloponnese, and Cave ‘Koutouki’
on Mount Hymettus in Attica (Fig.7).

For light microscopy (LM) natural and cultured
material was observed on glass slides under a high—
resolution light microscope (Photomicroscope III,
Zeiss, Germany). For scanning electron microscopy
(SEM), specimens were dehydrated in an alcohol series
(30-100%), critical point dried and spray coated in
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gold—palladium, and were observed under a JEOL JSM
35 scanning microscope. For transmission electron
microscopy (TEM), samples were fixed in a mixture
of glutaraldehyde (2.5%) in 0.1 M cacodylate buffer
for 2-4 h, washed 3 times in this buffer; decalcified
by adding Pereny solution and post fixed in 1% OsO,
in the same buffer. The organisms were dehydrated by
a graded acetone series, and washed in propylenoxide
twice. Then, they embedded in three mixtures of
propylenoxide and resins (1/0.5, 1/1, 0.5/1) and finally
in SPURR’s resins. Surface sections were stained with
2% uranyl acetate and lead citrate (REyNoOLDS 1963).
The sections were examined using a JEOL 1010 TEM
at 100 kV accelerating voltage.

For confocal laser scanning microscopy
(CLSM), undamaged fragments were transferred
onto excavated microscope slides and observed live.
A Leica TCS-SP5 CLSM (Leica Microsystems
Heidelberg GmbH, Mannheim, Germany) using a
Plan—Apochromatic 63x (NA 1.4, oil) objective was
used to capture images of autofluorescence, reflection
and labeled exopolymeric substances (EPS). Excitation
range was set at 488 nm. EPS was labeled with the
broad—spectrum carbohydrate recognizing lectin
concanavalin—A, conjugated with the fluorophore
Alexa Fluor 488 (Con—A, Molecular Probes, Inc.),
at a final concentration 0.8 mM and observed in
the green channel (emission 514 nm and 543 nm).
Chlorophyll-a and phycobiliproteins were visualized
in the red channel, capturing the fluorescence emitted
at >560 nm. The reflection image, to examine the
outer layer for the presence of calcified sheaths, was
captured in the grey channel (emission at 480-490
nm). The structure of the colony was evaluated using
the XYZ mode of the CLSM microscope, acquiring
optical sections in XY planes.

DNA was extracted from scrapped material
using the UltraClean Soil DNA kit (MoBio Laboratories
Inc., USA) following the manufacturer’s protocol with
minor modifications: bead beating was reduced from
10 to 5 min, and this step was immediately followed by
three cycles of freeze—and—thaw (—80 °C for 3 min and
then immediately in a 65 °C water bath for 5 min) after
addition of the inhibitor removal solution. Bacterial
16S rDNA was amplified using the bacterial primers
GM3 (5>-AGAGTTTGATCMTGGC-3") (MUYEZER et
al. 1993) and GM4 (5’~-TACCTTGTTACGACTT-3)
(Kane et al. 1993). The PCR included an initial
denaturation step at 94 °C for 1 min followed by x
cycles (see below) consisting of 94 °C for 1 min, 44 °C
for 1 min, 72 °C for 3 min, and a final extension at 72 °C
for 5 min. The number of cycles was determined after
cycle optimisation. PCRs were repeated with different
cycle numbers, and the lowest number of cycles that
gave a positive signal (x=22 cycles) was then used for
cloning and sequencing in order to minimise PCR bias
(SpiEGELMAN et al. 2005). Eight tubes of PCR products
were pooled for clean—up and cloning to reduce the
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biases of each individual reaction.

The combined PCR product was purified using
the Montage purification kit (Millipore, USA), and
then immediately cloned using the TOPO XL PCR
cloning kit (Invitrogen, USA) using electrocompetent
cells according to the manufacturer’s specifications.
A maximum of 24 clones were analysed from each
library. These clones were grown in liquid LB
medium with kanamycin and their plasmids were
purified using the Nucleospin Plasmid QuickPure
kit (Macherey—Nagel GmbH and Co. KG, Germany)
for DNA sequencing. Sequence data were obtained
by capillary electrophoresis (Macrogen Inc.,
Korea) using the BigDye Terminator kit (Applied
Biosystems Inc., USA) with the primer MI13F (5'—
GTAAAACGACGGCCAG-3’) and MI3R (5

CAGGAAACAGCTATGAC-3’). Each sequence read
was approximately 900 bp. For each individual clone,
forward and reverse reads were assembled and then the
assembled sequences were checked for chimeras using
the CHIMERA-CHECK function of the Ribosomal

Fig. 1. Thallus of Iphinoe cf. spelaeobios under light stereo-
scope, forming fascicles of erected filaments macroscopically
visible as purple coatings. Scale bar 1 mm.

Fig. 2. Iphinoe cf. spelacobios with Y—and T—type of bran-
ching under confocal microscope. Initiation of Y-branching
at the arrows. Scale bar 10 pm.
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Fig. 3. Iphinoe cf. spelaeobios with the characteristic slippage of the intermediary cell and the initialization of Y—type branching
under LM (a), SEM (c) and TEM (e). Iphinoe spelaeobios LamprINOu et PANTAZIDOU, type species, with the characteristic later
protrusion and the formation of T—type branching under LM (b), SEM (d) and TEM (). Scale bars 10 um (a,b,d,c), 5 um (e),

2 pm (f).

Database Project I (Maiak et al. 2001). Sequence data
were compiled using the MEGA4 software (Kumar et
al. 2008) and aligned with sequences obtained from the
GenBank (www.ncbi.nlm.nih.gov) database, using the
ClustalX aligning utility. Phylogenetic analyses were
performed using minimum evolution and parsimony
methods implemented in MEGA4 (Kumar et al. 2008).
Heuristic searches under minimum evolution criteria
used 1000 random—addition replicates per data set, each
followed by tree bisection—reconnection topological

rearrangements. Phylogenetic tree was based on the
Neighbour—Joining method as determined by distance
using Kimura’s two—parameter correction, and different
methods were additionally used for testing the topology
of the tree, i.e. Maximum Likelihood, and Minimum
Evolution, and Bayesian analysis. Bootstrapping was
performed with 1 000 replicates.
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Results

Iphinoe  cf.  spelaeobios  (Herbarium of
Philadelphia, PH: 1095566; GenBank, JQ435484,
DKA-1 in the tree)

Thallus in form of flat mats, on calcareous
substrates (initial stages), later forming fascicles
of erected filaments macroscopically visible as
purple coatings (Fig. 1). Filaments entangled
usually finely and seldom heavily calcified,
5-8 (10) um wide. Sheath colorless gelatinous,
usually firm and not lamellated. Trichomes mainly
cylindrical, or torulose. Color of cytoplasm
purple-brown, cell content bearing granulation.
Cells rather cylindrical or doliform, 3—8 um wide
and 7-10 um long. Heterocytes scarce in field
material, intercalary and solitary in the main axis,
5%4 pum. Branching of T-type and Y-type (Fig.
3a,c,e; Fig. 2). Reproduction by hormocytes and
scarcely with akinetes.

Only one cyanobacterial phylotype was
found in the sample, DKA-1. This phylotype
showed 99.89% sequence similarity with Iphinoe
spelaeobios LO2-B1. Phylogenetic analysis (Fig.
6) placed DKA-1 at the same Stigonematales
clade as I. spelaeobios LO2-BI1.

The strain Iphinoe cf. spelacobios was
isolated from cave walls of ‘Diktaion Andron’.
X—Ray Diffraction analysis of the substrate
showed mainly the presence of calcite, dolomite
and quartz (Fig. 4).
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Discussion

The type species Iphinoe spelaeobios LaAMPRINOU
et PANTAZIDOU is a true—branched cyanobacterium
established from the Greek caves ‘Koutouki’ and
‘Kastria’ (Attica and Peloponnese, Greece) by
light (LM) and electron (TEM, SEM) microscopy,
as well as by sequencing the whole 16S rRNA. The
criteria for the establishment of this new monotypic
genus and for its differentiation from the other
true-branched stigonematalean cyanobacteria
were: the type of branching (mostly T-type, rarely
V—type, and also false branching, Y—type was not
observed), the mode of reproduction (hormocytes
and akinetes), and the absence of intercellular or
pit—connections (LAMPRINOU et al. 2011).

Another population of Iphinoe differing in
morphology is described herein from ‘Diktaion
Andron’, a cave geographically isolated (Crete
island, Greece) from the caves mentioned above.
Despite the common appearance of T-type of
branching, the strain found (under the accession
number JQ435484), differs from the type species
Iphinoe spelaeobios (HM748317) by the presence
of Y—-type (Fig. 3a, Fig. 2) of branching and by
the absence of V—type of branching, as well as by
the smaller size of cells (3—7 um wide, vs. 5—7um
wide). Therefore, from the morphological point of
view it is suggested to be classified as Iphinoe cf.
spelaeobios.

It is the true-branched

noted that
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Fig. 4. XRD analysis of the lithic substratum of the cave ‘Diktaion Andron’ [(Cal) calcite, (Dol) dolomite, (Qtz) quartz.].
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Fig. 5. XRD analysis of the lithic substratum of the cave ‘Kastria’ [(Cal) calcite].
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51/-156 Nostochopsis sp. 89-45 (AJ544081)
100/100/100 Fischerella sp. 1711 (AJ544076)
Westiellopsis prolifica SAG 23.96 AJ544087)
60/54/56 Fischerella muscicola SAG2027 (AJ544077)
99/93/99 ~ Westiellopsis prolifica SAG 16.93 (AJ544086)
TIPS Hapalosiphon delicatulus (AB093484)
82/65/85L Hapalosiphon welwitschii (AY034793)
Nostochopsis lobatus 92.1 (AJ544080)
96/90/96 _: Hapalosiphon sp. 804-1 (AJ544078)
86/81/87 Mastigocladus laminosus (DQ431003)
1001004100 Stigonema ocellatum SAG 48.90 (AJ544082)
100/98/100p— Symphyonema sp. 1269-1 (AJ544083)
?5’_159’7 [ Symphyonema sp. 1517 (AJ544084)
Mastigocladopsis repens MORA (AJ544079)
73/53/76 ——— Symphyonemopsis sp. Clone TRK15 (AY874099)
DDA 6555 Clone HAVOmat34, Hawaiian lava cave microbial mat (EF032787)
Symphyonemopsis sp. VAPOR1 98-90 (AJ544085)
96/92/97 100194110020 6155y IPhinoe cf. spelaeobios DKA-1 (JQ435484)

100/98/99L Iphinoe spelaeobios LO2-B1 (HM748317) _
e Clone QuartzC186, hypolithic slime (FJ230802)

MI—_Wmﬂopsis cavernicola LF-B5 (HM748318)

Clone HAVOmat106, Hawaiian lava cave microbial mat (EF032780)
Cyanothece sp. PCC 7425 (CP001344)

Acaryochloris marina (AY163573)
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Fig. 6. Phylogenetic tree of phylotype DKA—1 (in bold) 16S rRNA gene (ca. 1500bp) based on the Neighbour—Joining method
as determined by distance using Kimura’s two—parameter correction. One thousand bootstrap values are shown for Neighbour—
Joining (left), Maximum Likelihood (middle), Minimum Evolution (right) at nodes percentages >50%. Bayesian Analysis
(not included here) showed the same results. Numbers in brackets are GenBank accession numbers. Scale bar 2% estimated
distance.
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Fig. 7. Map of Greece showing the location of caves:
‘Diktaion Andron’(full circle), Kastria’ (double circle) and
‘Koutouki’ (triple circle).

cyanobacteria, of the former order Stigonematales
(GEITLER 1932; DESIKACHARY 1959; ANAGNOSTIDIS
& KoMmARek 1990), are nowadays considered
as clusters within Nostocales (HorrmanN et
al. 2005). Of the morphological characters,
the type of branching is the main diacritical
feature within the true—branched cyanobacteria
characterizing different families (classical
approach). In the molecular approach this
feature characterizes different subclusters within
Nostocales (Horrmann et al. 2005; KoOMAREK
2010). According to Horrmann et al. (2005) and
KoreLusova (2008) there are two major groups
within the true—branched cyanobacteria defined
by the T— and Y—branching. GUGGER & HOFFMANN
(2004) suggest that false—branching and Y—type
of branching have the same ontogeny since in both
types the development of a branch is associated
with the activation of an intercalary meristem. On
the contrary, the V—type of branching is closer in
ontogeny to the T-type of branching (KorELUSOVA
2008). Therefore, the mode of branching is a
crucial diagnostic character. Accordingly, true—
branched cyanobacteria can be distinguished into
at least two major groups (T— and Y—branched).

In this paper, we present one of the few cases
among cyanobacteria where two morphospecies
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from geographically isolated ecosystems such
as caves, revealed identical 16S rRNA gene
sequences. To our knowledge there are also other
cases where species of cyanobacteria differing
in morphology, ecology or physiology share
identical rDNA sequences, e.g. Merismopedia
isolates (PaLINSKA et al. 1996), Prochloroccoccus
ecotypes (Moore et al. 1998), Microcystis types
(Via—OrporIkA et al. 2004).

The potential for speciation in the
prokaryotic world is very large, for the following
reasons according to OREN (2004): (i) Speciation
in prokaryotes requires only ecological divergence
(vs. both reproductive and ecological divergence
in sexual eukaryotes), (ii) The extremely large
population size of prokaryotes makes rare
mutation and recombination events much more
accessible, (iii) A prokaryotic species is open
to gene transfers from many taxa even those
distantly related, and (iv) Recombination events
have a localized nature.

According to Conan (2001) the potential of
prokaryotic speciation is based on the formation of
new ‘ecotypes’ since an ecotype is a set of strains
using the same very similar ecological niches,
such that an adaptive mutant outcompeting all
other strains of the same ecotype.

In our case the strain Iphinoe cf.
spelaecobios (JQ435484) differs from Iphinoe
spelaeobios (HM748317) by the type of
branching (Fig. 3). According to morphological
criteria this new finding could be considered as
another species of the monotypic genus Iphinoe
spelaeobios. However, it seems that despite their
morphological difference (type of branching),
they are evolutionarily very close according to
their homogeneity in 16S rRNA.

Both Iphinoe strains have been found
in cave ecosystems but at distant geographic
regions. Comparing the physical parameters of
the sampling sites, it is clear that there are no
crucial differences (Table 1). On the contrary,
the lithic substratum is different according to the
XRD analysis (Figs 4, 5) and together with the
geographical isolation of the caves might be the
divergence forces of the observed morphological
differentiation.

In the ecological species concept, ecotypes
are considered as species because they occupy
unique niches representing distinct evolutionary
lineages (WarD et al. 2006). Ecotypes adapted
to unique spatial and temporal varying
environmental parameters might exhibit unique
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patterns of gene expressions (e.g. gene encoding
the type of branching). According to the periodic
selection theory, new populations with distinct
ecologies arise through niche invasion events
and two populations may diverge accumulating
random neutral mutations in each lineage. It is
hard to detect ecotypes with sequence variation in
molecules that evolve slowly, such as 16S TRNA
(Ferris et al. 2003; WaRD et al. 2006).

Since it is generally accepted that a species
is the ‘irreducible phylogenetic cluster’ (STALEY
2006), further molecular tools of high resolution
are needed in order to test a cluster and verify
its status as a single taxon. In our case the name
Iphinoe cf. spelaobios is more appropriate and
further investigation (e.g. analysis of ITS region)
is needed for confirming its taxonomic position.
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