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ABSTRACT

In a study that aimed to fingerprint the phototrophic community of the biodeteriorated walls of the Old Cathedral of
Coimbra (UNESCO World Heritage Site), an unknown Nostoc/Komarekiella-like cyanobacterium was isolated. We
employed a polyphasic approach based on morphological, ecological and phylogenetic analyses of the partial 16S and the
whole 16S-23S ITS rRNA regions to characterize this organism. Our strains shared 16S rRNA gene sequence similarity of
99-100% with GenBank-assigned ‘Nostoc sp.” sequences, and 98% similarity with the genera Goleter, Roholtiella, Aulosira
and Komarekiella. Despite being morphologically similar to Komarekiella, phylogenetic analyses placed our strains in a
separated genus-level clade, distant from Nostoc sensu stricto and with Komarekiella as the closest taxon. Considering all
molecular, phylogenetic and ecological data, we here propose Parakomarekiella sesnandensis F.Soares, V.Ramos & A.

Portugal, gen. et sp. nov.
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Introduction

Cyanobacteria are considered to be cosmopolitan
microorganisms occurring in a wide variety of marine,
freshwater and terrestrial habitats (Hoffmann, 1989;
Albertano, 2012). Although the colonization of terres-
trial habitats involves exposure to more severe condi-
tions than in aquatic environments (Hoffmann, 1989),
cyanobacteria are generally well adapted to such condi-
tions due to their ability to develop morphological and
physiological adaptations and other protection
mechanisms. Such mechanisms involve, for example,
the induction of a dormancy state and production of
UV-protecting pigments, such as scytonemins and
mycosporine-like amino acids (MAAs) (Hoffmann,
1989; Karsten et al., 2005; Hallmann, 2015). This set of
unique characteristics combined with their photo-
trophic nature and ability to fix nitrogen allows them
to colonize the surface and the interior of stone monu-
ments (epilithic and endolithic colonization, respec-
tively; Crispim & Gaylarde, 2005; Macedo et al., 2009;
Sterflinger & Pifar, 2013). Besides the formation of
coloured patinas as a result of their epilithic coloniza-
tion, cyanobacteria are also able to exert pressure in the
interior of the stone due to hydration-dehydration pro-
cesses, leading to increased porosity and material loss
(Saiz-Jimenez, 1999; Macedo et al., 2009). Additionally,
they are also capable of intra- and extracellular calcium
carbonate biomineralization (Benzerara et al., 2014),

and stone dissolution through production of organic
acids (Saiz-Jimenez, 1999; Macedo et al., 2009). All
these processes lead to stone biodeterioration and loss
of valuable cultural heritage materials. Therefore, the
isolation and subsequent identification of novel taxa
from cultural heritage monuments is an important
step towards monument preservation and conservation,
shedding light on the biodeterioration mechanisms of
rock-inhabiting microorganisms. Recently, Soares et al.
(2019a) characterized the phototrophic community
inhabiting the limestone walls of the Old Cathedral of
Coimbra, Portugal, using culture-dependent and -inde-
pendent methodologies. Following this work, some
novel taxa from this UNESCO monument have been
isolated and described (see Soares et al., 2019b).
Consequently, the aim of this study was to characterize
the previously isolated Nostoc/Komarekiella-like strains
based on ecological and morphological information,
and phylogenetic analyses of the partial 16S rRNA and
the whole 165-23S ITS rRNA gene amplicons.

The cyanobacterial genus Nostoc has been reported
as one of the most challenging groups in the order
Nostocales (Rehdkova et al, 2007; Hrouzek et al.,
2013; Saraf et al., 2019). This genus has a complex
life cycle (Lazaroft & Vishniac, 1961; Lazaroff, 1966;
Mollenhauer, 1970), a vast genetic and ecological
diversity (Lyra et al., 2001; Meeks et al, 2001;
Henson et al., 2002; Iteman et al., 2002; Hrouzek et
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al., 2005; Rajaniemi et al., 2005; Rehdkova et al., 2007;
Suradkar et al., 2017) and cryptic morphology among
its members (Rehakova et al., 2007; Saraf et al., 2019).
In addition, Nostoc is considered polyphyletic
(Hrouzek et al, 2005; Rehikova et al, 2007;
Papaefthimiou et al., 2008). As a result, several
novel genera morphologically similar to Nostoc, but
phylogenetically separated from the Nostoc sensu
stricto clade, are now being established (e.g. Mojavia
Rehdkovd & Johansen (Rehédkovd et al., 2007);
Desmonostoc (C.Agardh ex Bornet & Flahault)
Hrouzek & Ventura (Hrouzek et al., 2013); Halotia
D.B.Genudrio et al. (Genudrio et al, 2015);
Komarekiella Hentschke, J.R.Johansen & Sant’Anna
(Hentschke et al., 2017); Aliinostoc Bagchi, Dubey &
P.Singh (Bagchi et al., 2017)).

Although morphologically similar to the genus
Komarekiella, our strains resolved within a supported
clade distant from Nostoc sensu stricto, but closer to a
clade that encompassed GenBank-defined ‘Nostoc sp.’
sequences obtained by Cuzman et al. (2010), with the
genus Komarekiella as the closest taxon. We propose
the erection of a new cyanobacterial genus
Parakomarekiella gen. nov. and Parakomarekiella ses-
nandensis sp. nov. to accommodate our strains.

Materials and methods
Site description and sampling

The Old Cathedral of Coimbra (Coimbra, Portugal,
40°12'32"N, 8°25'38"W) is an emblematic Portuguese
Romanesque Church. The cathedral was constructed
during the 12th and the 13th centuries and consists of
a single cloister floor surrounded by five lateral cha-
pels. This cathedral has remained almost intact since
Reconquista times and, for this reason, all chapels are
now showing severe signs of biodeterioration (green/
dark-green biofilms and salt formation). All chapels
were carved from yellow dolomitic limestone, a car-
bonate rock mainly composed of calcium magnesium
carbonate. Its chemical composition includes 23-31%
Ca0O, 16-21% MgO, 0.8-4% Fe,O; and residual
quantities of other oxides (Manupella et al., 1981;
Quinta-Ferreira et al., 1992; Catarino et al., 2019).
During a study aiming to fully characterize the
phototrophic community inhabiting the limestone
walls of the Old Cathedral of Coimbra (see Soares et
al., 2019a) two Nostoc/Komarekiella-like strains were
collected. These strains were obtained from two dif-
ferent biofilms scrapped off from the limestone walls
of one of the chapels composing the Cathedral
(Chapel of Sao Nicolau). The cyanobacterial strains
were isolated from liquid enrichment cultures by
means of micromanipulation using an inverted
microscope and inoculated into flask tubes contain-
ing liquid BG;; and BG;;(-N) culture media (Rippka

et al., 1979). Inoculates were then incubated at 20 +
1°C, under a 16: 8 h (light: dark) photoperiod (30-40
umol photons m™> s™' irradiance) until there was
enough biomass for DNA extraction.

Morphological analysis

Strain morphology was studied using both light
microscopy and a transmission electron microscope
(TEM). Photomicrographs were captured with a
Leica microscope Model DM4000B (Leica,
Germany) coupled to a camera. Morphological ana-
lysis was performed by evaluating the strains’ life
cycle, size of vegetative cells, heterocysts and akinetes,
under culture conditions. In addition, we also com-
pared our strains with Komarekiella atlantica.

For TEM analysis, samples were fixed with 2.5%
glutaraldehyde in 0.1M sodium cacodylate buffer (pH
7.2) for 2.5 h and post-fixed using 2% osmium tetr-
oxide for 2 h. Cells were then dehydrated in a graded
ethanol series (70-100%), embedded in 2% molten
agar, re-dehydrated in ethanol (70-100%), impreg-
nated and embedded using an Epoxy Embedding
Kit (Fluka® Analytical, USA). Ultrathin sections (70
nm) were obtained with an ultramicrotome (Leica
EM UCS6), mounted on copper grids and observations
were carried out on a FEI-Tecnai G2 Spirit Bio Twin
at 100kV.

DNA extraction, PCR amplification and sequencing

Genomic DNA was extracted using the NZY Microbial
gDNA Isolation kit (NZYTech™, Portugal), following
the manufacturer’s protocol. DNA extractions were
visualized on a 1.5% agarose gel and quantified with a
NanoDrop™ 2000c spectrophotometer (Thermofisher
Scientific™, USA). Genomic DNA of each isolate was
subjected to amplification of partial 16S rRNA (with
primer pairs Cyal06F/Cya781R and Cya359/
Cyal494R) (Neilan et al, 1997; Nibel et al., 1997),
and the whole 16S-23S ITS rRNA (with primer pair
P2/P1; Boyer et al, 2001) gene fragments.
Amplification of the 16S rRNA gene fragment was
performed according to Cunha de Oliveira et al.
(2019), with 12.5 pl of NZYTaqGreen Master MIX
(NZYTech™, Portugal), 1 pl of each primer (10 mM),
9.5 pl ultra-pure water and 1 pl template DNA, in a final
reaction volume of 25 pl. PCR reactions were per-
formed using an ABI GeneAmp™™ 9700 PCR System
(Applied Biosystems, USA), with conditions as follows:
initial 2 min denaturation step at 95°C, followed by 35
cycles of denaturation at 95°C for 1 min, annealing at
55°C for 45 s, extension at 72°C for 1 min, and a final
extension at 72°C for 10 min. PCR products were
visualized by electrophoresis on a 1% agarose gel, pur-
ified and sequenced with the same primers described
above using an ABI 3730 genetic analyser, using the Big



Dye v.3.1 Terminator Cycle Sequencing Ready Reaction
Kit (Applied Biosystems, USA; STABVIDA, Portugal).

Amplification of the 16S-23S ITS rRNA gene
region was performed according to Boyer et al
(2001), with 15 ul of NZYTaqGreen Master MIX
(NZYTech™, Portugal), 1 pl of each primer (10
mM), 12 pl of ultra-pure water and 1 ul of template
DNA, in a final reaction volume of 30 pl. PCR ampli-
fication was performed using an ABI GeneAmp™
9700 PCR System (Applied Biosystems, USA), with
the following conditions: initial denaturation at 94°C
for 1 min, followed by 35 cycles of denaturation at
94°C for 1 min, annealing at 57°C for 1 min, exten-
sion at 72°C for 4 min, and a final extension at 72°C
for 10 min. PCR products were visualized by electro-
phoresis on a 1% agarose gel, purified and sequenced
with primers P2 and P1, and an additional internal
primer P5 (Boyer et al., 2001).

16S rRNA phylogenetic analyses

The obtained sequences were trimmed and assembled
using Geneious® 10.2.2 software (https://www.gen
eious.com). Sequences were deposited in GenBank
(with accession numbers MT044190-MT044192)
and compared with available sequences in the
National Center for Biotechnology Information
(NCBI) by BLASTN (Altschul et al., 1990).

For Bayesian inference (BI) and Maximum likeli-
hood (ML) 16S rRNA phylogenetic analyses, two dis-
tinct sequence datasets were constructed. Both datasets
consisted of sequences obtained in this study and
additional sequences of reference strains from the
Nostocales, based on Hentschke et al. (2017).
However, since our strains showed 99-100% identity
with  GenBank-assigned ‘Nostoc sp.” sequences
obtained by Cuzman et al. (2010), those were also
included in the first dataset. The second dataset
excluded the ‘Nostoc sp.’ sequences obtained by
Cuzman et al. (2010). The first final 16S rRNA dataset
included 82 sequences for a total of 1256 aligned
positions, and the second included 77 sequences for a
total of 1258 aligned positions. Both datasets were
aligned using MAFFT v.7.0 (Katoh & Standley,
2013), and the resulting alignments (Supplementary
data S1 and S2) were manually checked and corrected
(when  applicable) using  UGENE 1.26.3
(Okonechnikov et al.,, 2012), and were used to con-
struct the phylogenetic trees. GTR+I+G was the best-
fit model for all BI and ML analyses, estimated using
MrModeltest v.2.4 (Nylander, 2004) based on the
Akaike Information Criterion (AIC). Bayesian
Markov Chain Monte Carlo (MCMC) analyses were
performed using MrBayes v.3.2.6 (Ronquist et al.,
2012), and four runs over an initial number of 10
million generations were conducted. The standard
value for heat chain temperature was 0.15 and trees
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were set to be saved after every 100 generations. The
run was set to stop when the average standard devia-
tion of split frequencies fell below 0.01. Tracer v.1.5
software (Rambaut & Drummond, 2007) was used
after Bayesian analysis to ensure that the stationary
phase and convergence of the tree had been reached.
For the first dataset, the MCMC analysis ran for 2 120
000 generations resulting in 63 514 sampled trees. For
the second, the MCMC analysis ran for 2170000
generations resulting in 65090 sampled trees. In both
analyses, 25% of the trees were discarded as part of the
burn-in phase.

For the ML phylogenetic analyses, trees were con-
structed using the IQTree online version (Trifinopoulos
et al., 2016) with selected option “approximate Bayes test”
and 1000 bootstrap replicates (see Supplementary data S3).
For all phylogenetic analyses, Gloeobacter violaceus PCC
8105 was set to root the tree, and FigTree v.1.2.2 (Rambaut
& Drummond, 2008) was used for tree visualization (see
Supplementary data S3-S6).

ITS secondary structure

The secondary structures D1-D1’, Box-B, V2 and V3
of the ITS regions were found using LocARNA-
Alignment and Folding (Will et al, 2007, 2012;
Smith et al., 2010), and were folded individually
using the Mfold WebServer 3.5 with default condi-
tions, except for the application of the structure draw
mode with ‘untangle loop fix’ (Zuker, 2003). The
tRNA genes were found using the tRNAscan-SE 2.0
webserver (Lowe & Chan, 2016).

Results

16S rRNA phylogenetic analyses and secondary
structure of 16S-23S ITS

The 16S rRNA sequences of our two isolates were
identical and when compared with their closest rela-
tives showed high similarity with GenBank-assigned
‘Nostoc sp.” sequences obtained by Cuzman et al.
(2010) in a study characterizing the diversity of photo-
trophic organisms in monumental fountains.
Specifically, our strains were identical to ‘Nostoc sp.
5N-02¢’, 99.7% similar to ‘Nostoc sp. 2-07’ and ‘Nostoc
sp. VP2-08’, and 99.3% similar to ‘Nostoc sp. 9E-03’.
These strains fall within the Parakomarekiella clade,
which is distant from Nostoc sensu stricto sequences
(dataset 1; Fig. 1). Since the resulting BI and ML
phylogenetic trees showed the same topology, a single
tree with both Bayesian posterior probabilities (PP)
and ML bootstrap values is shown. Results from
these phylogenetic analyses (Fig. 1) showed that our
strains formed a well-supported (0.97 PP; 85% boot-
strap) and separated cluster encompassing the
GenBank-assigned ‘Nostoc sp.” sequences, with the
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genus Komarekiella as the closest relative. The phylo-
genetic analyses of dataset 2 showed a fully supported
(1/100; PP and bootstrap, respectively) genus-level
separation for the studied strains; only one tree is
shown (Supplementary fig. S1).

The 16S rRNA p-distance matrix showed similarity
values >95% between our strains and Type strains from
related Nostocaceae genera (see Table 1). Our strains
shared 99-100% 16S rRNA similarity with ‘Nostoc sp.’
sequences; 98% with strains assigned to Goleter apud-
mare Miscoe & J.R.Johansen (Miscoe et al., 2016),
Roholtiella edaphica Bohunickd & Lukesova (Bohunicka
et al, 2015), Aulosira laxa O.Kirchner ex Bornet &
Flahault (Bornet & Flahault, 1886) and all K. atlantica
strains; 97% with Mojavia pulchra, Desmonostoc mus-
corum and Cylindrospermum majus Kitzing ex Bornet
& Flahault (Bornet & Flahault, 1886), and 96% sequence
similarity with Trichormus variabilis (Kiitzing ex Bornet
& Flahault) Komarek & Anagnostidis (Komarek &
Anagnostidis, 1989), Nostoc commune Vaucher ex
Bornet & Flahault (Bornet & Flahault, 1888), Halotia
branconii and Nodularia spumigea Mertens ex Bornet &
Flahault (Bornet & Flahault, 1888).

The ITS region of Parakomarekiella sesnandensis
possessed both tRNA™ and tRNA* genes and the
secondary structures D1-DI’, Box-B, V2 and V3
(Figs 2-7, 8-13, 14-17 and 18-23, respectively).
The ITS secondary structures of our two strains
were 100% identical and were compared with the
secondary structures of Komarekiella atlantica
CCIBt 3483 (KX638487) and other nostocacean gen-
era, namely Desmonostoc geniculatum HA4340-LM1
(KU161662), Halotia branconii CENA 392
(KJ843312), Mojavia pulchra JT2-VF2 (AY577534)
and Nostoc commune EV1-KK1 (AY577536) (see
Figs 2-23 and Table 2). In summary, all studied
strains had very similar D1-D1’ helix structure,
with an equal helix shape and number of nucleotides
varying from 64 nt (M. pulchra) to 68 nt (N. com-
mune) (Figs 2-7; Table 2). The main differences
were the existence of one unpaired nucleotide
opposing the basal unilateral bulge on the 5 side of
the helices of Parakomarekiella, D. geniculatum and
N. commune instead of two, as shown in H. branco-
nii and M. pulchra. As to P. sesnandensis and K.
atlantica, differences resided mostly in the basal
stem, in the existence of one unpaired nucleotide
on the 5 side of the helices of Parakomarekiella
instead of three and in some nucleotide substitutions
(see Figs 2-7; Table 2). The Box-B helix of all stu-
died strains was very similar in terms of length and
shape, with the exception of D. geniculatum and H.
branconii, which possessed longer helix lengths and
different shapes (Figs 8-13; Table 2). All strains had
the same basal stem, and the length of the helices
varied from 26 nt (K. atlantica and M. pulchra) to 48
nt (D. geniculatum). The V2 and V3 helices were
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highly variable among all taxa, with no consistent
patterns observed (Figs 14-17 and 18-23, respec-
tively). We were not able to find the V2 helices of
Mojavia pulchra and Nostoc commune and, for that
reason, these are not shown in Figs 14-17. The
length of the V2 helices varied from 41 nt in P.
sesnandensis to 76 nt in H. branconii (Table 2). The
length of the V3 helices varied from 39 nt in N.
commune to 103 nt in M. pulchra, 78 nt in P. ses-
nandensis (Figs 18-23; Table 2).

Taxonomic analysis

Parakomarekiella F.Soares, V.Ramos & A.Portugal,
gen. nov. (Figs 24-40)

DIAGNOSIS: Morphologically similar to Komarekiella,
from which it differs by the presence of an inclusion/
vesicle in the akinetes and smaller size of heterocytes. It
also differs in sequences and in most of the ITS second-
ary structures of the conserved domains of the 16S-23S
ITS region.

Description In nature, thalli microscopic, growing
on limestone surfaces. In liquid media, forming
thin biofilm layers attached to the walls of the
test tube, or forming agglomerated dense aggre-
gates deposited at the bottom of the test tube.
Cells blue-green, dark green when mature. Cells
spherical to subspherical, forming macroscopic
compact dense aggregates, enclosed by a mucilage
layer (Figs 24-26, 37-40). Cells in trichomes or
sometimes free-living, isodiametric, quadrate,
straight or straight to bent (Figs 33, 34). Cells
divide in more than one plane, forming multiseri-
ate trichomes (Fig. 26). Heterocytes intercalary and
terminal (Figs 32, 33), placed laterally when cells
are in compact aggregates. Akinetes spherical to
subspherical, developing from vegetative cells in
trichomes (Fig. 35), reproducing by equal division
forming elongated trichomes surrounded by a
thick, firm mucilage layer (Figs 27, 28, 35), or by
unequal division forming bigger spherical and
encapsulated colonies (Figs 29-31, 36). Akinetes
with granular content and with frequent presence
of inclusions/vesicles (Figs 29, 30, 34-36, 39). The
thylakoid arrangement exhibits a fascicular archi-
tecture (Figs 38, 39).

TYPE SPECIES: Parakomarekiella sesnandensis
ETYMOLOGY: The genus name was derived from
the Greek pard = near, beside.

Parakomarekiella sesnandensis F.Soares, V.Ramos
& A.Portugal, sp. nov. (Figs 24-40)

Description Thallus microscopic, blue-green, later dark
green, becoming yellowish when very old (more than 6
months). Cells at first forming thin biofilm layers
attached to the walls of the test tubes, later forming



Table 1. Similarity matrix based on the 16S rRNA gene sequence data from Parakomarekiella sesnandensis and related genera. “T" indicates a Type/reference strain (i.e. an isolate used to

describe the genus or an isolate known to have the same phylogenetic placement as the Type species, after taxonomic revision).
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Figs 2-7. D1-D1’ helix of the secondary structure of 16S-23S ITS region. Fig. 2. Parakomarekiella sesnandensis
(MT044190); Fig. 3. Komarekiella atlantica CCIBt 3483 (KX638487); Fig. 4. Desmonostoc geniculatum HA4340-LM1

(KU161662); Fig. 5. Halotia branconii CENA 392 (KJ843312); Fig. 6. Mojavia pulchra JT2-VF2 (AY577534); Fig. 7.
Nostoc commune EV1-KK1 (AY577536).
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Figs 8-13. Box-B helix of the secondary structure of 16S-23S ITS region. Fig. 8. Parakomarekiella sesnandensis
(MT044190); Fig. 9. Komarekiella atlantica CCIBt 3483 (KX638487); Fig. 10. Desmonostoc geniculatum HA4340-LM1

(KU161662); Fig. 11. Halotia branconii CENA 392 (KJ843312); Fig. 12. Mojavia pulchra JT2-VF2 (AY577534); Fig. 13.
Nostoc commune EV1-KK1 (AY577536).

monallantoides, Heterochlamydomonas inaequalis ~ value can be lost due to weather conditions, pollu-
and Nostoc punctiforme (see Soares et al, 2019a

tion and deterioration by microorganisms (Scheerer
for details). Fungi in the genera Aspergillus, et al, 2009). The ability of cyanobacteria to colo-
Cladosporium, Penicillium and Stagonosporopsis

nize such harsh environments leads to aesthetic
were dominant at these sites (Trovao et al., 2019a). and physicochemical alterations to stone monu-

ments, challenging restorers and conservators
worldwide. Stone substrata can be the source of
new taxa (e.g. Villanueva et al., 2018, 2019; Soares
et al, 2019b; Trovdao et al, 2019b) with an
unknown role as stone biodeteriogens. Therefore,
studies employing culture-dependent approaches

Discussion

Cultural heritage monuments are known to posi-
tively affect the tourism and economy of a country
(Urzi & De Leo, 2001). However, their inherent
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Figs 14-17. V2 helix of the secondary structure of 16S-23S
ITS region. Fig. 14. Parakomarekiella sesnandensis
(MT044190); Fig. 15. Komarekiella atlantica CCIBt 3483
(KX638487); Fig. 16. Desmonostoc geniculatum HA4340-

LM1 (KU161662); Fig. 17. Halotia branconii CENA 392
(KJ843312).

are recommended as they allow characterization of
novel taxa and to understand their contribution to
stone biodeterioration.

In the present study, a polyphasic approach based on
phylogeny, morphology and ecology was performed to
correctly classify and describe the proposed new genus
Parakomarekiella and novel species P. sesnandensis.
Morphologically, Parakomarekiella is very similar to
Komarekiella, only differing by the presence of inclusions
within the akinetes and in the smaller size of the hetero-
cytes. These inclusions were observed both in BGy;
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and in BGy; (-N) culture media, in young and old cul-
tures, and are likely to be cyanophycin granules, as
reported for other nostocalean cyanobacteria such as
Cylindrospermopsis raciborskii (Woloszynska) Seenayya
& Subba Raju (Seenayya & Subba Raju, 1972; Moore et
al, 2004), Chrysosporum ovalisporum (formerly
Aphanizomenon ovalisporum) (Forti) E.Zapomelova, O.
Skacelovd, P.Pumann, R . Kopp & E.Janecek (Zapomelova
et al., 2012; Sukenik et al., 2015), Anabaena variabilis
Kiitzing ex Bornet & Flahault (Bornet & Flahault, 1886)
and Nostoc punctiforme Hariot (Hariot, 1891) (Perez et
al, 2016). Additionally, thylakoid arrangement in
Parakomarekiella exhibits a fascicular architecture,
which prevails in the rarely branching and akinete-form-
ing members of the Nostocaceae (Mares et al., 2019).
Komarekiella is morphologically similar to Mojavia,
Desmonostoc, Halotia, N. punctiforme var. populorum,
and is indistinguishable from Chlorogloeopsis, as
observed and well summarized by Hentschke et al.
(2017). So it follows that Parakomarekiella is also
similar to these genera. However, it is known that
some morphological traits are triggered by culture
conditions, diverging from those observed in natural
environments (Casamatta & Vis, 2004; Perkerson et
al., 2011). For that reason, and since Komarekiella,
Mojavia and Chlorogloeopsis are still known only
from cultured algae (Hentschke et al, 2017), their
diagnostic features become even more challenging to
differentiate. Consequently, in such cases, other ana-
lyses, namely phylogeny of the 16S rRNA, p-distance
and ITS secondary structure are important criteria to

>

S V3 helix
21 S 22 23
A-b
e
U-A
§ 6w
&6
G ')
l'(U’ ~ /_} “’i:'z 20
= s
\ M X A=K
20 ’U\(/B/ £ f }U
U-aA b !
O_d C‘A\c-ﬁ/ \C’(\i
PG &b U-G
U-A &8 b=
I 173 fe=y b,A
A=y g LU
G=C -
U-g A<l L&
U-A 2 L
I U-A—80 )\’U
P\A i‘éf \ h
A —
LA~ A 10 (? \
A \ a—gt a-Y
G—A-U e Ly
/ | _(\3 N An ¥
10 1= o A A-Y
A-U X A c-G
c-a X $ A-U
A-U— 40 it / G
Lol A<l I 'y
C'i—l‘J 6"{; \ /A
A-U At A-U
LI &0 s
c-G o ¢=G
() c-G o]}
5 —G—-C— % 5 —G-t—7 5 —G-C— 3
Halotia branconii Mojavia pulchra Nostoc commune
CENA 392 (KJ843312) JT2-VF2 (AY577534) EV1-KK1 (AY577536)

Figs 18-23. V3 helix of the secondary structure of 16S-23S I'TS region. Fig. 18. Parakomarekiella sesnandensis (MT044190); Fig. 19.
Komarekiella atlantica CCIBt 3483 (KX638487); Fig. 20. Desmonostoc geniculatum HA4340-LM1 (KU161662); Fig. 21. Halotia
branconii CENA 392 (KJ843312); Fig. 22. Mojavia pulchra JT2-VF2 (AY577534); Fig. 23. Nostoc commune EV1-KK1 (AY577536).
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Table 2. Detailed description of the ITS secondary structures of Parakomarekiella sesnandensis and related genera.

Strain

Parakomarekiella
sesnandensis (MT044191)
(65 residues)

D1-DY’
helix

Komarekiella atlantica CCIBT
3483
(66 residues)

Desmonostoc geniculatum
HA4340-LM1
(65 residues)

Halotia branconii CENA392
(65 residues)

Mojavia pulchra JT2-VF2
(64 residues)

Nostoc commune EV1-KK1
(68 residues)

Parakomarekiella
sesnandensis (MT044191)

(30 residues)

Komarekiella atlantica CCIBT
3483
(26 residues)
Desmonostoc geniculatum

HA4340-LM1

(48 residues)
Halotia branconii CENA392

(37 residues)

Box-B

Mojavia pulchra JT2-VF2
(26 residues)
Nostoc commune EV1-KK1
(31 residues)
Parakomarekiella
sesnandensis (MT044191)
(41 residues)
V2 helix Komarekiella atlantica CCIBT
3483
(68 residues)

Desmonostoc geniculatum
HA4340-LM1
(46 residues)
Halotia branconii CENA392
(76 residues)

Parakomarekiella
sesnandensis (MT044191)
(78 residues)

V3 helix Komarekiella atlantica CCIBT
3483
(50 residues)
Desmonostoc geniculatum
HA4340-LM1
(90 residues)

Halotia branconii CENA392
(44 residues)

6-residue basal stem (GACCUA-UAGGUC) + 7-residue asymmetrical internal loop (C-CAAACC)
+ 3-residue stem region (ACC-GGU) + 3-residue asymmetrical internal loop (C-AU) + 5-residue
stem region (CUCAA-UUGAG) + single base left bulge (A) + 4-residue stem region (UAUU-
AAUA) + 9-residue asymmetrical internal loop (GAAA-AAAUA) + 2-residue stem region (GC-
GC) + 5-residue terminal hairpin (AAACA)
4-residue basal stem (GACC-GGUC) + 11-residue asymmetrical internal loop (AAC-CAAACCAA)
+ 3-residue stem region (ACC-GGU) + 3-residue asymmetrical internal loop (C-AA) + 10
residue stem region (CUCAAAUAUC-GAUAUAAGAG) + 9-residue asymmetrical internal loop
(GAAA-AAAUA) + 2-residue stem region (GC-GC) + 5-residue terminal hairpin (AAAGU)
6-residue basal stem (GACCUA-UAGGUC) + 7-residue asymmetrical internal loop (C-CUAACC)
+ 3-residue stem region (ACC-GGU) + 3-residue asymmetrical internal loop (C-UU) + 5-residue
stem region (CUCAA-UUGAG) + single base left bulge (A) + 4-residue stem region (UCUU-
GAGA) + 9-residue asymmetrical internal loop (GAAA-AAAUA) + 2-residue stem region (GC-
GC) + 5-residue terminal hairpin (AAAAU)
5-residue basal stem (GACCU-AGGUC) + 9-residue asymmetrical internal loop (AC-CAAACCG)
+ 3-residue stem region (ACC-GGU) + 3-residue asymmetrical internal loop (C-UU) + 5-residue
stem region (CUCAA-UUGAG) + single base left bulge (A) + 4-residue stem region (UCUU-
AAGA) + 9-residue asymmetrical internal loop (GAAA-AAAUA) + 2-residue stem region (GC-
GC) + 5-residue terminal hairpin (AAAAU)
5-residue basal stem (GACCU-AGGUC) + 8-residue asymmetrical internal loop (AC-CUAUCC) +
3-residue stem region (ACC-GGU) + 3-residue asymmetrical internal loop (C-UU) + 4-residue
stem region (CUCA-UGAG) + 3-residue asymmetrical internal loop (AA-A) + 4-residue stem
region (UAUC-GAUA) + 9-residue asymmetrical internal loop (GAAA-AAAUA) + 2-residue
stem region (GC-GC) + 5-residue terminal hairpin (AAACA)
6-residue basal stem (GACCUA-UAGGUC) + 8-residue asymmetrical internal loop (C-
CAUUCCU) + 3-residue stem region (ACC-GGU) + 3-residue asymmetrical internal loop (C-
UU) + 5-residue stem region (CUCAG-CUGAG) + 3-residue asymmetrical internal loop (GA-A)
+ 3-residue stem region (AUC-GAU) + 9-residue asymmetrical internal loop (GAAA-AUAUA) +
3-residue stem region (AGC-GCU) + 5-residue terminal hairpin (GAACA)
4-residue basal stem (AGCA-UGCU) + 6-residue symmetrical internal loop (ACA-GAC) + 5-
residue stem region (UGGCG-CGUCA) + 6-residue terminal hairpin (UCAUGU)

4-residue basal stem (AGCA-UGCU) + 6-residue symmetrical internal loop (ACA-GAC) + 4-
residue stem region (UGGU-GCCA) + 4-residue terminal hairpin (AAUA)

4-residue basal stem (AGCA-UGCU) + 6-residue symmetrical internal loop (AAG-GAC) + 6-
residue stem region (UGACAU-AUGUCA) + 5-residue asymmetrical internal loop (AUA-AA) +
7-residue stem region (GCAUGAU-AUUAUGU) + 3-residue terminal hairpin (UAG)
4-residue basal stem (AGCA-UGCU) + 6-residue symmetrical internal loop (ACA-GAC) + 5-
residue stem region (UGGCA-UGUCA) + single base right bulge (A) + 4-residue stem region
(UGUA-UAUA) + 4-residue terminal hairpin (GGUA)
4-residue basal stem (AGCA-UGCU) + 6-residue symmetrical internal loop (ACA-GAC) + 4-
residue stem region (UGGC-GCCA) + 4-residue terminal hairpin (UAAA)
4-residue basal stem (AGCA-UGCU) + 6-residue symmetrical internal loop (ACA-GAC) + 6-
residue stem region (UGACUU-AAGUCA) + 5-residue terminal hairpin (AACUG)
4-residue basal stem (AAGU-ACUU) + 5-residue asymmetrical internal loop (AA-GUA) + 11-
residue stem region (UUAGUAAUUGC-GUAAUUCGUAA) + 6-residue terminal hairpin
(UAAUUCQC)
4-residue basal stem (CAGU-ACUG) + 6-residue symmetrical internal loop (GAG-AUA) + 4-
residue stem region (CAGU-ACUG) + 6-residue symmetrical internal loop (AAA-AAG) + 9-
residue stem region (CAGUAAACA-UGUGAACUG) + 6-residue symmetrical interior loop
(GUG-AAA) + 5-residue stem region (AUCAG-CUGAU) + 6-residue terminal hairpin
(AAAAAA)
8-residue basal stem (CAAAAUUC-GAGGUUUG) + 8-residue symmetrical internal loop (GAAA-
AGUA) + 9-residue stem region (UWUCAAAAGU-ACUUUUGGA) + 4-residue terminal hairpin
(AAAC)
11-residue basal stem (CAAUUAAAAAU-AUUUUUAAUUG) + 8-residue symmetrical internal
loop (GUCA-AUCA) + 17-residue stem region (AAUGCAAAAUUAAAAAU-
AUUUUUAAUUUUUAAUU) + single base left bulge (U) + 4-residue stem region (GAAU-
AUUCQC) + 3-residue terminal hairpin (UAU)
3-residue basal stem (GUA-UAC) + 6-residue symmetrical internal loop (GGU-UGA) + 11-residue
stem region (AGUCAUUAGUC-GACAAAUUACU) + 8-residue symmetrical internal loop
(AUUA-AAAG) + 3-residue stem region (GUC-GAC) + 8-residue symmetrical internal loop
(AUCA-GAAG) + 3-residue stem region (GUC-GAC) + 3-residue asymmetrical internal loop
(A-AG) + 5-residue stem region (UUGUU-GACAA) + 3-residue terminal hairpin (AAA)
3-residue basal stem (GUA-UAC) + 6-residue symmetrical internal loop (GGU-UGA) + 17-residue
stem region (AGUCAGAAGUCAUUUGU-ACAAAGGACAAUUGACU) + 4-residue terminal
hairpin (AAAA)
8-residue basal stem (GCAGACAU-GUGUUUGC) + 19-residue asymmetrical internal loop
(AGACAUUAG-AAAAAAGAAA) + 7-residue stem region (UGAGUGC-GCAGUCA) + 6-
residue symmetrical internal loop (CAA-GAA) + 9-residue stem region (GUCUUGGUG-
UACUUAGAC) + 3-residue right bulge (AGU) + 5-residue stem region (CUGAU-AUCAG) + 4-
residue terminal hairpin (UAGA)
9-residue basal stem (GCAGACACA-UGUGUUUGC) + 3-residue left bulge (GAC) + 9-residue
stem region (AUUUAUUUU-GAGAUGAAU) + 5-residue terminal hairpin (UUGAU)

(Continued)
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Table 2. (Continued).

Mojavia pulchra JT2-VF2
(103 residues)

8-residue basal stem (GCAGACAC-GUGUUUGC) + 18-residue symmetrical internal loop
(AGACAUUGA-AAAAAAGAA) + 11-residue stem region (UAGUGCUGAGU-

GCUCAGAACUA) + 2-residue right bulge (UA) + 4-residue stem region (GCGC-GUGU) + 8-
residue asymmetrical interior loop (AGUGA-GGA) + 11-residue stem region
(UGAGUGGUGAG-CUCAGGACUCA) + 7-residue terminal hairpin (GUAAUGA)

Nostoc commune EV1-KK1
(39 residues)

3-residue basal stem (GCA-UGC) + 4-residue asymmetrical internal loop (G-GAA) + 12-residue
stem region (ACAGGGACAUUC-GGAUGUUUUUGU) + 5-residue terminal hairpin (CGAAU)

Figs 24-36. Microphotographs of Parakomarekiella sesnandensis. General characteristics of Parakomarekiella sesnandensis,
showing: macroscopic colonies. Figs 24-26; equal division of akinetes. Fig. 27, forming elongated trichomes. Fig. 28;
unequal division of akinetes forming spherical and encapsulated cells. Figs 29-31, 36; intercalary and terminal heterocytes.
Figs 32, 33; akinete developing from a trichome. Figs 34, 35; vesicles inside the akinetes (Figs 29, 30, 34, 35, 36). Scale bar:
Fig. 24, 50 pum; Fig. 25-26, 10 pm; Figs 27-30, 5 um; Fig. 31, 10 um; Figs 32, 33, 35, 5 um; Figs 34, 36, 10 um; white arrows

indicate heterocysts; black arrows indicate vesicles.

Figs 37-40. Transmission electron micrographs of cells of
Parakomarekiella sesnandensis. Microphotographs showing
thick and firm sheath. Figs 37-40, presence of cell inclu-
sions/vesicles. Fig. 39, and thylakoids. Figs 38, 39. Sh,
sheath; V, vesicle; Thy, thylakoids. Scale bar: 2 pm.

reliably help in the distinction of such taxa (Komérek
et al., 2014).

Regardless of being morphologically similar and
showing a 16S rRNA gene sequence identity of 98%
with Komarekiella, the phylogenetic analyses show
that our strains were distant from the Komarekiella
clade, in a distinct cluster in a larger group that also
encompassed the Mojavia and Nostoc sensu stricto
clades. Indeed, the Parakomarekiella strains formed a
genus-level clade with the ‘Nostoc sp.” isolates
obtained by Cuzman ef al. (2010), which were not
formally described in their study. According to the
literature, 95% similarity for the 16S rRNA marker is
the threshold of distinction for certain cyanobacterial
genera (Garcia-Pichel et al, 1998; Komarek, 2010;
Komérek et al., 2014), and >98.7% is used to refer
to distinct prokaryotic species (Stackebrandt, 2006).
However, Stackebrandt & Goebel (1994) and Yarza et



al. (2014) argue that prokaryote taxa with higher
levels of similarity can still be described as new gen-
era as long there is unequivocal phylogenetic, ecolo-
gical or phenotypic distinctiveness, a criterion also
agreed upon for Cyanobacteria (Komaérek et al,
2014). Accordingly, Hentschke et al. (2017) erected
the new genus Komarekiella, while observing that
Komarekiella had similarity values >95% with
Halotia, Mojavia, Goleter and Aulosira and is mor-
phologically similar to Nostoc, Desmonostoc, Halotia
and  Mojavia and  indistinguishable  from
Chlorogloeopsis A K.Mitra (Mitra & Pandey, 1967).
Similarly, although Parakomarekiella shared >95%
similarity values with the stated genera (see Table 1)
and 98% with Komarekiella, our new genus repre-
sents a monophyletic lineage separate from these
nostocacean genera.

The secondary structure of the 16S-23S ITS region
has been used as an effective character to distinguish
taxa at the species level (Boyer et al. 2001; Johansen et
al. 2011; Hagler et al. 2014). This tool shows visually
how the semi-conservative motifs of the ITS region
(D1-D1° helix, V2, Box-B, V3) are related, providing
several advantages when it comes to taxonomic cri-
teria (Johansen et al, 2011). The D1-D1’ helix of
Parakomarekiella was similar to the remaining stu-
died taxa, with the exception of Komarekiella strains,
which presented 3 unpaired nucleotides on the 5’ side
of the helix. According to Hentschke et al. (2017),
this characteristic is not common and, to date, only
Pelatocladus maninholoensis is known to have four
bases opposing the bulge (Miscoe et al., 2016;
Hentschke et al., 2017). Although phylogenetically
not related, the D1-D1’ helix of Parakomarekiella
presented identical structure to D. geniculatum and
N. commune, with all three exhibiting only one
nucleotide opposing the bulge. As to the Box-B
helix, we found identical structures in the studied
strains, with the exception of D. geniculatum and H.
branconii, which showed different shapes and
lengths. The V2 and V3 secondary structures of
Parakomarekiella and remaining taxa were highly
variable with no consistent pattern found. This has
also been reported in other studies, where the V2 and
V3 helices observed were highly variable among gen-
era (e.g. Rehdkova et al., 2007; Lukesova et al., 2009)
and even between species (e.g. Shalygin et al., 2020).

From an ecological point of view, Parakomarekiella
strains were isolated from two different biofilms (one was
a dried green biofilm and the other was as a mixture of
wet and dried green biofilm with salt efflorescence). The
presence of water in one of the biofilms is believed to
contribute to the solubilization of salts (mainly gypsum)
in the rock surface, leading to the formation of localized
efflorescence degradation (Trovao et al, 2019a).
Interestingly, the ‘Nostoc sp.” strains isolated by
Cuzman et al. (2010) were also found associated with
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rock environments, the Fountain of Villa la Pietra in
Italy, and Fountain from Patio de la Sultana in Spain.
Some of the strains were associated with dried/sporadi-
cally wet parts of the fountains (Nostoc sp. VP2-08,
Nostoc sp. 5N-02¢ and Nostoc sp. 2 07), while others
were associated with continuously wet parts (Nostoc sp.
9E-03). This may indicate that the strains that encom-
passed the Parakomarekiella cluster are able to resist
dried and wet environments and may possess halotoler-
ant characteristics. Concerning the type of biofilms
where they were found, Nostoc sp. VP2-08 was isolated
from a black crust, Nostoc sp. 5N-02c was found asso-
ciated with a grey patina and Nostoc sp. 2 07 was isolated
from a green biofilm. Regarding the associated commu-
nities found in the biofilms, Parakomarekiella strains
were associated with green algae, cyanobacteria and
fungi (Soares et al., 2019a; Trovao et al., 2019a). In the
study by Cuzman et al. (2010), the authors also found
several cyanobacterial genera associated with the biofilms
where they found ‘Nostoc sp.” strains, namely Rivularia,
Chroococcidiopsis, Chroococcus and Aphanocapsa. The
authors have also found green microalgae from genera
Apatococcus,  Chlorella,  Cosmarium,  Dilabifilum,
Monoraphidium and Scenedesmus, and fungi from gen-
era Acremonium, Alternaria, Aspergillus, Fusarium,
Phoma and Turula in the fountains where they isolated
the ‘Nostoc sp.” strains. Lastly, although some strains of
Komarekiella were found on concrete walls, they differ
from Parakomarekiella, as the climatic conditions are not
the same (tropical/subtropical region vs Mediterranean
region, respectively).

Our future aims are to completely characterize
the possible Dbiodeterioration mechanisms that
Parakomarekiella  sesnandensis may encompass.
With this work, we also hope to contribute to the
acknowledgement of some Nostoc-like strains,
encouraging the taxonomic resolution of studies still
pending. Indeed, although progress has been made
with the description of new genera, the polyphyly of
the genus Nostoc still needs further revision.
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