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ABSTRACT

Many cyanobacterial morphospecies with hemispherical cells have been assigned to the genus Chroococcus, but increasingly
genetic information has shown that the genus is polyphyletic. Here we describe two new genera based on two new species,
Inacoccus gen. nov. based on Inacoccus carmineus sp. nov. and Cryptococcum gen. nov. based on Cryptococcum brasiliense
sp. nov. Both genera have morphological features typical of the genus Chroococcus and are based on strains isolated from
terrestrial habitats of the Brazilian Atlantic Forest. Inacoccus differs from Chroococcus in forming nanocytes and by
producing an intensely red-coloured sheath. Cryptococcum is a cryptic genus and two species, C. brasiliense and C.
komarkovaum, have been recognized by a molecular approach (16 rRNA and 16S-23S ITS sequences). The 16S rRNA
gene sequence phylogeny indicates that these proposed genera form monophyletic clades apart from the Chroococcus sensu
stricto cluster. Additionally, the tropical species Chroococcus subviolaceus was studied by molecular methods for the first
time. The results confirmed a vast phylogenetic diversity hidden under the simple morphology of Chroococcus morpho-
types, and show that terrestrial environments are a promising field of research.
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Introduction Chroococcus Nigeli (1849) is one of the most
commonly recognizable genera among coccoid cya-
nobacterial morphotypes. The type species,
Chroococcus rufescens (Kiitzing) Négeli, was origin-
ally described as occurring on moist substrata, but
records from phytoplankton and on submerged rocks
are also found (Daily, 1942). So far, no molecular
data are available and Komarek & Anagnostidis
(1998) recommend the revision of its taxonomic cir-
cumscription. Chroococcus morphotypes are found in
aquatic and terrestrial environments, including mar-
ine and thermal waters, hot and cold deserts, growing
on soils, wood and rocks (Komarek & Anagnostidis,
1998). In all these different habitats, the morphotypes
displayed the diacritical morphological features of the
genus, which are spherical or hemispherical cells,
dividing only by binary fission in three irregular
planes, forming solitary cells (rare) or colonies
(Komarek & Anagnostidis, 1998). The typical
Chroococcus has densely packed cells in a conspicu-
ous firm envelope, which can be simple (one-layered)
or intensely lamellate (Komadrek & Anagnostidis,
1995): the envelope is the main feature that distin-
guishes Chroococcus from the related genus
Limnococcus (Komarek & Anagnostidis) Komarkova
et al. (Komérkova et al., 2010; Komadrek, 2016), which
tends to group planktonic species (Komarek, 2016),
while the terrestrial ones are assigned to Chroococcus.

The systematics of cyanobacteria have been extensively
revised over the last few years. Traditionally identified
by morphological features, cyanobacterial classification
is now subject to technological advances, particularly in
molecular biology. This has led to the rise of polyphasic
taxonomy, which uses a pool of information from mor-
phology, ecology, physiology, systematics and molecu-
lar biology to infer phylogeny and characterize and
separate taxa (Komarek et al., 2014).

As a result of the polyphasic approach, several new
genera and species have emerged (e.g. Dvorak et al.,
2015; Alvarenga et al., 2016; Berrendero Gomez et al.,
2016; Rigonato et al., 2016a; Brito et al., 2017; Hagler
et al., 2017), providing greater resolution for recon-
structing phylogenies and to characterize cyanobacter-
ial systematics. Although morphology might seem
relatively uninformative, it is key to linking all pre-
vious knowledge to the information provided by this
new approach. One of the most important recent dis-
coveries in this field is the revelation that the systema-
tic separation between coccoid and simple filaments,
used for centuries, is artificial (Hoffmann et al., 2005;
Schirrmeister et al, 2011). However, the amount of
polyphasic information differs for each group of cya-
nobacteria and is still relatively low for the coccoid
types (Komarek et al., 2014; Komarek, 2016).
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Fifty-six valid morphospecies have been described
within the genus Chroococcus (Komarek & Hauer,
2013), only four of which have been studied using the
polyphasic approach (Komarkova et al., 2010; Kovacik
et al., 2011). Phylogenetic studies have confirmed that
some morphological features used to discriminate
Chroococcus species, such as the presence and shape of
mucilage and cell dimensions, are generally environ-
mentally dependent (Welsh, 1965; Komarkova et al.,
2010). Considering the lack of phylogenetic informa-
tion for C. rufescens, Komarkova et al. (2010) and
Kovadik et al. (2011) identified a clade of strains of
Chroococcus species as the reference clade for the
genus, which is treated here as typical Chroococcus.
Recently, a new clade of marine Chroococcus-like strains
close to Limnococcus has been found (Wood et al.,
2016). These marine strains have wide cells (>38 um),
which is uncommon in Limnococcus but common in
many terrestrial Chroococcus species, so Wood et al.
(2016) suggested that further studies were required to
characterize the clade. This has further highlighted the
polyphyletic nature of Chroococcus sensu lato, and the
marine origin of these strains contrasts with the typical
habitat of Chroococcus in terrestrial environments, such
as soil and rock surfaces.

The Brazilian Atlantic Forest is a hotspot for
biodiversity conservation (Myers et al., 2000) and
has been shown to support a huge diversity of
terrestrial cyanobacteria (Rigonato et al., 2016b).
To date, six new genera and 50 new species have
been discovered (Fiore et al., 2007; Sant’Anna et al.,
2011, 2013; Hentschke & Komarek, 2014; Malone et
al., 2015; Alvarenga et al., 2016; Hentschke et al.,
2016). The majority of these taxa are filamentous,
although Gama et al. (2014) revealed that the
Atlantic Forest has a great variety of coccoid ter-
restrial taxa too, with many unclassified morpho-
types. Therefore, this study aims to characterize by
a  polyphasic  approach  some  terrestrial
Chroococcus-like strains isolated from the Brazilian
Atlantic Forest.

Materials and methods

The CCIBt (Culture Collection of Institute of Botany,
Sdo Paulo, Brazil) strains were isolated from samples
collected in terrestrial habitats in the Brazilian Atlantic
Forest (Table 1), according to standard techniques
(Jacinavicius et al., 2013), and strain CCALA054 was
obtained from the Culture Collection of Algae at the
Laboratory of Algology, Ttebon, Czech Republic. Initial
isolation of the Brazilian strains was on solid medium
(1% agar). After transfer to liquid medium, no decrease
in cell growth or variation in cell morphology was
observed. Since then, they have been maintained in
BG-11 or ASM-1 liquid media (Jacinavicius et al,
2013) under controlled conditions: 23+1°C, 40-50
umol photons m™ s™' and 14-10 h light-dark photo-
period. An aliquot of each strain was preserved in 4%
formaldehyde and deposited in the Herbarium of the
Institute of Botany (SP), Brazil (Table 1).

Morphological study was carried out on liquid culture
material using a Zeiss Axioplan 2 optical microscope.
The identification and cell measurements were based on
at least 50 individuals and expressed as minimum-aver-
age-maximum values in the taxonomic description
(Supplementary table 3). Differences in cell diameter
were tested by one-way ANOVA with GraphPad Prism
6, and Tukey posteriori test with a = 0.05. Life cycle was
inferred after 5, 30 and 120 days of culturing. The organ-
isms were documented using a Zeiss Axiocam MRc
digital camera and the measurements were made with
AxioVision SE64 Rel 4.9 software. The main morpholo-
gical features evaluated were: colour and disposition of
sheaths, type of cell division, cell diameter, colour and
uniformity of cell content and cell organization inside the
colonies. The new taxa were described in accordance
with the International Code of Nomenclature for algae,
fungi and plants (McNeill et al., 2012).

Cell ultrastructure (position of thylakoids and muci-
lage arrangement) was visualized by transmission elec-
tron microscopy. The cells were collected by
centrifugation and each sample was fixed with

Table 1. List of studied strains with details of their culture medium, habitat and herbarium accesion number.

Exsiccatum
Culture number Culture Medium Origin Habitat Coordinates number
CCIBt3410 ASM-1 Ilha do Cardoso State Park, Brazil Dried soil 25°01'16"S, 47°55'31"W SP469754
CCIBt3411 ASM-1 Santa Virginia Park, Brazil Concrete 23°20'36"'S, 45°07'44"W SP469755
CCIBt3418 ASM-1 Santa Virginia Park, Brazil Concrete 23020'36"S, 45°07'44"W SP469756
CCIBt3475 BG-11 Ilha do Cardoso State Park, Brazil Wet Rock 25°04'12"'S, 47°5527"W SP469757
CCIBt3505 ASM-1 Ecological Station of Juréia-Itatins, Brazil Wet Rock 24°22.694'S, 47°04.793' SP469758
w
CCIBt3506 ASM-1 Ecological Station of Juréia-Itatins, Brazil Wet Rock 24°22.694'S, 47°04.793' SP469759
w
CCIBt3508 ASM-1 Ecological Station of Juréia-Itatins, Brazil Wet soil 24°22.747'S, 47°04.729' SP469760
w
CCIBt3549 ASM-1 Ecological Station of Juréia-Itatins, Brazil Wet Rock 24°26.162'S, 47°03.773' SP469761
w
CCALA054 ASM-1 Unknown Thermal spring - SP469762




Karnovsky plus 0.2 M sucrose for 24 h, washed three
times (10 min each) with 0.05 M cacodylate buffer and
post-fixed with 1% osmium tetroxide for 1 h. The samples
were maintained overnight in 5% uranyl acetate then
dehydrated in an acetone series of increasing concentra-
tion and after being washed with 100% acetone, sub-
mitted to pre-infiltration with 1:1 Spurr resin/100%
acetone for 5 h with agitation. The subsequent infiltration
of the samples was with pure resin for 12 h. The samples
were shaped in Spurr resin and polymerized at 65°C for 3
days. The blocks were cut with an ultramicrotome (Leica
Ultracut UCT) with a diamond blade (450) in 70 nm-
thick sections, mounted on uncoated 200-mesh copper
grids, and stained with uranyl acetate and lead citrate
(Reynolds, 1963). Visualization and microphotography
were performed with a JEOL JEM-1011 (JEOL, Tokyo,
Japan) at 100 kVA.

Total genomic DNA was extracted from liquid cul-
ture of the cyanobacterial strains with the Ultra Clean
Soil DNA Isolation Kit (MOBIO, Carlsbad, California,
USA). The partial 16S-23S rRNA internal transcribed
spacer (ITS) sequence was amplified by PCR with pri-
mers 27F (Neilan et al., 1997) and 23S30R (Lepere et al.,
2000) on a Techne TC-412 thermocycler (Bibby
Scientific Ltd, Stone, Staffordshire, UK) with 10 ng of
genomic DNA, 5 pmol of each primer, 200 pum of each
dNTP, 3.0 mM MgCl,, 1x PCR buffer and 1.0 U
Platinum Taq DNA polymerase (Life Technologies,
Grand Island, New York, USA) according to Taton et
al. (2003). The resulting PCR product was cloned into a
pGEM’-T Easy Vector System (Promega, Madison,
Wisconsin, USA) and inserted into chemocompetent
E. coli DH5a cells by the heat-shock method (Sambrook
et al., 1989). After growth on LB plates containing 0.5 pl
ml™ X-Gal (50 ug ml™) (Life Technologies) and 1 ul
ml™ of ampicillin sodium salt (100 pl ml™?) (Sigma-
Aldrich Co., St. Louis, Missouri, USA), recombinant
plasmids were purified from white colonies by the alka-
line lysis method (Birnboim & Doly, 1979). The cloned
gene fragment was prepared with BigDye XTerminator
kit (GE Healthcare, Little Chalfont, Buckinghamshire,
UK) with the pGEM®-T Easy Vector-anchored primers
M13F and M13R and the internal 16S rRNA primers
357F/357R, 704F/704R and 1114F/1114R (modified
from Lane, 1991). The purified pellets were re-sus-
pended in HiDi formamide (Life Technologies), and
sequenced on an ABI PRISM 3500 Genetic Analyzer
(Life Technologies). The sequenced fragments were
assembled with the Phred/Phrap/Consed software
package (Ewing et al., 1998; Gordon et al., 1998).

The phylogenetic analysis was based on 16S rRNA
gene and ITS sequences obtained in this study and
reference sequences retrieved from GenBank. The
evolutionary models were tested with jModelTest
(Posada, 2008). The best models were the General
Time Reversible (GTR) substitution with Gamma
distribution (G) and estimate of proportion of
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invariable sites (I) for 16S rDNA alignment and the
Hasegawa, Kishino and Yano (HKY) model + G +I
for ITS. Evolutionary analysis based on Neighbour
joining and Maximum likelihood methods was con-
ducted in Mega 6.0 (Tamura et al., 2013) and estima-
tions of the robustness of the tree were tested by
bootstrap with 1000 replications. The Bayesian ana-
lysis was inferred by MrBayes 3.2.2 (Huelsenbeck &
Ronquist, 2005) in 5 x 10° generations. Chains were
sampled every 100th cycle and 25% of the records
were discarded as burn-in. Convergence of the
MCMC algorithm was monitored by the average
standard deviation of split frequencies (<0.003). The
similarity among sequences was calculated with a p-
distance method in Mega 6.0 (Tamura et al., 2013)
and the percentage was provided by the formula [1-
(p-distance)]x100. The 16S rRNA gene cut-off pro-
posed by Stackebrandt & Goebel (1994) and revised
by Stackebrandt & Ebers (2006) for prokaryotic taxa
was used to differentiate genera (when lower than
95%) and as an indication to distinguish species
(when lower than 98.7%). The mean similarity was
estimated by the average similarity value of each
sequence from the two compared clades and is
shown in Supplementary tables 1 and 2.

Results and discussion

Genetic analysis of the eight Chroococcus-like strains
revealed that they are separated into three different
groups (Figs 1, 2), in agreement with the morpho-
metric analyses (Fig. 3). CCIBt 3505, 3506, 3508, 3549
grouped within the Chroococcus typical clade, as
identified by Komadrkova et al. (2010) and Kovacik
et al. (2011). Here, we term this clade Chroococcus
sensu stricto(Figs 1, 4-9). The other strains were
placed in two distinct groups (Fig. 1): (1) encompass-
ing the strains CCIBt 3410 and CCALAO054, desig-
nated as Cryptococcum gen. nov. (Figs 10-13) and (2)
CCIBt 3411, 3418 3475, here designated as Inacoccus
gen. nov. (Figs 14-21). All three clades had high
similarities (Supplementary tables 1, 2) and were
well-supported by bootstrap values and/or posterior
probabilities (Figs 1, 2) for 16S rDNA and ITS
sequences. The transmission electron microscopy
reveals that all new genera have thylakoids arranged
typically for the Chroococcaceae (Figs 22-27).

Chroococcus

The CCIBt strains placed in the Chroococcus sensu
strictoclade in the phylogenetic tree were identified
as two distinct taxa, Chroococcus turgidus (CCIBt
3508) and Chroococcus subviolaceus (Wille) Gama-
Jr., Laughinghouse IV & Sant’Anna (CCIBt 3505,
3506, 3549).
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Fig. 1. Phylogenetic tree based on 16S rRNA gene sequences and reconstructed with the maximum-likelihood (ML)
analysis of evolutionary distances determined by the GTR + G + I model. NJ and ML bootstrap (1,000x) values (>50%)
and Bayesian posterior probabilities are provided for each node, respectively. Sequences determined in this work are
indicated in bold.
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Fig. 2. Phylogenetic tree based on 16S-23S ITS sequences and reconstructed with the maximum-likelihood (ML) analysis of
evolutionary distances determined by the HYK + G + I model. NJ and ML bootstrap (1,000x) values (>50 %) and Bayesian
posterior probabilities are provided for each node, respectively.

Cryptococcum Inacoccus Chroococcus

CCIBt3508 |—‘ |_{
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CCIBt3475-
CCALA054+

Lineage
Lineage
ineage

Li

Fig. 3: Box-plot of minimum, average and maximum cell diameter values together with statistical analysis. Different signs (*)
represent significant differences tested by ANOVA.

The morphology of CCIBt 3508 corresponds with The remaining strains (CCIBt 3505, 3506 and 3549) in
the original description of Chroococcus turgidus  the Chroococcus clade were morphologically and ecologi-
(Kitzing) Nageli (Kutzing, 1843; Nageli, 1849) and  cally identified as Chroococcus subviolaceus. CCIBt 3505
it is grouped with AICB61 (Fig. 1), named as C.  and 3506 were isolated from the same substrate/sample,
turgidus, with 99.3% 16S rRNA sequence similarity ~ but from different inocula. Chroococcus subviolaceus has
(Supplementary table 1). Here we present morpholo-  already been reported from different habitats in the
gical and molecular data confirming the position of  Brazilian Atlantic Forest (Gama et al., 2014), and the type
C. turgidus within the Chroococcus clade. Several stu-  originated from a tropical forest in the Samoan Islands.
dies have reported this species in different localities =~ Here, we phylogenetically characterize C. subviolaceus,
and habitats with a wide range of morphological  confirming its distinctiveness from other Chroococcus spe-
variation (Komarek & Anagnostidis, 1998), suggest-  cies, in accordance with morphology (Fig. 3) and 16S
ing wide dispersal and generalist habitat. Since the = rRNA gene and ITS phylogenies (Figs 1, 2).
habitat of the type of C. turgidus is unknown
(Kiitzing, 1843; Négeli, 1849), the analyses of more
sequences from C. turgidus morphotypes may eluci-
date whether this species is truly generalist, as  The CCIBt 3411, 3418 and 3475 strains were separated

Inacoccus

reported in the literature (Daily, 1942). from the Chroococcus sensu stricto clade in the phyloge-

CCIBt 3508 strain also showed unilateral cell divi-  netic tree and the 16S rRNA gene similarities between the
sion with asymmetrical invagination, giving cells a kid-  Brazilian strains and Chroococcus sensu strictowere low
ney shape (Figs 5, 6) after 60 days of cultivation. This ~ (Supplementary table 1), supporting their description as
asymmetrical invagination is rarely reported in cyano-  Inacoccus gen. nov. Morphologically, these strains were
bacteria, e.g. in Synechococcus nidulans (Pringsheim)  similar to Chroococcus species in cell shape and organiza-
Komirek in Bourrelly (Allen, 1968), and further inves-  tion. However, they produced a large volume of intensely

tigations are needed to confirm it as a regular feature  red-coloured sheaths (Figs 14-17) not often recorded in
rather than an artefact resulting from the culture  Chroococcus, which usually has hyaline or yellowish
conditions. mucilage (Koméarek & Anagnostidis, 1998). The
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Figs 4-9. Morphology of cyanobacterial strains. Figs 4-6. Chroococcus turgidus. Kidney-shaped cells (5-6) representing
unilateral invagination during binary fission. Figs 7-9. Chroococcus subviolaceus showing variation of brown to purple colour
of cell content (7-8), presence of large colonies (8) and dense mucilaginous sheath around cells (9, arrow). Scale bars = 10 pm.
The strain numbers are on the right of each picture.

Inacoccus strains produce large amounts of this red pig-
ment, forming lumps which darkened the culture med-
ium (Figs 15, 16). This was observed in 30-day cultures in
ASM-1 medium and was more intense in CCIBt 3411. In
early cultures, this pigment was present only around the
cells in BG-11 medium. In the Inacoccus strains nano-
cytes were occasionally observed - this type of quick and
successive cell division generates small densely packed
colonial cells, differing from baeocytes (formed by simul-
taneous divisions).

Chroococcus can divide irregularly in different planes,
but it never forms nanocytes (Komarek & Anagnostidis,
1998). The nanocyte-forming Cyanosarcina Kovacik, a
member of the Chroococcaceae, differs from Inacoccus
by the presence of hyaline mucilage and cells are always in
a sarcinoid arrangement. Colony formation only occurs
during nanocyte development in Inacoccus representa-
tives (Figs 17, 18). No molecular data for Cyanosarcina
are available to confirm the phylogenetic relationship
between these taxa. Gloeocapsopsis Geitler ex Komarek
is also morphologically similar to Inacoccus, but nanocyte
production in this genus is doubtful and like
Cyanosarcina, its colonies are always sarcinoid in form;

it is not closely related to Inacoccus (Fig. 1). Thus, the
production of intensely coloured mucilage, a loose cell
arrangement and nanocyte formation can be considered
as autapomorphic characters of Inacoccus. The strain
AICB1013, previously identified as Gloeocapsa, is also
placed in the Inacoccus clade. It was probably identified
as Gloeocapsa based on the old concept of this genus in
Kiitzing (1843) rather than its revised circumscription
proposed by Komarek (1993), who defined Gloeocapsa
as forming centric lamellate colonies, the spherical cells
having individual mucilaginous involucres, which clearly
distinguishes ~ Gloeocapsa  from  Inacoccus.  Since
AICB1013 16S and ITS sequences are similar to those of
CCIBt Inacoccus strains (Supplementary tables 1, 2), and
its morphology is incompatible with Gloeocapsa, we here
classify AICB1013 as Inacoccus.

The three studied Inacoccus strains belong to the same
species, Inacoccus carmineus sp. nov. The ITS sequence
analysis and cell diameters (Figs 2, 3) reinforce this taxo-
nomic placement. The CCIBt 3411 and 3418 strains were
isolated as single cells from the same environmental
sample collected in Santa Virginia Park, representing
population variability, while CCIBt 3475 was isolated
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Figs 10-21. Morphology of cyanobacterial strains. Figs 10-11. Cryptococcum komarkovaum. Figs 12-13. Cryptococcum
brasiliense (arrows indicate the sheaths). Figs 14-21. Inacoccus carmineus. Fig. 14, cells with intense red sheaths (dark ones)
and cells without sheaths (light ones); Fig. 15, culture medium coloured by sheath production; Fig. 16: sheath block (*)
released in culture medium Fig. 17: nanocyte formation; Fig. 18: nanocyte development; Fig. 19: heterogeneity of cell
dimensions; Fig. 20: cells with hyaline sheath (arrow); Fig. 21: cells under phase contrast microscope. Scale bars = 10 pum.
The strain numbers are on the right of each figure.

from a sample collected in Ilha do Cardoso State Park, The TEM ultrastructure confirmed the presence of
about 355 km from Santa Virginia. The ANOVA analysis ~ a very thick layer of mucilage around the cells (Figs
revealed that there was no significant difference in cell ~ 22-25). Thylakoids were fasciculate, as found in
diameter between these strains (F=1.097, p=0.3365). Chroococcus species.
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Figs 22-27. Morphology of cyanobacterial strains. Figs 22-25. Inacoccus carmineus, showing dense mucilage surrounding
the cells (23, 25). Figs 26-27. Cryptococcum brasiliense (M, mucilaginous sheath; T, thylakoids). The strain numbers are on
the right of each figure.

Cryptococcum

The CCIBIt 3410 strain is placed together with CCALA
054 and SERB59 strains in a highly supported clade
separated from Chroococcus sensu stricto in the phyloge-
netic tree (Figs 1, 2). Although similarities between the
16S rRNA gene sequences and ITS of these three strains
and Chroococcus sensu strictoare low (Supplementary
tables 1, 2), it is not possible to distinguish them by
morphological characters. Even so, the phylogenetic
results indicated and supported the need for the descrip-
tion of a new genus, herein designated as Cryptococcum,
which is characterized as a cryptic genus of Chroococcus
sensu lato. The CCALA 054 strain has already been
reported to be divergent from Chroococcus but its taxo-
nomic and phylogenetic positions were unclear
(Komirkova et al., 2010). Despite resolving this strain
in the Limnococcus clade, Komérkova et al. (2010) did
not confirm this identification, and suggested that
CCALA 054 could be a Gloeocapsa Kiitzing. However,
the morphology of the CCALA 054 strain does not
match Gloeocapsa, according to Komarek (1993).
SERB59 is identified as Chroococcus cf. membraninus,
but as it is positioned in the Cryptococcum group, we

identify it as Cryptococcum sp., since we do not have
enough information to describe it at species level.

Whereas CCIBt 3410 and CCALA 054 are members
of the same genus and have similar morphology, based
on ITS (Fig. 2) and cell diameter (Fig. 3, Supplementary
table 3), they are different species. Also, the localities
where these strains were found (the Brazilian Atlantic
Forest soil and a thermal spring, respectively) suggest a
different ecology and physiology, reinforcing their dis-
tinctiveness. Therefore, we here propose two species:
Cryptococcum brasiliense sp. nov. (CCIBt3410) and
Cryptococcum komarkovaum sp. nov. (CCALA054).
These strains were studied in both liquid and solid
media but no diacritical features were observed. TEM
ultrastructure revealed the CCIBt 3410 thylakoids to be
in a fasciculate arrangement (Figs 26, 27), as found in
typical Chroococcus.

The typical morphology of Chroococcus is seen in the
clade labelled Chroococcus sensu lato. However, our data
confirmed that morphology has limitations for inferring
evolutionary variability, and some cyanobacterial groups
can be truly distinguished only by robust molecular char-
acterization since morphology alone is not enough, as
shown in the genus Cryptococcum described here. Many



cryptic genera have been recently described in cyanobac-
teria based on phylogenetic reconstructions, especially
from homo and heterocystous types (Dvorak et al,
2015; McGregor & Sendall, 2015; Shalygin et al., 2017).
Regarding coccoid morphotypes, the cryptic genera for-
mally described are uncommon. However, special atten-
tion should be given to this cyanobacterial group as many
of its genera are differentiated by morpho-ecological
features that can be minor, or sometimes environmen-
tally dependent (Komdirek & Anagnostidis, 1998). In
addition, many of these characteristics are widely used
in classical taxonomy but have never been phylogeneti-
cally tested or endorsed (e.g. number of division planes in
binary fission, radial display of cells, hollow colonies).
The recent confirmation that, according to the phyloge-
netic approach, Sphaerocavum belongs to the Microcystis
clade (Rigonato et al., 2018) demonstrates the need for
morphological markers to be reviewed. Therefore, it is
predicted that cryptic genera will emerge with the
advance of phylogenetic studies, in the same way that
distinct genera like Sphaerocavum and Microcystis are
fusing.

Taxonomic descriptions

Inacoccus gen. nov. (Figs 14-21)

Cells hemispherical to rounded, solitary or rarely
grouped in few-celled colonies. Cell content green
olive to purple brownish, homogeneous to granulate,
fasciculate thylakoids. Hyaline to generally intense
red sheaths surrounding cells, simple to lamellate.
Reproduction by binary fission in three irregular
planes and nanocytes present.

TYPE SPECIES: [nacoccus carmineus

ETYMOLOGY: Genus named in honour of Dr Ina de
Souza Nogueira for her contributions to Brazilian
phycological research.

Inacoccus carmineus sp. nov. (Figs 14-21)

Cells hemispherical to rounded, 4.7-(6.7)-11.9 pm
diam., solitary or rarely grouped in few-celled colo-
nies. Hyaline to intense red-coloured sheaths sur-
rounding cells and colonies, smooth or rarely
lamellate. Cell content finely granulated, purple-
brownish to green-brownish. Nanocytes present,
formed by polygonal cells surrounded by red-
coloured sheaths.

HOLOTYPE: Exsiccatum accession number SP469755,
Herbarium of Institute of Botany, Sdo Paulo, Brazil.
TYPE STRAIN: CCIBt 3411.

TYPE LOCALITY: Terrestrial, growing on rocks and
concrete.
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ETYMOLOGY: From Latin ‘carmineus’ meaning carmine,
vivid red colour, in reference to the sheath pigment
produced by the species.

Cryptococcum gen. nov. (Figs 10-13)

Cells hemispherical to rounded, solitary or rarely
grouped in few-celled colonies. Cell content green,
blue green to olive green, homogeneous to granulate,
fasciculate thylakoids. Sheaths hyaline surrounding
the cells, simple to lamellate. Reproduction only by
binary fission in three irregular planes.

TYPE SPECIES: Cryptococcum brasiliense.

ETYMOLOGY: From Greek crypto- (hidden) and coccus
s.m. II (rounded).

Cryptococcum brasiliense sp. nov. (Figs 12, 13)

Cells hemispherical to rounded, 8.3-(11.6)-15.5 pm
diam., solitary or rarely grouped in few-celled colo-
nies. Sheaths hyaline surrounding cells and colonies,
smooth or rarely lamellate. Cell content granulate,
green to blue-green. Nanocytes never observed.
HOLOTYPE: Exsiccatum accession number SP469754,
Herbarium of Institute of Botany, Sao Paulo, Brazil.
TYPE STRAIN: CCIBt3410.

TYPE LOCALITY: Terrestrial, growing on dry soil among
pebbles.

Etymology: In reference to Brazil, from where the
type strain was isolated.

Cryptococcum komarkovaum sp. nov. (Figs 10, 11)

Cells hemispherical to rounded, 8.7-(10.8)-13.9 pm
diam., solitary or rarely grouped in few-celled colonies.
Sheaths hyaline surrounding cells and colonies, smooth
or rarely lamellate. Cell content intensely granulated,
blue-green to yellowish-green. Nanocytes
observed.

HOLOTYPE: Exsiccatum accession number SP469762,
Herbarium of Institute of Botany, Sdo Paulo, Brazil.
TYPE STRAIN: CCALA054.

TYPE LOCALITY: Aquatic, thermal spring.

ETYMOLOGY: Species named in honour of Dr Jaroslava
Komarkova for her contributions to cyanobacterial
research.
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