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ABSTRACT

ALMEIDA, Allan Victor Martins. Universidade Federal de Vigosa, July, 2019.
An integrated multi-layered analysis on Desmonostoc. Advisor: Wagner
Luiz Araujo. Co-advisor: Marcelo Gomes Margal Vieira Vaz.

Cyanobacteria (phylum Cyanobacteria) are gram-negative bacteria, capable
of performing oxygenic photosynthesis. These microorganisms form a
phylogenetically coherent group despite presenting a great morphological
diversity. Although the taxonomic classification of cyanobacteria was for a long
time based primarily on morphological characters the application of other
techniques, especially in the last decades, contributed to a better resolution of
the cyanobacteria systematics, leading to a revision of the phylum.
Accordingly, polyphasic approaches applied to the study of strains described
as belonging to the genus Nostoc have indicated a polyphyletic origin of this
genus, when considered its description based solely on morphological criteria.
Thus, the taxonomy and systematics of strains closely related to the genus
Nostoc have been reviewed leading to the description of new genera. Although
the genus Desmonostoc occurs as one new genera, relatively few studies
have been carried out to elucidate the phylogenetic and morphological
relationships among its species, as well as between members of this genus
and those closely related. In fact, only one study performed the
characterization of a Desmonostoc strain, culminating with the description of
the species D. salinum whereas another described the possible
biotechnological application of members of this genus. In this context, the
present study investigated the diversity within the genus Desmonostoc, based
on morphological, molecular, metabolic and physiological characters.
Although the last character is a non-usual tool used in the polyphasic approach
it was efficient in the characterization of the genus Desmonostoc performed
here. Our phylogenetic analysis for the 16S rRNA gene put all strains used
here in the D1 cluster of Desmonostoc and demonstrate the possible
emergence of two novel sub-clusters. It was also possible to observe that the
nitrogenase genes, niD and nifH, exhibits different evolutionary histories
within the Desmonostoc strains. Collectively metabolic and physiological data,
coupled with the morphometric ones are, in general, in good agreement with
the separation based on the 16S phylogeny. Furthermore, it provide important
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information on the diversity of Desmonostoc lineages collected from different
brazilian biomes by revealing that they are cosmopolitan strains, acclimatized
to low luminous intensities, with great metabolic diversity within the same

genus and with biotechnological potential.



RESUMO

ALMEIDA, Allan Victor Martins. Universidade Federal de Vigosa, julho de
2019. Uma analise integrada de multi-camadas em Desmonostoc.
Orientador: Wagner Luiz Araujo. Coorientador: Marcelo Gomes Marcal Vieira
Vaz.

As cianobactérias (filo Cyanobacteria) caracterizam-se como bactérias gram-
negativas, capazes de realizar fotossintese oxigénica. Esses micro-
organismos formam um grupo filogeneticamente coerente e apresentam,
ainda, grande diversidade morfolégica. Cumpre mencionar que a classificagdo
taxonbmica de cianobactérias foi, por muito tempo, baseada em caracteres
morfoldgicos pouco precisos. Especialmente na ultima década, a aplicagao de
outras técnicas contribuiu para uma melhor resolucado da sistematica desse
filo, levando a uma revisdo do grupo. Abordagens polifasicas, aplicadas aos
estudos de linhagens descritas como pertencentes ao género Nostoc, tém
indicado uma provavel origem polifilética desse género, quando considerada
sua descricdo baseada em critérios morfolégicos. Assim, a taxonomia e
sistematica de linhagens proximas ao género Nostoc tem sido revisada
levando a proposi¢ao de novos géneros, dentre os quais destaca-se o género
Desmonostoc. No entanto, poucos estudos foram realizados com vistas a
elucidacao das relagdes filogenéticas e morfolégicas dentre suas espécies,
bem como entre membros deste género e os proximamente relacionados.
Registre-se que, até o momento, apenas um trabalho realizou a
caracterizagcao de uma linhagem de Desmonostoc, culminando com a
descricdo da espécie D. salinum. Ademais, apenas um trabalho descreve a
possivel aplicagédo biotecnolégica de membros deste género. Neste contexto,
o presente estudo teve como objetivos avaliar a diversidade do género
Desmonostoc, baseando-se em caracteres morfolégicos, moleculares,
metabdlicos e fisiologicos. Cabe mencionar que embora esse ultimo carater
seja uma ferramenta pouco utilizada na abordagem polifasica, o mesmo se
mostrou eficiente na caracterizacdo e separacao de linhagens do género
Desmonostoc. As analises filogenéticas para o gene que codifica para o rRNA
16S indicaram o agrupamento de todas linhagens desse trabalho no cluster
D1, indicando ainda a possivel emergéncia de dois sub-cluster dentro do

cluster D1. Também foi possivel observar que os genes que codificam para o
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complexo da Nitrogenase, nifD e nifH, apresentam diferentes historias
evolutivas. Tomados em conjunto, dados metabdlicos e fisioldgicos,
juntamente com morfométricos corroboram, no geral, com a separagao
observada na filogenia baseada em sequéncias do rRNA 16S. Ademais, tais
resultados forneceram informacdes sobre a diversidade de linhagens
coletadas em diferentes biomas brasileiros, revelando que as mesmas se
mostram como linhagens cosmopolitas, aclimatadas a baixas intensidades
luminosas, com uma grande diversidade metabdlica dentro do mesmo género

e com potencial biotecnologico.
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1. INTRODUCTION
Cyanobacteria (phylum Cyanobacteria) are gram-negative bacteria

(Bacteria domain), capable of perform oxygenic photosynthesis (Smith et al.,
1967). These microorganisms exhibit a great morphological diversity, ranging
from unicellular to true-branch heterocytous filaments forms (Komarek &
Kastovsky, 2003). Many strains also carry out the biological nitrogen fixation
(BNF) (Alberto A. Esteves-Ferreira et al., 2017; Postgate, 1982), making these
organisms important agents in the biogeochemical cycles of carbon (C) and
nitrogen (N) (Vitousek & Howarth, 1991). Additionally, cyanobacteria exhibit a
large genetic, metabolic and physiological variety, allowing these organisms to
inhabit a wide range of terrestrial and aquatic environments (Schirrmeister et
al., 2013).

Despite its great morphological diversity, Cyanobacteria form a
phylogenetically coherent group (Komarek, 2006; Komarek et al., 2014). In this
sense, the systematics of this phylum has been revised during the last years
to better understand the evolutionary relations among the different groups
(Fiore et al., 2007; Genuario et al., 2015; Gugger and Hoffmann, 2004;
Hoffmann et al., 2005; Komarek et al., 2014; Korelusova et al., 2009; Vaz et
al., 2015). These organisms have been classified within both Botanical and
Microbiological systems of taxonomy and systematics (Baselga and Araujo,
2010; Castenholz et al., 2001). In the first case, once cyanobacteria
predominantly perform oxygenic photoautotrophic metabolism, this fact would
justify their inclusion in the group of “algae” (Corliss et al., 1979) and their
inclusion in the International Code of Nomenclature for algae, fungi and plants
(Baselga and Araujo, 2010). However, the organization of cell structure, the
cell wall composition and ribosome structures, reveal the prokaryotic nature of
cyanobacterial cells, justifying the positioning of this group within gram-
negative bacteria (Rippka, 1988; Stanier et al., 1971) and the inclusion of the
group in the International Code of Bacterial Nomenclature, covered by the
Bergey's Manual of Systematic Bacteriology (Castenholz et al., 2001).

The taxonomic classification of cyanobacteria was for a long time based
primarily on morphological characters (Taton et al., 2006). However, especially
in the last two decades, the application of molecular techniques, including the



usage of the gene sequence encoding for the 16S rRNA in phylogenetic
inference studies, has extensively contributed to a better resolution of
cyanobacterial systematics (Komarek, 2006; Komarek, 2010a; Mai et al.,
2018; Ramos et al., 2018; Silva et al., 2014). The use of other characteristics,
such as ecology, life cycle and ultrastructure, has also been applied for the
classification of cyanobacteria, allowing a more robust characterization named
hereafter as "Polyphasic Classification" (Hoffmann et al., 2005).

Among the cyanobacterial genera, Nostoc was one of the first to be
described (Bornet & Flahault, 1843), and is one of the most studied (Bagchi et
al., 2017a; Genuario et al., 2015; Hrouzek et al., 2005; Papaefthimiou et al.,
2008). This genus is recognized as the "genus-type" of both the order
Nostocales and the family Nostocaceae, showing a morphology characterized
by isopolar filaments, which possess vegetative as well as differentiated cells,
such as heterocytes and akinetes (Komarek and Anagnostidis, 1989). In recent
years, the use of the polyphasic approach in studies of strains formerly
described as Nostoc (Nostoc sensu lato) have indicated a polyphyletic origin
of this genus when considered its description based on morphological criteria
(Hrouzek et al., 2005; Papaefthimiou et al., 2008; Silva et al., 2014). This
polyphyletic origin of Nostoc led to the revision of the taxonomy and
systematics status of strains/groups morphologically related to this genus,
culminating in the description of new genera such as Mojavia (Rehakova et al.,
2007), Desmonostoc (Hrouzek et al., 2013), Halotia (Genuario et al., 2015),
Komarekiella (Hentschke et al., 2017), Aliinostoc (Bagchi et al., 2017a),
Compactonostoc (Cai et al., 2019b) and Minunostoc (Cai et al., 2019a).

Phylogenetic analyzes based on 16S rRNA sequences obtained from
members of the genus Desmonostoc indicate that these sequences are
grouped into two internal clusters (Hrouzek et al., 2013). One of these clusters,
called D2, harbors the sequence of the type-species (reference strain),
"Desmonostoc muscorum NIVA-CYA 817 (AJ630451)" whereas the cluster D1
aggregates sequences from other Desmonostoc spp. This fact apart, since the
description of the genus Desmonostoc relatively few studies have been carried
out aiming to elucidate the phylogenetic and morphological relationships
among its species, as well as between members of this genus and the closely
related ones (Cai et al., 2018; de Alvarenga et al., 2018; Miscoe et al., 2016;
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Obuekwe et al., 2019; Saraf et al., 2018). To our knowledge, only one study
was focused on the physiological and metabolic characterization of a
Desmonostoc strain, culminating with the description of D. salinum (de
Alvarenga et al., 2018). In addition another study described the possible
biotechnological application of members of this genus (Sanz et al., 2015); and,
recently, Desmonostoc strains isolated from Brazilian environments were
described (Obuekwe et al., 2019).

Although it is by far the most used, the use of solely 16S rRNA
sequences as marker for molecular phylogeny studies has been recently
discussed (Bolhuis et al., 2010; A.A. Esteves-Ferreira et al., 2017; Henson et
al., 2004; Tamas et al., 2000), since some issues arose from lower hierarchical
levels of analysis, as trifurcations or polytomies. Accordingly, the use of other
molecular markers, such as rooC1 (Fergusson & Saint, 2000), which encodes
the B-subunit of RNA polymerase, and nifH (Alberto A. Esteves-Ferreira et al.,
2017; Genuario et al., 2013; Zehr et al., 1997), which encodes for the enzyme
dinitrogenase reductase from the enzymatic complex of Nitrogenase, has
aided in the resolution of some groups, even though at other hierarchical
levels, mainly species or corroborating infra diversity at generic level (Tamas
et al., 2000).

Ecophysiological characteristics of cyanobacteria, as facultative
photoheterotrophic growth, synthesis of some pigments, or requirement of
vitamin B12 (Rosmarie Rippka et al., 1979), can be also used in polyphasic
studies (Komarek, 2010b), and the use of characteristics such as life cycle,
can provide a more robust phenotypical and ecological characterization
(Mateo et al., 2011). For instance, formation of hormogonia and akinetes that
occurs as part of the nostocacean life cycle (R. Rippka et al., 1979a), being
the hormogonia defined as short sections of trichomes, separated from the
original trichome, with reproductive purposes (Komarek and Kastovsky, 2003)
can be useful in polyphasic studies. These short trichomes lack heterocytes
and display some of the following properties: gliding motility, smaller cell size,
and different cell shape in comparison with vegetative cells and filaments
(Rosmarie Rippka et al., 1979). As consequence, the life cycle of Nostoc is
complex and an important taxonomic feature (ANAGNOSTIDIS, 1985) that
must be considered.



In addition to issues related to either taxonomy or phylogeny,
cyanobacteria appear as potential organisms for use in industrial and
biotechnological applications, as they exhibit rapid cell growth, basic nutritional
requirements (mainly light, water and CO2), as well as they are naturally
transformable, thus presenting potential to be used in genetic engineering
(Eduardo et al., 2016; Mashayekhi et al., 2017). Due to their great metabolic
diversity and simple nutritional requirements and plasticity, the use of
cyanobacteria in areas unsuitable for agriculture is viable for the production of
biomass for biofuels and other bioproducts (Mashayekhi et al., 2017; Sciuto &
Moro, 2015). Regardless the applied purposes it is mandatory, however, to
enhance our knowledge regarding the diversity of the cyanobacteria from not
only taxonomic but also from a metabolic and physiological point of view. It
seems reasonable to posit that systematics enable the understanding of the
evolutionary history of these organisms, and gives an idea of local species.
Thus, allowing us to distinguish the endemic species or genera existing in a
given area. However, despite the significance of physiological characters ,
relatively few studies have focused in these traits (de Alvarenga et al., 2018;
Genuario et al., 2015). .

To date, no detailed study has been carried out aiming to characterize
the molecular and metabolic diversity of Desmonostoc strains. Thus, to
elucidate the diversity of Desmonostoc strains from distinct environments, here
a set of strains were characterized based on morphologic, molecular,
ecological as well as metabolic and physiological traits. Taken together, the
metabolic and physiological data coupled with the morphometric data obtained
demonstrate a good agreement with the separation based solely on the 16S
phylogeny. Furthermore, the usage of metabolic and physiological traits,
despite being a non-usual tool for the polyphasic approach for description of

novel taxa, presents itself as highly helpfully in the proposal of new species.

2. MATERIAL AND METHODS

2.1 Selection of Desmonostoc strains

The Collection of Cyanobacteria and Microalgae (CCM-UFV) harbors a



total of sixty-three cyanobacterial strains, of which 47 belong to the order
Nostocales (flamentous heterocytous morphotypes). From them, 33 belong to
the Nostocaceae family, and 26 have morphological traits related to Nostoc
sensu lato (Nostoc-like). Although strains belonging to the genus
Desmonostoc can be differentiated based on morphological characters, the
phylogeny based on 16S rRNA sequences was further applied for a correct
identification. In this way, 19 strains were identified as Desmonostoc spp.

(Table 1), which were further analyzed here.

2.2 Morphological evaluation

For morphological evaluation, aliquots of each Desmonostoc strain
were collected during the logarithmic (log) phase (2 to 5-old day cultures).
Morphological observations were conducted using a Zeiss Axioskop 40 optical
light microscope equipped with an AxioVision LE 4.6 digital imaging system
(Carl Zeiss). The isolated strains were morphologically characterized using
diacritical features (length and width of vegetative cells as well as of
heterocytes, akinetes and hormogonia) according to the systematic scheme
proposed previously (Komarek et al., 2014), as well as recent studies dealing
with the description of novel Desmonostoc species and its diversity (CAl et al.,
2018; de Alvarenga et al., 2018; Obuekwe et al., 2019; Saraf et al., 2018). In

addition, the macroscopic appearance of the colonies was also recorded.

2.3 Photosynthetic evaluation

For the determination of the light intensity to be applied during the
experiments, physiological evaluations were performed using cultures
harvested when the strains reached mid-logarithmic phase (3-5 days).
Cultures of each strain was individually grown in Erlenmeyer flasks (50 mL
volume) containing 20 mL of BG-11o (Rippka et al. 1979), and maintained
under light intensity of 50 pmol-photons-m=2-s', photoperiod of 16/8 h
(light/dark), temperature of 24 + 2 °C, and stirring at 100 rpm. For each strain,
three technical replicates were analyzed.

To obtain the compensation and saturation points, light curves were
performed for all selected strains. These parameters were measured using a
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Clark-type electrode connected to a biological oxygen monitor (Chlorolab 2
System, Hansatech, Norfolk, UK), as previously described (Jeon et al., 2006;
Torzillo et al., 1998), using a Clark electrode (Oxygen Monitoring System,
Oxylab + Hansatec).

Briefly, the instrument was calibrated using a solution of sodium
dithionite to set 0 % saturation, and after washed with distilled water. Then, 2
mL of culture with O.D.7s0nm 0f ~ 0.5 was placed in the electrode chamber and
curves of oxygen consumption and evolution, in response to photosynthetically
active radiation (PAR), were performed at 25 °C by increasing the PAR
intensities from 0 to 30, 40, 50, 60, 70, 80, 90 100, 150 and 200 pumol photons
m=2.s7, lasting five minutes each step. Both the compensation irradiance (/c)
and saturation irradiance (/s) were calculated according to (Xu et al. 2012).

2.4 Growth conditions and biomass production

Stock cultures of each strain were cultured in Erlenmeyer flasks (125
mL) containing 50 mL of BG-11¢ culture medium, which were kept under
photoautotrophic conditions: photoperiod of 16/8 h (light/dark), applying the
light intensities of 60 umol photons-m?2:s', at 25 + 2°C. For inoculum
production, 1 mL aliquots were taken from stock cultures of each strain and
inoculated in Erlenmeyer flasks (500 mL) containing 200 mL of BG-11o
medium. The flasks were kept under the photoautotrophic conditions
described above, excepted by the light intensity, which was selected according

to the response curve of PAR, determined above (item 2.3), during ~10 days.

2.5 Growth curves and experimental setup

To identify the growth phases (lag, log, linear and stationary), growth
curves were performed for eight strains, which were selected considering the
phylogenetic grouping inferred from the phylogenetic reconstruction based on
16S rRNA sequences (Figure 1). The experiments were carried out in
Erlenmeyer flasks (50 mL) filled with 20 mL of BG-119 medium applying an
initial cell density corresponding to an optical density of 0.1 under the light
wavelength of 750 nm (OD7sonm ~ 0.1). These growth curves were conducted
with 3 replicates (n = 3), during 14 days, totalizing 15 sample points. Growth
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was evaluated by optical density determination and dry mass, which were
measured at intervals of 24 h.

Next, another round of curves were performed, which were conducted
with 4 replicates (n = 4) using Erlenmeyer flasks (125 mL) filled with 50 mL of
BG-110 medium, up to early-to-mid-stationary phase. At this point the total
biomass was collected, being centrifuged (10,000 rpm, 10 minutes, room
temperature) and freeze-dried. The obtained biomasses of each strain were

used for metabolic analysis as described below.

2.6 16S rRNA, nifD and nifH amplification, and molecular screening for
cyanotoxin/protease inhibitors synthetase genes

The total genomic DNA of all 19 Desmonostoc strains was extracted
from 3 mL of culture in exponential phase of growth. Cells were concentrated
by centrifugation at 10,000 x g, 10 minutes, room temperature; the supernatant
was discarded and the pellet was extracted using the UltraClean® Microbial
DNA Isolation Kit (MoBio, Carlsbad, CA).

The 16S rRNA plus the ITS 16-23S region was amplified from the
genomic DNAs by PCR using the oligonucleotide primers 27F1 (Neilan et al.,
1997) and 23S30R (Taton et al., 2003). Amplification was performed following
the steps described by (Genuario et al., 2013).

Partial nifD and nifH sequences were also amplified applying the
primers  nifD552-F/nifD861-R  (Roeselers et al.,, 2007) and
NifH_Olson_F/NifH_Olson_R (Olson et al., 1998), following the conditions
described in the cited references.

The molecular screening for microcystin (mcyD, mcyE and mcyG) and
saxitoxin (sxtA, sxtB and sxtl) was conducted using the primers designed by
Hoff-Risseti et al. (2013) and Rantala et al. (2004), respectively. The reaction
and cycling conditions for microcystin and saxitoxin PCR screening were
performed as described by Genuario et al. (2013) and Rantala et al. (2004),
respectively.

Investigation of the genetic potential for microviridin (protease inhibitor)
production was conducted by the screening of the mdnA gene, as described
by Cadel-Six et al. (2008).



2.7 Cloning and sequencing

The PCR products spanning the expected length were cloned in a
pGEM-T Easy Vector System (Promega, Madison, WI, USA) according to the
manufacturer's manual. Ultra-competent Escherichia coli DH5a cells were
transformed and recombinant plasmids were purified from white colonies,
using the UltraClean® Standard Mini Plasmid Prep Kit (MoBio, Carlsbad, CA).
Plasmids containing the expected fragments were sequenced using the
vector's M13F/R primer set. In addition, for complete sequencing of the 16S
rRNA plus ITS 16-23S sequences, internal primer sets 341-357F/R, 685-
704F/R and 1099-1114F/R were used (Genuario et al., 2013). The sequenced
fragments were assembled into one contig using the software
Phred/Phrap/Consed (Philip Green, Univ. of Washington, Seattle, USA) and

only bases with>20 quality were considered.

2.8 Phylogenetic analyses

The sequences generated in this study were compared with those
previously deposited in GenBank, from the National Center for Biotechnology
Information (NCBI), using the Basic Local Alignment Search Tool (BLAST)
(Altschul et al., 1990).

The 16S rRNA gene sequences generated in this study and related
ones retrieved from GenBank (NCBI) were used to construct a phylogenetic
tree comprising sequences from heterocytous (Nostocales) strains. A total of
134 sequences was aligned using CLUSTAL W, trimmed (matrix with a 1,454-
bp length) and used to infer the phylogeny based on the Maximum Likelihood
(ML) method, applying the MEGA package version 5 (Tamura et al., 2011). The
Kimura 2-parameter model of substitution with gamma distribution and with an
estimate of proportion of invariable sites (K2+G+l) was selected as the best
fitting model, applying the jModelTest 2.1.1 (Darriba et al., 2012). The
robustness of the phylogenetic trees was estimated by bootstrap analysis
using 1,000 replications.

For the phylogenetic analysis based on partial nifD gene sequences,
those obtained in this study and related ones retrieved from GenBank were
used. Ninety-five sequences were aligned using CLUSTAL W, trimmed (matrix



with a 321-bp length) and used to infer the phylogeny based on the Maximum
Likelihood (ML) method, applying the MEGA package version 5 (Tamura et al.,
2011). The Kimura 2-parameter model of substitution with gamma distribution
(K2+G) was selected as the best fitting model, applying the model testing
function in MEGA version 5 (Tamura et al., 2011). The robustness of the
phylogenetic trees was estimated by bootstrap analysis using 1,000
replications.

For the phylogenetic analysis based on partial nifH gene sequences,
those obtained in this study and related ones retrieved from GenBank were
used. Seventy-six sequences were aligned using CLUSTAL W, trimmed
(matrix with a 417-bp length) and used to infer the phylogeny based on the
Maximum Likelihood (ML) method, applying the MEGA package version 5
(Tamura et al., 2011). The Kimura 2-parameter model of substitution with
gamma distribution (K2+G) was selected as the best fitting model, applying the
model testing function in MEGA version 5 (Tamura et al., 2011). The
robustness of the phylogenetic trees was estimated by bootstrap analysis

using 1,000 replications.

2.9 Metabolic analyzes

For the metabolic analyzes the freeze-dried biomass obtained from the
early-to-mid-stationary phase (item 2.5) was used. In a first step, a total of 700
pL of methanol (100 %) was added to the microtubes containing the pellets
(pre weighted) of each strain. The samples were submitted to 5 cycles of
freezing and thawing using liquid nitrogen and hot water. After these cycles,
the samples were incubated for 20 minutes at 80 °C under constant stirring at
500 rpm. Then, the samples were centrifuged at 13,500 rpm for 10 minutes at
4 °C. The supernatant (600 ~ 650 uL) was collected and stored in a new 1.5
mL microtube. The pellet was used to extract total soluble proteins and
glycogen, while the supernatant was used to quantify chlorophyll a, soluble
sugars and amino acids. The chlorophyll a concentration was determined
spectrophotometrically immediately after extraction from the separated
supernatant, the absorbance being determined at 665 nm (Porra et al., 1989).



2.10 Quantification of total soluble proteins, total amino acids,
phycobiliproteins and glycogen.

To the residual supernatant from the previous step were added 375 uL
of chloroform and 750 yL of water. The material was centrifuged at 13,500 rpm
for 10 minutes at 4 °C, giving rise to two very characteristic phases: one
aqueous (polar, upper) and one organic (apolar and lower). The aqueous
phase, in which the metabolites of interest are found, was collected and
transferred to another microtube for further analysis. The pellet was washed
with 1,000 uL of ethanol (70 % v/v), treated with 0.1 M NaOH and heated for
one hour at 95 °C for protein extraction and then neutralized with 1 M acetic
acid for quantification of glycogen. Quantification of total amino acids was
performed as described by Cross et al. (2006); the glycogen content was
determined using a modified protocol for extraction and quantification of starch
(Fernie et al., 2001) and the content of total soluble proteins was determined
was previously described (Bradford, 1976).

For extraction of the phycobiliproteins (PBP), 5 mg of freeze-dried
biomass were submitted to a tissue lyzer (Retsch, MM400) for two rounds of 2
minutes each, on a frequency of 24 Hz. Then, 5 mL of Sodium Acetate Buffer
were added to this biomass and centrifuged at 13,500 rpm for 10 minutes.
From the supernatant, 1,9 mL was collected and transferred to a new tube,
where 100 pL of streptomycin sulfate (200 mg-mL') was added, and
centrifuged in the same conditions of the previous step. Then, 1.4 mL of the
supernatant was transferred to a new tube, and 400 pL of dithiothreitol (DDT)
1mM was added. The contents of phycobiliproteins were quantified based on

spectrophotometry as described by de Marsac and Houmard (1988).

2.11 Experimental design and statistical analysis

The experiment was conducted and analyzed following a randomized
block design with each block composed of 19 strains with at least three
replications. The data obtained for growth, physiological and metabolic
parameters were subjected to an analysis of variance (ANOVA, P<0,05), and
the means were compared using the Tukey’s test at 5 % probability. All
analyses were performed on STATISTICA software (StatSoft). The Principal
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Component Analysis (PCA) and Clustering was performed on R 3.6.1
software, with the libraries gplots, ggplot2, ggfortify and factoextra.

3. RESULTS AND DISCUSSION

3.1 Sequencing and phylogenetic analysis of 16S rRNA partial gene
sequences

Taking into consideration the sampling site (ecological and
geographical traits), the majority of the strains used here were isolated from
freshwater samples (Table 1). However a number of Desmonostoc strains
have been reported from terrestrial environments, mainly soils (Hrouzek et al.,
2013) as well as wet rocky wall (CAl et al., 2018). Nevertheless, in this study,
strains from harsh environments, ranging from sediments of gold mining areas
(CCM-UFV069 and 070) (Obuekwe et al., 2019) as well as from a saline-
alkaline lake (Laguna Amarga) (D. salinum CCM-UFV059) (de Alvarenga et
al.,, 2018) were also isolated and studied. Other exceptions are the strains
CCM-UFV002 and CCM-UFV054, which were collected from soil and epiphytic
biofilm, respectively. It is important to mention, however, that ecological traits
are seemingly not able to help solving the systematics of Desmonostoc, as
previously discussed (Hrouzek et al., 2013; Obuekwe et al., 2019).

All studied Desmonostoc spp. (19 strains) had their 16S rRNA partial
gene sequences successfully sequenced. The length of these sequences
ranged from 1,400 to 1,500 bp, showing identities values = 99.4% when
compared with available Desmonostoc sequences (Table 1). Notably, only the
sequences retrieved from the strains Desmonostoc spp. CCM-UFV018, CCM-
UFV054, CCM-UFV069 and CCM-UFV070 showed identity values < 99%
(Table 1). Accordingly, the strain CCM-UFV059 was recently described as a
new species, named D. salinum (de Alvarenga et al., 2018), whilst the strains
CCM-UFV069 and CCM-UFV070 were recently characterized in terms of
morphology and molecular phylogeny (Obuekwe et al., 2019).

Given the phylogenetic reconstruction based on 16S rRNA, all
sequences generated in this study were harbored in the type Desmonostoc
cluster (Figure 1), according to previous reports (de Alvarenga et al., 2018;
Hrouzek et al., 2013; Obuekwe et al., 2019). In good agreement with previous
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results (Hrouzek et al. 2013), we also observed an already described topology,
in which the Desmonostoc cluster shows two subdivisions namely D1 and D2
sub-clusters. More importantly, the genus Desmonostoc seems to be robust in
terms of molecular phylogeny, reinforcing previous results from independent
studies (Bagchi et al., 2017b; Cai et al., 2019b; de Alvarenga et al., 2018;
Hrouzek et al., 2013, 2009; Obuekwe et al., 2019; Saraf et al., 2018).

All Desmonostoc spp. used here were grouped in the sub-cluster D1
(Figure 1), while the sub-cluster D2 harbors, among others, the sequence from
D. muscorum Lukesova 1/87 (AM711523), which is related to the type-species
(D. muscorum NIVA-CYA818). To proceed with the remaining analyzes, the
sub-cluster D1 was subdivided in two novel groups, one phylogenetic
coherent, and one artificial (with the remaining sequences that was not
grouped in the first cluster) named here as A and B, respectively (Figure 1).
The majority of the Desmonostoc strains from CCM-UFV were grouped in the
cluster A (bootstrap of 64%), being related to D. salinum CCM-UFV059 (de
Alvarenga et al., 2018). Despite the phylogenetic relatedness among these
sequences, no clear relation was observed considering their ecological or
geographical origins (Table 1). The sequences of the strains Desmonostoc
spp. CCM-UFV018, CCM-UFV054, CCM-UFV069 and CCM-UFV 070 were
grouped into cluster B and showed identity values <98.5% to those of the type-
species and other already descript species, as D. salinum and D. danxiaense
(Cai et al., 2018; de Alvarenga et al., 2018). Taken together, this date coupled
with our metabolic and physiological data, which will be further presented and
explored, suggest that the cluster D1 harbors a group of highly diverse strains.

A threshold of 97.5 % of 16S rRNA gene identity has been suggested
to separate bacteria species (Stackebrandt & Goebel, 1994) on the basis of
the fact that when two strains have genetic identity below 97.5 % a value of
DNA-DNA hybridization below 70 % is expected, criteria used for recognizing
bacterial species (Wayne et al. 1987). This fact apart, the Desmonostoc spp.
strains available at CCM-UFV and used here did not show identity values
below 97.5%. It is important to mention that Erko Stackebrandt and Ebers
(2006) suggested a change from 97.0 to 98.7-99.0% 16S rRNA gene
sequence similarity for the threshold to separate species. This proposal is
highly relevant to our study, since our strains (specifically CCM-UFV018, 054,
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069 and 070) shown identity between 98% and 99% with the others deposited
sequences, retrieved from already described species. It seems also evident
that different stable phenotypes of some cyanobacteria are not reflected in 16S
rBRNA gene sequence comparisons (Mateo et al., 2011). This has been
reported for Merismopedia-like isolates (Palinska et al., 1996), Microcystis
strains (Otsuka et al., 1999) and Leptolyngbya spp. (Casamatta et al., 2005).
This, together with the data obtained here, leads to the possibility of describing

new Desmonostoc species.
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Table 1. Codes, isolation source and identity percentage of 16S rRNA gene sequences from selected Desmonostoc strains compared to those deposited in

GenBank.
Strain Sampling Site (Location) Lenght( Most related organism on GenBank (access number) C(%)* 1(%)**
bp)
CCM-UFV002 Soil sample (Santa Barbara-MG) 1415  Uncultured bacterium clone JFR0702_jaa51e01 (HM780037) 99 99.59
Nostoc sp. PCC9231 (AY742452) 99 99.52
Nostoc sp. SAG 34.92 (KM019925) 98 99.72
Nostoc sp. 8964:3(AM711541) 98 99.72
Nostoc entophytum |1AM M-267 (AB093490) 98 99.65
CCM-UFV003 Water bodies and sediment from gold mine 1416  Uncultured bacterium clone JFR0702_jaa51e01 (HM780037) 99 99.45
(Paracatu-MG) Nostoc sp. SAG 34.92 (KM019925) 98 99.72
Nostoc sp. 8964:3(AM711541) 98 99.72
Nostoc sp. PCC9231 (AY742452) 99 99.45
Nostoc entophytum |1AM M-267 (AB093490) 98 99.65
CCM-UFV004 Water bodies and sediment from gold mine 1415  Uncultured bacterium clone JFR0702_jaa51e01 (HM780037) 99 99.59
(Paracatu-MG) Nostoc sp. PCC9231 (AY742452) 99 99.52
Nostoc sp. SAG 34.92 (KM019925) 98 99.72
Nostoc sp. 8964:3(AM711541) 98 99.72
Desmonostoc salinum CCM-UFV059 (KX787933) 98 99.58
CCM-UFV005 Water bodies and sediment from gold mine 1417  Uncultured bacterium clone JFR0702_jaa51e01 (HM780037) 99 99.45
(Paracatu-MG) Nostoc sp. PCC9231 (AY742452) 99 99.52
Nostoc sp. SAG 34.92 (KM019925) 98 99.65
Nostoc sp. 8964:3(AM711541) 98 99.65
Nostoc entophytum |1AM M-267 (AB093490) 98 99.58
CCM-UFV009 Water bodies and sediment from gold mine 1415  Uncultured bacterium clone JFR0702_jaa51e01 (HM780037) 99 99.59
(Paracatu-MG) 99 99.52

Nostoc sp. PCC9231 (AY742452)
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CCM-UFV011

CCM-UFV012

CCM-UFV013

CCM-UFV014

CCM-UFV018

Turvo Sujo River (Vigosa-MG)

Turvo Sujo River (Vigosa-MG)

Turvo Sujo River (Vigosa-MG)

Turvo Sujo River (Vigosa-MG)

Do Carmo River, Ribeirdo do Funil (Ouro Preto-MG)

1414

1414

1415

1414

1414

Nostoc sp. SAG 34.92 (KM019925)
Nostoc sp. 8964:3(AM711541)
Nostoc entophytum 1AM M-267 (AB093490)

Uncultured bacterium clone JFR0702_jaa51e01 (HM780037)

Nostoc sp. PCC9231 (AY742452)

Nostoc sp. SAG 34.92 (KM019925)

Nostoc sp. 8964:3(AM711541)

Nostoc entophytum |1AM M-267 (AB093490)

Uncultured bacterium clone JFR0702_jaa51e01 (HM780037)
Nostoc sp. PCC9231 (AY742452)

Nostoc sp. SAG 34.92 (KM019925)

Nostoc sp. 8964:3(AM711541)

Nostoc entophytum 1AM M-267 (AB093490)

Uncultured bacterium clone JFR0702_jaa51e01 (HM780037)
Nostoc sp. SAG 34.92 (KM019925)
Nostoc sp. 8964:3(AM711541)

Nostoc sp. PCC9231 (AY742452)
Nostoc entophytum |1AM M-267 (AB093490)

Uncultured bacterium clone JFR0702_jaa51e01 (HM780037)
Nostoc sp. PCC9231 (AY742452)

Nostoc sp. SAG 34.92 (KM019925)

Nostoc sp. 8964:3(AM711541)

Nostoc entophytum |1AM M-267 (AB093490)

Nostoc muscorum CCAP 1453/22 (HF678509)
Nostoc linckia NIES-25 (AP018222)
Desmonostoc sp. SA25 (MF642333)

Nostoc sp. Cr4 (AM711533)

98
98
98

99
99

98
98
98

99
99
98
98
98

99
98
98
99

98

99
99
98
98
98

99
100
99
98

99.72
99.72
99.65

99.72
99.65

99.86
99.86
99.79

99.79
99.72
99.93
99.93
99.86

99.59
99.79
99.79
99.52

99.72

99.79
99.72
99.93
99.93
99.86

98.96

99.76
98.89
99.02
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CCM-UFV020

CCM-UFV022

CCM-UFV028

CCM-UFV029

CCM-UFV031

CCM-UFV054

Do Carmo River, Ribeirdo do Funil (Ouro Preto-MG)

Do Carmo River, Ribeirdo do Funil (Ouro Preto-MG)

Carangola River (Carangola-MG)

Carangola River (Carangola-MG)

Carangola River (Carangola-MG)

Tree surface (innacurate)

1414

1413

1414

1414

1414

1413

Desmonostoc danxiaense CHAB5869 (MH291267)

Uncultured bacterium clone JFR0702_jaa51e01 (HM780037)

Nostoc sp. PCC9231 (AY742452)

Nostoc sp. SAG 34.92 (KM019925)

Nostoc sp. 8964:3(AM711541)

Nostoc entophytum 1AM M-267 (AB093490)

Uncultured bacterium clone JFR0702_jaa51e01 (HM780037)
Nostoc sp. SAG 34.92 (KM019925)
Nostoc sp. 8964:3(AM711541)

Nostoc sp. PCC9231 (AY742452)
Nostoc entophytum 1AM M-267 (AB093490)

Uncultured bacterium clone JFR0702_jaa51e01 (HM780037)
Nostoc sp. PCC9231 (AY742452)

Nostoc sp. SAG 34.92 (KM019925)

Nostoc sp. 8964:3(AM711541)

Nostoc entophytum 1AM M-267 (AB093490)

Uncultured bacterium clone JFR0702_jaa51e01 (HM780037)
Nostoc sp. PCC9231 (AY742452)

Nostoc sp. SAG 34.92 (KM019925)

Nostoc sp. 8964:3(AM711541)

Nostoc entophytum |1AM M-267 (AB093490)

Uncultured bacterium clone JFR0702_jaa51e01 (HM780037)
Nostoc sp. SAG 34.92 (KM019925)

Nostoc sp. 8964:3(AM711541)

Nostoc sp. PCC9231 (AY742452)
Nostoc entophytum |1AM M-267 (AB093490)

Nostoc muscorum CCAP 1453/22 (HF678509)

100

99

98
98
98

99
98
98
99

98

99
99

98
98
98

99
99
98
98
98

99

98
98

99
98

99

98.89

99.72
99.65

99.86
99.86
99.79

99.45
99.65
99.65
99.38

99.58

99.72
99.65

99.86
99.86
99.79

99.72
99.65
99.86
99.86
99.79

99.65

99.86
99.86

99.59
99.79

98.9
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CCM-UFV059

CCM-UFV069

CCM-UFV070

Laguna Amarga Pound (Torres Del Paine-Chile)

Water bodies and sediment from gold mine
(Paracatu-MG)

Water bodies and sediment from gold mine
(Paracatu-MG)

1414

1417

1415

Nostoc linckia NIES-25 (AP018222)
Desmonostoc sp. SA25 (MF642333)
Nostoc sp. Cr4 (AM711533)

Nostoc sp. PCC7906 (AB320958)

Nostoc sp. SAG 34.92 (KM019925)

Nostoc sp. 8964:3 (AM711541)

Nostoc entophytum |1AM M-267 (AB093490)
Nostoc sp. PCC9231 (AY742452)
Desmonostoc sp. PCC 8306 (HG004584)

Nostoc sp. PCC 7906 (AB320958)
Desmonostoc sp. CCIBT 3489 (KX638490)
Desmonostoc sp. PCC7422 (HG004586)
Desmonostoc sp. SA25 (MF642333)
Desmonostoc sp. CENA365 (KR137586)

Desmonostoc sp. PCC8107 (HG004583)
Nostoc linckia NIES-25 (AP018222)
Desmonostoc sp. PCC8306 (HG004584)
Desmonostoc sp. SA14 (MF642332)
Nostoc sp. CACIAM 19 (MG272378)

100
99
98
98

100
100
100
99

100

100
100
100
100
100

100
100
100
100
100

98.69
98.89
99.02
98.89

99.86
99.86
99.79
99.72
99.65

98.24
98.24
98.17
98.10
98.10

98.87
98.66
98.59
98.59
98.45

*Coverage **ldentity
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L Desmonostoc sp. CCM-UFV022
Desmonostoc sp. 67
Desmonostoc sp. CCM-UFV031
Desmonostoc sp. 10
Desmonostoc sp. 49
- @ Desmonostoc sp. CCM-UFV014
- @ Desmonostoc sp. CCM-UFV 011
Desmonostoc sp. CCM-UFV012
— W Desmonostoc sp.CCM-UFV003
— @ Desmonostoc sp. CCM-UFV029
l—_. Desmonostoc sp.CCM-UFV020
B pesmonostoc sp. 41
[~ Desmonostoc sp. 111 CR4 BG11B (KF761565)
Desmonostoc sp. 111_CR4 BGLIN (KF761564)
¥ Desmonostoc sp. CCM-UFV002
Desmonostoc sp. CCM-UFV009
— @ Desmonostoc sp. CCM-UFV004
5 E ® pesmonostoc sp. CCM-UFY005

Desmonostoc sp. PCC9231 (AY742452)
Desmonostoc sp. CCM-UFV028

~ Desmonostoc entophytum TAM M-267 (AB093490)
Desmonostoc sp. CCM-UFV013
Desmonostoc sp. 8964:3 (AM711541)

—@® Desmonostoc salinum CCM-UFV039 (KX787933)

Figure 1. Maximum
Likelihood (ML)
phylogenetic

reconstruction based on
16S rRNA gene
sequences. The studied

strains are shown in bold
with a circle. A bootstrap
test involving 1,000
resamplings was
performed and bootstrap
values > 50 % are given in
front of the relevant nodes.
The sequences marked
with black squares were
retrieved from

Desmonostoc sp. Cr3 (HG004581)
68| Desmonostoc sp. OSNI32501 (HG004587)
Desmonostoe sp. PCC9230 (HG004585)
L. Desmonostoc sp. 17
B pesimonostoc sp. 18
r ™ Desmonostoc sp. 69
Desmonostoc sp. PCC8306 (HG004584)
Desmonostoc sp. CCM-UFV070 (MG563381)
s0- Desmonostoc sp. PCC8107 (HG004583)
Desmonostoc sp. CENA365 (KR137586)
96 - Desmonostoc sp. CCIBt3489 clone 53 (KU161680)
| Desmonostoc sp. CENA380 (KR137601)
91 Desmenostoc sp. CENA386 (KR137607)
| 60 = Desmonostoc sp. CENA371 (KR137592)
Desmonostoc danxiaense CHABS868 (MH291266)
Desmonostoc sp. Dsl (HG004579)
Desmonostoc danxiaense CHABS869 (MH291267)
Desmonostoc sp. CENA363 (KR137584)
Desmonostoc sp. CENA383 (KR137604)
Desmonostoc sp. CENA362 (KR137583)
Desmonostoc linckia var. arvense |AM M-30 (AB325907)
95 Desmonostoc linckia (AB074503)
[ Desmonostoc magnisporum AR6 (MH497066)
Desmonostoc sp. PCC7422 (HG004586)
Desmonostoc sp. CCM-UFY069 (MG563380)
Desmonostoc punense MCC2741 (KT166436)
77 Desmonostoc sp. PCC7906 (AB325908)
| @ Desmonostoc sp. CCM-UFV018
50 @ Desmonostoc sp. CCM-UFV054
" Desmonostoc sp. PCC6302 (HGO04582)
Desmonostoc sp. UAM307 (HM623782)
Desmonostoc sp, 8938 (AY742454)
|| Desmonostoc sp. TN clone NC3C (KF934182)
Desmonostoc sp. 81_NMI_ANAB (KF761562)
84 Desmonostoc geniculatum HA4340-LM1 clone 37C (KU161661)
Desmonostoc muscorum 11 (AJ630452)
Desmonostoc sp. Del (AM711534)
Desmonostoc muscorum Lukesova 2/91 (AM711 524-)T
Desmonostoc muscorum 1 (AJ630451)
Desmaonostoc muscorum Lukesova 1/87 (AM711523)
Desmonostoc vinosum HAT6017-LM4 (KF417429)
?i_[ Mojavia pulchra JT2-VF2 (AY577534)

ﬁ‘]\’ostoc spp. sensu stricto (13 OTUs)

97 [ Trichormus variabilis HINDAK 2001/4 (AJ630456)
Ti rfc‘){’.;urmzu' variabilis GREIFSWALD (AJ630457)
= Aliinostoc spp. (5 OTUs)

71 "<& Dolichospermum spp. (5 OTUs)

83 l—]—m"‘Apkanizamenon Hos-aquae (4 OTUs)
N Anabaena spp. (7 OTUs)

= fﬂAphanizomenon issatschenkoi (5 OTUs)
84 | Anabaena oumiana TAC568 (AB551480)
Anabaena kisseleviana TAC34 (AY701558)
Anabaena aphanizemenoides 1LT27809 (FM177473)
Anabaena reniformis TAC481 (AB551459)
Anabaena sphaerica £. conoidea 1LT27501 (FM177480)

Sphaerospermopsis torques-reginae ITEP-026 (HQ730087)
98 60 — Raphidiopsis mediterranea HB2 (AY763117)

Raphidiopsis curvata HB1 (AY763116)
%'~ Cylindrospermopsis raciborskii (5 OTUs)

Desmonostoc strains
isolated from Amazonian
rivers and kindly provided
by Dr. Diego B. Genuario.

80

—. ==l Halotia spp. (10 OTUs)

Cyanospira rippkae PCC9501 (AY038036)
ﬁ‘:'i Anabaenopsis sp. PCC9215 (AY038033)
85 Anabaenopsis sp. 1A (AF516747)
Nodularia sphaerocarpa PCCT804 (DQ185243)
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3.2 nifD and nifH phylogenetic reconstructions

In addition to the phylogenetic analysis based on 16S rRNA gene
sequences, phylogenetic inferences based on nifD and nifH partial nucleotide
sequences were also carried out (Figure 2 and 3). Studies dealing with the
taxonomy and systematics of Desmonostoc strains applying nif sequences
are, to date, absent and have predominantly focused on the 16S Rrna
sequences (CAl et al., 2018; de Alvarenga et al., 2018; Obuekwe et al., 2019;
Saraf et al., 2018). Nevertheless, unpublished nifH sequences obtained from
putative Desmonostoc strains (from CENA Culture Collection) are deposited
at GenBank (NCBI), and were used in the presented phylogenetic analysis
(Figure 2).

Considering the topology based on nifD sequences, all Desmonostoc
strains were grouped together (bootstrap of 81 %) (Figure 2), in a similar
pattern as found for 16S rRNA-based phylogeny (Figure 1). The most related
sequence to the “Desmonostoc” group was that retrieved from Nostoc linckia
NIES-25 (AP01822). It is important to mention that this strain (NIES-25),
besides being identified as “Nostoc”, shares high 16S rRNA identity with some
of Desmonostoc CCM-UFV strains (Table 1). It seems reasonable, therefore,
to assume that the strain NIES-25 belongs to the genus Desmonostoc.
Together, these results indicate that nifD most likely has a similar evolutionary
history, compared to 16S rRNA gene sequences.

The topology observed in the nifH-based phylogenetic tree (Figure 3)
did not correlated with that obtained for both, 16S rRNA and niD gene
sequences. Interestingly, the novel nifH sequences, retrieved from our
Desmonostoc strains, were spread into three different clusters (Figure 3). In
one of them, the niH sequences of CCM-UFV004, CCM-UFV009, CCM-
UFVO011, CCM-UFV013, CCM-UFV020 and CCM-UFV028 grouped with a
sequence retrieved from an uncultured clone and with the sequence from
Desmonostoc sp. CENA365. Another sub-cluster harboring the nifH
sequences from CCM-UFV002, CCM-UFV059 and CCM-UFV070 was also
observed, which was more related with sequences from Nostoc
(Nostocaceae), Tolypothrix and Fremyella (both, Tolypothrichaceae). This last

sub-cluster harbored sequences of strains belonging to the sub-cluster A and
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B (Figure 1). The nifH sequence from CCM-UFV054 was placed as an orphan
branch, closely related to sequences taken from Desmonostoc strains as well
as from other nostocacean genera (Nostoc and Nodularia). Even though the
topology of nifH-based phylogenetic reconstruction did not showed any
apparent relation with either 16S rRNA or nifD phylogenetic trees, some
interesting results for sub-cluster B were observed as it can be depicted from
the presence of the CCM-UFV054 in a distinct singular phylogenetic position,
whereas CCM-UFV070 belongs to the same group of some strains harbored
in sub-cluster A.

Phylogenetic reconstructions based on nifD and 16S rRNA sequences
showing similar pattern of grouping have been observed, at least for higher
taxonomic groups, such as orders and families (Alberto A. Esteves-Ferreira et
al., 2017; Henson et al., 2004). As observed in Figure 2A, some generic and
specific groups are coherent considering nifH, such as Scytonema hyalinum
and Brasilonema (Scytonemataceae), Hassallia (Tolypothrichaceae), as well
as Desmonostoc (Nostocaceae). However, for other well-stablished genera,
such as Nodularia, Cylindrospermum, Nostoc, which comprise heterocytous-
forming morphotypes, as well as Leptolyngbya (filamentous homocytous),
Xenococcus and Chroococcidiopsis (unicellular types), there is a distinctive
distribution of its members over the phylogenetic reconstruction (Figure 3).

The analysis of nifH phylogenetic history has shown controversial
patterns for two nostocacean genera for which this molecular marker was
applied. Accordingly, for the genus Hydrocoryne, a similar topology between
16S rBRNA and nifH-based trees was observed (Genuario et al., 2013).
However, considering the genus Halotia, while the 16S rRNA sequences
formed a single robust cluster, the nifH sequences were spread into three sub-
groups (Genuario et al.,, 2015). It seems reasonable to suggest that the
phylogeny of nif genes seems to reflect its own evolution and not the
evolutionary relationships of the organisms in which they are found (Bolhuis et
al., 2010; Genuario et al., 2015). Taken together, our results shed light and
add further controversy on the hypothesis regarding the evolutionary history of
“Nitrogenase-genes” (e.g, nifD, nifH and nifK) and their value as appropriate

molecular markers for genera delimitation.
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Remarkably, the achievement of nif genes, suggesting a common
ancestral, from which all cyanobacterial nif genes were inherited (vertical gene
transfer) has been discussed elsewhere (Alberto A. Esteves-Ferreira et al.,
2017; Zehr et al., 1997; Zehr and Turner, 2001). However, it has also been
demonstrated that the gene cluster involved in nitrogen fixation is most likely
not distributed universally among the members of the phylum Cyanobacteria,
and as such the processes driving their dispersion and maintenance in
different cyanobacterial lineages remains rather unknown (Bolhuis et al., 2010;
Genuario et al., 2015). In addition, horizontal gene transfer (HGT) can explain,
at least partially, the diversity of nif-genes found for cyanobacteria (Bolhuis et
al., 2010; Roeselers et al., 2007; Stal, 2015). Considering our data, and in
good agreement with previous studies (Genuério et al. 2015), incongruence
between the nifH and 16S rRNA gene phylogenies would be thus expected .
Collectively, our data indicates that nifD and nifH have different evolutionary
histories, as demonstrated by the distinct tree topologies, and are in
consonance with the HGT theory.
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Figure 2. Maximum Likelihood (ML) phylogenetic reconstruction based on partial nifD gene
sequence. The studied strains are shown in blue-bold with a black circle. A bootstrap test
involving 1,000 resamplings was performed and bootstrap values >50 % are given in front of
the relevant nodes.
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Figure 3. Maximum Likelihood (ML) phylogenetic reconstruction based on partial nifH gene
sequence. The studied strains are shown in blue-bold with a black circle. A bootstrap test

involving 1,000 resamplings was performed and bootstrap values >50 % are given in front of
the relevant nodes.
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3.3 Morphological characterization

The diversity of morphological types comprised by the studied
Desmonostoc strains are presented in the Figures 4 and 5. The microscopic
aspect of the colonies, formed by a set of parallel trichomes, which has been
described as typical for members of the genus Desmonostoc (de Alvarenga et
al., 2018; Hrouzek et al., 2013) can be observed (Figures 4E, G, J, K, N, Q, R
and V). However, this parallel pattern is not observed for the strains CCM-
UFV018 and CCM-UFV054, for which the trichomes are homogeneously
spread, without a clear organization (Figures 4X and 4Y). As previously
reported (de Alvarenga et al. (2018); Hrouzek et al. (2013)), both intercalary
and terminal heterocytes werw always presented in the vegetative trichomes.
Hormogonia were also observed, mainly in middle-log phase; while akinetes
are more frequent at mid-late-stationary phases. Considering the heterocytes,
the terminal ones are differentiated during the early stages of trichome
development (early-log), being the intercalary heterocytes formed after.

The morphological divergences found for trichome organization are in
agreement with the division found in the 16S-based phylogenetic
reconstruction, in which sub-clusters A and B were observed. The strains
CCM-UFV018 and CCM-UFV054, that display a diffluent trichome
organization, were placed in sub-cluster B, while the strains harbored in sub-
cluster A present, in general, the typical parallel organization. Interestingly, the
morphological traits and morphometric values (Table 2) of the strains placed
in the sub-cluster A are similar to those described before (Hrouzek et al. 2013;
de Alvarenga et al. 2018). On the other hand, for the strains harbored in the
sub-cluster B, we observed divergence in the sizes of vegetative cells,
akinetes and heterocytes for the strains CCM-UFV018, CCM-UFV054, CCM-
UFV069 and CCM-UFV070. The cellular sizes found for D. magnisporum and
D. punense (Saraf et al., 2018), which are related to CCM-UFV018 and CCM-
UFV054 considering the 16S rRNA phylogeny (Figure 1), are substantially
shorter than those of our strains, providing a morphological trait that clearly
differ our strains from previously described species. In addition, D.
magnisporum contains akinetes with higher cell length and width, pattern also
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observed for the strain CCM-UFV070, a morphological trait that apparently has
a correlation with the phylogenetic position of these strains (Figure 1).

Molecular and morphological results suggest therefore that the strains
CCM-UFV018 and CCM-UFV054, which presented singular phylogenetic
position (Figure 1) and higher cell length (9.63/9.55 um) and width ( 9.37/8.16
um) as well as different growth pattern (Figure 5), must be classified as novel
Desmonostoc species. It is important to mention that according to Hrouzek et
al. (2013) up to that moment, morphological characterization was not an
appropriated approach leading to a clear separation of specific units into
Desmonostoc. These authors also emphasized that morphological traits were
not useful in supporting the phylogenetic separation of the clusters D1 and D2.
However, as demonstrated here and mainly considering the strains CCM-
UFV018 and CCM-UFV054, morphological traits and growth patterns seems
to be rather informative for taxa delimitation. Accordingly, it seems reasonable
to suggest that other traits, such as physiological ones, can be source of more
diacritical elements for a better taxonomic resolution. This fact aside, stable
traits must be found, since the morphological diversity found for cyanobacterial
strains is usually followed by a great phenotypic plasticity, varying depending
on the growth and environment conditions (Berrendero et al., 2011; Lyra et al.,
2001; Mateo et al., 2011; Stomp et al., 2008). We posit, therefore, that other
characters, like molecular, physiological and metabolic traits as well life cycle,
must be used as an important aspects in the characterization and systematic
of cyanobacteria (Berrendero et al., 2011; Genuario et al., 2017, 2015; Mateo
et al., 2011; Rosmarie Rippka et al., 1979).
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Figure 4. Light photomicrographs from the Desmonostoc strains evaluated in this study. A, B,
C: CCM-UFV002; D*, E, F: CCM-UFV003; G, H: CCM-UFV004; I, J: CCM-UFV005; K, L:
CCM-UFV009; M: CCM-UFV011; N, O: CCM-UFV013; P: CCM-UFV014; Q: CCM-UFV020;
R*, S: CCM-UFV022; T: CCM-UFV028; U: CCM-UFV029; V: CCM-UFV031; W: CCM-
UFV059; X: CCM-UFV018;,Y: CCM-UFV054; Z: CCM-UFV070; A1: CCM-UFV069. Scale Bar
=10 um. *Scale Bar = 100 pm.
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Table 2. Morphometric characteristics of the strains used in this study.

Vegetative cell Heterocyte Akinete
Strain
Length Width Length Width Length Width
mean (range) mean (range) mean (range) mean (range) mean (range) mean (range)
CCM-UFV002 5.85 (4.42-7.53) 4.91 (3.96-6.07) 8.71 (7.34-9.84) 5.92 (4.56-7.12) 7.54 (5.80-9.43) 5.96 (4.92-6.88)
CCM-UFV003 6.15 (4.68-7.58) 5.33 (4.32-6.18) 6.03 (4.92-8.64) 5.49 (4.75-6.02) 8.55 (7.22-9.38) 5.69 (4.67-6.25)
CCM-UFV004 6.19 (5.38-7.16) 5.80 (5.00-6.67) 7.22 (5.47-9.13) 6.09 (5.19-7.22) 9.10 (8.69-10.1) 6.26 (5.43-7.25)
CCM-UFV005 6.26 (5.14-7.16) 5.94 (3.97-7.28) 6.85 (4.84-9.30) 5.84 (4.80-6.85) 9.19 (6.24-10.9) 6.13 (4.75-7.26)
CCM-UFV009 5.41 (4.20-6.44) 4.96 (4.28-5.98) 7.21 (5.15-8.95) 6.05 (5.00-7.07) 9.19 (7.35-10.4) 5.92 (5.17-6.72)
CCM-UFVo011 6.86 (4.50-8.05) 5.62 (4.67-6.37) 7.93 (6.94-9.70) 5.50 (4.60-6.28) 8.79 (7.49-11.6) 6.29 (5.64-7.09)
CCM-UFV012 6,36 (4.86-8.26) 5.85 (5.18-6.59) 7.19 (6.06-7.88) 5.54 (4.93-6.95) 9.10 (6.78-10.1) 7.15 (5.44-9.17)
CCM-UFV013 6.62 (5.51-8.88) 5.80 (5.11-6.74) 8.63 (6.35-10.6) 6.31 (5.28-7.14) 9.72 (6.64-11.1) 6.71 (6.05-7.56)
CCM-UFV014 6.25 (4.47-7.42) 5.69 (5.76-6.86) 7.28 (5.00-9.44) 5.91 (3.76-8.39) 9.37 (7.49-12.0) 6.02 (5.11-7.28)
CCM-UFV020 5.57 (4.53-6.93) 5.21 (4.00-6.61) 7.48 (5.03-9.22) 5.77 (4.55-6.80) 8.35 (6.54-9.90) 5.63 (4.68-6.48)
CCM-UFV022 5.82 (4.55-8.26) 4.68 (3.84-5.40) 7.33 (5.81-8.84) 5.23 (4.11-6.97) 8.14 (6.87-10.1) 5.22 (4.34-6.85)
CCM-UFV028 7.03 (5.34-8.69) 5.48 (4.72-6.14) 7.25 (5.25-8.54) 6.30 (4.23-8.34) 9.09 (7.94-11.0) 6.52 (5.60-7.62)
CCM-UFV029 5.62 (4.39-7.43) 5.51 (4.20-6.53) 7.90 (4.39-10.3) 5.35 (4.36-6.37) 8.20 (6.84-8.91) 6.53 (5.76-7.69)
CCM-UFV031 6.59 (5.25-8.94) 5.06 (4.02-6.21) 7.97 (6.44-9.97) 6.04 (4.62-7.30) 9.15 (8.55-10.6) 5.38 (4.71-6.07)
CCM-UFV059 5.45 (4.25-6.61) 5.11 (4.23-5.92) 6.06 (3.89-9.26) 5.05 (3.68-5.84) 8.42 (6.08-10.6) 6.12 (4.64-7.26)
CCM-UFV018 9.63 (8.66-11.9)* 9.55 (8.49-10.4)* 10.9(7.05-12.0)* 9.38 (7.04-10.4)* 10.3 (8,87-14,5) 8.11 (6.52-10,1)*
CCM-UFV054 9.37 (6.16-12.6)* 8.16 (6.75-9.80)* 9.94 (6.77-13.7)* 9.06 (8.36-10.6)* 12.8 (11.4-13.3)* 9.51 (9.04-13.5)*
CCM-UFV069 5.98 (4.91-6.98) 5.15(3.84-6.01) 6.33 (4.67-7.67) 5.78 (4.83-6.68) 7.21 (5.76-9.07) 7.46 (6.46-8.17)*
CCM-UFV070 6.40 (5.04-7.32) 6.87 (6.19-7.44)* 8.31 (7.49-9.57) 8.08 (7.36-9.10)* 11.08(8.71-15.3)* 9.49 (8.22-11.7)*
D. muscorum | 4.70 (2.80-6.80) 4.90 (4.00-5.90) 7.40 (5.30-10.2) 5.80 (4.40-7.20) 7.00 (4.5-9.4) 4.90 (3.4-6.3)
D. muscorum NIVA-CYA 817 5.50 (3.60-7.70) 5.70 (4.00-6.80) 8.60 (6.20-11.1) 6.50 (5.00-8.30) 8.60 (5.4-12.5) 5.60 (3.8-8.0)
D. muscorum 1/87 4.70 (3.30-7.90) 3.40 (2.70-4.50) 5.60 (4.00-7.00) 4.50 (3.50-5.10) 6.40 (4.5-8.1) 5.00 (3.9-6.3)
D. muscorum NIVA-CYA 818 5.0 (3.20-7.90) 4.90 (3.80-6.30) 8.10 (5.50-11.3) 6.40 (4.50-8.70) 7.60 (5.5-8.8) 4.50 (3.7-5.1)
D. muscorum De 4.0 (2.30-6.30) 4.40 (3.40-5.40) 7.80 (6.80-8.70) 6.70 (5.80-7.40) 7.00 (5.9-8.0) 5.30 (3.6-6.9)
Desmonostoc sp. PCC8306 4.6 (2.80-7.50) 4.40 (3.20-5.40) 5.70 (3.80-9.20) 4.70 (3.60-5.90) 9.70 (8.5-9.9) 5.60 (5.0-6.1)
Desmonostoc sp. TO1SO1 5.0 (2.90-7.60) 3.40 (2.70-4.10) 4.50 (3.40-7.10) 3.60 (2.90-4.70) 8.20 (7.1-8.5) 4.60 (4.4-4.7)

All values are show in um. The measures followed by an asterisk (*) and highlighted in bold are significantly different according to Tukey test (5%).
The strains marked as green and orange belong to sub-clusters A and B, respectively. The remaining strains were described before (Hrouzek et al.,

2013).
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Figure 5. Light photomicrographs from selected Desmonostoc strains from Cluster A (CCM-UFV003, CCM-
UFV005, CCM-UFV022 and CCM-UFV029) and Cluster B (CCM-UFV018, CCM-UFV054, CCM-UFV069 and
CCM-UFV070), according to Figure 1. Scale Bar = 10 um. For CCM-UFV003, Scale bar = 100 pm.

28



e -

Figure 6. Images showing the macroscopic aspect of Desmonostoc strains selected for
metabolic analysis. All strains were grown in liquid BG-11o culture medium. The cultures were
grown for 10 days and then dropped into Petri dishes. A: CCM-UFV003; B: CCM-UFV012; C:
CCM-UFV020; D: CCM-UFV059; E: CCM-UFV018; F: CCM-UFV054; G: CCM-UFV069; H:
CCM-UFV070. Scale bar =1 cm.

3.4 Photosynthetic parameters

Aiming to find the most appropriate light intensity for cyanobacterial
growth, we also investigated the photosynthetic light response of the
Desmonostoc strains. The Desmonostoc strains analyzed here displayed
great differences considering both saturation (/s) and compensation (/) points,
which ranged from 40-80 and 5-25 pmol-photons m=2-s™', respectively (Table
3). It is important to mention that this diversity in terms of physiological
parameters was not linked to their morphology or phylogenetic placement
(sub-cluster A and B — Figure 1). The higher /s (80 umol-photons m2-s') was
found for the strains CCM-UFV059 and CCM-UFV011. Considering their
sampling sites, it was not possible to build any relation between their isolation

sources and their /s.
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Table 3. Variation in saturation irradiance (/s) and compensation irradiance (Ic) obtained for
all Desmonostoc strains available at CCM-UFV.

Strain Is (umol-phtotons m2-s) Ic (umol-photons m2-s)

CCM-UFV002 40 15
CCM-UFV003* 50 13
CCM-UFV004 60 11
CCM-UFV005 40 15
CCM-UFV009 50 17
CCM-UFVO011 80 12
CCM-UFV012* 50 25
CCM-UFV013 40 11
CCM-UFV014 60 15
CCM-UFV020* 60 15
CCM-UFV022 60 16
CCM-UFV028 70 17
CCM-UFV029 50 5

CCM-UFV031 70 15
CCM-UFV059* 80 16
CCM-UFV018* 70 16
CCM-UFV054* 70 15
CCM-UFV069* 70 15
CCM-UFV070* 50 11

The strains marked as green and orange belong to sub-cluster A and B respectively. The
strains marked with asterisk (*) and highlighted in bold were selected for metabolic and
physiological analysis. Values are presented as means (n = 3).

Despite of the range in Is and I, a deep comparison with data from
literature was not possible, since most of the studies dealing with physiological
characterization of Desmonostoc strains did not focus on this trait.
Interestingly, in a previous study conducted with a subset of CCM-UFV
cyanobacterial strains (Esteves-Ferreira et al., 2019 — unpublished), similar
values for nostocacean strains were found, which ranged from 8-25 and 56-92
umol-photons m?2:s', for I and Is, respectively. Specifically, for the strain
CCM-UFV020, which was previously named as Nostoc sp., the Ic and Is values
were, respectively, 23 and 80 umol-photons m=2-s' (Esteves-Ferreira et al.,
2019), while here we found lower values, 15 and 60 umol-photons m2-s- for
lc and Is, respectively. These minor differences can be explained by the light
intensity used for pre-inoculum production (50 pumol-photons m2-s') in our and
60 pumol- photons m?2-s™', applied by Esteves-Ferreira et al. (2019). More
important, this range of Is is typically observed for “shading” strains (Whitton,
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2000), data also corroborated by the [ which, ranged from 5 to 25
pumol-photons m=2-s-'. Additionally, the genetic background and the conditions
of pre-growth probably had more influence on this results than the original
sampling sites (Komarek and Anagnostidis, 1989; Rosmarie Rippka et al.,
1979)

3.5 Growth curves and kinetics parameters

Growth curves and kinetics parameters as well as biomass production
data were obtained for eight strains, which were selected considering their
morphological dissimilarities (Figure 4) and phylogenetical placement (Figure
1). The strains CCM-UFV003, CCM-UFV012, CCM-UFV020 and CCM-
UFV059 belong to the sub-cluster A (Figure 1) and display a typical parallel
trichome organization (Figure 5), while the strains CCM-UFV018, CCM-
UFV054, CCM-UFV069 and CCM-UFV070 are harbored into sub-cluster B
(Figure 1), showing a non-typical macroscopic growing pattern (Figure 6).

Overall, lag phases were absent for all eight strains, while log phases
varied from 5 to 7 days, followed by a linear (slow downing) phase. The
stationary phase was reached after 8-10 cultivation-days (Figure 7 and 8).
However, it is important to highlight that the pattern found for the selected
Desmonostoc strains are coherent with the sub-clusters A and B observed in
the phylogenetic reconstruction (Figure 1). The strains CCM-UFV012, CCM-
UFV020 and CCM-UFV059, which belong to sub-cluster A exhibited similar
growth curves, showing one or two non-growing days (Figure 7), respectively
at days 4-5, 5-7 and 5-6. Accordingly, as shown in Figure 5, these strains form
rigid colonies when growing in liquid medium, fact that can lead to stressful
light conditions in the inner part of the colonies. This stressful condition can, in
turn, lead to intense hormogonia differentiation, which was corroborated by
microscopic observation (data not shown).

The hormogonia filaments have been described as motile trichomes
(gliding motility or gas vesicle-containing trichomes) involved in reproduction
and dispersion of the cyanobacterial strains able in its differentiation (Flores
and Herrero, 2010; Marsac, 1994). More importantly, these motile trichomes
shown a pattern of intense cell division without biomass production, causing

this observed “pause” on the growth, when its differentiation is massive. This
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lack on biomass production is explained by the absence of heterocytes and
PSIl (Papaefthimiou et al., 2008; Rosmarie Rippka et al., 1979; Somero,
1992), impairing the adequate biological nitrogen fixation and photosynthesis,
respectively. This high aggregated pattern was also observed for the strain
CCM-UFVO069 (Figure 5G), despite of its phylogenetic placement in the sub-
cluster B (Figure 1). This pattern can justify, at least partially, a non-growing
period (between the days 6-9) observed in the growth curve of this strain
(Figure 8).

A different pattern was observed for the strains CCM-UFV018, CCM-
UFV054 and CCM-UFV070, which belong to sub-cluster B (Figure 1) and
display a diffluent macroscopic pattern (Figure 6). This gelatinous aspect is
consequence of the high amount of exopolysaccharides (EPS) produced by
these strains, contributing to a less aggregate colony pattern. Thus, it seems
plausible to hypothesize that the incident light is more homogeneously
distributed than in the case of the strains harbored in the sub-cluster A.
Accordingly, the hormogonia differentiation is less frequent or even absent in
such strains.

The pH values found along the growth curves also present a difference
considering the strains belonging to sub-cluster A and B. The strains from sub-
cluster B show more variable pH values, compared to those from cluster A. It
is possible to observe that the pH values increased at the beginning of growth,
and at the end, for strains belonging to sub-cluster B, possibly related with the
input of nutrients, mainly inorganic carbon from de surrounding medium, during
growth. This data might be related with the Carbon concentration mechanism
(CCM), since the input of carbon can alter the pH of medium (Mangan et al.,
2016).
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Figure 7. Growth curves of Desmonostoc spp. from sub-cluster A, grown in BG-110 medium.
A: CCM-UFV002, B: CCM-UFV012, C: CCM-UFV020, D: CCM-UFV059. In Y Axis,
Ln(DOzsonm) (left), and pH (right side). In X axis, time in days.
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Figure 8. Growth curves of Desmonostoc spp. from sub-cluster B, grown in BG-110 medium.
A: CCM-UFV018, B: CCM-UFV054, C: CCM-UFV069, D: CCM-UFV070. In Y Axis,
Ln(DOzs0nm) (left), and pH (right side). In X axis, time in days.
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For the pmax), that corresponds to the maximum growth rate at
logarithmic phase, the strains CCM-UFV069 and CCM-UFV054 displayed the
lower values, while the strains CCM-UFV012 and CCM-UFV018 the higher
ones (Indicar a Tabela). The strain CCM-UFV012, with the higher pmax), also
presented the higher biomass production (1.694 mg-mL"), after 13 growing
days. In the same way, the strain CCM-UFV069, which displayed the lower
H(max), also presented low biomass production (0.8 mg-mL™") (Indicar a Tabela).
However, for the other strains it was not possible to find a clear relation
between pUmax) and biomass production, even considering the phylogenetic
relatedness of members of sub-clusters A and B. The average values
observed for biomass increment and production are similar to those found for
Nostoc and Anabaena strains (Rosales-Loaiza et al., 2017). The exceptions
are the strains CCM-UFV069 and, in some extent, the strain CCM-UFV054,

which showed a lower biomass increments/production as well as p(max)-

Table 4. Natural variation in growth, kinetics parameters and biomass production among the
Desmonostoc strains used for growth and metabolic analysis.

Strains (CCM-UFV) H(max) DT*(hours) Biomass increment Biomass

(mg-mL".d") (mg-mL™")
CCM-UFV003 0.380 bed 43,72 0.1017 1.323
CCM-UFV012 0.453 a 36,65 0.1303 1.694
CCM-UFV020 0.347 cde 41,24 0.0918 1.194
CCM-UFV059 0.391 be 47,92 0.0960 1.248
CCM-UFV018 0.403 b 52,60 0.0985 1.280
CCM-UFV054 0.316 e 42,49 0.0878 1.141
CCM-UFV069 0.180 f 91,30 0.0616 0.800
CCM-UFV070 0.332 de 50,03 0.0923 1.200

*DT = Doubling Time. All measurements were conducted in triplicates. The biomass values
were obtained after 12-13 days of growth (Figure 7 and 8). The strains marked as green and
orange belong to sub-clusters A and B, respectively. Different lower case letters across
columns indicate mean values that are significantly different according to Tukey test.

The difference in growth and biomass accumulation between the strains
CCM-UFV069 and CCM-UFV070 is rather interesting since they were isolated
from the same environment (Obuekwe et al., 2019). Both strains were isolated
from Arsenic-contaminated area, being able to growth under different Arsenic
concentrations (data not shown). Accordingly, these strains can be explored
in bioremediation processes, and the growth parameters obtained here can
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aid into the selection of appropriated strains for biotechnological applications

that result in viable bioremediation solutions

3.6 Molecular screening results

The molecular screening for genes involved in the biosynthesis of
cyanotoxins (microcystin and saxitoxin) as well as protease inhibitor
(microviridin) did not produce any positive reaction, indicating that all CCM-
UFV Desmonostoc strains do not carry the genetic potential to produce these
compounds. It should be mentioned that, to date, there is no register of
Desmonostoc strains capable of producing the screened compounds. This fact
apart it is important to mention that brazilian Desmonostoc strains isolated
from Atlantic coastal forest have been reported as anabaenopeptins and
cyanopeptolins-producers, which are cyanopeptides with protease inhibitor
activities (Sanz et al., 2015).

3.7 Metabolic characterization

3.7.1 Chlorophyll a

For all metabolic analysis, the samples were collect in the middle of light
phase in the end of the growth curves. The strains CCM-UFV003, CCM-
UFV012, CCM-UFV020 and CCM-UFV054 showed the highest chlorophyll a
contents, followed by the strains CCM-UFV018, CCM-UFV070, CCM-UFV059
and CCM-UFV069, being the lower content found for the last strain (Figure
9A). These values are similar to those already reported for nostocacean strains
(Bhunia et al., 1991; Jaiswal et al., 2018). For the sub-cluster A, the lower
chlorophyll a content found for the strain CCM-UFV059 can be explained by
its higher & in comparison with the other strains from this sub-cluster. To avoid
photo oxidative damages, the chlorophyll content seems to be reduced with
more light, which has been observed for Spirulina (Kumar et al., 2011).
Interestingly, the k of the strains CCM-UFV003, CCM-UFV12 and CCM-
UFV20 are similar (50-60 pmoles-m?2:s'; Table 3), leading to similar
chlorophyll a contents. This show a possible association between the
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chlorophyll a levels and the light intensity of growth, since the strains growth
under the same irradiance as those found for their k.

The strains belonging to the sub-cluster B (hatched bars — Figure 9A)
had a greater variation in chlorophyll a contents, ranging from 4 ug-mg' DW
to 8 pg-mg' DW, with CCM-UFV069 possessing the lower levels of chlorophyll
a. The higher levels of chlorophyll a found for the strains CCM-UFV018 and
CCM-UFV054 and the high ks can explain partially why this strains can sustain
an constant growth, providing carbon skeletons, which in turn may be used for
amino acids biosynthesis and production of exopolysaccharides.
Nevertheless, our data provide only circumstantial evidence for this
assumption and further studies are clearly required to enhance our
understanding of carbon and nitrogen fixation within this strains.
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Figure 9. Metabolites concentration in the studied Desmonostoc strains. (A) Chlorophyll a; (B)
Total amino acids; (C) Total protein; (D) Glycogen. Values are presented as means * standard
deviation (n = 4). The clean and hatched bars are in reference to the strains from sub-clusters
A and B, respectively. Means followed by the same letter do not differ by 5% of probability
(Tukey’s test).

3.7.2 Amino acids and total proteins

The total amino acids contents of Desmonostoc spp. ranged from 13
ug-mg ' DW for CCM-UFV070 to 23 ug-mg ' DW for CCM-UFV054 (Figure 9B).
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Considering the contents of total amino acids and total soluble proteins (Figure
9B and 9C), the strains belonging to sub-cluster A, seems to have a negative
correlation between these metabolites, as already expected, since the protein
synthesis and degradation are directly linked, if the amino acids synthesis
remain constant, at least in plants (Hildebrandt et al., 2015) and also for certain
cyanobacterial strains (Esteves-Ferreira et al., 2019). However, for the strains
belonging to sub-cluster B it is possible to observe a positive correlation
between these metabolites (Figure 9). We hypothesize that “sub-cluster B”
strains have either an intense (higher) amino acids synthesis, as consequence
of possible high rates of biological nitrogen fixation, or present high
concentration of other compounds, which are structurally similar to amino
acids (such as mycosporine-like amino acid) (Colabella et al., 2015),
contributing to the higher levels of amino acids. It is important to mention that
some Nostoc and Anabaena strains are able to produce mycosporine-like
amino acid (Katoch et al., 2016), although these compounds and their
biosynthetic pathways were not quantified or screened in our Desmonostoc
strains. In addition, the lower levels of amino acids coupled to high protein
contents found for the “sub-cluster A” strains can be an indicative of high rates
of protein synthesis, which are probably able to sustain the higher growth rates
observed for these strains (Table 4).

For the total soluble proteins, higher levels were found for the strains
CCM-UFV018 and CCM-UFV054, reaching almost 40 % of total cell weight
(Figure 9). The protein contents found for our Desmonostoc strains are in
agreement with previous reports, which demonstrate that cyanobacteria have
a protein content varying from 10 % to 60 % based on cell weight (Kumar et
al., 2011; Spolaore et al., 2006). The planktonic behavior of the strains CCM-
UFV018 and CCM-UFV054 can be an explanation of the high protein content,
by the fact that the gas vesicles, used for the buoyance, are basically
constituted of great amounts of protein (Walsby and Hayes, 1989). Also, the
highly protein content of CCM-UFV018 and 054 make then good candidate to

biotechnological and industrial applications.

3.7.3 Phycobiliproteins (PBP)
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The values found in our analysis for total phycobiliproteins (PBP)
quantification ranged from 17 pg-mg' DW (CCM-UFV069) to 34 pg-mg' DW
(CCM-UFV018) (Figure 10). Values of 8 to 400 ug.mg of total phycobiliproteins
were observed for some terrestrial strains (Manoj Kumar, Jyoti Kulshreshtha,
2011; Sekar and Chandramohan, 2008; Simeunovic et al., 2013; Soltani et al.,
2006). This indicates that the values found for Desmonostoc strains described
here are in agreement with those reported before.

The PBP contents apparently have a difference between the cluster A

and B. The lowers levels of total PBP were found for the strain CCM-UFV069
(sub-cluster B). The PBP are related with the light harvesting system, and the
saturation point and the contends of PBP appear to not have correlation for
Desmonostoc spp. So in this case, been probably more related with specific
genetic traits. For the strains CCCM-UFV018 and CCCM-UFV054, the higher
levels of PBP probably have a relation with the total amino acids and protein
levels, since PBP serve as a nitrogen storage compound (de Marsac and
Houmard, 1988; Simeunovic¢ et al., 2013). Accordingly, the high levels of those
metabolites may have stimulate the synthesis of PBP, beside the specific traits
of those strains. This data corroborates to the separation of these strains,
CCM-UFV018 and 054, as distinct lineage.
It is also important to mention that the lower levels of PBP observed for CCM-
UFVO069 shed light on a singular trait of this strain, that is the presence of
higher amounts of allophycocyanin (Ap), compared to phycoerythrin (Pe) and
phycocyanin (Pc), which is highly uncommon (Cuellar-Bermudez et al., 2015).
In general, Pc has been reported as the most abundant PBP in the majority
cyanobacteria (Basheva et al., 2018; Gupta et al., 2018; Kaushal et al., 2017;
Khazi et al., 2018; Pagels et al., 2019).
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Figure 10. Total Phycobiliproteins content. Pc: Phycocyanin; Ap: Allophycocyanin; Pe:
Phycoerythrin. Values are presented as means + standard deviation (n=3). The clean and
hatched bars are in reference to sub-cluster A and B respectively. Means followed by the same
letter do not differ by 5% of probability (Tukey’s test).

This data brings another physiological difference that corroborate with
the hypothesis that these strains, CCM-UFV018/054 and probably CCM-
UFV069, should be classified as different species. The higher protein levels
observed in these strains is not an indicative that these proteins are functional
proteins, since they growth rates are rather low (Figure 8), and the PBP
contents are high (Figure 10). Accordingly, part of the total protein is in the
PBP (storage and light harvesting) instead of being used as active metabolic
proteins. Further studies should be performed to explain this intriguingly

metabolic feature.

3.5.3 Glycogen

Glycogen is a carbon storage compound found in cyanobacterial cells,
similarly to starch in plants (Herrero and Flores, 2019; Zhang et al., 2018),and
also function as a main energy source during the dark period (Knoop et al.,
2013). The values found here ranged from 26 mg-g™' DW for the strain CCM-
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UFV020 to 72 mg-g™' DW for the strain CCM-UFV054 (Figure 9D). The higher
values of glycogen were found for sub-cluster B strains, and also for the strain
D. salinum CCM-UFV059. The lower value was found in CCM-UFV020 (Figure
9D). The higher values in sub-cluster B strains may have indicate that those
strains have a higher requirement of carbon during dark periods, or long-term
storage necessities, but a quantification of glycogen during the dark period is
necessary to confirm this hypothesis. Another hypothesis that can explain the
higher levels of glycogen is the homeostasis of C/N ratio (Herrero and Flores,
2019; Muro-Pastor and Florencio, 2003; Zhang et al., 2018). The strains
belonging to sub-cluster B had higher levels of proteins and amino acids,
indicating high BNF rates. In an opposite way, the rapid growth of the strain
CCM-UFV020, which belong to sub-cluster A, and the lower glycogen
contends may be a indicative of the carbon assimilation efficient of this strain,
suggesting that the carbon assimilated is incorporated in biomass, instead of
building storage for stress or dark periods.

Considering that the sampling points for the metabolic analyses were in
the early-to-mid-stationary phase for all strains, and that these strais were
grown in their “optimal condition” (light intensity close to the saturation point
and BG-11p medium), it should be possible that massive akinetes
differentiation has took place, changing the expected levels of some
metabolites (Mateo et al., 2011). However, the levels of PBP and of other
metabolites as well as microscopic inspection confirmed the abundance of
vegetative cells. Accordingly, the observed levels of each metabolite, pigment
and storage compound are in fact consequence of the natural variation among
the selected Desmonostoc strains. Taken together, these traits can be surely

used as a new branch for a more robust “polyphasic characterization”.

3.6 PCA

To explore in more detail the overall variation among the Desmonostoc
strains, some of the data obtained was analyzed using PCA. The PCA was
constructed with the most significant data obtained after a factor analysis (cell
measures, phycobiliproteins, glycogen, chlorophyll and pmax). The clustering
was realized by both partitional (K-means, k = 4) and agglomerative (Ward’s
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method) methods, and no differences between those analysis was obtained.
The first two components of PCA covered over 87.95 % of the total variance,
with 69.69 % and 18.26 % for component 1 (PC1; x-axis) and 2 (PC2; y-axis),
respectively (Figure 11). Notably, this analysis corroborates with most of
results described in this work, indicating that CCM-UFV018 and 054 are
indeed distinct strains. In addition, a clear separation of the strains CCM-
UFV070 and CCM-UFV069 were observed, putting these strains as distinct
types, despite their same sampling site (Obuekwe et al., 2019). The strains
belonging to sub-cluster A (CCM-UFV003, CCM-UFV012, CCM-UFV059 and
CCM-UFV020) were spread into one large group. The main metabolic traits
explaining this separation between groups along PC1 are alophycocyanin and
phycoerithrin, and for PC2 are pmax) and chlorophyll (Table 5).
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PC2 (18.26%)

0.00- COM-UFVOS3

COM-UPI20

-0.25-
CCM-UFVO03

COM-URO12

-0.4 0.2 0.0 0.2
PC1 (69.69%)

Figure 11. Principal component analysis (PCA) of the growth, morphological and metabolic
parameters obtained for the eight Desmonostoc strains. PCA was performed using the
following variables: morphological (vegetative cell, heterocytes and akinetes length and width),
metabolic (phycobiliproteins, glycogen and chlorophyll contentes) and growth (pmax)).
Desmonostoc strains from the sub-cluster A (blue labels); Desmonostoc strains from the sub-
cluster B (orange labels).

Table 5. PCA variables with the contribution value for each component.

Variable PC1 PC2
Alophycocyanin -0.33526669 0.128893751
Phycoerithrin -0.33381462 -0.100007952
Vegetative.Width -0.33312653 -0.007864310

41



Heterocyte.Width -0.32842991 0.122454844

Heterocyte.Length -0.31667194 -0.011609044
Akinetes.Length -0.31636023 -0.141029108
Phycocianin -0.31446929 -0.199672859
Vegetative.Length -0.30987729 0.008542924
Akinetes.Width -0.28902837 0.222689552
Glycogen -0.26433954 0.286827487
u.max. -0.07919603 -0.621464063
Chlorophyll.a -0.04857964 -0.616671174

An interesting result from the clustering analysis was that CCM-UFV069
was placed in “sub-cluster-A” branch (Figure 12). This result can be compared
with the growth pattern (Figure 8), in which this strain had a more similar
aggregation patter with sub-cluster A strains (Figure 6). However, the
metabolic parameters put this strain as a distinct organism, as observed in the
PCA (Figure 11 and Table 5).
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Figure 12. Cluster Dendogram from Ward’'s method analysis between the eight Desmonostoc
strains.

When considered together, the results described here coupled with
information available on the literature, shed light on a new perspective for the
polyphasic approach, aiming the use of physiological and metabolic data. This
corroborate with compelling evidences that highlight that different stable

phenotypes of cyanobacteria are not reflected in 16S rRNA gene sequence
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comparisons (Mateo et al., 2011). Accordingly, the use of other genetic
markers, or the use of distinct characteristics, as physiological and metabolic
traits, as pigments quantification, can help to overcome some of the relevant

systematics issues.
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4. CONCLUSIONS

The results obtained here indicate that Desmonostoc genera is
seemingly a robust phylogenetic genus, although it harbors a great
morphological, metabolic and physiological diversity. Surprisingly, the
morphological diversity seems to be relatively greater than previously thought.
Our results demonstrated a great diversity on morphological and physiological
data inside cluster D1 of Desmonostoc. This can be observed by the
differences on the strains belonging to sub-cluster A when all data was
clustered together in the PCA, further indicating that physiological data are
important to solve issues not clearly defined by means of the molecular
phylogeny. The photosynthetic parameters indicated that the Desmonostoc
spp., at least those used here, are “shading” strains. Our sampling site
locations shown that Desmonostoc spp. are abundant in freshwater
environments, yet the majority of Desmonostoc spp. described until now were
from terrestrial environment.

Interestingly, the lower levels of all measured metabolites observed for
CCM-UFV069 facilitate the separation of this strain from the other
Desmonostoc spp. Notably, CCM-UFV018 and 054 exhibit a different growth
pattern and phylogenetic singular position, along with CCM-UFV070. This fact
indicates that these strains are most likely novel species and, more
importantly, are potential options to biotechnological applications, since they
exhibit high protein levels, and homogeneous growth.

Finally, by coupling physiological and metabolic data in a range of
Desmonostoc strains and further discussing the results of such experiment can
give rise to elusive conclusions for the phylogenetical placement of this
genera. Thus, the present study raises attention on this often neglected issue
and the consequences that it entails within cyanobacterial taxonomy and
systematics delimitation of taxa. Collectively, the usage of the approaches
here described will likely prove instrumental in defining the hierarchical nature
of the cyanobacterial genera that culminated with the potential
biotechnological applications of this remarkable organism.
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