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ABSTRACT

ALVARENGA, Luna Viggiano de, D.Sc., Universidade Federal de Vicosa, February,
2019. Desmonostoc salinum CCM-UFV059, a novel cyanobacteria from a saline-
alkaline lake: Molecular and physiological responses to light, desiccation and salt
stress. Adviser: Wagner Luiz Aratjo. Co-Adviser: Marcelo Gomes Margal Viera Vaz.
Cyanobacteria are widespread photosynthetic prokaryotes and are among the oldest
organisms on Earth. During their long evolution, cyanobacteria developed an
enormous diversity in terms of morphology, metabolic plasticity and molecular
properties, which seems to be important factors to cope with limiting environmental
conditions and allowed their ecological success in almost all known photic ecosystems.
The first part of this work consisted of the taxonomic characterization, using the
polyphasic approach, of the strain Desmonostoc salinum CCM-UFV059, a filamentous
heterocytous cyanobacterium isolated from a hypersaline lake. Taken together, our
data allowed the description of a new species and the first strain of the Desmonostoc
genus from a saline environment. The second part of this work aimed to decipher the
main salt acclimation mechanisms present in Desmonostoc salinum CCM-UFV059,
because most studies on cyanobacterial salt acclimation have been carried out on
unicellular strains, which cannot fix N>. We performed a comparative study using the
model strain Nostoc PCC7120, and we could observe a remarkable high salt tolerance
displayed by Desmonostoc salinum CCM-UFV059. In cells of Desmonostoc salinum
CCM-UFVO059 the intracellular sodium content was significantly lower than in Nostoc
PCC7120 and these cells were able to sustain photosynthetic activity up to 0.5 M NaCl
while Nostoc PCC7120 cells were not. Moreover, Desmonostoc salinum CCM-
UFV059 induced sucrose over-accumulation under desiccation stress conditions,
which allowed this strain to survive harsh desiccation stress. Together with the
presence of highly unsaturated lipids in the membrane, the high sucrose production
and the intense export of sodium could explain, at least partially, how Desmonostoc
salinum CCM-UFVO0359 is capable of acclimate to high salinities and to resist longer
desiccation periods. Collectively, our results provide the first insights into the
physiological adaptations explaining the remarkable high salt and desiccation
tolerance presented by this strain. Furthermore, given that cyanobacteria have several
biotechnological applications, such as the production of biomass for human and animal
consumption, and metabolites of industrial interest, the third part of this work was

performed to analyze the physiological and metabolic responses of Desmonostoc
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salinum CCM-UFV059 submitted to different light availabilities, aiming at finding the
light regime suitable for maximal biomass production as well as to better understand
how distinct growth conditions may interfere within the basal metabolism.
Collectively our results indicate that Desmonostoc salinum CCM-UFV059 display a
highly plastic metabolism and the ability to grow in a large range of light regimes, that
open the possibility to outdoor cultivation and commercial use of this species that has
a great biotechnological potential. Notwithstanding, further research is clearly required

in order to enable a large scale cultivation of Desmonostoc salinum CCM-UFV059.
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RESUMO

ALVARENGA, Luna Viggiano de, D.Sc., Universidade Federal de Vicosa, Fevereiro
de 2019. Desmonostoc salinum CCM-UFV059, uma nova cianobactéria:
Respostas moleculares e fisioldgicas a luz, dessecacio e stress salino. Orientador:
Wagner Luiz Aratjo. Coorientador: Marcelo Gomes Margal Viera Vaz.

Cianobactérias sdo procariotos fotossintetizantes € estdo entre os organismos mais
antigos da Terra. Durante sua longa evolugdo, as cianobactérias desenvolveram uma
enorme diversidade em termos de morfologia, plasticidade metabdlica e propriedades
moleculares, fatores importantes para lidar com condi¢des ambientais limitantes e que
permitiram o sucesso ecoldgico deste grupo em quase todos os ambientes. A primeira
parte deste trabalho consistiu na caracterizagdo taxonOmica da cepa Desmonostoc
salinum CCM-UFV059, uma cianobactéria filamentosa heterocitada isolada de um
ambiente hipersalino. Em conjunto, os dados obtidos permitiram a descricdo da
primeira cepa do género Desmonostoc oriunda de um ambiente salino. Como a maioria
dos estudos sobre aclimatagdo ao sal em cianobactérias foi realizada em linhagens
unicelulares, que ndo podem fixar N2, a segunda parte deste trabalho focou na
identificacdo dos principais mecanismos de aclimatagdo ao sal empregados por
Desmonostoc salinum CCM-UFV059. Para tanto, foi realizado um estudo comparativo
utilizando a cepa modelo Nostoc PCC7120. Com efeito, células de Nostoc PCC7120
apresentaram teor intracelular de sddio quatro vezes maior que células de
Desmonostoc salinum CCM-UFVO059, sendo estas ultimas capazes de sustentar a
atividade fotossintética até 0,5 M de NaCl, concentracdo essa na qual Nostoc PCC7120
ndo mais apresentava atividade fotossintética. Além disso, Desmonostoc salinum
CCM-UFVO059 produziu grande concentracdo de sacarose em resposta a limitagdo
hidrica, o que permitiu a sobrevivéncia dessa cepa ao estresse severo de dessecagao.
A presenca de lipidios altamente insaturados concomitantemente com uma alta
producdo de sacarose e capacidade de manter o sédio fora das células, explicam, ao
menos parcialmente, a capacidade de Desmonostoc salinum CCM-UFV059 em se
adaptar a altas salinidades e resistir a longos periodos de dessecacdo. Coletivamente,
os resultados obtidos fornecem informacdes iniciais sobre adaptacdes fisiologicas que
explicariam a notdvel tolerancia ao sal e a dessecacdo pela espécie Desmonostoc
salinum CCM-UFV059. Devido as potenciais aplicacdes biotecnoldgicas apresentadas
por cianobactérias, incluindo a producao de biomassa para consumo humano e animal

além de metabdlitos de interesse industrial, a terceira parte deste trabalho buscou
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investigar as respostas fisioldgicas e metabdlicas de Desmonostoc salinum CCM-
UFVO059 frente a diferentes disponibilidades de luz e fotoperiodo, visando encontrar o
regime de luz adequado para a mdxima producio de biomassa e também compreender
melhor como distintas condi¢des de crescimento interferem no metabolismo basal
dessa cianobactéria. Em sintese, Desmonostoc salinum CCM-UFV059 possui uma alta
plasticidade metabdlica podendo ser cultivada em uma ampla gama de regimes
luminosos, o que possibilitaria o cultivo aberto e uso comercial dessa espécie, que
apresenta grande potencial biotecnoldgico. N@o obstante, estudos sido ainda
necessdrios para viabilizar o cultivo e uso de Desmonostoc salinum CCM-UFV059 em

larga escala.
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GENERAL INTRODUCTION

Cyanobacteria are photosynthetic microorganisms present in almost all
environments on Earth, including marine waters, fresh water, desert soils, glaciers,
and hot springs. The “Endosymbiotic Theory” attributes to this group the evolution of
oxygenic photosynthesis and an essential role for life development, as it is the
endosymbionts for photosynthetic plastids in eukaryotic phototrophs (Hohmann-
Marriott and Blankenship, 2011). During their long-term evolution, cyanobacteria
evolved an enormous diversity in terms of morphology, metabolic plasticity and
molecular properties, which seems to be important factors to cope with limiting
environmental conditions, allowing their ecological success in photic environments
(Beck et al., 2012). It should be kept in mind that in order to survive in diverse habitats
comprising various environmental factors such as temperature, light, water
availability, pH, and even salts, cyanobacteria should display a highly exquisite
metabolic acclimation.

The natural diversity of cyanobacteria and their ability to grow in a variety of
habitats, such as areas not suitable for agriculture, always sparks interest in
characterizing new strains of this group for their potential of biomass and biofuels
production. Furthermore, compared with land plants, cyanobacteria presents higher
photosynthetic efficiency, rapid cell growth, basic nutritional requirements (sunlight,
water and CO2 mainly) and the possibility of genetic manipulation (Parmar et al.,
2011), making them useful organisms for a number of industrial applications.
Cyanobacteria also share physiological traits with land plants beyond photosynthetic
reactions (e.g. phytohormones) (Deusch et al., 2008), and thus these microorganisms
have been widely recognized as useful model systems for the investigation of
environmental stress responses among plants (Orf et al., 2016). Previously to their
modern application as industrial substrate, physiological model for plants or resistance
gene bank, cyanobacteria have been used for centuries in non-Western culture for
nourishment, with several records in history (Farrar, 1966; Ciferri, 1983; Takenaka et
al., 1998). Moreover, the implementation of cyanobacteria in Western diets has been
strongly discussed during the last decades due to the search for new sources of proteins
and there is already both production of and a market for cyanobacteria as food
supplements around the world. The genus Spirulina is, for instance, the principal

cyanobacteria cultivated for these purposes (Sandrin et al., 2009). One of the great



advantages of using Spirulina in food is that up to 70 % of its dry weight are proteins
that contain all essential amino acids for the human body. In addition to being a source
of high quality protein, Spirulina is considered a vitamin and mineral “gold mine”,
presenting high contents of f-carotene, iron, vitamin B12, and glycogen (a natural
source of energy) (Soni et al., 2017). These are few reasons why NASA has considered
the use of Spirulina as a food of choice for space flights and the United Nations (UN)
consider Spirulina as a possible solution to global protein shortages (Becker, 2007).
It is worth to mention that the future mass cultivation of cyanobacteria for
biotechnological or feeding purposes should be probably done in saline/brackish
waters, avoiding competition with agriculture and human consumption. Notably,
cyanobacteria growth in saline media could impact the cellular metabolism and
perhaps product yield (Florian et al., 2013; Pade et al., 2016).

Salinity, as the total concentration of dissolved inorganic ions, is a major
environmental stress and severely affects aquatic organisms, such as most
cyanobacteria (Hagemann, 2011). Increased salt concentrations in the external
environment promote increments in the ion concentration inside the cell due to water
loss, reducing the water potential and increasing osmotic stress. At the same time, high
concentrations of certain ions can have toxic effects on the cellular metabolism. As a
result, salt stress always occurs in combination with osmotic stress. Nevertheless,
physiological and biochemical aspects of acclimation to salt stress in cyanobacteria
are widely recognized and can be commonly distinguished in two strategies namely
‘salt-in” and ‘salt-out’ (Hagemann, 2013). The strategy ‘salt-in’ is only used by few
halophilic organisms, from Archaea and Bacteria, and consists in the accumulation of
high internal amounts of inorganic salts (especially KCl), exceeding the external salt
concentration. The accumulation of inorganic ions is metabolically cheaper and able
to ensure water uptake, turgor pressure, and growth (Oren et al., 2007). However, the
presence of high salt concentrations in metabolically active compartments clearly
requires an adaptation of all organic macromolecules to this new environment, which
was seemingly difficult to achieve during evolution, and this assumption explains, at
least partially, why the energetically favorable ‘salt-in’ strategy is restricted to only a
few prokaryotes. The vast majority of organisms, including most cyanobacteria and all
eukaryotes, use the "salt-out" strategy for acclimation to saline environments. This
strategy maintains a low level of toxic inorganic ions such as Na* and CI” within the

cytoplasm, avoiding damages to the metabolism (Hagemann, 2011). Cyanobacteria
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normally use two basic processes in the so-called ‘salt-out’ strategy: (i) active export
of toxic inorganic ions (Fulda et al., 2006; Hagemann, 2013), and (ii) accumulation of
organic osmoprotective compounds, which do not interfere with the basal cellular
metabolism (Marin et al. 2002; Hagemann, 2011). These osmoprotective compounds,
commonly referred to as compatible solutes, help to maintain membrane integrity and
stability of the cellular protein apparatus. Cyanobacteria can be distinguished in three
groups according to the preferred osmoprotective compound. Cyanobacterial strains
with low salt tolerance accumulate sucrose and/or trehalose, whereas moderate
halotolerant strains use glucosylglycerol (GG); and halophilic strains, which have an
absolute requirement for a minimal salt concentration, synthesize glycine betaine as a
characteristic compatible solute (Kldhn and Hagemann 2011).

The strain Desmonostoc salinum CCM-UFVO0509 is a filamentous heterocytous
cyanobacterium, isolated from a benthic microbial mat occurring at the shore of a
hypersaline lake (Laguna Amarga). The work presented here is largely focused on
understanding how this strain can cope with high salt concentration. That being said,
the main aims of this thesis were: (i) obtain a comprehensive metabolic and molecular
overview of how and to which extent strain Desmonostoc salinum CCM-UFV0359 is
able to deal with salinity; (ii) provide the description of the first Desmonostoc strain
1solated from a saline-alkaline lake, culminating with the erection of the new species,
Desmonostoc salinum sp. nov. To reach these goals several different but
complementary experimental approaches were undertaken and therefore this thesis is
organized as a compilation of three independent stand-alone chapters containing an
introduction and discussion as well as details of the methods used.

Thus, the first part of this research initiative consisted of the taxonomic
characterization of the strain using the polyphasic approach coupling molecular
characterization (16S rRNA phylogeny and 16-23S ITS secondary structures) with
morphological, ecological and physiologic data. Taken together, our data allowed the
description of the first Desmonostoc strain from a saline-alkaline lake, named
Desmonostoc salinum sp. nov., under the provisions of the International Code of
Nomenclature for Algae, Fungi and Plants. This finding extends the ecological
coverage of the genus Desmonostoc, contributing to a better understanding of
cyanobacterial diversity and systematic.

In the second part of this work, we pursued to identify mechanisms and key

metabolites associated with the differential halotolerance observed in the strain
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Desmonostoc salinum CCM-UFV059, allowing a better understanding of the
strategies adopted by cyanobacteria to tolerate high salinity. Briefly, we observed that
the LDso, the value that represents the salt concentration capable of killing 50 % of
cells after 72 h of exposure, was a concentration nine times higher (890 mM NaCl -
de Alvarenga et al, 2018) than found in the model filamentous strain Nostoc sp.
PCC7120 (Agrawal et al., 2014). Moreover, we observed that the intracellular sodium
concentration, sucrose production and metabolite changes in response to salt stress,
are responsible for the remarkable halotolerance presented by Desmonostoc salinum
CCM-UFVO059 and, surprisingly, by the desiccation tolerance also presented by this
strain.

Once prokaryotes are highly susceptible to environmental fluctuations, they
respond with drastic changes in their metabolism to even small variations in light
quality and availability, nutrients, and inorganic ions (e.g. NaCl). In this context, in
the third part of this work both physiological and metabolic responses of Desmonostoc
salinum CCM-UFV059 were investigated under different light intensities and
photoperiods, as well as under saline conditions. Our main goal was to discover the
light regime suitable for maximal biomass production and to further understand how
distinct growth conditions may interfere within the basal metabolism of this strain. Our
results demonstrate an association between the macroscopic colony architecture of
Desmonostoc salinum CCM-UFV059 and the predominant cellular type. We also
demonstrate that relatively small variations in light intensity are able to modulate the
storage metabolism of Desmonostoc salinum CCM-UFV059, without impacting the
final biomass production.

Finally, in the last chapter of this thesis entitled “Concluding Remarks” I
summarize the main findings of this work and provide a relatively brief but up to date
discussion about the challenges and perspectives in enhancing our understanding of
the taxonomy, physiology, and metabolism of this highly intriguing and specialized
cyanobacterial strain, with the practical biotechnological applications of the strain

Desmonostoc salinum CCM-UFV059.
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Extending the ecological distribution of Desmonostoc genus:
proposal of Desmonostoc salinum sp. nov., a novel Cyanobacteria
from a saline-alkaline lake
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Abstract

Cyanobacteria is an ancient phylum of cxygenic photosynthetic microerganisms found inalmost all environments of Earth. In
recent years, the taxonomic placement of some cyancbacterial strains, including those belenging to the genus Mostoo sensuw
[afo, have been reevaluated by means of a polyphasic approach. Thus, 145 rRNA gene phylogeny and 165~235 internal
transcribed spacer (ITS) secondary structures coupled with morpholegical, ecological and physiological data are considered
powerful tools for a befter taxonomic and systematics resolution, leading to the description of novel genera and species.
Additionally, underexplored and harsh enwironments, such as saline-alkaline lakes, have received special attention given
they can be a source of novel cyanobacterial taxa, Here, a filamentous heterocytous strain, Mostocaceae CCM-UFVD5S%,
Isolated from Laguna Amarga, Chile, was characterized applying the polyphasic approach; its fatty acid profile and
physislogical responses to salt (NaCl) were also determined. Morphologically, this strain was related to morphotypes of the
Mostoc sensu fafe group, being phylogenetically placed into the typical cluster of the genus Desmonastoc. CCM-UFVOES
showed identity of the 1465 rRNA gene as well as 165-235 secondary structures that did not match those from known
described species of the genus Desmonosioc, as well as distinct ecelegical and physiclegical traits: Taken together, these
data allowed the description of the first strain of a member of the genus Desmonostoc from a saline-alkaline lake, named
Dasmonastoc safinum sp. nov., under the provisions of the International Code of Nomenclature for algae, fungi and plants
This finding extends the ecclegical coverage of the genus Desmonostoc, contributing to a better understanding of
cyancbacterial diversity and systematics.

pH values (from 9.5 to 11.0) [3]. Saline-alkaline lakes are
distributed worldwide, mainly in arid and semi-and envi-
ronments, as in the Rift Valley in East Africa [3], but are
also found in tropical and sub-tropical regions, as in the
Brazilian Pantanal wetlands [4-6] and the Chilean southem
region [7]. Laguna Amarga (Torres del Paine National Park,
Chile) is a soda lake located in Southern Patagonia [8], a

Cyanobacteria is an ancient phylum of oxygenic photosyn-
thetic microorganisms within the Bacteria domain. Mem-
bers of this phylum present basic nutritional requirements
(COy, H,O and light mainly) and display great morphologi-
cal/metabolic diversity, allowing them to grow and to dis-
perse in a variety of environments, including extreme ones
[1,2]. Saline-alkaline lakes, usually called soda lakes, are an

example of such harsh environments, These lakes normally
contain amounts of sodium-carbonate/bicarbonate salts up
to saturation, forming a buffer system which maintains high

semi-arid area 105 m above sea level, with a windy cold dli-
mate (mean annual air temperature of 66 C) and evapora-
tion rates normally greater than precipitation rates [7].
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It seems clear that such extreme environments cause serious
limitations to the development of life and it seems reason-
able to assume that cyanobacteria strains isolated from such
conditions can provide valuable information concerning
taxonomy, systematics and ecological distribution.

The taxonomic classification of cyanobacteria was formerly
based mainly on morphological characters [9-12]. However,
during recent decades, the additional application of molecu-
lar data using 165 rRNA gene sequences, has greatly con-
tributed to improving cyanobacterial taxonomy and
systematics [13-17]. Ecological and ultrastructural features
have also been suggested as fundamental chamcteristics
allowing a more robust characterization [18-20]. Moreover,
physiological and metabolic traits can also be powerful tools
to enhance our understanding of cvanobacterial evolution,
assisting in the systematics of this group [5, 21-24|. The
combination of these different methods, known as the "poly-
phasic approach’, has demonstrated that many morphologi-
cally well-defined genera are indeed polyphyletic, resulting
in the description of novel genera and species [15, 23, 25-
28]. This is notably important for the Nostoc semsu lato
group, which has been recently split into novel generic enti-
ties, Mojavia [29], Desmonostoc |30], Halotia [23] and Alii-
nostoc [28].

In this context, we proposed the hypothesis that saline-alka-
line environments harbor novel cyanobacterial strains with
unique and unexplored physiological traits. To this end, a
filamentous heterocytous cyanobacterial strain  isclated
from a saline-alkaline lake in Patagonia was characterized
applying a polyphasic approach, by using morphological
characters, phylogeny of 165 tRNA gene, 165-235 intemal
transcribed spacer (ITS) secondary structure, coupled with
ecological and physiclogic dat (growth response to saline
conditions and its fatty acid profile detenmination), Our
results allowed the description of the first Desmonostoc
strain isolated from a saline-alkaline lake, to our knowledge,
culminating in the proposal of the novel species, Desmonos-
toc salinum sp. nov, Furthermore, it was demonstrated that
this strain is able to thrive at salt concentrations higher than
0.25 M of NaClL

The cyanobacterial strain analyzed in this study was isolated
from periphytic microbial mats collected at Laguna Amarga,
Tomes del Paine National Park (50° 29° 00" S and 72" 45°
00" 'W), Chile, during February 2011 (Fig. 1a, b), Water pH
and temperature were measured at the sampling site using a
portable Digimed DM-2 meter (Digimed Analitica, Digi-
crom Analitica) calibrated with buffer solutions of pH 4.0
and 7.0; the temperature was compensated using automatic
temperature compensation. Water and periphytic samples
were stored in polyethylene bottles and kept on ice for fur-
ther physical-chemical analysis and isolation procedures
Alkalinity was measured by titrating an aliquot of the solu-
tion to pH 8.3 to determine phenolphthalein alkalinity and
to a pH near 45. Alkalinity is reported as mg CaCO; 17
equivalent, which can be interpreted as the equivalent
amount of calcite needed to consume the amount of acid
titrated. A subset of elements was also quantified and are
presented in Table 51 (available in the online version of this
article). Following these analyses, Laguna Amarga presents
high amounts of wons in the water, showing deposits of
white sediments in the shoreline (Fig. 1). At sampling, the
water temperature was around 6 °C, and the pH was 9.5,
presenting a sodium concentration of 2877g1 " (equivalent
to 1.25 M). The ions SOF , K', §° and Mg"f were also
found in high abundance; Carbonate (C.Q%'} and bicarbon-
ate (HCO; ) concentrations were 267g 17 U {0,044 M) and
095g1 ' (0,015 M), respectively (Table S1).

Samples of the periphytic microbial mats (Fig. 1) collected
from the shoreline were fragmented and spread on BG-11,
plates (BG-11 without nitrogen sources) [31]. In the first
rounds of the isolation, the plates were maintained at low
temperatures, starting at 1022, which were successively
increased, up to 24+2 C, The plates were maintained under
light intensity of 40 pmol m s~ and photoperiod of 16/
8h (light/dark). The biomass was constantly analyzed under
the microscope and successive streaking was performed
until unicyanobacterial colonies were obtained. The strain
CCM-UFV058 was the only filamentous heterocyte-forming
cyanobacterium isolated from the collected mat. After isola-
tion, the non-axenic unicyanobacterial culture was

Fig. 1. Samples of periphytic microbial mat adhered to clayey material |at collected from Laguna Amarga shoreline in January of

2011{hE
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maintained in liquid (BG-11,) medium under the same con-
ditions described above, at the Collection of Cvanobacteria
and Microalgae (CCM-UFV), in the Laboratory of Phycol-
ogy and Molecular Biology, Plant Biology Department at
the Universidade Federal de Vigosa,

Morphological characterization was performed as previ-
ously described [32, 33|, using a Zeiss Axioskop 40 optical
light microscope equipped with an AxioVision LE 4.6 digital
imaging system (Carl Zeiss) [34]. The morphology of colo-
nies, vegatative filaments and hnrmogonia were observed;
the presence or absence of sheaths was recorded and the
size of vegetative cells, heterocytes and akinetes was
measured,

For molecular characterization, total genomic DNA was
extracted from a 14-day-old culture using the UltraClean
Microbial DNA Isolation Kit (MoBio). The 165 and the
165-235 ITS gene region were PCR-amplified using the
primer set 27F1 [35] and 23530R [36], following steps
described previousty [12]. The amplicons were, then, cloned
into a pGEM-T Easy Vector System (Promega, Madison)
according to the manufacturer’s manual, Competent
Escherichia coli DH5a cells were transformed and recombi-
nant plasmids were purified from white colonies using the
UltraClean Standard Mini Plasmid Prep Kit (MoBio). Plas-
mids containing the fragments of interest were sequenced
using the MI13F/R primer set and the 165 rRNA intemal
primer sets 341-357F, 357-341R, 685-704F, 704-685R,
1099-1114F, and 1114-1099R [37], exactly as described by
Genuario et al, [12], The sequenced fragments were assem-
bled into one contig using the software Phred/Phrap/
Consed (Philip Green, University of Washington, Seattle,
USA) and only bases with >20 qual ity were considered.

The 165 rRNA gene sequence obtained in this study and
related ones retrieved from GenBank were aligned using
CLUSTAL W from mEcA version 5 [38] and trimmed (165
rRNA gene matrix with a 1446 bp length). A total of 108
sequences were considered and used to infer the phylogeny
based on the maximum likelihood (ML) method The gen-
eral time reversible evolutionary model of substituion
with gamma distribution and with an estimate of propor-
tion of invariable sites (GTR+G+1) was selected as the hest
fitting model, applying the model-testing function in MEGA
version 5 [38] and jModelTest 2.1.1 program [39]. The
robustmess of the phylogenetic trees was estimated by boot-
strap analysis using 1000 replications. Bayesian inference
was also conducted using MrBayes 32 [40], applying two
separate mns with four chains each and 50 000 000 Markov
chain Monte Carlo generations. Posterior probabilities
(PP} were calculated at the conclusion of the Markov
Chain Monte Carlo analysis and a traditional burn-in on
the first 25% of the trees was performed. The tree was
viewed in FigTree 13.1 (htp://treebio.ed.ac uk/software/
figtree). Given that ML and Bayesian methods resulted in
nearly identical topologies, only the ML tree is presented,
with indications of ML bootstrap values and Bayesian pos-
terior probabilities.

The 165-235 ITS gene region obtained was further used for
analysis based on secondary structure folding. The selected
165-235 ITS sequences were aligned with cLUsTAL W from
the Mega package [38] (Fig. 51). Their ITS regions (D1-
D1, D2, V2, Box-B, Box-A, DM, V3 and DS) and tRNA
genes were found using LocARNA-Alignment and Folding
[41,42] and tRNAscan-5E Search Server (1.21) [43], respec-
tively, The D1-D1’ and V2 secondary structures were folded
using the Mfold WebServer with the default conditions
except for applying untangle with loop fix as structure draw
mode [44]. The sequence of 165 and the 165-235 IT5 gene
region obtained from the isolated strain was deposited in
the NCBI GenBank database under the accession number
KX(787933,

To screen microcystin and saxitoxin synthetase genes, three
molecular markers were selected from each gene cluster,
respectively: moyD, mcyE and mey( as well sxtA, sxtB and
sxtl. The PCR amplifications of meyD (818bp) and movE
(809 bp) were conducted using the specific primers designed
previously [45] whereas mcyG (534 bp) was amplified using
the primer set described by Fewer et al. [46], The PCR ampli-
fications were performed as described by Genudrio ef al.
[12]. For saxitoxin synthetase genes, the PCR amplification
was conducted using the specific primers (sxtA - 200bp;
sxtB - 400bp; and sxil - primer set OCT-F/R, 900 bp) and
the conditions designed by Hoff-Risseti et al. [47].

Given that Laguna Amarga is characterized by a high salt
concentration (Table S1), the lethal dose concentration
(LDsg) of NaCl for CCM-UFV059 was determined. The
LD, is the minimum concentration of a specific agent
capable of killing 50% of cells after 72h of exposure,
according to Organization for Economic Co-operation and
Development (OECD) Guidelines [48]. Briefly, independent
growth curves were performed, in triplicate, using different
NaCl concentrations (0, 0.05, 0075, 0.1, 0.25, 05, (.75, 1,
175 M), with CCM-UFV059 being maintained under a
photoperiod of 16/8 h (light/dark), 24+2 °C, light intensity
of 70 pmol m*s ! and constant shaking (30 g), for 10days.
Growth evaluation was performed by measuring the num-
ber of cells in a Neubauer chamber (Optik Labor), ashes-
free dry mass and 0D, Likewise, growth curves using the
same salt concentrations were conducted for Nosfoc sp.
PCCT120, which was selected based on its non-NaCl-toler-
ance (negative contral) [34].

The fatty acid profile of this strain was analyzed after cultiva-
tion in conditions without salt, Briefly, 10 mg lyophilized cells
were independently harvested at four sampling peints along
the exponential phase of a growth curve (D, start point of
exponential phase; 2, 8 and 24 h). The derivatization was con-
ducted according to the Sherlock Microbial Identification
MIDI System, using HCl-methanol 6% (v/v) and bexane
(http:/fwww.midi- inc.com/ Technical note #101). A total of
0.05ml of the non-palar fracion was taken for analysis on
model 7890 gs chromatograph {Agilent) equipped with an
HP-ultra 2 column (25m, 0.20mm D, 00: 33 pM film thick-
ness), The MIDI Sherlock version 6.2 (MIDI) software was

10
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used to adjust the operational parameters and for recognition,
quantification and comparison with the reference libraries.
The results are expressed as percentages in relation to the total
response obtained in the chromatogram.

The non-axenic filamentous heterocytous strain, obtained
after the isolation procedures, was named as Nostocaceae
CCM-UFV059, once its main morphological traits had
been matched with those found in members of this family.
Under standard conditions (BG-11, medium, without
Na(l), microscopic inspection revealed that CCM-UFV059
had straight trichomes at the beginning of development, as
hormogonia or young trichome, and later was organized in
a set of parallel trichomes, enclosed by a diffluent mucilage
(Fig. 2a, ¢). This parallel organization of trichomes,
observed in early and middle phases of culture, could be
lost later, as a consequence of akinete differentiation. Both
intercalary and terminal heterocytes were always present in
vegetative trichomes, with the terminal ones being differen-
tiated during the early stages of trichome development.
Whilst in the presence of NaCl akinetes were easily found,
under standard conditions they were not often observed.
Initially, the akinetes were organized in chains, which could
be broken, releasing isolated mature akinetes (Fig. 2b, d).

Macroscopically, the strain grew as a free-floating gelati-
nous biomass, which occasionally formed aggregated colo-
nies. Motile hormogonia were frequent and abundant in
earlier growth phases, usually containing more than 20 cells,
without heterocytes. Vegetative cells presented a dark-green
colour, were barrel-shaped, sub-spherical or longer than
they were wide (3.7-5.4um long and 33-4.5pm wide).
Heterocytes were sub-spherical, longer than they were wide
(5.8-8.3pum long and 3.7-4.6 pm wide) with a slight-green
or yellowish colour. The akinetes were spherical or sub-
spherical (8.3-10.0pm long and 5.0-83 pm wide), with
green to yellowish colour and conspicuous granulation
(Fig. 2 and Table 1).

The nearly complete 16S rRNA gene (1413 bp) and the 165~
23S ITS gene region (327 bp) were sequenced from the
CCM-UFV059 strain. The 16S rRNA gene sequence
obtained showed identity higher than 98.5% to related
sequences available in Genbank (Table 2). It is important to
mention that among the related sequences, seven were from
strains assigned to the genus Desmonostoc or belonging to
its corresponding phylogenetic clade [30], and seven
sequences were related to uncultured bacterium clones har-
vested from the gut microbial communities of zebrafishes

..
..

Fig. 2 Photomicrographs of Desmonostoc sabnum CCM-UFV059. 3 and c: Vegetative trichomes grown in BG-11, without NaCl. b and d:
Trichomes grown in BG-11, supplemented with 820 mM NaCl. b Presence of akinetes after 96 h of cultivation in BG-11, with 890 mM

NaCl. Bars, 20pm.

11



de Alvarenga et 2l., [nt J Syt Eval Microbol

Table 1. Morphometric characteristics of Desmonostor salinum CCM-UFVYDE?

All measurements [mean, {rangel] are given in pm,

Cyanobacterial strain Vegetative cells Heterocytes Akinetes
Length Wiidth Length Width Lengih Width Shape
Desmonsdtor saimam CCM-UFYVISS 45 [3.7-54) 42 {3345 TO{58-83) 42 (378 9.0 (H3-10.0) FO{50-43) Oval

[49] (Table 2). In the phylogenetic reconstruction based on
165 rRNA gene sequences, the sequence of CCM-UFV059,
grouped in a robust dade (94 % bootstrap value, ML; and
posterior probability of 1, Bl) with other sequences of Des-
monostoc (Cluster Dessonostoc semsu stricto - Desmonostoc
spp., Figs 3 and 54). The sequences assigned to the genus
Desmonostoc characterized by Hrouzek et al. [30] and the
recently described D. geniculatum [50] were all included in
this cluster (Figs 3 and 54). Additionally, the comparison of
the 165 rRNA gene sequence of CCM-UFV059 with a sub-
set of selected sequences used for phylogenetic reconstruc-
tion, including those from members of the genera Nostoc
sensu stricto, Mojavia and Halotia (Table 52) showed identi-
ties ranging from 97.5 to 998 % against sequences of mem-
bers of the genus Desmonostoc and from 94.6 to 966 %
against those of members of the other selected genera
(Table $2). Furthermore, the 165 rRNA gene sequence of
CCM-UFVD59 has an identity of 979 % against the
sequence of Desmonostoc muscorum  Lukesova  1/87
(AM711523), the type-species of the genus Desmonostoc
|30], and 97.5% against the sequence from Desmonostoc

geniculatum HA4340-LM1 (KUleleel), which have been
previously described [50] (Table 52).

The novel 165-235 ITS spanned the D1-D17, D2, V2 and
D5 regions and the secondary structures of D1-D1° and
V2 regions were folded. The length and secondary struc-
tures of the novel 165-235 were compared against sequen-
ces from those strains of the genus Dessmonostoc available
and the type strains of the type species of the genera Nos-
toc, Mojavia and Halotia (Table 53; Figs 4, 5, 52 and 53).
Within Desmonestoc 165-235 ITS sequences, the length of
D1-D1°, V2 and D5 regions were 65-69, 29-62 and 16-
21bp, respectively (Table §3). For the remaining analysed
genera, these regions presented a wider variation 60-67,
27-76 and 14-21bp for D1-D1°, V2 and D5 regions,
respectively. Considering the sequence length, all the
regions from CCM-UFV059 coincided with those of
Demonostoc sp. 111 _CR4_BG11B and Desmonostoc sp.
111_CR4_BGI11N, indicating that they might represent the
same species (Table §3). Similarly, their D1-D1° and V2
secondary structures precisely matched (Figs 4, 5). Eight
D1-D1° helical patterns were recognized among the 165~

Table 2 Sequence dentity (%} of 165 rRNA gene fragments among Desmonosfoc szlnum CCM-UFYDE? and other cyanobacterial strains available in

GenBank
Strain Length (bp) Closest match { Accession number) C* (%) It (%)
Deimonsstor salinam COM-UFVISS 1413 Diesmortoc sp. 8964: 3 (AMT1154133 1600 998
Lo foc t'I-J.IVP,n'fum LAM M-267 (ABS3I40 1{nk ool
Uncultured bacteriom [FROP2 jaa51e01 {HMIBNET 1t iy ool
Desmionostoc sp. POCSIL (AYTAM52)¢ oy o
Lo foc s POCE3M (HGDMS8 1{nk o068
Uncultured bacterium [FROM2_jma37gls (HM7R0M0165E Tk oo
U neultured bacteriom [FRMZ_faaSha03 (HM7R0005 1% 1k %3
Uncultured bacteriom [FROZ_jsa38408 (HMTRO03 ) Tixk 92
Uncultured bacteriem [FROMZ_jaa3Tals (HM7RO249)4 1y LR
Uncultured bacteriem lER‘sz_jHTfﬁjE | HM7H0016)F Ly 4
Uncultured bacteriem JFROMZ_jaaSa03 (HM7RMMS L 993
U pcultured bacterhom [FROM2_jxa 37305 (HMTE0163 ¢ 1 290
U nenlivred bacteriom [EROP02 —jmadllgl {HM780211 4 ol bt
Desmometoe sp. POCEI0T (HGOMMSH3 1 985
Nostow Irackia var, arvense LAM M-30 {ABIZ507 1} 100 Y85
Degrmarmos foc aP.CIi LAMT11533 1 141 985
*Coverage.
tldentity

tPublished sequence.
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235 sequences analyzed and all of them shared the same
basal stem structure (GACCU-AGGUC) (Figs 4 and 52).
Interestingly, the secondary structure from CCM-UFV059
coincided only with those from Desmonostoc sp.
111_CR4 _BGI1IE and Desmonostoc sp. 111_CR4_BGIIN
helixes (Fig. 4). Altogether, one single unpaired nucleotide

located in first internal loop after the basal stem and two
unpaired nuclectides in the lateral bulge are the main dif-
ferences when compared with the remaining helical pat-
terns (Fig. 4). The number of V2 helical patterns was
slightly higher among the 165-235 sequences analyzed and
they did not share the same sequence in their basal stems
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Fyg. 5 V2 secondary structures of the 165-235 TS sequences from selected strains of members of the genus Desmonosipc
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even when compared only among the sequences from
members of the genus Desmonostoc  (Figs 5 and 53).
Again, the V2 secondary stmcture from CCM-UFV059
agreed only with those from Desmonosioc  sp.
111_CR4_BGIIE and Desmonostoc sp. 111_CR4_BGLIN
helixes mainly by their six unpaired nuclectide located at
the terminal loop (Fig. 5). All this information interpreted
altogether indicates that the novel CCM-UFV059, Desmo-
nostoc  sp. 111 _CR4 BGI1E and Desmonostor sp.
111_CR4_BGIIN represent a single species.

The molecular screening for genes involved in the bio-
synthesis of microcystin and saxitoxin did not produce
any positive reaction, indicating that CCM-UFV059 does
not have the genetic potential to produce these toxins,
Moreover, the chemical analysis conducted using its' bio-
mass aiming to access these toxins did not detect their
presence (data not shown). It should be mentioned that,
to date, there s no register of strains of members of the
genus  Desmonostoc capable  of producing  such
cvanotoxins.

The LDs, observed for CCM-UFV059 was 0.89 M whereas
it was only 0.1 M for PCC7120 (Fig. 55), indicating that
this novel strain can tolerate high NaCl concentrations.
Next, the growth of CCM-UFV059 was evaluated in cul-
ture media applying NaCl concentrations below the LDsy
dose. By increasing the salt concentration, clear reductions
in the growth of CCM-UFV059 were observed, measured
both by ODgsg and ashes-free dry mass (Fig. 86). In the
absence of Na(l (standard conditions), CCM-UFV059
showed a six-day exponential phase (from the second to
the eighth days) (Fig. S6a) and the maximum dry mass
was achieved after 8days of cultivation (Fig. 56). A longer
lag phase and a shorter exponential phase were ohserved
in the presence of 0.25 M Na(l, leading to a reduction of
31 % in biomass production. Although treatments with 0.5
and 0.75 M NaCl did not show any expressive growth (Fig.
S6), it was possible to observe, through microscopic analy-
sis, the differentiation of vegetative cells into akinetes. The
differentiation started at the second day of exposure to
0.75 M NaCl, similady to the cultures growing at the LD,
{(Fig. 2b, d).

The fatty acid methyl esters (FAMEs) profile showed a
major abundance of palmitic acid (16:0) (28 %), palmitoleic
acid (16:1w7c) (18%) and oleic acid (18:1w7c) (33%).
Myristic acid (14:0 anteiso) (3 %), linoleic acid (18:2:6,9c)
{7 %) and other FAMEs were also found in minor amounts.
The FAMEs profile did not present significant variation
among the four sampling points, which encompassed a
complete day into the exponential phase, indicating that the
FAMEs profile muost be seen as an important taxonomic
marker (Fig, 6) [51]. The FAMEs profile of CCM-UFV059
presented clear differences from those described by Temina
ef al. [52] in a study analyzing a subset of Nostoc-like
strains. However, a deeper comparison was hampered since
no other strain belonging to a member of the genus Desmo-
nostec has been analyzed to date by means of fatty acid

profile. Nevertheless, this result serves as a foundation for
comparison in further studies aiming to characterize the
intra- and inter-generic diversity of strains belonging to
Nostoc sensu lafo,

Laguna Amarga, from which the novel species Desmonostoc
salinum CCM-UFV059 was isolated, showed high pH
(»9.0), high dissolved content of Na*, K*, Mg" and $07~
and high content of carbonates, as sodium carbonate/bicar-
bonate precipitates (Table 51). Such harsh environmental
conditions can be a limiting factor for many organisms,
including cyanobacteria. In fact, only a few organisms can
grow in saline-alkaline lakes, like Laguna Amarga [4,
53]. Taking into account morphological results, CCM-
UFVD59 resembles the morphotypes of the related genera,
Nostoc seysu stricto, Desmonostoc and Halotia, That being
said, the identification of diacritical morphological features
among these genera and species is apparently highly com-
plicated [23]. However, it is important to mention that aki-
nete differentiation observed under both standard culture
conditions and high salt concentrations, the dark green of
vegetative cells, the production of large amounts of exopoly-
saccharides during the whole life cycle and the parallel orga-
nization of trichomes can be assumed to be important
morphaological traits distignishing members of the genus
Desmonostoc.

The phylogenetic analyses presented here (Tables 2 and 52;
Figs 3 and 54) coupled with the cut off values for genus and
species delimitation (95 and 975 %, respectively) [54, 55],
clearly indicates that CCM-UFV059 represents a member of
the genus Desmonostoc (identity >95%). More importantly,
our results are suggestive of a novel specific entity. Although
these last identity values are slightly higher than the ones
proposed for species delimitation, this numeric percentage
value cannot be used as a robust diacritical trait for species
separation, especially for nostocacean taxa, for which
broader limits are accepted [23, 56, 57]. In addition, on the
basis of phylogenetic reconstruction, the Desmonostoc clus-
ter presented two major subdusters in which the first sub-
cluster harbored the 165 rRNA gene sequence retrieved
from the type species (Desmonostoc muscorum Lukesova
1/87) and other sequences from other members of the genus
(D, muscorum [, Desmonostoc sp. PCCa302 and Desmon os-
toc sp. 8938). Notably, this duster corresponds to the Des-
maonostoc duster D2 presented by Hrouzek ef al [30], and
represents the "type’ cluster of D. muscorum. In additon,
from this subcluster emerged a subdivision containing three
sequences of Desmonestoc genicularum HA4340-LM1, a
recently described species from Hawaiian cave walls [50].
The second subcluster accommodated the novel 165 rRNA
gene sequence retrieved from the CCM-UFV059 and other
sequences assigned to the Desmonostor and also corre-
sponded to the cluster D1 revealed by Hrouzek et al. [30].
Internally, the 165 rRNA gene sequence from CCM-
UFVD59 clustered together with eight other sequences and
these sequences shared more than 99.5 % identity among
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themselves, indicating that they must represent the same
species,

Analysis of 165-235 ITS secondary structures has been con-
sidered to be a powerful tool for delimitation of cyanobacte-
rial species [58], among which V2 helix is the most variable
and D1-D1" more important for separation of strains in dif-
ferent species [23, 27|. Length comparison among the
regions within the 165-238 sequences showed that the D1-
D1, V2 and D5 regions from CCM-UFV059 and those of
Desmonostoc sp. 111_CR4_BG11B and Desmonostoc sp.
111_Crd4 BG 11N coincided and that their D1-D1" and V2
secondary structures matched precisely (Figs 4, 5). These
similarities indicate that CCM-UFV059 and two strains
(Desmenostoc sp. 111_CR4 BG11E and Desmonosioc sp.
111_CR4 _BG11N), which had been isolated from the walls
of caves on Kauai, Hawaii, for which detailed information
about their sampling sites are lacking [ 50], represent a single
species, Likewise, ecological information from the remain-
ing strains in the D, salinum sub cluster (Fig. 3) is not pre-
cise. More importantly, these sequences do not have their
165-23 ITS available, impairing a better comparison about
their relatedness at species level,

Strains assigned to the genus Desmonostoc are normally
found in non-extreme environments, characterized by moist

or wet meadow, field and forest soils [30] and more
recently, strains of species of the genus Desmonostoc have
also been recovered from caves on Kauai, Hawaii [50], It is
worthy of mention that these strains are rarely found in
periphyton, biofilms as well as in deserts; however, some
strains are symbiotic to Cyas and Gumnera [30, 59]. To our
knowledge, CCM-UFV059 is the first strain of a member of
the genus Desmonostoc isolated from a saline-alkaline lake,
an extreme environment considering both the high pH and
salinity of the sampled site. When considered together, the
ecological features of this novel strain, which is highly dis
tinct from previously described species, coupled with molec-
ular and phylogenetic data obtained here, make it seem
reasonable to propose the description of Desmonostoc saki-
UM 5P, NOY.

The strain Desmonostoc salinum CCM-UFV059 was able to
grow in presence of different NaCl concentrations, showing
a LDsy of 0.89 M, a value eight times higher than found in
others filamentous heterocytous species [34]. Given that
Na" is the most abundant ion in Laguna Amarga (Table 51),
it was used for simulating the natural conditions faced by
this strain. It is well known that cyanobacterial strains can
grow in marine waters (salinity approximately 3.5%) and
other saline environments such as saline-alkaline lakes,
soda lakes or saltworks [4, 6, 53, 60]. This fact apart, the
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classification of these cyanobacteria as halotolerant and hal-
ophilic has been widely discussed [61-64] and despite being
able to grow in presence of high salt concentrations {up to
0.25M NaCl), Desmonostoc salinum COCM-UFY059 may be
classified as halotolerant, as it does not require specific salts
or higher salt concentrations to survive, Accordingly, at
concentrations exceeding 025 M NaCl CCM-UFV059
decreased or even ceased its growth by differentiating aki-
netes, which are again viable when inoculated in fresh
medium, Recently, a novel nostocacean genus, Halotia, has
been described based not only on the ecological origin of
the isolated strains (intertidal zones, mangroves and sea-
shores from Brazilian mangroves and Antarctica), but also
on their physiclogical responses of its members to saline
conditions and its phvlogenetic placement apart from the
Nostoc cluster sensu stricto, as well as the novel 165-235 ITS
sequences and secondary stuctures of its members [23].
Given the combination of ecological (sampling sites) and
physiological information (capability of growth in saline
culture media) for cyanobacterial taxonomy, the genus Hal-
otia was therefore described as halotolerant. In contrast,
Oxynema thaianum [60] and Acaryochloris marina [65]
were described as halophilic, requiring NaCl concentrations
of up to 15% (258 M) and from 1-5% (D.17-0.85 M),
respectively, for their growth., In general, physiological
investigations have been left out of taxonomic studies con-
ducted with cyanobacterial strains; however, ecological data
seems to be of pivotal importance as a feature to be consid-
ered, providing a wider resolution of cyanobacteria’s
diversity,

By applying a polyphasic approach, based on morphologi-
cal, molecular, ecological, and physiclogical data, we pres-
ent here compelling evidence for the description of
Desmonostoc salinum sp. nov. In summary, the work pre-
sented here is, to our knowledge, the first description of a
halotolerant species belonging to the genus Desmonostoc.
Remarkably, our molecular results (165 rRNA gene phy-
logeny and 165-235 ITS secondary structure) coupled with
ecological data demonstrated the potential of a polyphasic
approach as a tool for the precise recognition of the novel
specific entity. Although complete genome sequencing was
not performed for Desmonostoc salinum CCM-UFV059, it
seems clear that further investigation in order to obtain a
better understanding about the molecular mechanisms
behind its halotolerance is required. It is also worth point-
ing out that more genomic data will certainly improve the
public genome database for taxonomic and physiological
purposes. Accordingly, a deeper investigation of the
intriguing aspects associated with the ecophysiology of this
novel strain should be targeted for future research aiming
to enhance our understanding of salt tolerance in
cyanobacteria,

Taken together, the results presented in this study allowed
the proposal of the novel species Desmonostoc salinum sp.
nov., with Desmonostoc salinum CCM-UFV059 as reference
strain, This proposal is given under the provisions of the

International Code of Nomendature for algae, fungi and
plants.

DIAGNOSIS FOR DESMONOSTOC SALINUM
SP. NOV.

Desmonostoc salinum sp. nov., is described under the provi-
sions of the International Code of Nomenclature for algae,
fungiand plants [66].

DESMONOSTOC SALINUM (ALVARENGA
ET AL.) SP. NOV.

Phylum: Cyancbacteria

Order; Nostocales

Family: Nostocaceae according to Hoffmann et al. [18]

Description: The sampled periphytic microbial mat used for
cyanobacterial isolation presented a thickness of 4.0cm,
without laminated structure, with a gray layer on the surface
and greenish inside, ocourring at the edge of Laguna
Amarga. The trichomes are straight at the beginning of
development, as hormogonia or young trichomes, and later
organized in parallel, enclosed by a diffluent mucilage. This
parallel organization of trichomes observed in later phases
of cultures can be lost asa consequence of akinete differenti-
ation, Both intercalary and terminal heterocytes were always
present in vegetative trichomes, with the terminal ones hav-
ing been differentiated in the early stages of trichome devel-
opment. Initially, the akinetes were organized in chains,
which can be broken, releasing isolated mature akinetes.
Macroscopically, the strain grows as a gelatinous free-float-
ing biomass, which occasionally forms aggregated colonies.
Matile hormogonia are frequent and abundant in earier
growth phases, usually containing more than 20 cells. Vege-
tative cells present a dark-green colour and are barrel
shaped, sub-spherical, longer than they are wide (37-
S4pm long and 3.3-4.5pm wide). Heterocytes are sub-
spherical, longer than they are wide (5.8-8.3pm long and
3.7-4.6 pm wide) with a light green or yellowish colour. The
akinetes are spherical or subspherical (8.3~ 100 pm long and
5.0-83 pm wide), with green to yellowish colouration and
conspicuous granulation. Reproduction occurs via hormo-
gonia differentiation. This species is typical from saline-
alkaline environments.

Diagnosis: This novel species was defined according to
molecular (165 rRNA gene identity, 165-238 ITS secondary
structure folding), phylogenetic position (based on 165
rRNA gene) and physiological/ecological traits.

Erymology: (sali'num. N.L neut adj. sal, salinum, salty,
salted, saline) The specific epithet "safinun’ (N, L. neat. adj.)
refers to the salinity of the sampling site, Laguna Amarga.
Type locality: Periphytic mats in Laguna Amarga, Tormres
del Paine Mational Park, Chile (50° 29" 00" § and 72° 45
00" W),

18



de Alvarenga ef 2, Inf J Sysf Evol Microbol

Holotype: Freeze-dried sample of strain CCM-UFV059
deposited at Herbarium VIC ("Herbdrio VIC': Universidade
Federal de Vigosa, Vicosa, Minas Gerais State, Brazil) -
voucher 47.756.

Reference strain: Desmonostoc salinum CCM-UFVO59.

Living culture: Living cultures of the type strain { Desmonos-
toc salinum CCM-UFV059), from which the holotype was
derived, are available at Collection of Cyanobacteria and
Microalgae at Universidade Federal de Vigosa (COM-UFV),
under the intemal code CCM-UFVD59.

DNA sequence available: 165 rRNA gene and 16-238 ITS
region: NCBI accession number KX 787933,
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Figure S1. Alignment of nucleotide sequences of ITS regions from Desmonostoc and other selected strains.
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Figure S1. Cont.
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Figure S1. Cont.
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Figure 82. D1-DI” secondary structures of the 16-235 ITS sequences from selected
Desmonostoc spp. and other morphologically-related genera. A - Desmonostoc salinum
CCM-UFV059: B - Desmonostoc vinosum HATG1 7-LM4 (KF417429); C - Desmonaostoe
geniculatum HA4340-LM1 (KU161662); D - Desmonostoc geniculatum HA4340-LM1
(KUL61661E - Desmonostoc genicwlatum HA4340-LM1  (KU161660);, F -
Desmonostoc sp. CCIBt3489 (KU161680). G - Desmonostoc sp. TN (KF934182); H -
Desmonostocsp. 111_CR4_BGI11B (KF761565); 1- Desmonostocsp. 111_CR4_BGI1IN
(KF761564); J - Desmonostoc sp. 81 NMI ANAB (KF761562); K - Nostoc muscorum
CENAIR (AY218B27); L - Nostoc muscorum CEMNAG61 (AY218R2R), M - Halotia
branconii CENA392 (KJ843312): N - Nostoc punctiforme PCCT73102 (NC_010628): O
- Mojavia pulchra JT2-VF2 (AY577534).
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Figure S3. V2 secondary structures of the 16-235 ITS sequences from selected
Desmonostoc spp. and other morphologically-related genera A - Desmonostoc salinum
CCM-UFV039; B - Desmonostoc vinosum HATG17-LM4 (KF417429); C - Desmonostoc
geniculatum HA4340-LM1 (KU161662): D - Desmonostoc geniculatum HA4340-LM1
(KU161661):E - Desmonostoc geniculatum HA4340-LM1 (KUl61660); F -
Desmonostoc sp. CCIBt3489 (KU161680): G - Desmonostoc sp. TN (KF934182); H -
Desmonostoc sp. 111_CR4 BGI11B (KF761565); 1 - Desmonostoc sp. 111_CR4 BGIIN
(KFT61564): J - Desmonaostoc sp. 81 NMI1 _ANAB (KF761562); K - Nostoc muscorum
CENAIB (AYZ218827); L - Nostoc muscorum CENAG6] (AY218828); M - Halotia
branconii CENA392 (KJ843312); N - Nostoc punctiforme PCCT73102 (NC_010628); O
- Mojavia pulchra JT2-VF2 (AY577534).

Bl Q@ O
<] A-U-a A-A AU A-U A-A Y G

u A A 2 4

t u A
¢ A bt c A ¢ A Cc G . [
G A 4 g 9 A-U G A
A A-U
\ ] c—G
U-—a U j o c—G A-U u—0
A-U v G c U-A
G—C A-U % =0 &4 G—C
o c
G—C 1 ¢ g G-—~C AU G—C
A A Uu—A U—A A-U
U=A A A 1 . G-u e
A G a A A A - AU A G
¢ A 2 A c A ¢ A c-a ¢ A
A ¢ :L H A c A c GUA A c
A—U AU ? A=Y A=V A A AU
A- A
c—G & A o c—~G c—G Nl c—G
U-A O-h
G—C o-C G-—C e—C A-U G—C
A~ i (]
A—U A=y A A—U A—VU G A—U
L A-U A u
c—G A=u c—G [ U~A c~a
G u A ‘ . A A
o A A’ A % A A
a A A v a y
A G G
4 c—0
u—a X i ¢
- v C
a—¢C Y4 A @
A-U v A
A G—C
G—~C
A-U 4
(V) ) s G-C v u A
A G i A—U c—9 A 9
C A : c~-G A c A
A
A c : U—-A ” <
A—U : A G AU AU
A A U
c—G A-l G G c—G c—-a
6—C G=6¢ G—C G—C
A-U
A—U u
A—U N0 S A
c—G u-A c—G c-—-a

25



Figure S4. Maximum likelihood phylogenetic tree based on the 165 rRNA gene
sequences of nostocacean cyanobacteria. The sequence of Desmonostoc salinum CCM-
UFV0359 15 shown in bold with a black circle. Bootstrap values (greater than 50 %) are
displayed in front of the relevant nodes.
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Figure S5. Lethal dose (LDs) determination for Desmonostoc salinum CCM-UFV059
and Nostoc sp. PCC7120 after 72 hours of exposure to variable NaCl concentrations.

The line mdicates the threshold of 50 % of cellular death.
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Figure S6. Growth curves of Desmonostoc salinum CCM-UFV039 strain under
different NaCl concentrations (below LDsy dose). The growth was monitored every day,
during 10 days by optical density (A) and dry weight (B). Values represent trend curves
made from the average + standard error (n = 3). Black filled circles (e ): BG-11p without
salt (0 M); Empty circles (o): BG-11y plus 0.25 M (NaCl); Black filled triangles (¥ ):
BG-11¢ plus 0.50 M (NaCl): Empty triangles (A): BG-11p plus 0.75 M (NaCl).
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Table S1. General abiotic charactenistics of Laguna Amarga®.

Characteristics Laguna Amarga
pH' 9.5
Alkalinity 3.622 gL' (sum of HCOy/CO:™)
HCO;* 0.954 gL' (15.6446 mmol-L"' + 0.4669)
co,*t 2.668 g-L" (44.4639 mmol-L" + 0.3734)
OH* 0.000 gL

Tonic composition®

Na 1251.299 mM 2878 £3.27%
SO& 358.0725 mM 34.37 £ 3.55%
K 166.3975 mM 6.49% = 0.107*
Mg 65.1216 mM L56% 0024
Sr 0.0016 mM £ 0.0003 =
Si 0.1505 mM + 0.02 -
Al 0.0219 mM + 0.0016 -
Ba 0.001 mM + 0.0002 -
Bi 0.005 mM + 0.0002 -
Ca 0.535 mM + 0.031 -
Cr 0.0143 mM + 0.0028 -
Fe 0.0001 mM + 0.00002 -
Mmn 0.0006 mM + 0.00003 -
Mo 0.0002 mM + 0.00002 -
Ni 0.0004 mM + 0.00005 -
Pb 0.0015 mM 0.0002 -

Agand Cu was not detect. Cd and Co was in concentration lower than 0.000]1 mM.

*Briefly, the clements Ag (silver), Al (aluminum), Ba (barium}, Bi {bismuth), Ca {calcium), Cd (cadmium), Co
{cobalt), Cr {(chromium), Cu (copper), Fe (ron), K (potassium), Mg (magnesium), Mn {manganese). Mo
{molybdenum), Na (sodium), Ni (nickel), Pb (lead) and Sr (strontium) were analyzed from filtered (.45 pm pore
size membrane) and acidified water samples (double-distilled HNO3), using a Perkin Elmer Optimum-3300 DV
ICP-0ES connected to a Perkin Elmer AutoSampler AS-90 plus. Additionally. Si (silicon) was analyzed in non-
acidified samples. Analysis were carmed out under the following conditions: 1,300 W RF Power, 15 L-min-]
plasma gas flow, 0.6 L-min-1 auxiliary gas flow, 0.8 L min-1 nebulizer gas flow, | s {minimum) to 5 s {(maximum)
integration time, 40 s delay time. 60 s rinse time, with 3 replicates. Triton X-100 0.5 % and HNO3 | % were used
as rinse solution. Manganese (Mn) solutions were used to optimize and calibrate the ICP-OES previously. Borate
(Br}, nitrate (NO3-), sulfate (S042-), fluoride {F2-) and chloride {Cl-) were analyzed in non-acidified samples
using a Dionex DX-600 lomic exchanger chromatographer. The lonPac S11, lonPac AGIIL, lonPac ATC-3
analytical columns were used and ultrapure water, NaOH (10 mmeol), NaOH (100 mmol) and metanolmethanol
(100 %) were used as eluents. The analytical quality was checked according to Dunnivant {2004).

"Measurement of pH was conducted once during the sampling.

YMeasurements of HCO;, COy* and other ions were taken in triplicates and the results are the mean value,
followed by standard deviation.

"Dissolved ionic concentration: g L.
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Table S2. Identity matrix among Desmonostoc salimm CCM-TUFV039 sequence and a subset of 165 tRNA gene sequences selected from the

phylogenetic tree.

Strains 1 2 3 4 § 6 7 3 H 10 11 12 13 H 15 16 17 18
1. Desmonostoc salinum CCM-UFV059 =
1. Desnionostoc sp. PCCY211 (AYT742452) 99.7 -
3. Dasmemostoc sp. 111_CR4 BGI1B 997 995 -
(KFT613635)
4. Desmonostoc sp. 111_CR4_BGIIN 998 996 997 -
(EF761364)
£, Desmonostoc sp. POCE306 (HGO04584) 996 995 9986 99.7 -
6. Dasmonostoc sp. PCCBL07 (HGO04583) 985 984 992 993 959 -
7. Dasmomostoc sp. CCIBH3489 (KUI61680) 983 982 972 58§ 984 8980 -
8. Darmenostor =p. Ce2 082 981 989 990 982 083 0984 -
(AMT11532)
9. Desmonostoc sp. POCT422 (HGO04586) 985 584 OB8 539 938 083 583 9RO
16 Desmonostoc sp. PCCH302 (HGO04582) 978 978 981 982 979 973 978 981 980 -
11. Desmoncstoc gemicularum HA4340-LM1 975 975 9435 945 978 075 9738 982 933 987 -
(EU161660)
12. Dasmonostoc sp. TH (EF934182) 978 977 967 968 980 977 922 987 980 992 990 -
13. Dasmonostoc muscorum Lukesova 1/87 979 978 981 982 980 974 979 982 980 994 991 9946 =
(AMT11523)
14, Desmeonosroc sp. 31_NMI_ANAR 980 979 969 970 981 979 524 B9B3 981 993 991 997 99§
(KF761562)
15. Mojavia pulchra JT2-VF2 (AY577534)7 049 049 950 951 949 0953 948 955 852 954 546 051 951 951 -
16. Nostor calcicola TH2522 (AMT11529) 966 966 966 967 968 966 971 971 967 969 963 967 968 967 960 -
17. Nostae punctiforme PCCT3102 949 949 957 957 951 948 956 954 954 961 960 963 956 963 958 962
NC_010828)*

949 950 949 951 943 944 945 943 544 047 044 948 951 952 942 -

18. Halotia branconii CENA3ISZ (KJ843312) 946 5435

TType-species and ® reference sequence

Table S3. Lengths of the 16-235 ITS regions
morphologically-related genera.

from sequences of Desmonostoc salinum CCM-UFV059. Desmonostoc spp. and other

Complete

Lenght of 16-23S ITS regions (nt)

Strain ITSlength DI-DI° D2 RNA® V2 (RNA™ BOX-B BOX-A D4 V3 D5
(nt)

Desmonostoc salfmm CCM-UFV059 327 66 11 nf 20 of nf nf nf nf 21
Desmonostoc vinosum HAT617-LM4 (KF417429) 624 65 11 74 57 76 40 12 7 63 21
Desmonostoc geniculamm HA4340-LM1 (KU161662) 653 65 11 74 58 76 50 12 7 60 21
Desmonostoc geniculanim HA4340-LM1 (KU161661) 392 65 11 nf 28 nf nf nf nf nf 21
Desmonostoc geniculanim HA4340-LM1 (KU161660) 392 65 11 nf 28 nf nf nf nf nf 21
Desmonostoc sp. CCIBt3489 (KU161680) 578 69 11 74 39 76 20 12 7 63 16
Desmonostoc sp. TN (KF934182) 651 65 11 74 62 76 50 12 760 21
Deasmonostoc sp. 111_CR4_BGI11B (KF761565) 32 66 11 nf 20 nf nf nf nf nf 21
Desmonostoc sp. 111_CR4_BGI11IN (KF761564) 322 66 11 nf 20 of nf nf nf nf 21
Desmonostoc sp. 81_NMI_ANAB (KF761562) 651 65 11 74 62 76 50 12 760 21
Desmonostoc sp. UAM 307 (HM623782) 123 nf nf nf nf of nf nf nf nf 16
Nostoc muscorum CENAI18 (AY218827) 560 67 11 nf 38 nf 32 12 7 60 14
Nostoc muscorum CENAG61 (AY218828) 200 60 10 nf 27 nf nf nf nf nf 21
Halotia branconii CENA392 (KJ843312) 583 65 11 74 76 76 30 12 7 44 18
Nostoc punctiforme PCCT3102 (NC_010628)* 622 67 11 74 70 76 35 12 7 61 18
Mojavia pulchra JT2-VE2 (AY 5775348 380 64 11 nf 28 nf nf nf nf nof 20

*morphologically-related genera: nf: not found
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ABSTRACT

Desmonostoc salinum is a new cyanobacterial (order Nostocales/ Fam. Nostocaceae)
previously isolated from a saline-alkaline lake. The acclimation towards salt and
desiccation stress of D. salinum CCM-UFV059 was compared to the related and well-
characterized, Nostoc sp. PCC7120. Salt-stressed cells of D. salinum CCM-UFV059
maintained low cellular Na* concentrations and accumulated high amounts of sucrose
and to a lower extent trehalose. These features permitted D. salinum CCM-UFV059 to
grow and maintain photosynthesis at twofold higher salinities than Nostoc sp.
PCC7120. Moreover, D. salinum CCM-UFV059 also induced sucrose over-
accumulation under desiccation stress conditions, which allowed this strain to
overcome this stress in contrast to Nostoc sp. PCC7120. Furthermore, additional
mechanisms such as the presence of highly unsaturated lipids in the membrane and an
efficient ion transport system could also explain, at least partially, how D. salinum
CCM-UFVO0359 is able to acclimate to high salinities and to resist to longer desiccation
periods. Collectively, our results provide the first insights into the physiological and
metabolic adaptations explaining the remarkable high salt and desiccation tolerance
which qualify D. salinum CCM-UFVO0359 as attractive model for further analysis of

stress acclimation among heterocytes N>-fixing cyanobacteria.
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1. INTRODUCTION

Cyanobacteria are widespread photosynthetic prokaryotes and are among the
oldest organisms on Earth. During their long evolution, cyanobacteria developed an
enormous diversity in terms of morphology, metabolic plasticity and molecular
properties, which seems to be important to cope with limiting environmental
conditions and allowed their ecological success in almost all known photic ecosystems
(Steinhauser et al., 2012). One of the most emblematic examples of extreme
environments on Earth are soda lakes, highly alkaline lagoons enriched with carbonate
salts (Foti et al., 2008). This habitat presents reduced species diversity and only highly
specialized organisms, including members of the phylum Cyanobacteria (Andreote et
al., 2014; Genudrio et al., 2017). However, until 2008, no nitrogen-fixing
cyanobacteria had been detected in this environment (Foti et al., 2008), and since the
beginning of this decade, few cyanobacteria able to perform N»-fixation have been
reported from saline and alkaline lakes around the world (Tsyrenova et al., 2011;
Dadheech et al., 2013; Genudrio et al., 2017; de Alvarenga et al., 2018). The situation
is similar in full marine systems, where heterocytous cyanobacteria are rarely found,
e.g. Richelia spp. (Foster et al. 2011).

The nitrogenase, an Oz-sensitive enzyme complex, is responsible for catalyzing
cyanobacterial nitrogen fixation. To cope with the production of O2 inside their own
cells by photosynthesis, cyanobacteria have evolved strategies to protect the
nitrogenase complex, through spatial or temporal separation of these two incompatible
metabolic processes (Esteves-Ferreira et al., 2017). In heterocytous cyanobacteria,
photosynthesis is performed in vegetative cells, whereas the N»-fixation takes place
inside specialized cells called heterocyte. This differentiation process is evolutionarily

advantageous because it enables the filaments to perform nitrogen fixation without any
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time restrictions. Studies from the last century showed the high sensitivity of
nitrogenase towards high salt contents, especially Na® (Vitousek et al., 1991,
Fernandes et al., 1993), which could explain partially the restricted presence of
nitrogen-fixing organisms in saline and particularly hypersaline environments.

Cyanobacteria from extreme environments are potential sources of novel
genes, products and important targets for biotechnological application. Once isolated,
these strains could be screened for useful metabolites and the mechanisms that enable
them to inhabit and/or tolerate such conditions could be investigated (Genudrio et al.,
2019). Moreover, compared with land plants, cyanobacteria are also useful organisms
for a number of industrial applications due to their high photosynthetic efficiency,
rapid cell growth, basic nutritional requirements (sunlight, water, and CO; mainly) and
the possibility of genetic manipulation (Heidorn et al., 2011; Ruffing, 2011). Given
their natural diversity and ability to grow in a variety of habitats, such as areas not
usable for agriculture, there is a growing interest in characterizing cyanobacteria for
their potential in the production of biomass and biofuels (Parmar et al., 2011; Pade and
Hagemann, 2014). Considering the high demand for potable water, the future mass
cultivation of cyanobacteria for biotechnological purposes should be done in
saline/brackish  waters avoiding competition with agriculture. However,
cyanobacterial growth in saline media may impact the cellular metabolism and yield
of the product of interest (Florian et al., 2013; Pade et al., 2016).

The vast majority of organisms, including cyanobacteria and all eukaryotes,
use the "salt-out" strategy for acclimation to saline environments. This strategy
maintains a low level of toxic inorganic ions, such as Na* and CI” within the cytoplasm,
by active export of toxic inorganic ions to avoid damages to the metabolism (Fulda et

al., 2006; Hagemann, 2011). To maintain internal turgor and to drive water uptake,
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these organisms accumulate organic osmoprotective compounds, which do not
interfere with the basal cellular metabolism (Brown, 1974; Marin et al. 2002;
Hagemann, 2011). These osmoprotective compounds, commonly referred to as
compatible solutes, help to maintain membrane integrity and stability of the cellular
protein apparatus. According to the preferred compatible solutes produced,
cyanobacteria can be distinguished in three groups: strains with low salt tolerance
usually accumulate sucrose and/or trehalose, moderate halotolerant strains use
glucosylglycerol (GG), and halophilic strains, which have an absolute requirement for
a minimal salt concentration, synthesize glycine betaine or glutamate betaine as their
main compatible solute (Hagemann, 2011 b; Oren, 2015). Recently, homoserine
betaine has been also identified as compatible solute in the marine N»-fixing
cyanobacterium Trichodesmium erythraeum (Pade et al., 2016).

The ability of cyanobacteria to synthesize sucrose, however, appears to be
widespread among cyanobacteria because the majority of cyanobacterial genomes
encodes for enzymes capable of synthesizing this compound (Kldhn and Hagemann,
2011; Kolman & Salerno, 2016). Unlike other compatible solutes, sucrose and
trehalose can interact directly with macromolecules. The hydroxyl group of these
soluble carbohydrates allows them to contact polar clusters of glycerolipids, allowing
sucrose and trehalose to partially replenish lost water from the membrane hydration
layer (Potts, 2005). In addition to this, sucrose is the only compatible solute to be
associated with a taxonomic unit, being the main compound found in strains of the
genera Nostoc and Anabaena in response to saline stress. In cyanobacteria which
differentiate heterocytes, sucrose also plays an important role as transport sugar, since
it is translocated from the vegetative cells performing photosynthesis into the

heterocytes where fixed nitrogen is converted into glutamate and other amino acids
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using carbon skeletons and energy produced from imported sucrose (Culmino et al.,
2007; Niirnberg et al., 2015). The participation of sucrose in primary cell metabolism
may be the reason why its accumulation occurs in response to low salt concentrations
and usually is not sufficient to generate resistance at higher concentrations (Klihn &
Hagemann, 2011; Kolman et al., 2015). Compared to sucrose, trehalose is a less-
studied compatible solute, being commonly associated with filamentous mat-forming
cyanobacteria, isolated from terrestrial or freshwater habitats and accumulating in
response to desiccation stress (Klihn & Hagemann, 2011; Ranaan et al., 2016).
Moreover, the accumulation of trehalose in response to saline stress was detected in
44 strains including 20 strains where it represents the main compatible solute
(Hagemann, 2013).

The acclimation to saline environments involves a coordinated mechanism
among cyanobacteria, which is relatively well understood for the model strain
Synechocystis sp. PCC 6803 (Marin et al., 2004; Hagemann, 2011). During the first
two hours after salt exposure occurs the initial synthesis of compatible solutes and
uptake of K*, leading to the immediate extrusion of Na® (Hagemann, 2011).
Subsequently, about 12 hours after salt exposure, the extrusion of K™ and CI" occurs.
In Synechocystis sp. PCC 6803, Na* transporters are pre-existing and activated
following the exposure to concentrations of 300 mM NaCl (Marin et al., 2004).
Moreover, the instauration status of the membranes seems to be another important
feature to salt tolerance in cyanobacteria. It has been demonstrated that
polyunsaturated fatty acids are involved in the protection of the photosynthetic
machinery against salt stress (Sakamoto & Murata, 2002). Accordingly, the

unsaturation of fatty acids has two effects: alleviating of NaCl-induced damages and
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enhancing the PSI and PSII damages repair (Allakhverdiev et al., 2001; Allakhverdiev
& Murata, 2008).

The strain Desmonostoc salinum CCM-UFV059 is a filamentous heterocytous
cyanobacterium, which was isolated from a benthic microbial mat occurring at the
shore of a hypersaline lake (Laguna Amarga) and represents the first member of the
genus Desmonostoc in the order Nostocales found in a saline-alkaline environment
(de Alvarenga et al., 2018). Briefly, we previously observed that the LDso, value that
represents the salt concentration capable of killing 50 % of cells after 72 h of exposure,
was 890 mM NaCl (de Alvarenga et al, 2018), a concentration nine times higher than
found in the model filamentous strain Nostoc sp. PCC7120 (Agrawal et al., 2014).

Most studies on cyanobacterial salt acclimation have been carried out on
unicellular strains, which cannot fix N2. To close this gap, this study aimed at to
decipher the main salt acclimation mechanisms employed by D. salinum CCM-
UFV059 to thrive in a saline environment. Moreover, an improved understanding of
salt acclimation processes in cyanobacteria might allow biotechnological applications
of these organisms as feedstock and biofuel production, through cultivation in

brackish or wastewater (Pade & Hagemann, 2015).

2. MATERIAL AND METHODS
2.1 Cyanobacterial strains

The strain Desmonostoc salinum CCM-UFVO059 (hereafter D. salinum CCM-
UFVO059) used in this study was isolated from a saline-alkaline lake (de Alvarenga et
al., 2018), and is currently available at the Collection of Cyanobacteria and Microalgae
at the Universidade Federal de Vicosa (CCM-UFV). The model strain Nostoc sp.

PCC7120 (hereafter Nostoc PCC7120), available at the Pasteur Culture Collection
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(PCC), was used as control during the experiments. The cultures were maintained in
glass Erlenmeyer flasks (125 mL) filled with 40 mL of liquid nitrate-containing BG-
11 medium without sodium carbonate (modified Rippka et al., 1979) under the

following conditions: 24 + 2 °C, continuous light of 100 umol photons m2 s

2.2 Experimental setup

All the experiments were grown in glass Erlenmeyer flasks (50 mL) filled with 20
mL of BG-11 medium, under 24 + 2 °C, continuous light of 100 pmol photons m2 s\
The salt stress experiment was performed with D. salinum CCM-UFV059 and Nostoc
PCC7120 cells pre-inoculated during three days in BG-11. The cells were then kept
for 24 h in BG-11 supplemented with 0 M; 0.25 M and 0.5 M NacCl, and harvest by
filtration for biochemical analysis.

The desiccation experiments were conducted with cells of D. salinum CCM-
UFV059 and Nostoc PCC7120 previous inoculated in BG-11 supplemented with 0 M
and 0.1 M NaCl for three days, posteriorly this cells were placed on glass fiber filters
and subjected to the dehydration chamber system described by Karsten et al. (2014).
The system allows to follow the kinetics of effective quantum yield of photosystem 11
(Y(II)) using noninvasive pulse amplitude modulation (PAM) fluorometry (PAM
2500; Heinz Walz GmbH, Effeltrich, Germany) during the dehydration and
rehydration phases. The Y(II) of cells was measured every 20 min until the cells were
completely desiccated (Y(II) = 0) in the chamber filled with silica gel to create a low
humidity of approximately 5%. After the dehydration period, the dried glass fiber
filters were transferred to a new chamber filled with 100 mL tap water instead of silica

gel to create a high humidity atmosphere (>95 %). The filters were rehydrated by
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adding 200 pL of the standard growth medium to each filter and recovery of Y(II) was

followed with the same methodology as described above.

2.3 Photosynthetic activity measurements

Measurements of photosynthesis and dark respiration were carried out with cells
of D. salinum CCM-UFV059 or Nostoc PCC7120 that were exposed toward three
different salt concentrations (0 M; 0.25 M and 0.5 M NaCl) for 24 h using a Clark-
type electrode connected to a biological oxygen monitor (Chlorolab 2 System,
Hansatech, Norfolk, UK) as previously described (Jeon et al., 2005). The instrument
was calibrated using a solution of sodium hydrosulfite and BG-11 medium to set 0%
saturation. Then, 2 mL of culture containing approximately 2 pg Chl a mL™! was
inoculated in the electrode chamber and the net photosynthetic rates (A) were measured

at the saturating light intensity of 100 umol photons m? s’ and 25 °C for 5 min.

2.4 Analysis of sodium (Na*) and potassium (K*) ion contents

The concentrations of Na* and K* were determined according to Mikkat et al.
(2000) using a flame photometer (PFP7; Jenway). Briefly, cells from 5 mL of D.
salinum CCM-UFVO059 or Nostoc PCC7120 culture were harvested after exposure to
three different salt concentrations (0 M; 0.25 M and 0.5 M NaCl) for 24 h on
polycarbonate filters (diameter 47 mm, pore size 0.2 um, Millipore) and washed twice
with 5 mL of ice-cold isotonic Ca(NOs3); solution. The filters were placed into 15 mL
vials containing 10 mL deionized water and the ions were extracted by boiling. The
filters were removed from the hot solution, after cooling the cells were pelleted by

centrifugation. The ion extracts were used with 1:50 dilution for flame photometry.
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The filters and all other materials used for ion determination were extensively rinsed

with hot deionized water before use.

2.5 Analysis of sucrose and trehalose contents

The cells were harvested by filtration from 5 mL of D. salinum CCM-UFV059 or
Nostoc PCC7120 culture after exposure to three different salt concentrations (0 M;
0.25 M and 0.5 M NaCl) for 24 h and before, during and after the desiccation stress..
The quantification of compatible solutes sucrose and trehalose was conducted
according to Kirsch et al. (2017).. The low molecular weight compounds were
extracted off the cells with ethanol (80 %, HPLC grade, Roth, Germany) at 68 °C for
2 h. Fifty micrograms of sorbitol were added to the samples as an internal standard.
After centrifugation, the supernatants were collected and freeze-dried. The dry extracts
were washed with 500 uL of pure ethanol (HPLC grade, Roth, Germany) and freeze-

dried again. Organic compounds were then analyzed by gas chromatography.

2.6 Quantification of other metabolites

Cells subjected to salt and/or desiccation stress were harvested and extracted for
LC-MS analysis as described above (item 2.4). The cells from the desiccation stress
experiment were harvested during the beginning of the experiment after the effective
quantum yield of photosystem II (Y (II)) reached zero, and after rehydration, marked
by the recovery of Y(II). The dried extracts were dissolved in 400 uL water and
filtrated through 0.2 pm filters (Omnifix®-F, Braun, Germany). The cleared
supernatants were analyzed using the high-performance liquid chromatograph mass
spectrometer LCMS-8050 system (Shimadzu, Japan) and the incorporated LC-MS/MS

method package for primary metabolites (version 2, Shimadzu, Japan). In brief, 1 uL
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of each extract was separated on a pentafluorophenylpropyl (PFPP) column (Supelco
Discovery HS FS, 3 um, 150 x 2.1 mm) with a mobile phase containing 0.1% formic
acid. The compounds were eluted at 0.25 mL min™! using the following gradient: 1 min
0.1% formic acid, 95% distilled water, 5% acetonitrile, within 15 min linear gradient
to 0.1% formic acid, 5% distilled water, 95% acetonitrile, 10 min 0.1% formic acid,
5% distilled water, 95% acetonitrile. Aliquots were continuously injected in the
MS/MS part and ionized via electrospray ionization (ESI). The compounds were
identified and quantified using the multiple reaction monitoring (MRM) values given
in the LC-MS/MS method package and the LabSolutions software package (Shimadzu,
Japan). The metabolites were determined as relative metabolite abundances, which
were calculated by normalization of signal intensity to that of the internal standard

carnitine and cell dry mass.

2.7 Gene expression analysis

To determine if the compatible solute synthesis is stimulated at transcriptional
levels, we aimed to analyze the salt-dependent expression of related genes. The
genome sequence of D. salinum CCM-UFVO059 is unknown, therefore, we started to
obtain partial genes for sucrose (sps and spp) or trehalose (treY and treZ) biosynthesis.
To obtain these genes via PCR we used degenerated primers (Primers are listed in
Supplementary Table 1), which were deduced from annotated gene sequences of
Nostocales such as Nostoc PCC7120, Nostoc calcicola and Nostoc linckia. After the
PCR, bands corresponding to the expected sizes were only obtained for the
maltooligosyl trehalose trehalohydrolase (treZ) and sucrose-phosphate phosphatase
(spp) genes, which act as the first enzyme of the synthesis pathway of trehalose and

the second enzyme of the synthesis pathway of sucrose, respectively. Sequencing of
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the obtained fragments supported the nature of these partial sequences since they
showed significant similarities to annotated treZ and spp genes. These partial gene
sequences of D. salinum CCM-UFV059 were used to design specific primers for gqRT-
PCR (Primers are listed in Supplementary Table 1).

Total RNA from D. salinum CCM-UFV059 was isolated using the TRIzol®
protocol with an additional step during the extraction to ensure complete cell lysis (10
min at 65 °C). The RNA was reverse transcribed into cDNA using Transcriptor First
Strand cDNA Synthesis Kit (Roche 0489686600). The gPCR expression analysis of
treZ and spp were performed on a LightCycler 1.5 system (Roche) using SYBR Green
fluorescence (Roche) for detection and oligonucleotides described in the supplemental
material (Supplementary Table 2). Gene expression was normalized to the
constitutively expressed rRNA 16S reference gene and the average cycle threshold (n

= 3) used to calculate relative expression values via the comparative Ct (*ACt)-method.

2.8 FAME:s profiling

The fatty acid methyl esters (FAMESs) profile of D. salinum CCM-UFV059 was
analyzed using cells after cultivation in nitrate-containing BG-11 with and without 0.1
M NaCl. Briefly, 10 mg lyophilized cells were harvested during the exponential phase
of a growth curve in three replicates. Fatty acid derivatization was conducted
according to the Sherlock Microbial Identification MIDI System, using HCl-methanol
6 % (v/v) and hexane (http://www.midi-inc.com/ Technical note #101). A total of 0.05
mL of the non-polar fraction was taken for analysis on model 7890 gas chromatograph
(Agilent) equipped with an HP-ultra 2 column (25 m, 0.20 mm ID, 00: 33 uM film
thickness). The MIDI Sherlock version 6.2 (MIDI) software was used to adjust the

operational parameters and for recognition, quantification, and comparison with the
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reference libraries. The results are expressed as percentages of the total FAME content

obtained in the chromatogram.

2.9 Statistical analysis

The Student’s ¢ test was used to compare values between D. salinum CCM-
UFV059 and Nostoc PCC7120 at 5% of significance level (P < 0.05) using the
algorithm embedded into Microsoft Excel 10.0 (Microsoft). Metabolomics data from
D. salinum CCM-UFVO059 and Nostoc PCC7120 cells were analyzed in comparison
with the control treatment of each strain namely 0 M NaCl and before desiccation for

salt and desiccation stress, respectively.

3. RESULTS

3.1 Acclimation of cells to salt stress

We have previously demonstrated that D. salinum CCM-UFV059 display
remarkable salt tolerance among strains of the order Nostocales, which corresponds to
its isolation from an alkaline soda lake (Alvarenga et al. 2018). To obtain further
insight into the physiological basis of this high salt tolerance, we here compared D.
salinum CCM-UFV059 with the strain Nostoc PCC7120, which represents the best
studied cyanobacterium model of the order Nostocales. Under the conditions used
here, D. salinum CCM-UFV059 was able to sustain photosynthesis and growth when
exposed to 500 mM NaCl, while Nostoc PCC7120 only showed growth and
photosynthetic activity up to the maximum concentration of 200 mM NaCl (Fig. 1).
However, under control conditions of NaCl-free BG-11 Nostoc PCC7120 showed

much higher growth rates and photosynthetic activity than D. salinum CCM-UFV059

(Fig. 1).
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Our analyses of low molecular sugars supported the notion that Nostoc PCC7120
used sucrose as the main compatible solute, which accumulated high levels of sucrose
(~ 22 nmol per mg dry weight) and trehalose as minor compatible solute at 0.2 M NaCl
(Fig. 2). Trehalose and sucrose contents were lower in Nostoc PCC7120 cells exposed
to 0.5 M NaCl in agreement with the strong photosynthetic inhibition under this
condition. D. salinum CCM-UFV059 also accumulated sucrose as main compatible
solute and trehalose as second compound (Fig. 2). Notably, sucrose reached about four
times higher levels at 0.25 M NaCl. Moreover, trehalose and especially sucrose
showed increased levels in cells of D. salinum CCM-UFV059 at 0.5 M NaCl.
Interestingly, D. salinum CCM-UFV059 cells already contained relatively high
sucrose amounts when cultivated in NaCl-free BG-11, whereas Nostoc PCC7120 cells
only accumulated traces of sucrose. Despite the increase of sucrose and trehalose
amounts after 24 h of cell exposure to salt stress, the expression of spp and treZ was
not stimulated in salt stressed cells of D. salinum CCM-UFVO059 (Fig. 3).

We further compared Na* and K* levels in D. salinum CCM-UFV059 and Nostoc
PCC7120 showing that the intracellular Na* content was lower in D. salinum CCM-
UFVO059 cells (~75%) compared to Nostoc PCC7120 after exposure to 0.25 M NaCl
for 24 h, while the content of K* was two times higher (Fig. 4). Lower amounts of the
toxic Na* and higher amounts of the compatible ion K*, correlate well with the
observed salt tolerance levels of these strains. This finding indicates that an efficient
Na™ export and a better K uptake could be a key reason for the higher salt tolerance
of the species D. salinum CCM-UFV059.

Although salt tolerance between D. salinum CCM-UFV059 and Nostoc
PCC7120 is markedly different, both strains displayed a similar metabolic profile after

24 h exposure to 0.25 M and 0.5 M NaCl. Thus, only few metabolites showed

44



significant differences under high salt concentration, which was mostly conserved
between both strains with the exception of citrate and methionine. For instance, GABA
and several amino acids (e.g. glutamine, glutamate and lysine) significantly increased,
while aspartate decreased (Fig. 5). GABA, an intermediate for amino acids
metabolism, is known to often enhance in response to stress due to an increase in the
glutamate decarboxylase activity (Boonburapong et al., 2016, Zhang et al., 2016). The
reduced amount of aspartate could thus suggest an increased flux towards glutamate

and then GABA.

3.2 Desiccation stress

Due to both its ability to produce trehalose in response to salt stress and the
environment where D. salinum CCM-UFV059 was isolated, we here hypothesized that
this species is also able to deal with desiccation stress. Because our preliminary results
revealed that trehalose accumulation is salt induced, we included cells pre-grown at
0.1 M NaCl-containing BG-11 medium. Desiccated cells of the model strain Nostoc
PCC7120 showed a continuous decrease of the Y (II) reaching only 50 % of the initial
values already after 60 min and dropped to zero after 3 h. In contrast to our
expectations, salt-acclimated cells of Nostoc PCC7120 showed even faster inhibition
of the Y(II) than cells from freshwater medium (Fig. 6). Notably, D. salinum CCM-
UFVO059 displayed a remarkable desiccation tolerance. Cells of D. salinum CCM-
UFVO059 were able to sustain normal Y(II) for a long time, presenting an abrupt and
rapid decay after 210 min of exposure to the stress (Fig. 6). Remarkably, Y(II) values
started to increase immediately after hydration and it was observed that 170 min after
the hydration the Y(II) % of D. salinum CCM-UFV059 cells pre-grown without salt

and cells exposed to 0.1 M NaCl was 80 % and 55 %, respectively. Moreover, 24 h
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after hydration D. salinum CCM-UFVO059 cells were fully recovered and cells exposed
to 0.1 M NaCl presented Y(II) equal to 85 % of the initial value, whereas desiccated
cells of Nostoc PCC7120 could not recover Y(II) at all after rehydration (data not
shown). It seems therefore reasonable to assume that D. salinum CCM-UFV059 is
much higher desiccation tolerant than the model cyanobacterium Nostoc PCC7120.
The difference in desiccation tolerance is also seen in terms of compatible solute
levels in both strains. Accordingly, changes in the amount of sucrose in cells of Nostoc
PCC7120 were not observed neither during the desiccation stress nor after rehydration
in not acclimated cells. However, cells of Nostoc PCC7120 pre-grown in 0.1 M NaCl
displayed a slight increase of sucrose during the desiccation stress (Fig. 7A). By
contrast, cells of D. salinum CCM-UFV059 accumulated large amounts of sucrose in
response to desiccation stress. The ratio of sucrose in D. salinum CCM-UFV059 cells
growing in BG-11 was 1: 2.5: 1.5 (before desiccation: during desiccation: after
rehydration) and in cells growing in BG-11 with 0.1 M NaCl, 1: 2.5 : 1. Moreover, the
initial levels of sucrose in D. salinum CCM-UFV059 cells grown in BG-11 with 0.1
M NaCl were 5 times higher compared to cells grown without salt. The maximum
content of sucrose (~250 nmol.mg dry weight!') was observed in D. salinum CCM-
UFVO059 grown in BG-11 with 0.1 M NaCl, during the desiccation stress. Trehalose
content increased in Nostoc PCC7120 cells grown without salt during the desiccation
stress (Fig. 7B) as previously reported (Higo et al., 2006). During desiccation stress
the amount of trehalose in cells of Nostoc PCC7120 and D. salinum CCM-UFV059
pre-cultivated in BG-11 without salt was 10 and 40 nmol mg™! dry weight, respectively.
The ratio of trehalose in D. salinum CCM-UFV059 before desiccation, during
desiccation and after rehydration was 1: 10: 5 in cells growing in BG-11 and 1: 6: 2 in

cells growing in BG-11 with 0.1 M NaCl. The initial levels of trehalose in D. salinum
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CCM-UFVO059 cells grown in BG-11 with 0.1 M NaCl were 2.5 times higher
compared to cells grown without salt. Despite the higher amount of trehalose and
sucrose produced, D. salinum CCM-UFV059 presented enhanced sensibility to the
combination of desiccation and salt stress, which is probably related to the higher
internal ionic content of these cells compared to cells from NaCl-free BG-11 medium.
The metabolite profile of Nostoc PCC7120 cells shows a strong reduction of the
metabolism when the cells are exposed to desiccation stress, as observed by the
absence of changes in comparison to cell before desiccation (Fig. 8), which explain, at
least partially, the incapacity of such cells to fully recover after stress. This fact apart,
cells of Nostoc PCC7120 cultivated in BG-11 with 0.1 M NaCl, displayed an
accentuated increase of GABA and proline; moreover, the content of leucine,
1soleucine, phenylalanine, and histidine slightly increase during the stress. GABA is
frequently associated with abiotic stress responses as an alternative respiratory
substrate (Sweetlove et al., 2010) and proline can act as an oxidative protector
molecule and contributes to the osmotic adjustment in response to salt stress (Rezayian
et al., 2018). Therefore, the production of GABA and proline is likely part of salt
acclimation strategy, yet it did not support desiccation tolerance as depicted by the
faster decline of Y(II) in salt-acclimated cells and the inability to recover from the
stress. Moreover, after rehydration Nostoc PCC7120 cells significantly reduced all
metabolites (Fig. 8). D. salinum CCM-UFV059 cells cultivated in BG-11 showed
increased contents of GABA and succinate during the stress (Fig. 8). After rehydration,
a decrease of arginine, glutamate, glycine, aspartate, and proline, with no changes of
others metabolite was observed for those cells. During the desiccation and after the
hydration cells of D. salinum CCM-UFV059 grown in BG-11 with 0.1 M NaCl were

characterized by increased levels of glutamine and lysine, with further reductions in
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the levels of aspartate and glutamate after rehydration. Moreover, methionine was the

only metabolite reduced in all strains during the desiccation (Fig. 8).

3.3 FAMEs analysis

To gain further insights into the differential salt tolerance between D. salinum
CCM-UFVO059 and Nostoc PCC7120 we further analysed the changes in the fatty acid
composition during the desiccation treatment in D. salinum CCM-UFV059 cells.
Fifteen unsaturated (UFA) and saturated (SFA) fatty acid were unequivocally
identified. Cells of D. salinum CCM-UFV059 growing in BG-11 contained 57 % of
UFA and 43 % of SFA whereas cells of D. salinum CCM-UFV059 cultivated in BG-
11 supplemented with 0.1 M NaCl increased the percentage of UFA to 62 % (Fig. 9).
Overall, palmitic acid (16:0) and palmitoleic acid (16:1) and oleic acid (18:1) and
linoleic acid (18:2) were found as major fatty acids in cells of D. salinum CCM-
UFV059. Although only a 5 % increase of UFA concentration was observed in cells
exposed to saline conditions, it seems reasonable to assume this as an acclimation
towards salt stress. Interestingly, cells of D. salinum CCM-UFV059 displayed a higher
percentage of UFA than Nostoc PCC7120 under conditions without salt (Shukla et al.,
2012), which could be an indicative of cell adaptation to saline and drought conditions,

allowing this species to thrive in a harsh environment such as Laguna Amarga.

4. DISCUSSION

D. salinum CCM-UFV059 presented a remarkable salt tolerance among
Nostocales, especially when compared to the strain Nostoc PCC7120. Although both
strains accumulate sucrose as the main compatible solute, D. salinum CCM-UFV059

was able to produce three times the amount of sucrose after 24 h of exposure to 0.25
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M NaCl, reaching relatively high values (~100 nmol mg™! dry weight) (Fig. 2A).
Similar values have been reported for cells of Nostoc muscorum after eight days of
exposure to 0.2 M NaCl (Blumwald et al., 1982), while Synechocystis sp. PCC 6803
exposed to 0.2 M NaCl for 24 h contained only one-fifth of such levels of sucrose but
high amounts of glucosylglycerol (Kirsch et al., 2018). These findings indicate that the
production of compatible solute is likely not the main responsible for the differential
halotolerance between the strains D. salinum CCM-UFV059 and Nostoc PCC7120.
Differences were also found regarding the ion relations in these two strains and, as
such, whereas D. salinum CCM-UFV059 contained less of the toxic Na' it has
enhanced amounts of the compatible K* (Fig. 4). This is consistent with early studies
which point out that the inorganic ion export capability was most likely the main
mechanism involved in salt tolerance in cyanobacteria (Apte et al., 1987). This idea
was further strengthened by the discovery of sucrose as the main compatible solute in
the marine genus Prochlorococcus (Kldhn et al., 2010). The operon Mrp (multiple
resistance and pH adaptation) is the only experimentally verified carrier involved in
the Na* extrusion in Nostoc PCC7120 (Blanco-Rivero et al., 2005). The same system
seems to be important for the uptake of HCOs3", because this operon is usually found
downstream to the bicA and / or sbtA in cyanobacteria, both encoding Na* / HCO3
symporters. Accordingly, it is possible that the principal role of the Mrp system is to
maintain the Na* gradient used by these and other transporters to capture inorganic
carbon, especially in alkaline environments (Fukaya et al., 2009). This operon was also
later identified in the halophilic species A. halophytica (Fukaya et al., 2009) and
appears to be found in almost all cyanobacteria (Hagemann, 2011). The lower content
of Na* found in cells of D. salinum CCM-UFV059 exposed to salt stress might

indicated the presence of additional ion export system, which could act preventing the
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accumulation of Na* ions in the metabolism. For example, different Na*/H* antiporters
were discussed to play crucial roles for Na™ in the cyanobacterial model Synechocystis
sp. PCC 6803 (Elanskaya et al., 2002; Inaba et al., 2001; Wang et al., 2002). Although
by using genomic tools available at the moment we could not experimentally identify
this transporter in D. salinum CCM-UFV059, further studies including the full genome
sequencing of this strain are clearly required to fully elucidate the importance of this
mechanism.

The higher unsaturation of membrane lipids is often directly related to stress
including salt tolerance among cyanobacteria, most likely via the protection of the
photosynthetic machinery and its possible role in the activity of the Na*/ H" antiporters
(Los et al., 2013). Thus, the greater fatty acid unsaturation presented by D. salinum
CCM-UFVO059 cultured in medium supplemented with 0.1 M NaCl may possibly
activate Na™/ H" antiporters via enhanced fluidity of the membrane. Consequently, the
protection of the metabolism against Na* allows the maintenance of photosynthesis
and thus culminating in more available energy for the production of compatible solutes
and global acclimation process (Allakhverdiev et al., 2001). Taken together, the high
production of compatible solutes (Fig. 2), the efficient ion transport system (Fig. 4),
and the unsaturated fatty acids profile (Fig. 9), displayed by D. salinum CCM-UFV059
represent conspicuous features selected in the harsh environment of Laguna Amarga,
which allow the cells to thrive in a high saline habitat.

D. salinum CCM-UFV059 was also able to produce high amounts of sucrose and
trehalose in response to desiccation (Fig. 7), and promptly recover the Y(II) (Fig. 6)
after desiccation stress, even when pre-grown under saline conditions. Notably, our
knowledge regarding desiccation in cyanobacteria remains fragmentary; however, the

presence of a dense exopolysaccharide (EPS) (Liu et al., 2017) and trehalose synthesis
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(Higo et al., 2006), both features apparently shown by D. salinum CCM-UFV059 (de
Alvarenga et al., 2018) seems to be essential to cope with this stress. To date, most of
the desiccation experiments with the strain Nostoc PCC7120 were performed through
a slow dehydration process, allowing a metabolic readjustment and the cellular
reactivation after hydration (Katoh et al., 2004; Higo et al., 2006; Yoshimura et al.,
2007). Nevertheless, to reproduce environmental conditions similar to those in which
the D. salinum CCM-UFV059 was collected, our experiments were performed with
dehydration through silica gel and not by exposure to warm temperatures (~ 30°C) in
petri dishes. It is highly possible, therefore, that because of this quick desiccation, the
cells of Nostoc PCC7120 were neither able to recover nor to produce large amounts of
sucrose or especially trehalose as previously observed (Higo et al., 2006). Conversely,
D. salinum CCM-UFV059 cells adapted to the imposed stress, responding to the
combination of salt and desiccation stress and producing high amounts of sucrose. It
seems reasonable to anticipate that D. salinum CCM-UFV059 most likely experienced
desiccation periods during its lifetime and thus display adaptation mechanisms to
quickly respond to the dehydration process. Further analysis including the full genomic
sequencing and transcriptomics approaches are still required to better understand both
physiological and molecular plasticity as well as the adaptive strategies of D. salinum
CCM-UFVO059. Notwithstanding, due to both the remarkable salt and desiccation
tolerance displayed by D. salinum CCM-UFV059 and the knowledge of its ecological
background, our results allows us to propose this strain as a new model for

heterocytous cyanobacteria in the field of environmental stress physiology.
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Figure 1: Differential responses of D. salinum CCM-UFV059 and Nostoc sp.
PCC7120 after exposure to salt stress for 24 h. Cells were grown in nitrate-containing
BG-11 medium supplemented with different concentrations of NaCl. (A) Growth
expressed in dry weight (mg mL') and (B) O evolution (O nmol.min'.mg dry

weight). Values represent mean + SE from four biological replicates.
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Figure 2: Differential accumulation of compatible solutes in D. salinum CCM-
UFVO059 or Nostoc sp. PCC7120 after exposure to salt stress for 24 h. (A) Trehalose
and (B) sucrose, expressed in nmol.mg dry weight!. Cells were grown in nitrate-
containing BG-11 medium supplemented with different concentrations of NaCl.
Values represent mean + SE from four biological replicates. Asterisks designate values
that were significantly different from each respective 0 M NaCl treatment (P<0.05) by

Student’s ¢-test.
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Figure 3: Relative expression of genes from the synthesis pathway of the compatible
solutes sucrose and trehalose in D. salinum CCM-UFV059. (A) Sucrose phosphate
phosphatase (SPP) and (B) Maltooligosyl trehalose trehalohydrolase (TreZ). Cells
were grown in nitrate-containing BG-11 medium supplemented with different
concentrations of NaCl. RNA was isolated from cells acclimated to different NaCl-
levels, reverse-transcribed into cDNA, and then used for real-time qPCR. The cDNA
amounts were calibrated using the constitutively expressed 16s rDNA (16s MV).

Values represent mean = SE from three biological replicates.
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Figure 4: Accumulation of ions inside the cells of D. salinum CCM-UFV059 or
Nostoc sp. PCC7120 after exposure to salt stress for 24 h. Cells were grown in nitrate-
containing BG-11 medium supplemented with different concentrations of NaCl. (A)
Sodium and (B) potassium are expressed as umol.mg of dry weight™!. Values represent
mean + SE from four biological replicates. Asterisks designate values that were
significantly different from each respective 0 M NaCl treatment (P<0.05) by Student’s

t-test.
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Figure 5: Relative levels of identified metabolites of D. salinum CCM-UFV059 or
Nostoc sp. PCC7120 after exposure to salt stress for 24 h. Cells were grown in nitrate-
containing BG-11 medium supplemented with different concentrations of NaCl.
Selected metabolites were determined by LC-MS as described in ‘Materials and
methods’. The full datasets from these metabolic profiling studies are additionally
available in Supplementary Table 3. The colour code of the heat map is given as the
X-fold changes. Data are normalized with respect to the mean response calculated for
the control (0 M NaCl) of each strain (to allow statistical assessment, individual
replicates from this set were normalized in the same way). Values represent mean +
SE from four biological replicates. Asterisks designate values that were significantly

different from control (P<0.05) by Student’s r-test.
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Figure 6: Photochemical efficiency of photosystem II (Y(II)) in cells of D. salinum
CCM-UFVO059 or Nostoc sp. PCC7120. Cells were pre-cultivated in nitrate-containing
BG-11 medium with and without 0.1 M NaCl for three days. The cells were exposed
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Values represent mean = SE from four biological replicates.
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Figure 7: Accumulation of compatible solutes inside the cells of D. salinum CCM-
UFVO059 or Nostoc sp. PCC7120 after exposure to desiccation stress. Cells were grown
in nitrate-containing BG-11 medium supplemented with or without 0.1 M NaCl.
Samples were harvested before (BD) and during (DD) desiccation stress as well as
after rehydration (AR). (A) Sucrose and (B) Trehalose are expressed as nmol mg™! of
dry weight. Values represent mean + SE from four biological replicates. Asterisks
designate values that were significantly different from each respective BD treatment

(P<0.05) by Student’s #-test.
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Figure 8: Relative levels of identified metabolites of D. salinum CCM-UFV059 or
Nostoc sp. PCC7120 after exposure to desiccation stress. Cells were grown in nitrate-
containing BG-11 medium supplemented with and without 0.1 M NaCl. Samples were
harvested before (BD) and during (DD) desiccation stress as well as after rehydration
(AR). Selected metabolites were determined by LC-MS as described in ‘Materials and
methods’. The full datasets from these metabolic profiling studies are additionally
available in Supplementary Table 4. The colour code of the heat map is given as the
X-fold changes. Data are normalized with respect to the mean response calculated for
the control (BD) of each strain (to allow statistical assessment, individual replicates
from this set were normalized in the same way). Values represent mean + SE from
four biological replicates. Asterisks designate values that were significantly different

from control (P<0.05) by Student’s ¢-test.
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Figure 9: Fatty acid composition of D. salinum CCM-UFV059 grown in nitrate-
containing BG-11 with and without 0.1 M NaCl. The y axis values in % represent the
fatty acid level relative to the total levels found in each condition. Values represent %
of each FAME in the sample. Values represent mean + SE from four biological
replicates. Asterisks designate values that were significantly different between

treatments (P<0.05) by Student’s #-test.
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SUPPLEMENTARY MATERIAL

Table 1: Primers used in this work

Primer Sequence Reference
16 SrRNA_fw CCTACGGGAGGCAGCAG RT-qPCR  Lane, 1991
16 STRNA_rv TCTACGCATTTCACCGCTAC  RT-gPCR  Lane, 1991
SPP_fw CCGCAGACAACTGTTTGTTC RT-gPCR  This work
SPP_rv GGCAGCAATACTCCAGATTC RT-qPCR  This work
TreZ_fw CCACTCAGAAGCATCTAGTC RT-qPCR  This work
TreZ_rv GCTGCATCATACCGAATACC RT-qPCR  This work
SPP_fw CTACKGGGCGATCGCC PCR This work
SPP_rv GTGCCACTGGAGTAACTC PCR This work
TreZ_fw GATGGCTATTTCCGCAC PCR This work
TreZ_rv GTCCATTCGTGCCATGTACC PCR This work
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Table 2: Partial sequence of D. salinum CCM-UFV059 genes

Gene

Sequence

TreZ

CANAACAATGGGTTGAAGTCACAGATCCTTATGCCACTGACWTAGATGA
AGTAGGTGGAAACGATAACGGTATTGTCCGTATCAAAGATGGGGAAAGA
ATTATTGATACTTATGTTTGGCAAAATGATGATAAACCTTTACCTGCTGAC
CACGAACTAGTAATTTATGAACTGCATGTTGGTGATTTTTCTGGTGGTGA
AGATGACCCTTATGCACGAGGCAAATATAAACATGTTGTTGAAAAATTAR
ATTATTTGTCTGAATTAGGAATCAACGCTWTTGAGTTGATGCCAATAAAA
GAATATCCTGGCGATCATAGTTGGGGTTATAATCCTCGCTATTTCTTTGCC
ACAGAATCTAGTTATGGTTCTACTGCGGGATTGAAAAATTTGATTGATGA
ATGTCACGCTAGAGGCATTCGTGTAATTATTGATGGTATTTATAACCACT
CAGAAGCATCTAGTCCGTTAACACAAATTGACCACGATTATTGGTATCAT
CATTCTCCCCGCGACCCTGATAACAACTGGGGGCCAGAATTTAATTACGA
ACATTACGACGAAAATTTAGATGTTTATCCAGCGCGGAAATTTATTGGCG
ATACAATCCGCTATTGGATTCAAGAATATCATCTTGATGGTATTCGGTAT
GATGCAGCGCGGCAAATTGCCAACTATGATTTTATGCATTGGATTGTGCA
AGAAGCCAAAAACACTGCTGGGCCAAAGCCTTTTTATAATGTTGCCGAAC
ACATTCCTGAAACCACCAGCATTACTAATGTAGATGGCCCGATGGATGGT
TGCTGGCATGACAGTTTTTATCACTGCATTTTAGAACATATCTGTGGGGAT
ACCTTTGATTTAGAACGCCTGAAAGATGTTATTGACTGCAAACGTCAAGG
CTTTATGGGTGCTACCAATGTGGTAAATTACCTCACCAACCACGACCATC
ATCATCTCATGGTAGAAATGGGTAACCGCRRAGATTTTTGATGAAGAAGC
CTTTAGACGGATTAAATTAGGAGTAGCTATCCTAATGACTGCTATTGGCG
TACCTTTAGT

SPP

GGATTTGTGCCACTGGAGTAACTCTTTTCGAGCATTACCGACTATGATTCC
CCTTTCGTTGCCTACAGCAAATAAAGCAATATCATTACCTGAATCACCGC
AGACAACTGTTTGTTCTGCTGCAAATTTCCACTTTTGGCGCAAAAATTGC
ATTGCTTGACCTTTATCGCTGGTAAGGGGTACAATGTCRAGGTCTATTCC
GCTACTGTAGATTAACTTTACATTTAATTTATATTTATCCAACTCTGCCTC
AAGTTGCGGWAGAATGCTGACCGCTATTTCTTGAGGAACAAAAAAACTT
ACTTTAAAAGCACGCTGTTCTGACTCTGGTTGTAATTTTAATTCAGGGAA
AGTCTCAGTTATGGATAAAATGAGTTCGCGATCCCAACCAGGGGAGAGG
ATTTCTGACCAACTCGAATCTGGAGTATTGCTGCCATTAAGGTAGATTTCT
GTTCCTACAGCAAGGACTAGAGCATCTGGTTGCAAAAGAATCACTAGTGC
GGCC
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Table 3: Dataset from relative levels of identified metabolites of D. salinum CCM-
UFVO059 or Nostoc sp. PCC7120 after exposure to salt stress for 24 h (OM, 0.25M and
0.5 M NaCl).

PCC7120 CCM-UFV059

Metabolites oM 0.25 M 0.5M 0M 0.25M 0.5M

Aspartate 1.000 0.381 0.725 1.000 0.387 0.440
Serine 1.000 1.354 3.381 1.000 0.964 2.505
Alanine 1.000 1.692 2.696 1.000 1.353 2.398
Glycine 1.000 1.558 3.002 1.000 1.900 5.789
Glutamine 1.000 3.591 6.831 1.000 2.657 3.762
Threonine 1.000 1.231 1.902 1.000 0.787 1.737
Glutamate 1.000 1.596 4.238 1.000 1.361 2.986
Proline 1.000 0.876 5.232 1.000 1.589 4.250
Lysine 1.000 3.784 6.944 1.000 2211 3.622
Arginine 1.000 1.867 10.843 1.000 1.936 4.634
Valine 1.000 1.993 3.677 1.000 0.980 2.483
Isoleucine 1.000 1.475 4.345 1.000 1.052 3.260
Leucine 1.000 1.747 3.658 1.000 1.021 3.218
Tyrosine 1.000 4.210 9.011 1.000 0.877 3.892
Methionine 1.000 0.743 0.482 1.000 1.596 2.778
Phenylalanine 1.000 1.816 3.039 1.000 0.919 3.221
Tryptophan 1.000 2.485 6.999 1.000 0.825 2.526
Citrate 1.000 1.079 4.670 1.000 0.785 0.834
Succinate 1.000 0.669 3.518 1.000 0.864 2.591
GABA 1.000 1.794 4.759 1.000 2.001 5.523
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Table 4: Dataset from relative levels of identified metabolites of D. salinum CCM-UFV059 or Nostoc sp. PCC7120 after exposure to desiccation
stress. Before (BD) and during (DD) desiccation stress as well as after rehydration (AR).

PCC7120 PCC7120 0.1 M NaCl CCM-UFV059 CCM-UFV059 0.1 M NaCl

Metabolites BD DD AR BD DD AR BD DD AR BD DD AR

Aspartate 1.000 1.135  0.102 1.000 1.101 0.086 1.000 1.244  0.289 1.000 1.131 0.246
Serine 1.000 0.377  0.162 1.000 1.014  0.269 1.000 1.275  0.455 1.000 1.209  0.624
Alanine 1.000 0.996  0.402 1.000 1.111 0.064 1.000 1.411 1.032 1.000  0.900  0.935
Glycine 1.000 0.192  0.350 1.000  0.543  0.103 1.000  0.736  0.433 1.000 1.005 0.685
Glutamine 1.000 0989  0.178 1.000  0.952  0.028 1.000 1.373  0.737 1.000  3.369  2.392
Threonine 1.000 0.495  0.273 1.000 0984  0.099 1.000 1.605  0.671 1.000  0.864  0.749
Glutamate 1.000 0.574  0.040 1.000  0.598  0.015 1.000 1.185  0.235 1.000  0.862  0.214
Proline 1.000 1.047  0.490 1.000  8.132  0.145 1.000  0.760  0.468 1.000  0.391 0.535
Lysine 1.000 0.949  0.175 1.000  0.818  0.025 1.000 1.337  0.719 1.000  3.056  2.352
Histidine 1.000 0418  0.853 1.000 1.441 0.297 1.000 1.09%  0.779 1.000  0.953 0.574
Arginine 1.000 0.259  0.156 1.000 1.092  0.052 1.000 1.148  0.427 1.000 1.115  0.726
Valine 1.000 0.615  0.407 1.000 1.053  0.119 1.000  0.939 1.028 1.000  0.395 1.098
Methionine 1.000 0.076  0.326 1.000 0324  0.073 1.000  0.127  0.786 1.000  0.048 1.983
Tyrosine 1.000 0.921 0.134 1.000 1.114  0.041 1.000 0940  0.290 1.000  0.655 0.867
Isoleucine 1.000 0.490  0.345 1.000 1.611 0.115 1.000  0.660  0.692 1.000 0314  0.957
Leucine 1.000 0.626  0.539 1.000 1.418  0.106 1.000  0.573  0.736 1.000 0379  0.905
Phenylalanine 1.000 0.708  0.336 1.000 1.317  0.156 1.000  0.569  0.624 1.000  0.286  0.852
Tryptophan 1.000 1.330  0.740 1.000 1.099  0.125 1.000 1.128  0.653 1.000  0.549  0.685
Pyruvate 1.000 1.249 1.559 1.000  0.871 0.300 1.000  2.152 1.674 1.000 1.882 1.050
Succinate 1.000 0.275  0.525 1.000 1.016  0.175 1.000 2462  0.925 1.000 1.026 1.966
GABA 1.000 0.716 1.335 1.000 5202  0.263 1.000 2437 0976 1.000  0.655  0.559
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ABSTRACT

Cyanobacteria are autotrophic microorganisms with high photosynthetic
efficiency, rapid cell growth, basic nutritional requirements (sunlight, water, and CO2
mainly) and the possibility of genetic manipulation, and therefore are an excellent
resource for industrial applications. In addition, cyanobacterial strains which are able
to survive and grow in brackish or saline water might be industrially advantageous by
avoiding competition with water resources used for human consumption. Thus, here
we characterized the growth responses of the halotolerant cyanobacteria Desmonostoc
salinum CCM-UFVO059 cultivated under different light intensities, photoperiods, and
in presence of moderate saline concentrations (NaCl). Our results showed that changes
in light intensity altered colony structure and, consequently, biomass composition. The
highest biomass was achieved under continuous light with intensity of 70 umol m? s°
1(24:0_70), yielding a final biomass of 1.6 g L'! (dry weight) after seven days of
photoautotrophic growth. Collectively, our results enabled the establishment of
optimal conditions (24:0_70) for cultivation of D. salinum CCM-UFV059, that allow
high increments of both biomass and storage compounds (glycogen and cyanophycin)

and optimal conditions for high increments of both biomass and protein (24:0_100).
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1. INTRODUCTION

Cyanobacteria are unique prokaryotic microorganisms able to perform oxygenic
photosynthesis and in some cases, nitrogen fixation (Steinhauser et al., 2012). During
their evolution, these organisms faced environments with varying levels of carbon
dioxide (CO), nitrogen, light and nutrients (Schopf et al., 1994; Badger et al., 2003).
Thus, losses or, especially, gains of genes associated with selective pressures
performed by different environmental factors were responsible for an extensive
morphological diversification, accompanied by physiological and metabolic
divergences within the phylum Cyanobacteria (Flores, 2008). As consequence,
cyanobacteria can be found in the most extreme, terrestrial and aquatic, environments
in Earth including soda lakes (de Alvarenga et al., 2018; Vaz et al., 2015), acidic water
(Genuario et al., 2017; Genuario et al., 2019), hot deserts (Fulton et al., 2016; Oren et
al., 2017) and polar regions (Chrismas et al., 2015). It is important to mention that
cyanobacteria from extreme environments are potential sources of novel genes,
products and important targets for biotechnological application (Genudrio et al., 2019).

In comparison to land plants, which also rely on sunlight, water, and COx> (basic
nutritional requirements), cyanobacteria present higher photosynthetic efficiency,
rapid cell growth/division and the possibility of genetic manipulation through
homologous recombination (Heidorn et al., 2011; Ruffing, 2011). Moreover,
cyanobacteria possess high biotechnological potential, being used not only to obtain
numerous products, such as biofuels, drugs, biopigments, enzymes, antioxidants,
exopolysaccharides used as gellants; but they also display nutritional use as source of
vitamins and proteins (Singh et al., 2011, Nowruzi et al., 2018). Considering the
multiple uses of cyanobacterial biomass for either biotechnological or food purposes,

it is important to highlight the current need of efforts on cyanobacterial cultivation in
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non-potable water (probably in saline/brackish waters), avoiding competition with
agriculture and human consumption (Pade and Hagemann, 2015). It should be kept in
mind, however, that cyanobacterial growth in saline media might affect their cellular
metabolism and perhaps negatively the final product yield (Hagemann, 2011).
Therefore, a promising step for these purposes is the search of tolerant strains that are
able to grow in residual waters and could be used as a source of biomass or metabolites
of interest. In this context, Desmonostoc salinum CCM-UFV059, a halotolerant
filamentous heterocytous strain isolated from a hypersaline environment (de
Alvarenga et al.,, 2018) presents itself as a good candidate for biotechnological
application. Coupled to its halotolerance, this strain also performs nitrogen fixation,
which could decrease/eliminate the need for using combined nitrogen sources in the
culture medium, reducing costs.

Knowledge of the factors acting on cyanobacterial biomass productivity and
composition is critical to its biotechnological exploitation as well as to control its
growth on the environment. Among these factors are noteworthy those that define an
adequate absorption of light energy, allowing cyanobacterial growth and the storage
of compounds of interest (Shukla et al., 2016). Light intensity and availability
(photoperiod) are the major factors involved in the regulation of the C:N ratio in N-
fixing cyanobacteria (Zhang et al., 2006). This ratio should be highlighted due to its
influence on the production of cellular components (Otero and Vincenzini, 2004).
Thus, it is important to understand the cyanobacterial metabolism and its variation
under distinct environmental conditions to optimize the production of biomass and
metabolites of interest (Markou et al., 2011). That being said, here, we analyze the
physiological and metabolic responses of Desmonostoc salinum CCM-UFV059 to

different light intensities and photoperiods, as well as to its cultivation under saline
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conditions, aiming to find the light regime suitable for maximal biomass production
and to better understand how distinct growth conditions interfere within the basal
metabolism of this strain. Our results demonstrate that in response to changes in the
photoperiod Desmonostoc salinum CCM-UFV059 suffer remarkable alterations in the
metabolism and, consequently, in its cellular composition. Moreover, slight changes
in the light intensity were able to completely change the colony structure of
Desmonostoc salinum CCM-UFV059. Altogether, the results presented here allowed
the establishment of optimal conditions for cultivation of D. salinum CCM-UFV059

with different biotechnological applications.

2. MATERIAL AND METHODS
2.1 Cyanobacterial strain
The strain Desmonostoc salinum CCM-UFV059 (hereafter D. salinum CCM-
UFV059) used in this study was isolated from a saline-alkaline lake (de Alvarenga et
al., 2018), and is currently available at the Collection of Cyanobacteria and Microalgae
from Universidade Federal de Vicosa (CCM-UFV). Non-axenic unicyanobacterial
cultures of D. salinum CCM-UFV059 have been maintained in glass flasks (125 mL)
filled with 40 mL of liquid BG-110 medium (Rippka et al., 1979), under the following
conditions: 2442 °C, light intensity of 70 pmol-m™>-s! and photoperiod of 16:8 h
(light/dark). When cultured under standard (maintenance) growth conditions D.
salinum CCM-UFV059 presented a saturation irradiance (I5) of 100 £ 2 umol-m?-s!

and a compensation irradiance (I.) of 25 £ 5 pmol-m™2-s7..
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2.2 Growth curves and kinetics

To identify the growth phases (lag, log, and stationary) of D. salinum CCM-UFV,
growth curves were carried out under photoautotrophic growth conditions. Two light
regimes were applied: photoperiod of 16:8 h (light/dark) and continuous light (24 h of
light), which were conducted in two distinct light intensities namely 70 and 100
umol-m‘z-s'l. In addition, BG-11p medium was used with or without 0.1 M of NaCl.
The NaCl concentration was chosen following previous studies (de Alvarenga et al.
2018).

Growth curves were performed in 125 mL Erlenmeyer flasks with 40 mL of BG-
110, which were inoculated with 1 % (v/v) of biomass, taken from cultures at log phase
(4-days old). The flasks were maintained at constant shaking (30 x g). Growth phases
were determined by harvesting samples every day after eight hours of light (middle of
the day), up to the third day in which no variation in growth was observed. Growth
phases were determined by harvesting samples every day after eight hours of light
(middle of the day), up to the third day in which no variation in growth was observed.
Growth was evaluated by optical density (OD7s0nm) and ashes-free dry weight
(biomass) in absence of salt. The maximal growth rate (Umax) and generation time (G¥)
of D. salinum CCM-UFV059 were calculated by applying a linear regression of the
data within the logarithmic growth period. Dry weight was determined using 5 mL of
culture that was filtered on pre-weighed nitrocellulose membranes (0.45 pm porosity
- Sartorius Stedim Biotech). The membranes with biomass were dried at 60 °C for 48
h and then weighed. For the determination of ash-free dry weight, the pre-weighed dry
matter membranes were calcined in a muffle oven (Fornos Jung Ltda, LF 02312,
Brazil) at 550 °C for 30 minutes. After cooling, the porcelain crucibles with the ashes

were weighed. The ash-free dry weight was determined by subtraction of the dry
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weight by ash weight after calcination and expressed as mg ash-free weight per mL of

culture.

2.3 Morphological evaluation
Macroscopic and microscopic morphological observations were conducted on
the 7% day of cultivation, during the logarithmic phase, using AxioCam HRc (Zeiss,
Gottingen, Germany) and a Zeiss Axioskop 40 optical light microscope equipped with
an AxioVision LE 4.6 digital imaging system (Carl Zeiss), respectively. For
macroscopic records, colonies were not disrupted while for microscopy records the

cultures were slightly homogenized by syringe fluxes.

2.4 Physiologic parameters and metabolic profiling

Both physiological and metabolic evaluations were performed in samples
harvested in the middle of the light period (after 8 h of light) of the 7% day of
cultivation, allowing to compare their growth, metabolism and physiological
performances since cyanobacteria present high growth rates and elevated metabolic
activities at logarithmic phase. For biochemical analyses, the samples were harvested
and immediately frozen in liquid nitrogen and then stored at -80 °C until further
analyses, as described below. In addition, for treatments in which the photoperiod 16:8
h was applied, samples were also harvested in the Beginning of the day (BOD — Oh —
start of light phase); Middle of the day (MOD — 8h); End of the day (EOD — 16h);
Middle of the night (MON — 20h — middle of dark phase) and End of the night (EON
— 24h — with lights still turned off) for analysis of storage compounds.

Briefly, total chlorophyll was extracted in ethanol and quantified according to

Porra et al. (1989). Total proteins were determined according to Lowry (1951), with
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the Folin-phenol reagent and total amino acids as in Sienkiewicz-Porzucek et al.
(2008). Total carbohydrates were determined by using the phenol-sulfuric acid assay
according to DuBois (1956), adapted by Masuko et al. (2005) and glycogen content
was extracted and quantified using an enzymatic assay with hexokinase (Kirsch et al.,
2017).

Cyanophycin content was extracted according to Elbahloul et al. (2005),
modified by Trautmann et al. (2016) and quantified according to Messineo et al.
(1966). Total neutral lipids were determined according to the modified method of
Bligh and Dyer (Chen et al., 2010).

Metabolic profile was performed using an established gas chromatography—
mass spectrometry (GC-MS) from fresh cells as described by Krall et al. (2009).
Derivatization, standard addition, and sample injection for GC-MS were performed
according to Osorio et al. (2012). Chromatograms and mass spectra were evaluated
using Chroma TOF 1.0 (Leco, http://www.leco.com/) and TAGFINDER 4.0 software
(Luedemann et al., 2008). The mass spectra were cross-referenced with those in the
GolmMetabolome Database (Schauer et al., 2005). The amounts of metabolites were
determined as relative metabolite abundances, calculated by normalization of signal
intensity of ribitol, which was added as an internal standard, and then by dry weight
of the material. The treatment 16:8 h (light/dark), 70 umol-m-s™! was used as a control
to evaluate the changes in metabolite concentration in D. salinum CCM-UFV059.

Measurements of net photosynthetic rates and dark respiration were carried out
during the logarithmic phase, on day 3 and 7 of each treatment, using a Clark-type
electrode connected to an oxygen monitor (Chlorolab 2 System, Hansatech, Norfolk,
UK), as previously described (Torzillo et al., 1998, Jeon et al., 2005). The instrument

was calibrated using a solution of sodium hydrosulfite and BG-11¢ medium to set 0 %
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saturation. Then, 2 mL of culture were inoculated in the electrode chamber and curves
of oxygen consumption and evolution, in response to photosynthetically active
radiation (PAR), were performed at 25 °C using the light intensity in which the cells
were cultured (70 or 100 pmol-m-s™!). The maximum quantum yield of photosystem
IT (Fv/Fn) was measured with a portable pulse amplitude fluorometer system (PAM-
2000, Walz Inc., Germany), after acclimation of cultures for 30 minutes in the dark.
The photochemical efficiency of photosystem II adapted to light (OPSII) was
measured after five minutes of exposure to the light intensities applied in the

treatments.

2.5 Statistical analysis
The experiments were set in a completely randomized design. Values are
presented as the mean + standard error (SEM) that were obtained from five
independent replicates per growth condition and when was the case, over time.
ANOVA (P < 0.05) was performed to compare the data obtained for the different
growth conditions, and the means were compared by the Student’s 7-test test at 5%
probability, using the lowest value as a reference. Statistical analysis were performed

using the software Assistat statistical (version 7.7-http://assistat.com).

3. RESULTS

3.1 Growth kinetics in response to variations in light intensities

Regardless the light intensity and/or photoperiod used here, cultures of D. salinum
CCM-UFVO059 presented similar growth patterns in all treatments conducted with BG-
11, reaching the stationary phase in the 12" day (Fig. 1). Considering the treatments,

none of the growth curves displayed lag phases, yet, despite the similar pattern, the
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duration of the log phase varied (Table 1). Cells cultivated under the 16:8 h
(light/dark), 70 pmol-m™-s! (hereafter called 16:8_70) presented an initial log phase
of only three days, while cells under 16:8 h (light/dark), 100 umol-m?-s™ (16:8_100)
presented five days log phase. For both treatments, after the log phase, a non-growth
day was observed (between the 3 and 4" days, as well as 5" and 6, for the treatments
16:8_70 and 16:8_100, respectively). These phases were followed by a slow
resumption of growth, until the cells reached the stationary phase (Fig. 1). The
treatments 24/0 h (light/dark), 70 pumol-m?-s' (24:0_70) and 100 pmol-m>s*
(24:0_100) presented log phases of five days, similar to the treatment 16:8_100, but
without the presence of a non-growth day (Fig. 1).

The treatment 16:8_70 had the highest maximum growth rate (Umax - 0.212 d"!) and
consequently the lowest generation time (Gt - 1.41 d ™) (Table 1). However, due to the
shorter log phase, this treatment did not present higher biomass production (Table 1).
The highest biomass production was observed for the treatments carried out under
continuous light which was almost two times higher than those found in treatments of
16:8 h photoperiod (Table 1). Considering the same photoperiods, similar biomass

production was obtained under the different light intensities.

3.2 Microscopic and macroscopic changes in response to light regimes
Colonies of D. salinum CCM-UFVO059 under 16:8_70 showed no clear
aggregation pattern, with trichomes homogeneously dispersed into the culture medium
(Fig. 2A). Under 16:8_100 trichomes formed conspicuous macroscopic colonies,
which were dense and enclosed, presenting some free aggregates of filaments (Fig.
2B). By contrast, cultures under continuous light (24:0_70 and 24:0_100) presented

colonies separated into small lumps and heavily aggregated (Fig. 2C and D).
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Microscopic pattern of filaments aggregation was also very distinct among the
treatments (Fig. 3). Under 70 pmol-m™-s!, regardless of the photoperiod, most of the
vegetative trichomes presented heterocytes and were organized in a parallel way (Fig.
3A and C), which is typical of the vegetative stage of Desmonostoc strains (Hrouzek
et al., 2013). On the other hand, under 16:8_100, hormogonia (motile, non-heterocytic
filaments) and non-mature filaments were the predominant type and the parallel
organization was partially lost (Fig. 3B). Under 24:0_100, vegetative filaments with
heterocytes were predominant and the typical parallel organization of trichomes was
completely lost. In addition, the colonies presented a disperse pattern, without

conspicuous aggregation, displaying more space between trichomes (Fig. 3D).

3.3 Changes in metabolism in response to light regimes

Among the nitrogen (N) compounds, the amounts of total chlorophyll and
proteins presented a similar pattern, with higher levels found in treatments carried out
under a photoperiod of 16:8, regardless of the light intensity (Table 2). It is also
important to mention that under this photoperiod, higher contents of both metabolites
was found at 100 pmol-m?2.s™! (Table 2). Total amino acids showed an opposite
behavior, with higher contents found under continuous light. Additionally, the lowest
level of amino acids was observed at 16:8_100, which yielded the highest protein and
chlorophyll contents (Table 2). Cyanophycin, and phycobiliproteins (PBS) content
also presented a similar pattern in the treatments 16:8_100, 24:0_70 and 24:0_100 and
the lower content was found under 16:8_70 (Table 2).

Regarding carbon (C) compounds, the content of total soluble carbohydrates
(hereafter carbohydrates) was nearly conserved among treatments under the same light

intensity, independent of photoperiod (Table 2). The highest content of carbohydrates
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was found under continuous light and 100 pmol-m™>-s!. Curiously, the amounts of
glycogen followed a similar pattern also observed for cyanophycin, and PBS, for
which higher levels were observed among the treatments 16:8_100, 24:0_70 and
24:0_100 (Table 2). Contrary to the other storage compounds, neutral lipids content
showed a higher level under 16:8_70 (Table 2).

We also analyzed the metabolite contend under 16:8 h during a complete
light/dark cycle after seven days of growth (Fig. 4). Total protein contents were higher
under 16:8_100 regardless the sampling point (Fig. 4A), as observed also for the
analysis on the 7" day (Table 2). In addition, total protein contents showed no
differences over the diurnal light/dark cycle (Fig. 4A). Oppositely, and as expected,
cyanophycin showed clear variations on its diurnal levels, although the peak of
accumulation differed between both treatments (Fig. 4B). In cells cultured under
16:8_100 the highest level of cyanophycin was found in the middle of the day (after 8
h of light), decreasing from this point. However, under 16:8_70 the highest level was
achieved only at the end of day (16 h of light). The patterns of carbohydrates and
glycogen accumulation were similar. Under 16:8_70, both metabolites did not show
any significant change along the diurnal cycle, while under 16:8_100 their content
increase over the day and decrease during the night (Fig. 4C and D).

Considering the growth conditions, the net photosynthetic rates (A) showed no
variation, after three days of cultivation, with an average value of ~ 4.0 nmol O, min
U'mg! dry mass (Table 3). After seven days of growth, A was reduced by more than
50 % in all conditions, with the exception of the treatment 16:8_70, which sustained a
higher A (2.98 nmol O, min' mg! dry mass) (Table 3). By contrast, the respiratory
rates at the 3" day of growth were distinct between the photoperiods. Cells grown

under continuous light presented higher respiratory rates compared with cells under
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16:8 h. At the 7™ day of growth, the respiratory rates decreased for all treatments,
reaching as much as only 20% for those cells cultured under continuous light. Fv/Fn
values were similar among the treatments, while the quantum yield of photochemical
energy conversion in PSII (OPSII) was higher under 16:8_70 (0.44), reducing with
increased light availability, and reaching the lowest value under 24:0_100 (0.2) (Table
2).

Under continuous light, increased amounts of sugars (maltose, glucose,
trehalose, maltotriose), aspartate, alanine, tyrosine, ornithine, putrescine and
spermidine were observed when compared with treatments under 16:8 h. Moreover,
ascorbic acid and galactose were significantly increased reaching values more than

five times higher compared with the 16:8 h treatments (Fig. 5).

3.4 Response to light under saline conditions

To evaluate the effects of light intensities and photoperiods on the growth of
D. salinum CCM-UFVO059 under saline conditions, cells from BG-11¢ supplemented
with 0.1 M NaCl were also analyzed. Under 16:8 h, biomass production in cells grown
without or with 0.1 M NaCl was similar. Furthermore, under continuous light, the
biomass production in the BG-11o medium with salt was significantly reduced in
comparison to control conditions (Fig. 6).

On the 3™ day of cultivation, under saline conditions A was higher in the
treatments under 100 pmol-m™-s7!, regardless the photoperiod. However, at the 7" day
of growth, the treatments under 16: 8 h presented the highest A (Table 4). This pattern
of higher A after seven days of growth was also observed under 16:8_70 without salt.
Under saline conditions, the respiratory rate on the 3" day of cultivation was more

than five times higher under continuous light, compared to treatments 16:8 h; under
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continuous light in medium without salt higher respiratory rates on the 3" day was also
observed. On the 71 day of cultivation, this pattern was modified and became similar
to the growth without salt, with the highest respiratory rate was observed under 16:8 h
photoperiod (Table 4).

Surprisingly, opposite to the situation observed under non-salt conditions, almost
no changes were detectable in the metabolism of D. salinum CCM-UFV059 in
response to light intensities while growing under saline conditions. It seems reasonable
to assume that, due to the great metabolic readjustment in response to the saline
conditions (Fulda et al., 2000), D. salinum CCM-UFVO059 cells did not display

significant metabolic reprogramming in response to the light treatments.

4. DISCUSSION

An association between the macroscopic colony architecture of D. salinum CCM-
UFV059 and its predominant cellular/filament types was observed considering both
macroscopic and microscopic patterns found for the different growth conditions (Figs.
2 and 3). Colonies with loose pattern presented vegetative cells as the most abundant
cell type (16:8_70, 24:0_70 and 24:0_100), whereas highly aggregated colonies
(16:8_100) had a higher abundance of hormogonia, indicating the occurrence of
cellular differentiation in dense colonies (Figs. 1 and 2). Hormogonia are specialized
filaments that enter in a non-growth state, showing gliding motility and are
distinguishable from mature trichomes mainly by reduced cell size and absence of
heterocytes (Khayatan et al., 2017). In filamentous heterocytous cyanobacteria the
spectral quality of light greatly affects the differentiation of hormogonia, being
possibly the best-understood factor as an inductor of the formation of this specialized

cell type (Li et al., 2005). The enrichment of the inward of the colony with long and
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less energetic wavelengths, known as selective filtration of light, leads to the
preferential excitation of the PSI and to an oxidation of the pool of plastoquinones,
triggering the process of hormogonia differentiation (Campbell et al., 1993; Afonso et
al.,, 2001). It is likely possible that the dense and enclosed macroscopic pattern
presented by the colonies in the treatment 16:8_100 is associated with the enrichment
of low energetic wavelengths, and consequently, the abundance of hormogonia.
Moreover, metabolic and biochemical analysis were performed on the 7t day, after
the non-growth day displayed by the cells under 16:8_100 (Fig. 1). Another feature
observed under this growth condition was a high content of chlorophyll and total
protein per dry weight. Although no significant synthesis of DNA, proteins or
chlorophyll occur during the hormogonia cycle (Meeks et al., 2002), the higher amount
of protein and chlorophyll per dry weight (Table 2) found in these colonies could be a
reflection of the reduction of other cellular components, resulting in a higher
proportion per biomass.

Variations in light intensity seems to modulate the storage metabolism of D.
salinum CCM-UFV059 without reflecting on the final biomass production. Under 70
umol-m™-s™! in the 16:8 h photoperiod the lowest amounts of storage compounds such
as glycogen and cyanophycin (Table 1) was observed; however, the total final biomass
were similar as observed under 16:8_100. Phycobiliproteins (PBS), light-harvesting
water-soluble proteins, which also work as nitrogen storage compounds (Grossman et
al., 2001), showed an accumulation pattern similar to glycogen and cyanophicin, with
lowest amounts under 16:8_70. Neutral lipids were the only reserve with increased
contents in this treatment (16:8_70). Due to the importance of the C:N ratio in
cyanobacteria biomass, especially among nitrogen-fixing species (Zhang et al., 2006),

it is reasonable to assume that under 16:8_70 a misbalance in this ratio likely occurs,
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resulting in the accumulation of storage compounds lacking nitrogen, such as neutral
lipids. The accumulation of neutral lipids in response to nitrogen starvation has been
widely studied in microalgae (Breuer et al., 2012; Singhasuwan et al., 2015; Benvenuti
et al., 2015; Machado et al., 2016). Moreover, the availability of ATP and reduced
coenzymes are important to define the metabolism direction in response of a C:N
misbalance (Xiong et al., 2017) and consequently, the preferable storage compounds
accumulated. This could explain, at least partially, the accumulation of lipids over
glycogen in the treatment 16:8_70. Accordingly, the reduced amount of storage
compounds for 16:8_70 allowed the cells to sustain high photosynthetic rates on the
7% day of growth (Table 3), most likely due to a lower limitation of the photosynthetic
rate by the end product. Under 100 umol-m™-s™!, especially under continuous light,
high soluble carbohydrate contents, including exopolysaccharides (EPS), were found.
Moreover, cells under continuous light produced high amounts of galactose (Fig. 5),
one of the main substrates for EPS biosynthesis in cyanobacteria (Liu et al., 2017).
Accordingly, several studies have reported the importance of EPS under stress
tolerance, including light stress (Ehling-Schulz et al., 1999; Tamaru et al., 2005 and
Ozturk et al., 2010; Kehr & Dittmann, 2015). Higher content of EPS may indicate
export of carbon to the cell exterior, also due to a misbalance in the C:N ratio. This
coupled with high amounts of ascorbic acid, a metabolite with an important role in the
prevention of reactive oxygen species accumulation (He et al., 2012; Cheloni &
Slaveykova, 2018), indicates that under continuous light, cyanobacterial metabolism
is likely adjusted to avoid light stress. Despite the similar Fv/Fn observed in all growth
conditions investigated here, ®PSII was severely reduced under continuous light,
especially under 100 pmol-m?-s' (Table 3). Regardless these slight indications of

light stress, D. salinum CCM-UFV059 was able to most likely adjust their cellular
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metabolism to cope with high light availability, as depicted by the higher biomass
production under continuous light.

After seven days of growth, D. salinum CCM-UFV059 biomass production was
similar under the same photoperiod, regardless light intensity (Fig. 1 and Table 1).
Nevertheless, under continuous light higher final biomass after 7 days of growth (~1.6
g-L'!) was observed. Similar biomass production was also observed after seven days
under mixotrophic conditions (medium supplemented with 1 % sucrose) by Nostoc
flagelliforme, a cyanobacteria daily used in Chinese cuisine with a much consolidated
market (Yu et al., 2009). By cultivating D. salinum CCM-UFV059 under mixotrophic
conditions a 10-x fold higher biomass was observe in a pilot experiment (data no
shown). Moreover, the higher biomass produced by D. salinum CCM-UFV059 is
similar to values presented by Spirulina platensis under laboratory conditions (Coca
et al., 2015; Celekli et at., 2016; Shao et al., 2018). By comparing the growth of D.
salinum CCM-UFV059 with cyanobacteria already available on the market, it seems
reasonable to suggest that the cultivation of this strain aiming at biomass production
for commercial use is most likely possible.

The ability to sustain photosynthetic rates and produce biomass without
impairments under moderate saline conditions and long day photoperiods (16:8 h)
indicates the possibility of cultivation of D. salinum CCM-UFV059 in brackish or
wastewater. Further research using large scale cultivation is clearly required to proper
evaluate the biomass production of this strain for biotechnological purposes.
Nevertheless, D. salinum CCM-UFV059 seems to possess a highly plastic metabolism
and the ability to sustain grow under different of light regimes, possibly allowing its

outdoor cultivation and commercial use.
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Figure 1: Desmonostoc salinum CCM-UFV059 growing under distinct photoperiods
and light intensities. The growth was measure daily in response to increases in the
optical density (O.D.750 am). (16:8_70) Photoperiod of 16:8 h, light intensity of 70
umols-m2-s71. (16:8_100) Photoperiod of 16:8 h, light intensity of 100 umols-m2-s.
(24:0_70) Photoperiod of 24:0 h, light intensity of 70 pumols-m?2-s'. (24:0_100)

Photoperiod of 24:0 h, light intensity of 100 pmols-m™-s!.
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Table 1: Growth parameters and biomass production of Desmonostoc salinum CCM-
UFV059 grown under distinct photoperiods and light intensities. Maximum growth
rate (Umax) and Generation time (Gf) were measured considering the log phase;
Biomass production was determined after seven days of exposure to the treatments.
Values represent mean = SE from five biological replicates. For biomass production,
means followed by the same letter were not significantly different (P<0.05) by

Student’s ¢-test.

16:8 70 16:8 100 24:0 70 24:0 100
-1 -1 -1 -1
M nax 0.212d 0.138 d 0.153 d 0.155d
-1 -1 -1 -1
Gt 1.41d 2.17d 1.96 d 1.93d
Log phase* 3 days 5 days 5 days 5 days

Biomass production” 0.74+0.02b 0.68+0.01b 1.62+0.04a 1.58+0.01a

5]
"Log phase duration; # (g.L )
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Figure 2: Macroscopic aspect of Desmonostoc salinum CCM-UFV059 grown in
liquid BG-11o culture medium, under distinct photoperiods and light intensities. The
pictures were taken on the 7" day of growth without disrupted the colony structure.
(A) Photoperiod of 16:8 h, light intensity of 70 umols-m™-s™!. (B) Photoperiod of 16:8
h, light intensity of 100 umols-m™-s™!. (C) Photoperiod of 24:0 h, light intensity of 70
umols-ms!. (D) Photoperiod of 24:0 h, light intensity of 100 umols-m?2-s!. Scale

bar =1 cm.
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Figure 3: Microscopic aspect of Desmonostoc salinum CCM-UFV059 cultured in
liquid BG-11o culture medium, under distinct photoperiods and light intensities. The
pictures were taken on the 7" day of growth. The pictures represent the predominant
aspect of the colonies after softly homogenization with syringe. (A) Photoperiod of
16:8 h, light intensity of 70 umols-m-s!. (B) Photoperiod of 16:8 h, light intensity of
100 umols-m2-s!. (C) Photoperiod of 24:0 h, light intensity of 70 umols-m™2-s™. (D)

Photoperiod of 24:0 h, light intensity of 100 pmols-m™-s™. Scale bar = 40 pm.
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Table 2: Biochemical parameters of Desmonostoc salinum CCM-UFV059 grown under
distinct photoperiods and light intensities. The sampling point was in the middle of the 7"
day of growth. The values are expressed in ug-mg™! dry weight. Values represent mean + SE
from five biological replicates. Means, in the same line, followed by the same letter were not

significantly different (P<0.05) by Student’s z-test.

Metabolite 16:8_70 16:8_100 24:0_70 24:0_100
Chlorophyll 150+0.04b 2135+12a 571+0.7c¢ 6.04+1.0c¢
Amino acids 28+03b 203+£04c¢ 3.09+02a 375+ 04 a
Soluble carbohydrates 2062+65¢ 2363+87b 201.75+7.0c¢ 263.84+59a
Total proteins 151.2+6.0b 2083+85a 13047+25c¢ 131.59+4.1¢
Phycobiliproteins 157+3.4b 2381+32a 2253+32a 2287+20a
Glycogen 1.9+02b 323+02a 3.13+0.6a 3.66 £0.06 a
Cyanophycin 6.2+05¢ 12.84+0.8a 1043+04Db 1259+ 0.6 a
Neutral lipids 19.5+29a 7.74+1.1b 78+10b 38+0.7¢
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Figure 4: Biochemical parameters of Desmonostoc salinum CCM-UFV059 grown
under the treatments 16:8 h_70 umol-m'2~ s and 16:8 h_100 ],Lmol-m'z-s'l. The
sampling points correspond to BOD (0 h): Beginning of the day; MOD (8 h): Middle
of the day; EOD (16 h): End of the day; MON: Middle of the night (20 h); EON: End
of the night (24 h), totalizing 24 hours. (A) Total protein; (B) Soluble carbohydrates;
(C) Cyanophycin; and (D) Glycogen, expressed in ug.mg dry weight!. Values
represent mean + SE from five biological replicates. Means, in the same line, followed
by the same letter were not significantly different (P<0.05) by Student’s #-test. Low
case letter: comparison between averages in the same treatment. Uppercase letter:

comparison between averages of different treatments at the same time.
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Table 3: Gas exchange measurements and chlorophyll fluorescence parameters of

Desmonostoc salinum CCM-UFV059 grown under distinct photoperiods and light

intensities. Photosynthetic (A) and respiratory (Rd) measurements were performed on

the 3" and 7™ days of growth. The maximum quantum yield of photosystem II (Fv/Fin)

and the photochemical efficiency of photosystem II adapted to light (DPSII) were

measured in the 7" day of growth. Values represent mean + SE from five biological

replicates. Means, in the same line, followed by the same letter were not significantly

different (P<0.05) by Student’s #-test.

16:8_70 16:8_100 24:0_70 24:0_100
A (Day 3) 435+035a 405+042a 442+0.14a 4.66+045a
A (Day 7) 298+0.14a 1.88 £0.13b 1.89 £0.02b 2.01 £0.03b
Rd (Day 3) 0.84 £0.07b 098+0.05b 1.70 £0.02 a 1.55+0.11a
Rd (Day 7) 0.57+0.06a 059+004a 032+001b 030+001b
F./Fp 047+0.009a 046x00la 042+x0.006a 046+0.02a
OPSII 044+0.009a 037+x001b 035+0.008b 02+0.02¢
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Figure 5: Metabolic profile of Desmonostoc salinum CCM-UFV059 grown under
distinct photoperiods and light intensities in BG-11o medium. The sampling point was
on the 7" day of growth. The full datasets from these metabolic profiling studies are
additionally available in Supplementary Table 1. The colour code of the heat map is
given as the X-fold changes. Data are normalized with respect to the mean response
calculated for the control (16:8_70) of each strain (to allow statistical assessment,

individual replicates from this set were normalized in the same way). Values represent
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mean = SE from five biological replicates. Asterisks designate values that were
significantly different from control (P<0.05) by Student’s #-test. (16:8_70)
Photoperiod of 16:8 h, light intensity of 70 umols-m-s™!. (16:8_100) Photoperiod of
16:8 h, light intensity of 100 pmols-m'2~s'1. (24:0_70) Photoperiod of 24:0 h, light
intensity of 70 umols-m™-s!. (24:0_100) Photoperiod of 24:0 h, light intensity of 100

umols-m2-s71.
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Figure 6: Biomass production of Desmonostoc salinum CCM-UFV059 grown in BG-
110 supplemented with and without 0.1 M NacCl, during seven days, applying distinct
photoperiods and light intensities. Biomass production expressed in dry weight
(mg/mL). Values represent mean + SE from five biological replicates. Means followed
by the same letter were not significantly different (P<0.05) by Student’s #-test. Low
case letter: comparison between averages in the same treatment. Uppercase letter:

comparison between averages of different treatments at the same time.
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Table 4: Gas exchange measurements of Desmonostoc salinum CCM-UFV059 grown
in BG-11¢ supplemented with 0.1 M NaCl under distinct photoperiods and light
intensities. Values represent mean + SE from five biological replicates. Means, in the
same line, followed by the same letter were not significantly different (P<0.05) by

Student’s ¢-test.

16:8_70 16:8 100 24:0 70 24:0 100
A (Day 3) 1.79£020b  1.95+0.16a 124+052b 224+040a

A (Day 7) 243+032a 364 +031a 139 £0.11b 1.80 £045b
Rd (Day 3) 0.16 £0.03b 0.16+0.09b 101 +0.26 a 1.01 £0.19a

Rd (Day 7) 042+0.03b 0.72+0.09a 029+£001¢ 042+0.03b
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Figure 7: Metabolic profile of Desmonostoc salinum CCM-UFV059 grown in BG-
110 supplemented with 0.1 M of NaCl under distinct photoperiods and light intensities.
The sampling point was on the 7% day of growth. The full datasets from these
metabolic profiling studies are additionally available in Supplementary Table 1. The
colour code of the heat map is given as the x-fold changes. Data are normalized with
respect to the mean response calculated for the control (16:8_70) of each strain (to
allow statistical assessment, individual replicates from this set were normalized in the
same way). Values represent mean = SE from five biological replicates. Asterisks
designate values that were significantly different from control (P<0.05) by Student’s
t-test. (16:8_70) Photoperiod of 16:8 h, light intensity of 70 umols-m™s™. (16:8_100)
Photoperiod of 16:8 h, light intensity of 100 pmols-m™s™'. (24:0_70) Photoperiod of
24:0 h, light intensity of 70 umols-m™-s™!. (24:0_100) Photoperiod of 24:0 h, light

intensity of 100 umols-m?2-s..
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SUPPLEMETARY DATA

Table 1: Dataset from relative levels of identified metabolites of D. salinum CCM-
UFV059 grown in BG-11¢ exposure to distinct photoperiods and light intensities. .
(16:8_70) Photoperiod of 16:8 h, light intensity of 70 pmols-m™>s. (16:8_100)
Photoperiod of 16:8 h, light intensity of 100 umols-m-s™!. (24:0_70) Photoperiod of
24:0 h, light intensity of 70 umols-m™-s!. (24:0_100) Photoperiod of 24:0 h, light

intensity of 100 umols-m2-s..

16:8 24:0

Metabolites 70 100 70 100
Butyric acid 4-hydroxy 1.000 0.718 0.189 0.223
GABA 1.000 1.081 0.800 1.478
Malate 1.000 0.704 0.358 0.568
Fumarate 1.000 0.731 0.431 0.914
Citrate 1.000 0.737 0.406 0.444
Aspartate 1.000 0.712 1.266 2.256
Glutamate 1.000 0.925 1.017 1.805
Glutaric acid 1.000 0.745 0.327 0.398
Tartaric acid 1.000 1.236 0.357 0.466
Glyceric acid 1.000 0.787 0.398 0.780
Erythronic acid 1.000 0.592 1.554 0.676
Galactonic acid-1,4- 1.000 0.809 0.770 0.832
lactone

Ascorbic acid 1.000 0.732 4.086 3.859
Phosphoric acid 1.000 0.804 0.550 0.707
Mannitol 1.000 0411 0.234 0.287
Cellobiose 1.000 1.162 0.521 0.528
Maltose 1.000 1.330 1.497 2.476
Glucose 1.000 0.852 1.022 2.138
Trehalose 1.000 1.935 1.602 1.563
Palatinose 1.000 0.708 0.091 0.140
Isomaltose 1.000 0.888 0.236 0.227
Melibiose 1.000 0.632 0.676 0.537
Fructose 1.000 0.408 0.243 0.300
Xylose 1.000 0.617 0.387 0.449
Xylu]ose 1.000 1.236 0.357 0.466
Raffinose 1.000 0.523 0.817 0.868
Galactose 1.000 2.377 23.581 17.505
Maltotriose 1.000 1.068 1.278 1.992
Glycine 1.000 0.251 1.077 0.204
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Alanine
Valine

Serine
Homoserine
Tyrosine
Ornithine
Saccharopine
Putrescine
Spermidine

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.270
0.671
0.722
1.014
1.042
1.086
1.012
1.300
1.364

1.708
0.758
0.804
0.734
1.358
1.102
0.749
1.542
1.448

4.261
0.801
0.913
0.833
1.172
1.329
0.715
2.689
1.460
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Table 2: Dataset from relative levels of identified metabolites of D. salinum CCM-
UFV059 grown in BG-11o supplemented with 0.1 M of NaCl and exposure to distinct
photoperiods and light intensities. . (16:8_70) Photoperiod of 16:8 h, light intensity of
70 umols-m™-s7, (16:8_100) Photoperiod of 16:8 h, light intensity of 100 pmols-m"
2.571. (24:0_70) Photoperiod of 24:0 h, light intensity of 70 umols-m2-s!. (24:0_100)

Photoperiod of 24:0 h, light intensity of 100 pmols-m2-s™.

16:8 24:0
Metabolites 70 100 70 100
Succinic acid 1.000 0.336 0.473 0.279
Glycine 1.000 1.024 1.166 1.279
Serine 1.000 0.717 0.802 0.992
Glutamic acid 1.000 0.710 1.000 1.083
Guanidine 1.000 1.173 0.595 0.332
Urea 1.000 0.479 0.616 0.596
Inositol 1.000 0.450 0.461 0.585
Glucose, 1,6-anhydro 1.000 1.078 1.140 1.035
Sucrose 1.000 1.151 1.103 1.181
Cellobiose 1.000 0.758 0.817 0.843
Maltose 1.000 0.772 0.814 0.854
Trehalose 1.000 0.768 0.819 0.849
Galactose 1.000 1.279 1.189 0.756
Mannose 1.000 0.430 1.107 1.180
Altrose 1.000 0.870 1.336 1.031
Fucose 1.000 0.910 0.856 0.999
Fructose 1.000 0.727 0.855 1.015
Sorbose 1.000 1.225 1.150 0.696
Ribose 1.000 1.011 1.011 1.005
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CONCLUDING REMARKS

The presented study consisted of the analysis of a newly isolated
cyanobacterium by using several distinct but complementary experimental
approaches. Desmonostoc salinum CCM-UFV059 was isolated from the Laguna
Amarga, a harsh environment with high pH and salinity. Noteworthy, the
characterization of a cyanobacteria species from the Nostocales family in such
environment instigated the development of this research initiative since heterocytous
cyanobacteria are rarely found in saline ecosystems. Moreover, cyanobacteria from
such extreme environments are potential sources of novel genes and products and
important targets for biotechnological applications. As such, after the polyphasic
identification a novel species, named Desmonostoc salinum sp. nov., with
Desmonostoc salinum CCM-UFVO059 as reference strain, was erected. The proposal
was given under the provisions of the International Code of Nomenclature for algae,
fungi and plants and this finding extends the ecological coverage of the genus
Desmonostoc, contributing to a better understanding of its diversity and systematic.
Remarkably, this was the first report of a Desmonostoc in a saline environment.
Interestingly, we could observe the remarkable salt and desiccation tolerance displayed
by Desmonostoc salinum CCM-UFV059 when compared with the Nostocales model
strain to stress response, Nostoc sp. PCC7120. The results obtained here indicate that
the tolerance toward both stresses is most likely an adaptation feature to the
environment of Laguna Amarga. This was obtained by the combination of different
mechanisms including the maintenance of low cellular Na* concentrations associated
with the accumulation of high amounts of sucrose and to a lower extent trehalose as
well as the presence of highly unsaturated lipids in the membrane. We postulate that

following the complete genome sequencing of strain, a fact already under
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development, Desmonostoc salinum CCM-UFV059 presents itself as a new
heterocytous cyanobacteria model for environmental stress response. Further
investigations on the mechanisms allowing this strain to cope with distinct
environmental constraint would help clarify how the rapid evolution of salt-resistance
occurred in this ubiquitous cyanobacterial strain.

Our hope is that the results presented within this thesis will introduce the strain
D. salinum CCM-UFVO059 to researchers beyond the ecology and cyanobacterial
physiology (e.g. molecular biologists, biochemists, stress biologists, evolutionary
biology), who may have interest in using this wonderful and versatile model to address
several long-standing questions in cyanobacterial stress physiology.

To further define possible biotechnological applications of Desmonostoc
salinum CCM-UFVO059 we analyzed the biomass production in response to light
availability. We observed that changes in light intensity altered the cellular type, the
colony structure and, consequently, the biomass composition of Desmonostoc salinum
CCM-UFVO059. Moreover, it was possible to correlate different light regimes with
changes in the metabolism and in the production of specific metabolites. It seems
reasonable to suggest that the ability of Desmonostoc salinum CCM-UFV059 to
growth in saline/brackish water opens possibilities to produce cyanobacterial biomass
with a reduced cost. This is even more important in regions that comprise large
brackish water aquifers that cannot be used for agriculture and/or human consumption,
such as in the northeast of Brazil. It is important to mention that such brackish water
usually contains high content of calcium and magnesium besides sodium, similarly to
the conditions found in the Laguna Amarga environment. Desmonostoc salinum CCM-
UFV059 biomass could be also used to feed animals, such as fish or even swine, since

it was not detected the presence of any cyanotoxin or gene from cyanotoxin production
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pathways in this strain. On top of that, the relatively high amount of protein observed
in Desmonostoc salinum CCM-UFV059 provide further support to the usage of this
strains as food for animals. Nevertheless, further research is clearly required in order
to enable the large scale cultivation Desmonostoc salinum CCM-UFV059 aiming at
its commercial use; it is important to mention, however, that this application mean the
utilization of an abundant and inexpensive resource, such as brackish water, to
generate food and stimulate regional economy.

Overall, this research initiative is of crucial importance for the bioprospection
of genes, pathways and products that may be used for biotechnological purposes in the
future. Further analysis using genomics and transcriptomics approaches will aid to our
understanding of the physiological plasticity and adaptive strategies of Desmonostoc
salinum CCM-UFV059. The results presented here coupled with the current
knowledge over salt tolerance in cyanobacteria allow us to conclude that Desmonostoc
salinum CCM-UFV059 present a great biotechnological potential that must be

explored in the future.
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