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ABSTRACT 

 
ALVARENGA, Luna Viggiano de, D.Sc., Universidade Federal de Viçosa, 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 Araújo. Co-Adviser: Marcelo Gomes Marçal 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 N2. 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-UFV059 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-UFV059 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 Viçosa, Fevereiro 

de 2019. Desmonostoc salinum CCM-UFV059, uma nova cianobactéria: 
Respostas moleculares e fisiológicas a luz, dessecação e stress salino. Orientador: 

Wagner Luiz Araújo. Coorientador: Marcelo Gomes Marçal Viera Vaz. 

 

Cianobactérias são procariotos fotossintetizantes e estão entre os organismos mais 

antigos da Terra. Durante sua longa evolução, as cianobactérias desenvolveram uma 

enorme diversidade em termos de morfologia, plasticidade metabólica e propriedades 

moleculares, fatores importantes para lidar com condições ambientais limitantes e que 

permitiram o sucesso ecológico deste grupo em quase todos os ambientes. A primeira 

parte deste trabalho consistiu na caracterização taxonômica da cepa Desmonostoc 

salinum CCM-UFV059, uma cianobactéria filamentosa heterocitada isolada de um 

ambiente hipersalino. Em conjunto, os dados obtidos permitiram a descrição da 

primeira cepa do gênero Desmonostoc oriunda de um ambiente salino. Como a maioria 

dos estudos sobre aclimatação ao sal em cianobactérias foi realizada em linhagens 

unicelulares, que não podem fixar N2, a segunda parte deste trabalho focou na 

identificação dos principais mecanismos de aclimatação 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 sódio quatro vezes maior que células de 

Desmonostoc salinum CCM-UFV059, sendo estas últimas capazes de sustentar a 

atividade fotossintética até 0,5 M de NaCl, concentração essa na qual Nostoc PCC7120 

não mais apresentava atividade fotossintética. Além disso, Desmonostoc salinum 

CCM-UFV059 produziu grande concentração de sacarose em resposta a limitação 

hídrica, o que permitiu a sobrevivência dessa cepa ao estresse severo de dessecação. 

A presença de lipídios altamente insaturados concomitantemente com uma alta 

produção de sacarose e capacidade de manter o sódio fora das células, explicam, ao 

menos parcialmente, a capacidade de Desmonostoc salinum CCM-UFV059 em se 

adaptar a altas salinidades e resistir a longos períodos de dessecação. Coletivamente, 

os resultados obtidos fornecem informações iniciais sobre adaptações fisiológicas que 

explicariam a notável tolerância ao sal e a dessecação pela espécie Desmonostoc 

salinum CCM-UFV059. Devido as potenciais aplicações biotecnológicas apresentadas 

por cianobactérias, incluindo a produção de biomassa para consumo humano e animal 

além de metabólitos de interesse industrial, a terceira parte deste trabalho buscou 
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investigar as respostas fisiológicas e metabólicas de Desmonostoc salinum CCM-

UFV059 frente à diferentes disponibilidades de luz e fotoperíodo, visando encontrar o 

regime de luz adequado para a máxima produção de biomassa e também compreender 

melhor como distintas condições de crescimento interferem no metabolismo basal 

dessa cianobactéria. Em síntese, Desmonostoc salinum CCM-UFV059 possui uma alta 

plasticidade metabólica 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 biotecnológico. Não obstante, estudos são ainda 

necessários 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 
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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 β-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 Cl- 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 (Klähn and Hagemann 2011). 

The strain Desmonostoc salinum CCM-UFV059 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-UFV059 is 

able to deal with salinity; (ii) provide the description of the first Desmonostoc strain 

isolated 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 LD50, 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-UFV059 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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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-UFV059 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-UFV059 as attractive model for further analysis of 

stress acclimation among heterocytes N2-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; Genuário 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 N2-fixation have been 

reported from saline and alkaline lakes around the world (Tsyrenova et al., 2011; 

Dadheech et al., 2013; Genuário 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 O2-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 N2-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 (Genuário 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 CO2 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 Cl- 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 N2-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 (Klähn 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; Nürnberg 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 (Klähn & 

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 (Klähn & 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 Cl- 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 LD50, 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-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 

at the Universidade Federal de Viçosa (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 ℃, continuous light of 100 μmol photons m-2 s-1.  

 

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 ℃, continuous light of 100 μmol photons m-2 s-1. 

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 NaCl, 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 II 

(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 µL 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 µg Chl a mL-1 was 

inoculated in the electrode chamber and the net photosynthetic rates (A) were measured 

at the saturating light intensity of 100 μmol photons m-2 s-1 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-UFV059 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 μm, Millipore) and washed twice 

with 5 mL of ice-cold isotonic Ca(NO3)2 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 ºC 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 µL 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 µL water and 

filtrated through 0.2 µm 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 µL 
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of each extract was separated on a pentafluorophenylpropyl (PFPP) column (Supelco 

Discovery HS FS, 3 µm, 150 x 2.1 mm) with a mobile phase containing 0.1% formic 

acid. The compounds were eluted at 0.25 mL min-1 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-UFV059 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 qRT-

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 ºC). The RNA was reverse transcribed into cDNA using Transcriptor First 

Strand cDNA Synthesis Kit (Roche 0489686600). The qPCR 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 (ΔΔCt)-method.  

 

2.8 FAMEs profiling 

The fatty acid methyl esters (FAMEs) 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 μM 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 t 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-UFV059 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-UFV059 (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-

UFV059 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 
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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-

UFV059 displayed a remarkable desiccation tolerance. Cells of D. salinum CCM-

UFV059 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-UFV059 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-1) was observed in D. salinum CCM-

UFV059 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-1 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-UFV059 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, 

isoleucine, 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-UFV059 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-1 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 (Klähn 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 HCO3
-, 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-UFV059 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-UFV059. 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-1) and (B) O2 evolution (O2 nmol.min-1.mg dry 

weight-1). Values represent mean ± SE from four biological replicates.  
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Figure 2: Differential accumulation of compatible solutes in D. salinum CCM-

UFV059 or Nostoc sp. PCC7120 after exposure to salt stress for 24 h. (A) Trehalose 

and (B) sucrose, expressed in nmol.mg dry weight-1. 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 t-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 mol.mg of dry weight-1. 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 t-test.  
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Figure 6: Photochemical efficiency of photosystem II (Y(II)) in cells of D. salinum 

CCM-UFV059 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 

to drought stress for 3.5 h until Y(II) reached zero. Then they were rehydrated for 3 h. 

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-

UFV059 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-1 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 t-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 t-test.  



66 

 

 

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 t-test. 
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SUPPLEMENTARY MATERIAL 

Table 1: Primers used in this work 

Primer Sequence  Reference 

16 S rRNA_fw CCTACGGGAGGCAGCAG RT-qPCR Lane, 1991 

16 S rRNA_rv TCTACGCATTTCACCGCTAC RT-qPCR Lane, 1991 

SPP_fw CCGCAGACAACTGTTTGTTC RT-qPCR 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-

UFV059 or Nostoc sp. PCC7120 after exposure to salt stress for 24 h (0M, 0.25M and 

0.5 M NaCl).  

 

  

  

PCC7120 

  

CCM-UFV059 

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

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 2.211 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 0.989 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 0.984 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 0.418 0.853 1.000 1.441 0.297 1.000 1.096 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 0.324 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 0.940 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 0.314 0.957 

Leucine 1.000 0.626 0.539 1.000 1.418 0.106 1.000 0.573 0.736 1.000 0.379 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 2.462 0.925 1.000 1.026 1.966 

GABA 1.000 0.716 1.335 1.000 5.202 0.263 1.000 2.437 0.976 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-UFV059 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 μmol m-2 s-

1 (24:0_70), yielding a final biomass of 1.6 g L-1 (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 (CO2), 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 

(Genuário et al., 2017; Genuário 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 (Genuário et al., 2019). 

In comparison to land plants, which also rely on sunlight, water, and CO2 (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 Viçosa (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: 24±2 ℃, light intensity of 70 μmol·m-2·s-1 and photoperiod of 16:8 h 

(light/dark). When cultured under standard (maintenance) growth conditions D. 

salinum CCM-UFV059 presented a saturation irradiance (Is) of 100 ± 2 μmol·m-2·s-1 

and a compensation irradiance (Ic) of 25 ± 5 μmol·m-2·s-1. 
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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 

μmol·m-2·s-1. In addition, BG-110 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 × 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 (OD750nm) and ashes-free dry weight 

(biomass) in absence of salt. The maximal growth rate (µmax) and generation time (Gt) 

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 μm 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 7th day of cultivation, during the logarithmic phase, using AxioCam HRc (Zeiss, 

Göttingen, 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 7th 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 – 0h – 

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 μmol·m-2·s-1 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-110 medium to set 0 % 

https://mail.google.com/mail/u/0/#m_1004699511492968670__ENREF_47
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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 μmol·m-2·s-1). The maximum quantum yield of photosystem 

II (Fv/Fm) 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 (ΦPSII) 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 t-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-UFV059 presented similar growth patterns in all treatments conducted with BG-

110, reaching the stationary phase in the 12th day (Fig. 1). Considering the treatments, 

none of the growth curves displayed lag phases, yet, despite the similar pattern, the 

http://assistat.com/
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duration of the log phase varied (Table 1). Cells cultivated under the 16:8 h 

(light/dark), 70 μmol·m-2·s-1 (hereafter called 16:8_70) presented an initial log phase 

of only three days, while cells under 16:8 h (light/dark), 100 μmol·m-2·s-1 (16:8_100) 

presented five days log phase. For both treatments, after the log phase, a non-growth 

day was observed (between the 3rd and 4th days, as well as 5th and 6th, 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 μmol·m-2·s-1 (24:0_70) and 100 μmol·m-2·s-1 

(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 (µmax - 0.212 d-1) and 

consequently the lowest generation time (Gt - 1.41 d-1) (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-UFV059 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 μmol·m-2·s-1, 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 μmol·m-2·s-1 (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 μmol·m-2·s-1. 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 7th 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 O2 min-

1 mg-1 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 O2 min-1 mg-1 dry mass) (Table 3). By contrast, the respiratory 

rates at the 3rd 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 7th day of growth, the respiratory rates decreased for all treatments, 

reaching as much as only 20% for those cells cultured under continuous light. Fv/Fm 

values were similar among the treatments, while the quantum yield of photochemical 

energy conversion in PSII (ΦPSII) 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-UFV059 under saline conditions, cells from BG-110 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-110 medium with salt was significantly reduced in 

comparison to control conditions (Fig. 6).  

On the 3rd day of cultivation, under saline conditions A was higher in the 

treatments under 100 μmol·m-2·s-1, regardless the photoperiod. However, at the 7th 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 3rd 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 3rd day was also 

observed. On the 7th 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-UFV059 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 7th 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 

μmol·m-2·s-1 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 

7th day of growth (Table 3), most likely due to a lower limitation of the photosynthetic 

rate by the end product. Under 100 μmol·m-2·s-1, 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/Fm observed in all growth 

conditions investigated here, ΦPSII was severely reduced under continuous light, 

especially under 100 μmol·m-2·s-1 (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-1) 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 nm). (16:8_70) Photoperiod of 16:8 h, light intensity of 70 

µmols·m-2·s-1. (16:8_100) Photoperiod of 16:8 h, light intensity of 100 µmols·m-2·s-1. 

(24:0_70) Photoperiod of 24:0 h, light intensity of 70 µmols·m-2·s-1. (24:0_100) 

Photoperiod of 24:0 h, light intensity of 100 µmols·m-2·s-1.  
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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 (µmax) and Generation time (Gt) 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 t-test. 

 16:8_70 16:8_100 24:0_70 24:0_100 

µ
max

 0.212 d
-1

 0.138 d
-1

 0.153 d
-1

 0.155 d
-1

 

Gt 1.41 d
-1

 2.17 d
-1

 1.96 d
-1

 1.93 d
-1

 

Log phase* 3 days 5 days 5 days 5 days 

Biomass production#  0.74 ± 0.02 b 0.68 ± 0.01 b 1.62 ± 0.04 a 1.58 ± 0.01 a  

*Log phase duration; # (g.L
-1

) 
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Figure 2: Macroscopic aspect of Desmonostoc salinum CCM-UFV059 grown in 

liquid BG-110 culture medium, under distinct photoperiods and light intensities. The 

pictures were taken on the 7th day of growth without disrupted the colony structure. 

(A) Photoperiod of 16:8 h, light intensity of 70 µmols·m-2·s-1. (B) Photoperiod of 16:8 

h, light intensity of 100 µmols·m-2·s-1. (C)  Photoperiod of 24:0 h, light intensity of 70 

µmols·m-2·s-1. (D) Photoperiod of 24:0 h, light intensity of 100 µmols·m-2·s-1. Scale 

bar = 1 cm. 
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Figure 3: Microscopic aspect of Desmonostoc salinum CCM-UFV059 cultured in 

liquid BG-110 culture medium, under distinct photoperiods and light intensities. The 

pictures were taken on the 7th 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 µmols·m-2·s-1. (B) Photoperiod of 16:8 h, light intensity of 

100 µmols·m-2·s-1. (C)  Photoperiod of 24:0 h, light intensity of 70 µmols·m-2·s-1. (D) 

Photoperiod of 24:0 h, light intensity of 100 µmols·m-2·s-1. Scale bar = 40 µm. 
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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 7th 

day of growth. The values are expressed in µg·mg-1 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 t-test. 

Metabolite 16:8_70 16:8_100 24:0_70 24:0_100 

 
Chlorophyll  

 

15.0 ± 0.04 b 

 

21.35 ± 1.2 a 

 

5.71 ± 0.7 c 

 

6.04 ± 1.0 c 

 
Amino acids 

 

2.8 ± 0.3 b 

 

2.03 ± 0.4 c  
 

3.09 ± 0.2 a 

 

3.75 ± 0.4 a 

 
Soluble carbohydrates  

 

206.2 ± 6.5 c 

 

236.3 ± 8.7 b 

 

201.75 ± 7.0 c 

 

263.84 ± 5.9 a 

 
Total proteins  

 

151.2 ± 6.0 b 

 

208.3 ± 8.5 a 

 

130.47 ± 2.5 c 

 

131.59 ± 4.1 c 

 
Phycobiliproteins  

 

15.7 ± 3.4 b 

 

23.81 ± 3.2 a 

 

22.53 ± 3.2 a 

 

22.87 ± 2.0 a 

 
Glycogen 

 

1.9 ± 0.2 b 

 

3.23 ± 0.2 a 

 

3.13 ± 0.6 a 

 

3.66 ± 0.06 a 

 
Cyanophycin  

 

6.2 ± 0.5 c 

 

12.84 ± 0.8 a 

 

10.43 ± 0.4 b 

 

12.59 ± 0.6 a 

 
Neutral lipids  

 

19.5 ± 2.9 a 

 

7.74 ± 1.1 b 

 

7.8 ± 1.0 b 

 

3.8 ± 0.7 c 
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Figure 4: Biochemical parameters of Desmonostoc salinum CCM-UFV059 grown 

under the treatments 16:8 h_70 μmol·m-2·s-1 and 16:8 h_100 μmol·m-2·s-1. 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 µg.mg dry weight-1. 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 t-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 3rd and 7th days of growth. The maximum quantum yield of photosystem II (Fv/Fm) 

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

measured in the 7th 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 t-test.  

 16:8_70  16:8_100  24:0_70  24:0_100  

A (Day 3) 4.35 ± 0.35 a 4.05 ± 0.42 a 4.42 ± 0.14 a 4.66 ± 0.45 a 

A (Day 7) 2.98 ± 0.14 a 1.88  ± 0.13 b 1.89  ± 0.02 b 2.01  ± 0.03 b 

Rd (Day 3) 0.84  ± 0.07 b 0.98 ± 0.05 b 1.70 ± 0.02 a 1.55 ± 0.11 a 

Rd (Day 7) 0.57 ± 0.06 a 0.59 ± 0.04 a 0.32 ± 0.01 b 0.30± 0.01 b 

Fv/Fm  0.47 ± 0.009 a 0.46 ± 0.01 a 0.42 ± 0.006 a 0.46 ± 0.02 a 

ΦPSII  0.44 ± 0.009 a 0.37 ± 0.01 b 0.35 ± 0.008 b 0.2 ± 0.02 c 
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Figure 5: Metabolic profile of Desmonostoc salinum CCM-UFV059 grown under 

distinct photoperiods and light intensities in BG-110 medium. The sampling point was 

on the 7th 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 t-test. (16:8_70) 

Photoperiod of 16:8 h, light intensity of 70 µmols·m-2·s-1. (16:8_100) Photoperiod of 

16:8 h, light intensity of 100 µmols·m-2·s-1. (24:0_70) Photoperiod of 24:0 h, light 

intensity of 70 µmols·m-2·s-1. (24:0_100) Photoperiod of 24:0 h, light intensity of 100 

µmols·m-2·s-1.  

 

 

 

Figure 6: Biomass production of Desmonostoc salinum CCM-UFV059 grown in BG-

110 supplemented with and without 0.1 M NaCl, 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 t-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-110 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 t-test. 

 16:8_70 16:8_100 24:0_70 24:0_100 

A (Day 3) 1.79 ± 0.20 b 1.95 ± 0.16 a 1.24 ± 0.52 b 2.24 ± 0.40 a 

A (Day 7) 2.43 ± 0.32 a 3.64  ± 0.31 a 1.39  ± 0.11 b 1.80  ± 0.45 b 

Rd (Day 3) 0.16  ± 0.03 b 0.16 ± 0.09 b 1.01 ± 0.26 a 1.01 ± 0.19 a 

Rd (Day 7) 0.42 ± 0.03 b 0.72 ± 0.09 a 0.29 ± 0.01 c 0.42 ± 0.03 b 
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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 7th 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 µmols·m-2·s-1. (16:8_100) 

Photoperiod of 16:8 h, light intensity of 100 µmols·m-2·s-1. (24:0_70) Photoperiod of 

24:0 h, light intensity of 70 µmols·m-2·s-1. (24:0_100) Photoperiod of 24:0 h, light 

intensity of 100 µmols·m-2·s-1.  
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SUPPLEMETARY DATA 

 

Table 1: Dataset from relative levels of identified metabolites of D. salinum CCM-

UFV059 grown in BG-110 exposure to distinct photoperiods and light intensities. . 

(16:8_70) Photoperiod of 16:8 h, light intensity of 70 µmols·m-2·s-1. (16:8_100) 

Photoperiod of 16:8 h, light intensity of 100 µmols·m-2·s-1. (24:0_70) Photoperiod of 

24:0 h, light intensity of 70 µmols·m-2·s-1. (24:0_100) Photoperiod of 24:0 h, light 

intensity of 100 µmols·m-2·s-1.  

 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-
lactone 

1.000 0.809 0.770 0.832 

Ascorbic acid 1.000 0.732 4.086 3.859 

Phosphoric acid 1.000 0.804 0.550 0.707 

Mannitol 1.000 0.411 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 

Xylulose 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 1.000 1.270 1.708 4.261 

Valine 1.000 0.671 0.758 0.801 

Serine 1.000 0.722 0.804 0.913 

Homoserine 1.000 1.014 0.734 0.833 

Tyrosine 1.000 1.042 1.358 1.172 

Ornithine 1.000 1.086 1.102 1.329 

Saccharopine 1.000 1.012 0.749 0.715 

Putrescine  1.000 1.300 1.542 2.689 

Spermidine  1.000 1.364 1.448 1.460 
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Table 2: Dataset from relative levels of identified metabolites of D. salinum CCM-

UFV059 grown in BG-110 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 µmols·m-2·s-1. (16:8_100) Photoperiod of 16:8 h, light intensity of 100 µmols·m-

2·s-1. (24:0_70) Photoperiod of 24:0 h, light intensity of 70 µmols·m-2·s-1. (24:0_100) 

Photoperiod of 24:0 h, light intensity of 100 µmols·m-2·s-1.  

 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-UFV059 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-UFV059 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-UFV059 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-UFV059. 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. 


