
Life 2015, 5, 25-49; doi:10.3390/life5010025 

 

life 
ISSN 2075-1729 

www.mdpi.com/journal/life 

Review 

Salt Acclimation of Cyanobacteria and Their Application  

in Biotechnology 

Nadin Pade and Martin Hagemann * 

Institut für Biowissenschaften, Abteilung Pflanzenphysiologie, Universität Rostock,  

Albert-Einstein-Str. 3, D-18059 Rostock, Germany; E-Mail: nadin.pade@uni-rostock.de 

* Author to whom correspondence should be addressed; E-Mail: martin.hagemann@uni-rostock.de. 

Academic Editors: Robert Haselkorn and John C. Meeks 

Received: 17 November 2014 / Accepted: 19 December 2014 / Published: 29 December 2014 

 

Abstract: The long evolutionary history and photo-autotrophic lifestyle of cyanobacteria 

has allowed them to colonize almost all photic habitats on Earth, including environments 

with high or fluctuating salinity. Their basal salt acclimation strategy includes two 

principal reactions, the active export of ions and the accumulation of compatible solutes. 

Cyanobacterial salt acclimation has been characterized in much detail using selected model 

cyanobacteria, but their salt sensing and regulatory mechanisms are less well understood. 

Here, we briefly review recent advances in the identification of salt acclimation processes 

and the essential genes/proteins involved in acclimation to high salt. This knowledge is of 

increasing importance because the necessary mass cultivation of cyanobacteria for future 

use in biotechnology will be performed in sea water. In addition, cyanobacterial salt 

resistance genes also can be applied to improve the salt tolerance of salt sensitive 

organisms, such as crop plants. 
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1. Introduction 

Cyanobacteria are an ancient monophyletic group of the domain bacteria that have colonized all 

light-exposed habitats on the Earth. During their long evolution, cyanobacteria have developed 

mechanisms to adapt to a broad range of environmental factors [1]. Salinity is an important abiotic 
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stress for cyanobacteria in aquatic and terrestrial ecosystems. The term salinity refers to the total 

concentration of dissolved inorganic ions. Thus, salinity can not only vary in total value but also in 

composition. It is known that specific inorganic ions exert direct toxic effects on cyanobacteria, which 

can restrict the occurrence of sensitive strains to certain environments [2]. However, in this review, we 

will concentrate on acclimation to high and fluctuating salinity in different amounts of NaCl or 

seawater, which contains NaCl as the predominant salt. The amount of salt is inversely correlated with 

the amount of water in a solution, so increased salinity reduces water availability and simultaneously 

induces osmotic stress. Generally, unicellular cells such as cyanobacteria maintain a constant cellular 

ionic and osmotic composition to sustain water uptake via osmosis and to create the turgor pressure 

that is necessary for cell enlargement and growth, which is hyperosmotic compared to the surrounding 

medium. Hence, a change in the external salt concentration and/or water availability poses a challenge 

for the cellular metabolism and for cell survival. A quick response to fluctuations in salt and/or 

osmotic concentration is important for survival in many habitats. 

Two crucial problems occur in the presence of high salt concentrations: water availability is 

lowered, and the concentration of ions is increased. Large concentrations of inorganic ions in the 

cytoplasm can have toxic effects on cellular metabolism. To ensure water uptake via osmosis, the 

cytoplasmic concentration of osmotically active compounds must be higher than that of the surrounding 

medium [3]. Microorganisms have developed two effective strategies for the osmotic acclimation of 

the cytoplasm to changing salt concentrations: the “salt-in-strategy” and the “salt-out-strategy” [4,5]. 

Organisms that use the “salt-in-strategy” accumulate very large numbers of inorganic ions (2–3 M, 

mainly KCl) in the cytoplasm to ensure water uptake and turgor pressure. However, this energetically 

cheap strategy is restricted to a small number of true halophiles, e.g., aerobic halophilic archaea of the 

order Halobacteriales [4], the anaerobic, halophilic bacteria of the order Halanaerobiales [6] or the 

extreme halophilic organism Salinibacter ruber [7]. All of these prokaryotes are highly specialized and 

able to propagate in nearly saturated brine. During evolution, the entire metabolism of these organisms 

has become adapted to such high salt concentrations, i.e., all proteins have developed special structures 

to remain active in a salt-rich medium [8,9]. Most prokaryotes including cyanobacteria and all eukaryotic 

microorganisms use the “salt-out-strategy” to acclimate to high or changing salt concentrations. The basis 

of this strategy is to keep the internal ion concentration low, and the necessary osmotic acclimation is 

achieved via the accumulation of small organic molecules called compatible solutes. This strategy has 

two parts. First, the cells accumulate compatible solutes that do not interfere with metabolism at high 

concentrations [10], and second, they actively export inorganic ions that steadily diffuse along their 

electrochemical gradients into the cytoplasm. 

Goal of the Review 

The understanding of the complex physiology and molecular biology of cyanobacterial acclimation 

to salt stress becomes increasingly important because cyanobacteria will be used for the biotechnological 

production of fuels and chemical feedstocks in the future. The necessary mass cultivation must be 

performed in sea water to conserve freshwater resources and to minimize the growth of competing 

organisms. However, salt acclimation itself is a highly energy demanding process and might interfere 

with this future application of cyanobacteria. Thus, the engineering of cyanobacterial producer strains 
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must encompass the selection or the generation of an efficient salt acclimation strategy. There have 

been many recent reviews on bacterial [11–14] and cyanobacterial [2,5,15–18] salt stress acclimation. In 

this review we will briefly explain the basal salt acclimation strategy of cyanobacteria that was elucidated 

using model cyanobacteria with different degrees of salt tolerance. While this process is quite well 

understood, the sensing of salt stress and the regulation of the complex cellular reorganization is much 

less well understood. Hence, we will identify new insights in the regulation of salt acclimation in 

bacteria and cyanobacteria and will mention open questions that deserve future attention. Finally, 

emerging aspects of salt acclimation related to cyanobacterial biotechnology will be described. 

2. Compatible Solutes–Universal & Useful 

The concept of the compatible solute was introduced by Brown [10]. Compatible solutes are organic 

molecules with low molecular masses that usually lack a net charge. They can be accumulated to high 

(molar) concentrations in the cytoplasm without interfering with the cellular metabolism. The main 

function of compatible solutes is to increase the internal osmolality, which ensures water uptake and 

establishes turgor pressure. The water exclusion model is currently the best hypothesis explaining the 

molecular action of compatible solutes [11,19,20]. According to this model, compatible solutes do not 

directly interfere with macromolecules such as proteins and/or membranes; rather, they change the 

water structure. The remaining free water is then directed into the vicinity of the macromolecular 

surface so that the hydration shell is retained and denaturation is prevented. 

A great chemical variety of compatible compounds exists, ranging from amino acids and their 

derivatives to sugars and polyols [4,21]. Interestingly, in cyanobacteria, the chemical structure of the 

major compatible solute correlates with the final salt tolerance limit. Freshwater strains (resisting up to 

600 mM NaCl equivalent to full seawater conditions) accumulate the sugars trehalose and/or sucrose. 

These compounds are also effective protectors against desiccation [15]. The moderately halotolerant 

strains (which grow in freshwater up to a salt level three times that of seawater) such as the model 

organism Synechocystis sp. PCC 6803 characteristically accumulate glucosylglycerol (GG) as the 

major compatible solute. Halophilic cyanobacteria that can tolerate salt concentrations up to saturation 

synthesize the compatible solute glycine betaine [5,22]. In addition to these principal groups of 

cyanobacterial compatible solutes, some compounds are restricted to certain strains or are only 

accumulated in minor amounts. For example, some hypersaline strains have been reported to accumulate 

glutamate betaine as a second compatible solute in addition to glycine betaine [23]. A potential role for 

proline as a compatible solute has been proposed [24], because proline over-accumulation confers 

enhanced salt tolerance to Nostoc muscorum. As a minor compatible solute, proline has also been 

found transiently in salt-shocked cyanobacteria, e.g., in cells of the hypersaline strain Synechococcus 

sp. PCC 7418 [25]. Recently, the occurrence of glucosylglycerate (GGA) has been reported as a 

secondary compatible solute in marine cyanobacteria, such as strains of the picoplanktonic 

Prochlorococcus/Synechococcus clade [26]. GGA is a rather uncommon compatible solute because it 

is negatively charged. This charge seems to function to balance the positive charge of K+, an ion 

accumulated in salt-stressed cells, because the internal pool of glutamate that fulfills this function in 

other cyanobacteria is limited in the N-poor environment of the central ocean. 
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Recently, the genes coding for the enzymes that synthesize these compatible solutes (discussed 

below) have been identified and could be used to search the more than 120 existing cyanobacterial 

genome sequences [27] for the capacity to synthesize compatible solutes and identify potential salt 

tolerant strains. Such searches have revealed deviations from the expected pattern [17]. For example, the 

genome of Crocosphaera watsonii strain WH8501, a marine N2-fixing unicellular cyanobacterium [28], 

did not contain the expected genes for the synthesis of GG. Instead, we found a bacterial-like gene for 

the synthesis of trehalose that was accumulated as the only compatible solute in the cytoplasm of this 

marine cyanobacterium [29]. Additionally, the genomes of the marine Prochlorococcus strains lack 

genes for GG synthesis. These strains accumulate sucrose as their main compatible solute and often 

accumulate GGA as a minor component [26]. The marine filamentous N2-fixing cyanobacterium 

Trichodesmium erythraeum IMS101 plays an important role as an N-fertilizer in the oceans [30] and 

represents an interesting example, because no genes that are known to code for enzymes involved in 

the biosynthesis of any compatible solute from prokaryotes, eukaryotes or archaea were found in the 

genome of Trichodesmium. Indications also exist that oligosaccharides might play a role as compatible 

solutes among Nostocales [31,32]. Certainly there are many more compatible compounds synthesized 

by members of the cyanobacterial radiation that have not been discovered yet. Recently, the spectrum 

of compatible solutes was investigated in a cyanobacterial community harvested from living 

stromatolites on the coast of Australia. To the surprise of the authors, GG was not present, but they 

found indications that glycine betaine and several unknown saccharides were accumulated. Moreover, 

the compatible solute trimethylamine-N-oxide was detected, which had not been previously reported in 

cyanobacteria [33]. However, these were field samples that also certainly contained many other 

microorganisms, including various heterotrophic bacteria. Thus, cyanobacterial synthesis of 

trimethylamine-N-oxide and other unusual compatible solutes has not yet been verified. 

In addition to their role as osmolytes in the cytoplasm of salt-stressed cells, compatible solutes have 

other valuable functions. It has been shown that these compounds can directly protect enzymes and 

membranes against denaturation not only due to salt stress but also due to high or low temperatures [34,35]. 

Thus, these compounds are most likely also protective in living cells, which explains why the 

accumulation of even small amounts of compatible solutes results in the increased tolerance to 

multiple environmental stresses [36,37]. Their action as a universal stress protectant is reflected by 

their designation as low molecular weight chaperones acting together with the protein chaperone 

family [38]. These features make it highly interesting to use these compounds in vivo, e.g., after the 

expression of certain genes to support cyanobacterial mass cultivation for biotechnology under 

unfavorable conditions, or in vitro, e.g., as supplement to cosmetic and pharmaceutical products [39,40]. 

2.1. Insights Regarding Compatible Solute Synthesis 

As photoautotrophic organisms, cyanobacteria prefer the de novo synthesis of compatible solutes. 

The biosynthetic pathways and the genes coding for the corresponding enzymes are known for all 

principal compatible solutes in cyanobacteria [5]. Sucrose, GG and GGA are all synthesized by two-step 

pathways. In the first step, a sugar-phosphate synthase (e.g., GG-phosphate synthase (GGPS)) 

synthesizes a phosphorylated intermediate by condensing a sugar nucleotide (for sucrose, UDP-glucose 

is used; for GG and GGA, ADP-glucose is used) and the corresponding phosphorylated sugar molecule 
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(e.g., fructose 6-phosphate, glycerol 3-phosphate, glycerate 3-phosphate). In the second step, the 

phosphorylated compatible solute is then hydrolyzed to the final product by a specific phosphatase 

(e.g., GG-phosphate phosphatase (GGPP)) (Figure 1) [26,41–44]. In enterobacteria and plants, trehalose 

synthesis also is performed by a two-step mechanism using the so-called OtsAB pathway [11], 

whereas cyanobacteria usually use the so-called TreY/TreZ pathway for trehalose synthesis. This 

pathway begins with glycogen as a precursor. In the first reaction the final sugar bond is changed from 

the α-1,4 to the α-1,1 configuration, and then the two final glucose moieties are cleaved off as trehalose 

from the high molecular weight precursor, as was first shown in the freshwater model strain Nostoc 

(Anabaena) sp. PCC 7120 [45]. Recently, the bacteria-like OtsAB pathway for trehalose synthesis was 

identified as restricted to the marine cyanobacterium Crocosphaera. This strain most likely received 

the gene via horizontal gene transfer from heterotrophic marine bacteria [29]. An additional trehalose 

synthesis pathway may exist in cyanobacteria because salt-induced trehalose accumulation was 

detected in Microcystis aeruginosa, however none of the genes for the two known trehalose synthesis 

pathways is present in its genome (Hagemann and Dittmann, unpublished observation). The 

cyanobacterial glycine betaine synthesis also differs from the mechanism used by the majority of 

organisms, which generate glycine betaine by the two-step oxidation of choline [11]. Cyanobacteria 

and some other phototrophic bacteria instead use glycine as precursor that is methylated in three 

subsequent reactions, which are performed by two different enzymes, as shown first in the halophilic 

model cyanobacterium Aphanothece halophytica [46]. 

 

Figure 1. Biochemical pathways for the synthesis of sucrose, trehalose (OtsAB pathway, 

used only by Crocosphaera watsonii in cyanobacteria), glucosylglycerol (GG) and 

glucosylglycerate (GGA). 
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After the initial description of the enzymes and the identification of the corresponding genes in 

model cyanobacteria, similar genes and biosynthetic pathways for these compatible solutes have been 

found in many more strains. For sucrose, at least three different types of sucrose 6-phosphate synthases 

(SPS) have been identified in various cyanobacteria [17,47]. However, they seem to share a common 

evolutionary origin and are believed to be the precursors of plant SPS [48]. Sucrose accumulation and 

its synthesis via SPS and sucrose 6-phosphate phosphatase (SPP) have been recently identified as 

important factors for the extreme desiccation tolerance of a novel cyanobacterial isolate 

Gloeocapsopsis AAB1 from the Atacama Desert [49]. GG synthesis enzymes have been cloned from 

strains of the biotechnologically important cyanobacterium Arthrospira sp. [50]. As discussed above, 

this knowledge also allows the prediction of novel producers of glycine betaine form genome sequencing 

projects [51] and the computational prediction of osmoregulatory networks in cyanobacteria [52]. 

2.2. Compatible Solute Transport 

Heterotrophic bacteria preferentially accumulate compatible solutes from the environment. Many 

transport systems have been characterized in a variety of heterotrophic bacteria [12,53–55]. The 

activity and expression of these uptake systems are controlled by the salinity of the external medium [56]. 

It is also known that E. coli and B. subtilis can accumulate many more compatible solutes via transport 

from the environment than they can synthesize de novo. Many of the well-characterized transport 

systems belong to the group of primary active ATP-binding-cassette-(ABC)-type transporters [11]. 

Despite a preference for de novo synthesis of compatible solutes, cyanobacteria also possess 

transporters for compatible solutes. Initially, an uptake system for glycine betaine was identified, 

which occurred only in strains able to synthesize this osmolyte de novo [57,58]. Subsequently, the 

existence of an active-transport system for exogenous GG was found in the cyanobacterium 

Synechocystis sp. PCC 6803, which also transports the solutes sucrose and trehalose, albeit with a 

lower affinity [59,60]. The transporter belongs to the ABC transporter family and consists of four 

subunits, three of which are coded by genes organized in an operon [61,62]. The identification of these 

genes allows the generation of mutants to analyze the function of the transporter. Interestingly, a 

transport mutant of Synechocystis sp. PCC 6803 did not show an alteration in growth at high salinity 

but continuously lost GG to the medium [61]. These experiments revealed that the compatible solute 

transporters among cyanobacteria are principally necessary to prevent leakage of these compounds 

from the cells to save organic carbon and energy. Recently, the genome of Synechocystis sp. PCC 6714 

was published [63]. This strain is very closely related to Synechocystis sp. PCC 6803 but lacks the 

genes for the GG transporter. Correspondingly, cells of Synechocystis sp. PCC 6714 continuously lost 

GG into the medium and showed a lower salt tolerance limit than Synechocystis sp. PCC 6803 [63]. 

The existence of the GG transporter in Synechocystis sp. PCC 6803 also allowed experiments in which 

the defect in GG synthesis was complemented by the addition of external GG (Figure 2). As expected, 

GG supplementation allowed successful salt acclimation via the uptake of externally added GG [60] 

and proved that the accumulation of compatible solutes is sufficient for the reestablishment of cellular 

metabolism in salt-stressed cells [60,64]. Interestingly, the uptake of trehalose caused a decrease in the 

cellular content of previously synthesized GG [60]. This decrease indicates that a yet unknown 
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pathway for degradation or modification of the endogenous GG pool may be involved in the salt 

acclimation of Synechocystis sp. PCC 6803. 

 

Figure 2. Comparison of growth of the Synechocystis sp. PCC 6803 wild type and the 

mutant defective in the gene for glucosylglycerol (GG) synthesis (ggpS) in medium 

supplemented with 3.5% NaCl. The wild type can grow, whereas the mutant cannot grow 

at this salinity. Supplementation of the salt medium with 5 mM GG restores the salt 

tolerance of the mutant, because the compatible solute is taken up by the mutant cells and 

becomes accumulated to levels comparable to wild-type cells. 

Genes for GG-like transporters can be found in the genomes of many low and moderately 

halotolerant cyanobacteria, but have been not characterized yet. The genes for the glycine betaine 

transporter in halophilic strains are still unknown, however, the genomes of such strains code for 

transporters of the BCCT and ProU families that have been proved to be involved in glycine betaine 

transport among heterotrophic bacteria [54,65]. The further characterization of compatible solute 

transport among cyanobacteria will offer some interesting applications. First, using such transport 

activities one can provide externally cheap compatible solutes to support the growth of cyanobacteria 

in saline media. Second, if compatible solutes are to be harvested from cyanobacteria as high value 

products (discussed below), the corresponding transport activities can be knocked out to improve the 

extrusion of the product to the surrounding medium. Another possibility would offer the use of specific 

exporters for compatible solutes, such as CscB from E. coli for sucrose, which allowed a continuous 

sucrose production in salt-stressed cells of Synechococcus elongatus [66]. The excretion of GG has been 

described in stationary phase cells of the heterotrophic bacterium Stenotrophomonas rhizophila [67]. 

Based on its genome sequence, the salt-regulated gene expression of this bacterium was recently 

analyzed and revealed that the ycaD gene for a MFS-type transporter was co-expressed with the gene 

for GG synthesis [68]. Hence, this ycaD represents a likely gene candidate for the still unknown GG 

export channel, which could be expressed in GG-accumulating cyanobacteria to increase the yield of 

this compound. 
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3. Ion Transport 

The cyanobacterial salt acclimation process is highly dynamic and includes the ion-mediated 

activation and/or inactivation of enzymes and transporters, as well as the global reprogramming of 

general gene expression profiles [69,70]. The export of Na+ is one of the fastest processes in salt-shocked 

cells. Immediately after addition of high amounts of NaCl, the cells rapidly shrink due to the immediate 

loss of water [71–74]. This shrinkage is reversed by the quick influx of external salts, such as Na+ and 

Cl− [69], which allows water to return inside the cell. However, the high salt concentration in the 

cytoplasm inhibits cellular metabolism, including photosynthesis, transcription and particularly 

translation [70,75,76]. Therefore, the toxic Na+ is exchanged for the less toxic K+ [69]. Fast Na+ export is 

based on the activation of pre-existing ion-transport systems, such as different Na+/H+ antiporters [77–79] 

but likely also the more complex Mrp-system [80,81]. The halophilic strain Aphanothece halophytica 

exhibits a direct Na+-pumping ATPase that is most probably involved in the superior salt tolerance of 

this strain [82]. Subsequently, K+ and Cl− are also mostly exported from the cells and replaced by the 

compatible solute GG [69]. The export of Cl− out of the cyanobacterial cell is not well understood. 

There are several potential Cl− channels and transporters annotated in cyanobacterial genomes. One of 

these channels from Synechocystis sp. PCC 6803 has been crystallized and it was proven to transport 

chloride albeit with rather low activity [83]. The transport of K+ is rather well investigated. In contrast 

to Na+ and Cl− which are toxic toward cellular metabolism in high concentrations because they 

negatively influence protein structure, K+ is the main inorganic cation that contributes significantly to 

turgor generation. K+ is accumulated in cyanobacterial cells to approximately 150 mM and the amount 

accumulated is increased in salt-stressed cells. The salt-induced K+ transport is mainly driven by the 

Ktr system in Synechocystis sp. PCC 6803 because corresponding mutants showed a salt-sensitive 

phenotype [73,84] and were not able to restore cell volume shortly after salt shocks [74]. All 

cyanobacteria possess a high affinity K+ uptake system called Kdp, consisting of several subunits. The 

Kdp system is involved in the K+ uptake of salt or osmotically stressed enterobacteria [12]. This system 

has been intensively analyzed in Anabaena strains [85] and recently in Synechocystis sp. PCC 6803 [74]. 

These studies revealed that the cyanobacterial Kdp system has a very high affinity for K+. It most 

probably functions in K+ uptake during K+ limiting conditions, but it does not seem to play a significant 

role in acclimation to high salinity. However, the kdp genes are induced upon desiccation stress in 

Nostoc (Anabaena) sp. PCC 7120 and may support drought stress acclimation in cyanobacteria [86]. 

The concerted action of ion transporters is responsible for the maintenance of relatively low ion 

concentrations, which nearly correspond to the levels of cells grown at lower salinity. 

4. Salt Stress and “omics” 

The term “omics” comprises technologies that focus on the collective characterization and 

quantification of pools of biological molecules to provide a valuable database for the molecular 

understanding of biological processes. Recently, transcriptomics and proteomics were applied to 

characterize global salt acclimation in several cyanobacterial strains including mutants. Transcriptomics 

was initially performed with DNA microarrays to investigate global gene expression changes in  

salt-stressed cells of the moderately halotolerant strain Synechocystis sp. PCC 6803 [70,87,88]. These 
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studies revealed that 200–300 genes are up-regulated and about the same number is down-regulated 

after the addition of 4% NaCl (Figure 3). However, a time-series analysis showed that the majority of 

gene expression changes are rather transient. Particularly, genes showing an early response soon 

returned to the control expression level. Among the early responding genes, many code for proteins of 

unknown biological function. Only few genes stably remained at an enhanced expression level after 

long-term salt acclimation [70]. Many of the stable up-regulated genes code for proteins with a 

“meaningful” function regarding high salt acclimation. For example, genes that code for enzymes 

involved in the GG synthesis and transport belong to this group, but so do genes that code for general 

stress proteins known to stabilize protein structures as well those defending the cell against reactive 

oxygen species (ROS) such as sodB (Figure 3). In general, these datasets provided a comprehensive 

overview of the dynamic expression of all genes that are directly and indirectly involved in the cellular 

response of Synechocystis to salt stress conditions. Recently, the high-throughput sequencing of cDNA 

fragments (RNAseq) has become popular as a tool for transcriptomics. This technique not only allows 

quantification of transcripts but also provides information about transcriptional start sites, operon 

structures, and previously unannotated genes that code for small proteins or non-protein-coding (nc) 

RNAs, such as antisense RNAs or small regulatory RNAs. For Synechocystis sp. PCC 6803, RNAseq 

showed that nearly the same number of genes code for mRNAs as for ncRNAs, and the latter group of 

genes comprises some of the most highly expressed genes [89]. Moreover, these studies also revealed 

that the genome of cyanobacteria is highly dynamic because different growth conditions not only caused 

differential gene expression in terms of quantitative changes, it also revealed many new promoters and 

genes that became active only under specific environmental signals [63]. Regarding salt stress, the 

RNAseq approach was first applied to Synechococcus sp. PCC 7002 [90]. Synechococcus-cells treated 

at a rather high salinity of 1.5 M NaCl showed many gene expression changes, among them the 

accumulation of transcripts for genes coding for proteins involved in GG synthesis and transport, 

proteins for general stress response such as SodB, small high-light-induced proteins, flavoproteins, 

etc., as was previously found in salt-shocked Synechocystis sp. PCC 6803. However, some differences 

were reported as well. For example, genes coding for ion transport proteins were stably induced in  

salt-shocked cells of Synechococcus sp. PCC 7002 and those for subunits of the photosystem 1, which 

were increased in Synechocystis sp. PCC 6803 under salt conditions [91], were found at rather 

decreased expression levels [90]. 

RNAseq was recently used to analyze expression changes in long-term (1–3 days) salt-acclimated 

cells of Synechocystis sp. PCC 6803 [92]. This study showed that many genes for protein biosynthesis 

and energy metabolism were found with decreased mRNA levels, and only a few genes showed 

increased levels, among them genes for fatty acid metabolism and a protein involved in CO2 

acquisition. Mutants generated in selected genes with increased expression in salt-acclimated cells 

showed decreased growth in 4% NaCl, leading to the identification of new candidate proteins 

somehow involved in high salt acclimation [92]. Another study used RNAseq to compare the stress 

response of Synechocystis sp. PCC 6803 with Synechococcus elongatus [93]. Along with other 

environmental factors, the authors also analyzed the salt stress response. As expected for a comparison 

of a freshwater strain with a moderately halotolerant strain, there was only a small overlap in the 

transcriptional response to salt stress. 
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Figure 3. Global changes in the gene expression of Synechocystis sp. PCC 6803 after the 

addition of 4% NaCl to cells grown in freshwater medium. (a) Genes induced to different 

levels (red spikes represent about 200 genes) are shown on the chromosome of 

Synechocystis. Genes coding for proteins of special functions are highlighted. (b) The 

dynamic changes in the expression of different groups of genes are displayed. Genes are 

grouped in classes that show maximum expression or repression at selected time points 

after the addition of 4% NaCl (data from reference 70). 

Changes in mRNA levels are not always translated into different protein abundances. Proteomics 

allows a quantitative overview of global changes in protein composition, however this technique is less 

representative than transcriptomics (usually only 20 maximally 50% of all proteins are detected). 

Initially, proteomics using 2-dimensional-gel-electrophoresis was used to compare the periplasmic [94], 

membrane [95] and soluble fractions [96] in salt-stressed and control cells of Synechocystis sp. PCC 6803. 

The same technology has been used to screen for salt-regulated proteins in the biotechnologically 

important cyanobacterium Arthrospira platensis [97]. These studies provided lists of many proteins 

that were enhanced after long-term salt acclimation. Among them were proteins for GG synthesis,  

and general stress proteins such as protein and RNA chaperones, SodB and thioredoxins. However, the 

proteomic approach also indicated that many hypothetical proteins were salt-regulated. Moreover, a 
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corresponding increase in mRNA levels has not been reported for all of the proteins that are 

accumulated in salt-loaded cells [96]. This finding indicated that not only transcriptional control but 

also other regulatory levels such as protein stability contribute to the changed proteome of  

salt-acclimated cells. Recently, an integrated study on Synechocystis sp. PCC 6803 under salt stress 

conditions, coupling a quantitative proteomic and a RNAseq-based transcriptomic approach, was 

published [92]. Comparative quantification of protein abundance led to the identification of 68 and 108 

proteins that are differentially regulated by salt-treatment at 24 and 48 h, respectively. The transcriptomic 

analysis showed that not all the genes were regulated in the same direction, i.e., the authors also found 

cases in which the protein level increased and the mRNA level decreased. To obtain a deeper insight in 

the possible function of stress-regulated hypothetical proteins in Synechocystis sp. PCC 6803, gene 

expression was analyzed under 5 different conditions including high salt. The data set was grouped and 

revealed hypothetical proteins that seemed to react to all stresses, whereas others showed a more 

stress-specific pattern [98]. In addition to Synechocystis sp. PCC 6803, salt-induced alterations in the 

proteome were investigated in much detail with Anabaena strains of different salt tolerance. This study 

provided a comprehensive analysis of physiological and proteomic data in three different strains.  

The authors showed that even among closely related strains, distinct patterns of salt acclimation are  

present [99]. In Nostoc (Anabaena) sp. PCC 7120, the responses to salt and UV stress were compared. 

In addition to specific reactions, both stresses resulted in the accumulation of a defined set of common 

proteins. These proteins code for general stress proteins involved in the defense against ROS and the 

maintenance of DNA integrity as well as for many enzymes of sugar catabolism to provide more 

energy. However in general, salt stress induced many more proteins indicating that this stress is more 

harmful to this freshwater cyanobacterium than UV stress [100]. 

To our knowledge, no metabolome study of salt-treated cyanobacteria has been published as yet.  

It would be interesting to apply this “omics” technology because the accumulation of compatible 

solutes should have a dramatic impact on the overall primary metabolism. Especially for 

biotechnology, it will be important to know how and to what degree the carbon and nitrogen portioning 

inside the cyanobacterial cell changes in the presence of high salinity. 

5. Sensing Salt Stress and Regulation of the Salt Acclimation Response 

Transcriptomic and proteomic data show that multiple genes and proteins are differentially 

regulated in salt-stressed cells. These findings raise the question of how salt stress is sensed and how 

the signal is transduced to the target promoters. The search for the primary signal(s) after salt stress 

still has not provided a satisfying result. The most popular candidates are changes in the internal ion 

content and related changes in available water, which can result in altered membrane structure and 

tension or electrostatic effects influencing lipid-protein and protein-protein interactions [12,101].  

In salt-shocked cyanobacterial cells, as in other microorganisms, the addition of a large amount of 

NaCl induces a rapid influx of different ions and the release of water (discussed in the section on ion 

export). These fluxes and changes in the cytoplasmic composition could possibly serve as a direct 

signal for the sensing of an acute salt stress situation. It has been shown that several proteins that fulfil 

crucial functions for basal salt acclimation are directly activated by an increasing NaCl content in 

vitro, whereas the majority of metabolic enzymes are inhibited in the presence of an elevated salt 
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concentration. For example, the K+ transport system Ktr [73] and the key enzyme for GG synthesis 

GgpS [41,43] are directly activated by inorganic ions. For GgpS, the mechanism of NaCl-dependent 

activation has been analyzed in great detail [102]. At low salinity, the enzyme is present inside the cell 

but inactive due to its binding to the phosphate backbone of DNA and possibly RNA. This binding is 

sequence-independent and can be released by the addition of inorganic ions, preferentially KCl but also 

NaCl. Thus, the rapid influx of inorganic ions into salt-shocked cells of Synechocystis sp. PCC 6803 

directly ensures the activation of the GG synthesis machinery. During the further salt acclimation,  

the internal ion content decreases, leading to a stepwise slowdown of GG accumulation. In fully  

salt-adapted cells, the increased GgpS level [103] resulting from the ion-mediated release of the small 

repressor protein GgpR from the ggpS promoter [104] and the salt-stress-proportional slight increase in 

Na+ and K+ guarantee a partially active GgpS pool that is sufficient to produce enough GG in 

coordination with growth under chronic salt stress [102]. Currently it is not clear if this elegant salt 

titration model also applies to other enzymes/proteins involved in salt acclimation.  

However, there are indications that the ion content could also directly influence the gene expression 

machinery. For E. coli, it has been shown that the promoter selectivity of RNA polymerase changed 

depending on the K+-glutamate content. In the presence of increased amounts of K+-glutamate, which 

is accumulated in E. coli cells as a compatible solute in response to salt shock, the isolated RNA 

polymerase preferred promoters of genes that code for proteins crucial for the salt acclimation, such as 

those for the transporters of the compatible solutes [105]. The specificity of RNA polymerase could 

also be influenced via alternative sigma factors during the salt stress response in cyanobacteria. It has 

been shown that the expression of the ggpS gene is changed in the sigF mutant of Synechocystis sp. 

PCC 6803 leading to a decreased salt tolerance [103]. Similar results have been recently reported for 

the Synechocystis sigB mutant [106]. In addition to sigma factors SigF and SigB that are involved in the 

regulation of salt-specific genes such as ggps, all other group 2 sigma factors also might participate in high 

salt acclimation of the model cyanobacterium Synechocystis sp. PCC 6803. This notion is supported by 

the findings that single, double [107], and triple [108] mutants of group 2 sigma factors showed 

decreased growth in high salt stress. Some sigma factor genes (especially sigB) also have been detected 

among the genes differentially expressed in salt-stressed cells of Synechocystis sp. PCC 6803 [70,87,88]. 

Obviously, sigma factor cascades could be involved in the global reprogramming of the cyanobacterial 

metabolism to make it more tolerant against salt stress, which is a syndrome of many different single 

stress factors (discussed below in more detail). 

There are additional promising candidates for the sensing and transducing salt stress. Two-component 

systems, composed of a sensory histidine kinase (Hik) and a corresponding response regulator (Rre) 

protein acting as a transcriptional activator/repressor, often play important roles in the sensing of 

chemical and physical signals from the environment in bacteria. Because such systems are involved in 

salt response of E. coli, a Hik mutant library of Synechocystis sp. PCC 6803 was screened to see if it 

shows changes in the global salt-induced transcriptome [88]. This study identified four histidine 

kinases, Hik16, Hik34, Hik33 and Hik41, that are somehow involved in the transduction of salt stress 

signals because approximately 20% of salt-inducible genes were not further salt-stimulated in these 

mutants. Subsequently, the corresponding Rre’s were identified [109]. However, none of the 

deregulated genes codes for proteins with salt-specific and/or essential functions such as ggpS. The 

majority of the affected genes code for proteins belonging to a large group of general stress proteins, 
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such as proteins induced after ROS generation, high-light, or heat stress. It is also noteworthy that none 

of the investigated hik mutants showed decreased salt tolerance. Hik33, a putative salt-stress sensor, 

probably senses redox changes and was proposed to be located in the cyanobacterial thylakoid membrane. 

A hik33 mutant was recently investigated regarding salt-induced changes in the proteome [110]. This 

study showed that a substantial rearrangement in the plasma membrane proteome occurs in 

Synechocystis sp. PCC 6803 after salt shock. However, other two-component systems still are 

promising candidates to study the regulation of genes essential for salt acclimation. A mutant of Nostoc 

(Anabaena) sp. PCC 7120 defective in the rre gene was found to be osmo-stress-sensitive [111]. This 

Rre, called OrrA, regulates the salt-stimulated sucrose synthesis. Mutants defective in orrA 

accumulated less sucrose, whereas the orrA overexpression resulted in higher sucrose levels [112]. 

Recently, a slr1558 mutant of Synechocystis sp. PCC 6803 encoding for an OmpR-type Rre was found 

to be salt-sensitive and showed an altered expression of ggpS [113]. There are also reports indicating 

that protein phosphorylation and inositol monophosphate (IMP) could be involved in the signal 

transduction of the cyanobacterial salt stress response as has been reported for other organisms. Mutants 

with disrupted genes for the protein kinase SpkG in Synechocystis sp. PCC 6803 [114] and an IMP 

phosphatase of Nostoc (Anabaena) sp. PCC 7120 [115] showed decreased tolerances to salt and 

osmotic stress, respectively. 

However, despite the many facets of potential mechanisms and players in the regulation of the salt 

stress response, a clear, unifying picture is not yet available. A possible reason for this difficulty might 

be that the acclimation toward salt stress comprises several specific responses to stresses such as high 

amounts of cations or anions, lack of water, membrane tension changes, increased ROS production due 

to a redox imbalance, etc. Thus, it will become very important to distinguish between salt-specific or 

more general stress responses and the involved signaling pathways. A better understanding of these 

mechanisms will also support the biotechnological use of cyanobacteria in saline systems. For 

example, it would be beneficial to couple product-specific enzymes to the salt response of the cells to 

increase the genetic stability of producer strains. 

6. Salt Stress and Synthesis of Biotechnological Products 

Developments regarding sustainable energy and new products beneficial to society are important 

factors to decrease the progress of climate change and to reduce the dependence on fossil fuels. 

Cyanobacteria harvest solar energy via photosynthesis and convert CO2 to organic matter. This ability 

has been previously used to design production strains for multiple biofuels or chemical feedstocks. The 

natural diversity of cyanobacteria includes species that show extreme environmental tolerance and are 

able to grow in areas inhospitable to crops. As briefly mentioned previously, future mass cultivation of 

cyanobacteria for biotechnology will certainly be performed in seawater [116], because freshwater 

resources are limited and must be used for drinking water and agricultural irrigation [117]. Therefore, 

optimal future producer strains must at least tolerate seawater conditions but likely even higher 

concentrations of salt because evaporation will quickly increase the external salt concentration in open 

cultivation systems. However, future cyanobacterial or microalgal cultivation for biotechnological 

applications is influenced by many additional environmental factors, such as temperature, light, 

nutrients, and pH [118–120]. Among the present widely used and well-analyzed model strains, 
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Synechococcus sp. PCC 7002 seems to be the best suited for this purpose because it can grow well 

even in salt concentrations twice that of seawater [90], and the strain shows high resistance towards 

high light conditions and high temperatures [121]. 

Cultivation in saline media could also have beneficial effects in biofuel production. The 

autofermentation rates and the product yields could be significantly enhanced by “sodium stress 

cycling” [122]. This strategy combines two cultivation steps. First, the cultivation of Arthrospira 

maxima under high salt conditions was used to achieve an increased carbohydrate content that served 

as internal compatible solutes. Second, the salt-grown cells were exposed to a hypoosmotic stress to 

drive catabolism of the previously accumulated carbohydrate reserves during autofermentation. This 

combination strategy resulted in a 121-fold higher yield of ethanol production at a high salt 

concentration compared to a lower salt concentration [122]. However, the compatible solutes sucrose 

and GG were found to be less effective substrates for autofermentation than glycogen in the 

cyanobacterium Synechococcus sp. PCC 7002 [123]. The compatible solute itself may be an interesting 

(by)product from cyanobacterial cells cultivated at high salinity, because these compounds have interesting 

biological features [34,35,40]. These compounds are sold as extremolytes for pharmaceutical and 

cosmetic applications [124]. Thus, cyanobacteria could be used as “cellular factories” for the production of 

compatible solutes that are accumulated in response to salt stress. Recently, an efficient production 

system for sucrose was described using the cyanobacterium Synechococcus elongates PCC 7942 [66]. 

Sucrose is a compatible solute that is naturally synthesized (as mentioned above) by many 

cyanobacteria. The great advantage of a biotechnological production system for sugars such as sucrose 

is the accumulation of this compound in high concentrations (molar) in the cytoplasm of the 

cyanobacteria. The expression of an effective export system such as a sucrose permease allows the 

continuous excretion of sucrose into the medium [66]. Then, the biotechnologically interesting 

compound can be easily and cost-efficiently removed from the growth medium because cell harvesting 

and subsequent extraction can represent up to 30% of the total production costs [125]. Recently, 

sucrose production was tested with additional cyanobacterial strains. Beside the expression of the 

sucrose transporter CscB, mutations in competing reactions such as GG synthesis and the overexpression 

of the sucrose synthesis genes resulted in a considerable increase in the sucrose yield [126]. As an 

alternative to the expression of sugar export proteins, compatible solutes can be easily harvested from 

salt-acclimated cells after transfer into hypoosmotic media. Under such conditions, the compatible 

solute pool is almost completely released into the medium [127,128] to avoid lysing the cells. After 

immobilization of the cells in alginate, salt-acclimation and hypoosmotic harvest cycles can be 

repeated several times, resulting in quite high yields of valuable products [127,129]. Another 

interesting product from cyanobacteria and microalgae are lipids that can be used as biodiesel. It is 

known that the lipid content and the lipid composition in cells are influenced by salt stress. Increased 

salt concentrations raised the lipid content from 60% to 70% in the green algae Dunaliella tertiolecta 

ATCC 30929 [130]. Another strategy to improve the yield of biofuels might be a combination of 

multiple stress factors. The total lipid content of the microalga Nannochloropsis sp. was increased by 

simultaneously applying high light stress and high salinity stress [131]. Thus, in addition to the 

negative influence of high salt concentrations on growth efficiency, cultivation under these conditions 

might also have positive effects on the amount of product, spectrum and fermentation duration.  
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Another application strategy is using the knowledge about cyanobacterial salt stress acclimation to 

generate more tolerant producer strains for biofuel production. Many genes that are involved in the 

stress response are well known and can be transferred into less tolerant organisms. The glycine 

methylation pathway for glycine betaine biosynthesis from A. halophytica was transferred and 

expressed in Synechococcus elongates, leading to glycine betaine accumulation and increased salt 

tolerance. It also could be expressed in the model plant Arabidopsis, where it also improved the growth 

on salt media [132]. Genes for GG biosynthesis were also transferred into Arabidopsis [133] and later 

into potato [134], which slightly improved the salt tolerance of the transgenic plants. In addition to 

genes for compatible solutes, those for general stress proteins might also be useful. Recently, a 

Synechocystis strain overexpressing the sigB gene has been generated. This strain not only showed 

increased temperature tolerance, it was also resistant to rather high amounts of the potential biofuel 

butanol [135]. Another example concerns genes for proper redox regulation, for example, genes coding 

for a glutathione peroxidase or an ascorbate peroxidase that are involved in scavenging reactive 

oxygen species (ROS). It has been reported that overexpression of these enzymes improved tolerance 

to high light stress, low temperature stress and high salinity stress in transgenic plants [136,137]. Such 

attempts could also increase the stress tolerance of the cyanobacterial producer and allow cultivation in 

high salt media, which also prevents the proliferation of invasive species in the photobioreactor. 

7. Conclusions 

The evolution of effective salt-acclimation mechanisms allowed cyanobacteria to colonize habitats 

that had low to high salt concentrations. For model cyanobacteria, the acclimation strategy is well 

characterized on the physiological and molecular levels. Three salt-tolerant groups, freshwater, 

moderately salt-tolerant and halophilic cyanobacteria, have been defined, which differ not only in their 

ultimate salinity tolerance levels but also in the chemical nature of the major compatible solute. 

However, among moderately halotolerant cyanobacteria that accumulate GG, marked differences in 

the maximum salt tolerance were found. This finding indicates that additional processes such as an 

efficient ion export system contribute significantly to salt resistance. The energetic costs of salt 

acclimation must be better analyzed because continuous ion pumping, in particular, will limit higher 

yields of valuable products from salt-stressed cyanobacterial cells. Nevertheless, the accumulated 

knowledge of salt acclimation from model cyanobacteria can be transferred to cyanobacteria that are 

not well studied. For example, many cyanobacterial genomes are available in public data bases and 

could be searched for key genes coding proteins for essential salt acclimation processes such as 

compatible solute biosynthesis and ion export. However, the application of modern “omics” 

technologies has revealed that many more genes are clearly salt-regulated. Among them, genes for 

multiple general stress proteins such as chaperones or enzymes defending the cell against ROS, and 

participating in cell wall and membrane reorganization have been found. Unfortunately, the signaling 

and regulation of the cyanobacterial salt stress response is not currently well understood. A possible 

reason is that salt stress is a highly complex situation characterized by ionic and osmotic stresses and 

many secondary stresses, such as oxidative stress. Therefore, it is difficult to distinguish between the 

response to general stress or to the specific salt stress situation. Many players regulating single 

genes/proteins have been identified and will be used to obtain a more integrated view of salt stress 
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regulation in the near future. A comprehensive understanding of the entire salt-acclimation process 

would be of great value for the future biotechnological application of cyanobacteria as chemical 

feedstock and for the production of biofuels or high-value products. Mass cultivation of cyanobacteria 

for such purposes must be performed using saline water to avoid competition with scarce freshwater 

resources. Thus, species naturally competent to grow at high salinity that are also light and temperature 

tolerant will become the most promising starting points to develop cyanobacterial producer strains. We 

are now equipped with much knowledge, as well as a genetic and analytical toolbox to manipulate and 

analyze metabolic pathways with high precision. The application of these tools will further improve 

the application of cyanobacteria and will allow their development as highly efficient and cost-effective 

production systems as sources of renewable fuel and chemical feedstocks.  
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