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Abstract 
Life in high salinity environments poses challenges to cells in a variety of ways: maintenance of 
ion homeostasis and nutrient acquisition, often while concomitantly enduring saturating 
irradiances. Dunaliella salina has an exceptional ability to thrive even in saturated brine solutions. 
This ability has made it a model organism for studying responses to abiotic stress factors. Here 
we describe the occurrence of unique gene families, expansion of gene families, or gene losses 
that might be linked to osmoadaptive strategies. We discovered multiple unique genes coding 
for several of the homologous superfamily of the Ser-Thr-rich glycosyl-phosphatidyl-inositol-
anchored membrane family and of the glycolipid 2-alpha-mannosyltransferase family, suggesting 
that such components on the cell surface are essential to life in high salt. Gene expansion was 
found in families that participate in sensing of abiotic stress and signal transduction in plants. 
One example is the patched family of the Sonic Hedgehog receptor proteins, supporting a 
previous hypothesis that plasma membrane sterols are important for sensing changes in salinities 
in D. salina. We also investigated genome-based capabilities regarding glycerol metabolism and 
present an extensive map for core carbon metabolism. We postulate that a second broader 
glycerol cycle exists that also connects to photorespiration, thus extending the previously 
described glycerol cycle. Further genome-based analysis of isoprenoid and carotenoid 
metabolism revealed duplications of genes for 1-deoxy-D-xylulose-5-phosphate synthase (DXS) 
and phytoene synthase (PSY), with the second gene copy of each enzyme being clustered 
together. Moreover, we identified two genes predicted to code for a prokaryotic-type phytoene 
desaturase (CRTI), indicating that D. salina may have eukaryotic and prokaryotic elements 
comprising its carotenoid biosynthesis pathways. In brief, our genomic data provide the basis for 
further gene discoveries regarding sensing abiotic stress, the metabolism of this halophilic alga, 
and its potential in biotechnological applications. 
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1. Introduction 
 
Species of the genus Dunaliella are the dominant primary biomass producer for many hyper-

saline lagoons and lakes [1,2,3]. The unicellular green alga Dunaliella salina TEODORESCO [4] is the 
type species of the genus Dunaliella [4,5,6,7] and often found to dominate salt-saturated brines. 

To live in hyper-saline waters and to survive in habitats where rapid changes in salinities can 
occur, organisms have to adapt to maintain ion homeostasis and acquire nutrients efficiently 
[8,9]. Different hypersaline lakes and saltern crystallizer ponds vary greatly in their nutrient 
content, sometimes even with no detected nitrate and/or low phosphate concentrations [10]. 
Moreover, different carbonate salts can form during evaporation and with increasing salinities 
resulting in depletion of inorganic carbon from the water bodies as the salts precipitate [11,12]. 
In hypersaline sodium chloride solutions the solubility of iron is mainly determined by pH and 
temperature, with the solubility being extremely low and most iron present in unavailable 
colloidal form [13]. Consequently, algae in hypersaline environments have to actively scavenge 
and take up iron. Several known adaptations for Dunaliella to life in habitats that result in high 
and often varying salinities include the following: 
1. Instead of a rigid cell wall, cells are surrounded by an elastic pericellular matrix [4,7,14], which 

allows instant cell volume adjustments either by expansion when the extracellular salinity 
suddenly drops or by rapid shrinking when the salt concentration around the cell increases.  

2. Cells use glycerol as the main osmotic counter molecule [2,15,16,17,18,19]. The mechanistic 
aspects of hyper- and/or hypo-osmotic changes in cell size, shape, and metabolism of 
Dunaliella species have been studied intensely [20,21,22,23,24]. Cells not only evolved to grow 
in a saline/hypersaline environment, but also can adjust within minutes to severe alterations 
in salinity that result in hypertonic or hypotonic osmotic shock. 

3. Cells have special ion transporters in the plasma membrane to acquire iron [8,22,25,26]. 
4. Cells possess unique carbonic anhydrases involved in carbon concentration [25,27,28].  

The species D. salina and its close relative D. bardawil are model organisms not only for 
studies regarding adaptions to high salt, but also for general stress metabolism [29]. For example, 
cells of D. salina and D. bardawil respond to environmental abiotic stresses by accumulation of 
secondary β-carotene in plastidic globules to levels of about 8% of the dry weight [30]. Because 
of their carotenogenic capabilities, both species have been used commercially already for 
decades for β-carotene production [31,32,33,34] and both species are models for stress-induced 
β-carotene accumulation [32,35,36].  

For the first time, the genome of D. salina [37] provided us with the opportunity to mine for 
and identify novel genes that may be involved in osmoadaptation mechanisms. Our data may 
serve as a basis for comparison and validation of other studies. Here we report on genomic 
adaptations to life in high salt and on the annotation of a number of genes coding for components 
involved in environmental stress response, with an emphasis on signaling, transport mechanisms, 
glycerol metabolism, and carotenoid metabolism.   
 
2. Materials and Methods 
 
2.1 Cultivation 
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The alga D. salina strain CCAP 19/18 was obtained from the Culture Collection of Algae and 
Protozoa (CCAP) (Argyll, Scotland). Based on analysis of morphological characters, physiological 
capability for carotenogenesis under abiotic stress conditions, and molecular rDNA marker 
sequence analysis, the strain CCAP19/18 is a genuine strain of the species D. salina [38]. Cells 
were grown in 1.0 M NaCl artificial sea water (ASW) medium (see the ASW recipe at 
www.ccap.ac.uk) under a photon flux density of 150 µmol m-2 s-1 (16 h light (26°C)/ 8 h dark (20°C) 
cycle with bubbling air. Alternatively, cells were cultivated at different salinities in artificial 
seawater medium according to Pick et al. [39]. To obtain broad coverage for the transcriptome, 
in addition to taking samples during the different phases of growth of phototrophic batch 
cultures, samples were taken as time courses following transitions from regular growth in batch 
culture to anaerobiosis, salt stress, light stress, and nutrient stress (low nitrogen, phosphorus, 
sulphur, and iron conditions). Samples were taken at 0h, 1h, 2h, 3h, 6h, 24h, 48h following 
transition of growth conditions. In addition, samples were obtained from short-term osmotic 
shock experiments (0h, 15 min, 30 min, 60 min, 90 min).   
 
2.2 RNA Extraction, Library Preparation, and Sequencing 

 
To improve gene models, we used RNA sequencing information. For this purpose, total RNA 

was isolated from cells using either the QuickPrepTM mRNA Purification Kit (Millipore-Sigma, St. 
Louis, MO) or using a standard Trizol protocol [40]. RNA integrity and purity was determined by 
gel electrophoresis and by spectrometry. Total RNA was provided to JGI for 454 Sequencing using 
standard library and sequencing protocols. In addition, biomass from short term osmotic shock 
experiments was sent to Macrogen Corporation (Seoul, Republic of Korea) for total RNA 
extraction, standard library preparation, and Illumina HiSeq 2000 platform sequencing (Paired-
end, 100 bp).  

To generate sequencing data on the Roche 454 Titanium platform, double-stranded cDNA 
samples were fragmented via sonication to 400-800 bp.  These fragments were end polished and 
ligated to a set of Y-shape adaptor. This process is called “454 Rapid Library Construction”.  The 
454 library fragments were then clonally amplified in bulk by capturing them through 
hybridization on microparticle beads.  Resulting beads were covered with millions of copies of a 
single DNA fragment (range 400-800 bp) where each bead contains a different clonally amplified 
library fragment. Beads were then subjected to emulsion-based Polymerase Chain Reaction. 
After amplification, the beads were recovered from the emulsions and were loaded into the wells 
of a PicoTiterPlate device (PTP) such that wells contained single DNA beads.  The PTP was then 
inserted into the 454 Genome Sequencer FLX-Titanium instrument for sequencing where 
sequencing reagents were sequentially flowed over the plate and the sequence of the DNA 
fragments was determined.  

In addition, transcriptomics data were obtained using Sanger sequencing. The 2 kb and 8 kb 
insert-size libraries were made from oligo(dT) primed cDNA and cloned into the pCMV-SPORT6 
vector (Invitrogen Corp., Carlsbad, CA).  PolyA RNA was primed with an oligo dT primer (5'-
GACTAGTTCTAGATCGCGAGCGGCCGCCCTTTTTTTTTTTTTTT-3'), ligated to a SalI adapter (5'-
TCGACCCACGCGTCCG and 5'- CGGACGCGTGGG) and digested with NotI.  cDNA was size selected 
using 1.1% agarose gel electrophoresis, then ligated into NotI and SalI-digested pCMV-SPORT6 
vector.   
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2.3 Genome annotation and sequence analysis 

 
The genome assembly of D. salina [37] was annotated using the US Department of Energy 

Joint Genome Institute (JGI) annotation pipeline, which combines several gene predictors [41,42]. 
Gene annotations are available at Phytozome (https://phytozome.jgi.doe.gov). Predicted 
proteins were functionally annotated using SignalP [43] for signal sequences, TMHMM [44] for 
transmembrane domains, InterProScan [45] for protein domains, protein alignments to the 
National Center for Biotechnology Information (NCBI) non-redundant (NR) protein set, SwissProt 
[46], the Kyoto Encyclopedia of Genes and Genomes database (KEGG) to retrieve EC numbers 
[47], and the eukaryotic clusters of orthologs (KOG) to retrieve function descriptions [48]. Hits 
from InterPro and SwissProt were used to map Gene Ontology terms [49]. Complementary, the 
genome along with functional annotations is available at PhycoCosm 
(https://phycocosm.jgi.doe.gov). 
 
2.4 Comparative genomics.  

 
A comparative genomics approach was applied with the aim to identify the number of unique, 

over- and under-represented genes within the genome of D. salina. For unique genes the analysis 
was performed in PhycoCosm. The expansion and contraction of gene families were estimated 
using the Computational Analysis of gene Family Evolution (CAFE) software package version 4.2.1, 
which provides a statistical foundation for evolutionary inferences [50,51]. The input of gene 
families for CAFE was based on the counts of PFAM gene families in the six genomes listed in 
Supplemental Table 2. Gene families with the largest variance (i.e., gene families with counts that 
differed by more than 60 across these genomes) were removed when estimating the birth-death 
parameter to ensure convergence. Expansions or contractions of gene families with a p-value <= 
0.01 were considered significant, indicating that the observed gene family counts deviated from 
the expected model for gene gain and loss. 

For comparison the closely related green algae Chlamydomonas reinhardtii [52], Volvox 
carteri [53], Gonium pectorale [54], Chromochloris zofingiensis [55], and Monoraphidium 
neglectum [56] were used.  
 
2.5 Metabolic Network Reconstruction 

 
For reconstruction of the core carbon metabolic network each reaction was subjected to 

manually curation using information on reactions and enzymes from the literature and multiple 
public databases. The KEGG database was used to create the scaffold for the network, which is 
presented in a style similar to the KEGG pathways. KEGG annotations from the D. salina 
Phytozome and PhycoCosm portals were then used for metabolic pathway mapping. In addition, 
we performed tBLASTn searches of the D. salina genome using proteins from C. reinhardtii and 
from the model plant Arabidopsis thaliana (https://www.arabidopsis.org/). Further, we checked 
on predictions for genes coding for enzymes belonging to larger protein super-families using 
BLASTp searches into the NR database. 
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3. Results and Discussion 
 

3.1 Genome Expansion 
 
As still little is known about eukaryotic adaptations regarding life in hypersaline environments, 

we sequenced and annotated the genome of D. salina [37] to identify the features that could be 
associated with adaptations to high salt. In brief, the 343.7 Mbp (including 34% repeat content) 
D. salina genome is two- to three-fold larger than those of V. carteri (131.16 Mbp with 17% repeat 
content) or C. reinhardtii (111.1 Mbp with 12% repeats). The genome of D. salina is inflated, 
because 53% of the genome is contained in introns (Suppl. File 1), whereas in C. reinhardtii and 
in V. carteri the introns only make up about 30% of the genomes (Suppl. File 1). With 16,697 loci 
coding for 18,801 protein-coding transcripts (including iso-forms) [37], D. salina has a gene 
content similar to C. reinhardtii [52] and V. carteri [53] with 16,403 and 13,076 genes, respectively. 
The genome of D. salina  is reasonably complete because both 97.6% CEGMA [57] and 89% 
BUSCO [58] coverages are high and comparable to that of other related green algal genomes 
(https://phycocosm.jgi.doe.gov; Suppl. Figure 1), which enables accurate metabolic 
reconstruction.   

A comparison of gene structures of D. salina with those found in its close relatives within the 
Chlorophycean algae showed that on average genes in D. salina are about twice as long (11,502 
nt, Dusalv1.0) as those in C. reinhardtii (5,482 nt, Chlrev5.6) or V. carteri (6,264 nt, Vocalv2.1). As 
the average exon length is shorter in D. salina (227 nt) than in C. reinhardtii (366 nt) or V. carteri 
(387 nt), but the number of exons per gene in the algae is similar, the longer gene length is due 
to the average introns of genes in D. salina being much longer (1,434 nt, average intron length) 
as compared to C. reinhardtii (268 nt) or V. carteri (416 nt). Additional comparison of the 5’ exon-
intron and the 3’ intron-exon splice boundaries did not reveal any specific features for D. salina 
(Suppl. Figure 2). We can only speculate that the intron length expansion has evolutionary 
implications, but any further analysis of the introns in D. salina would be beyond the scope of 
this manuscript.  

In the context of the gene structures, we also compared the codon usage among D. salina, C. 
reinhardtii, and V. carteri (Suppl. File 1). There exist some differences in codon preferences for 
the amino acids proline, threonine, and alanine. The frequency of the base adenine in the third 
codon position is higher for these three amino acids and as well overall higher in D. salina than 
in the other two related algae (Suppl. File 1).  

PhycoCosm annotation revealed 10,958 PFAM descriptions (58% of the genes) and 6,058 
genes (38%) could be affiliated with GO terms. As KEGG annotations for metabolic pathways are 
conservative in PhycoCosm, for metabolic pathway analysis, we also checked the Phytozome 
annotations and we performed NCBI BLASTp searches. Our use of NCBI BLASTp searches was 
limited and mostly restricted to instances where genes were predicted to code for members of 
larger protein super-families.  
 
3.2 Unique protein families 

 
Due to D. salina being a halophilic organism, which can even grow in saturated brines, one 

might have expected the presence of genes coding for proteins that confer properties that 
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represent adaptations to life in high salt. D. salina is known to have a unique duplicated form of 
the carbonic anhydrase, which is absent from other green algal species [25,27,28]. Further, 
specific transferrin proteins residing in the plasma membrane had been identified that allow iron 
acquisition [8,22,25]. Based on the hypothesis that the genome of D. salina contains genes coding 
for unique proteins, we mined the genome based on a comparison of PFAM domain annotations. 
We compared D. salina against its close relatives C. reinhardtii [52], V. carteri [53], G. pectoral 
[54], as well as C. zofingiensis [55], and M. neglectum [56]. Such comparative analysis feature is 
provided in the PhycoCosm portal.  

Many PFAM domains appeared to be unique in D. salina as compared to other green algae 
(Suppl. Table 1). However, here we discuss only a few gene families that may be relevant for 
adaptations to life in high salt. The first example is the fourteen genes coding for proteins 
containing the PFAM domain PF00191.  PF00191 refers to a group of proteins collectively called 
“annexins”, which form a homologous superfamily. Although these proteins are well studied in 
animals and humans [59], not much is known about annexins in plants and algae except that they 
have diverse functions in plants [60,61]. Many different types of annexins exist, which bind 
calcium, thus performing calcium-dependent functions and making annexins responsive to 
calcium as a signal. Calcium signaling is a major component in plant cells stress responses [61] 
and has been postulated to play a role in stress response signaling pathways in D. salina [29,63], 
in particular in response to changes in extracellular salinities [64]. Our finding will allow future 
targeted research into the role of calcium signaling with regards to molecular stress responses in 
D. salina. 

A second example of a unique gene family in D. salina is that coding for proteins containing 
the PFAM domain PF10342, with six members found in D. salina as compared to its relatives 
within the Chlorophyceae. These proteins are glycosylphosphatidylinositol-anchored in the 
plasma membrane and are essential for plants at the interface between the cell wall and outer 
surface of the plasma membrane [65], often participating in signal transduction [66]. Again, we 
identified a unique gene family, which encodes for proteins possibly important for signal 
perception and transduction at the plasma membrane level. 

A third example is the gene family represented by two genes coding for proteins including 
the PFAM domain PF01793 found in glycolipid 2-alpha-mannosyltransferases [EC 2.4.1.131]. This 
enzyme transfers an alpha-D-mannosyl residue from GDP-mannose to lipid-linked 
oligosaccharides, which function as intermediates in glycoprotein biosynthesis. This may be a 
function that aids in synthesis of the elastic periplasmic coat that surrounds cells of D. salina. 

In summary, we discovered a variety of unique genes in D. salina that are not present in other 
closely related Chlorophycean algae. Some of these genes code for proteins where the predicted 
function may be relevant for adaptations to abiotic stress such as high salt.  
 
3.3 Protein family expansion 

 
Based on assignments to PFAM domains, our CAFE analysis revealed a variety of genes that 

are over-represented in the genome of D. salina (Suppl. Table 2). Standing out in this analysis is 
the gene family coding for transferrins and transferrin-like proteins, because transferrins have 
previously been discovered in the plasma membrane of D. salina cells [25,67,68] and have been 
shown to participate in iron uptake [67]. Transferrin-like proteins that do not bind iron and may 
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interact with bicarbonate have also been identified for D. salina [68]. Proteins of the transferrin 
superfamily are widespread in the animal kingdom [69], but have rarely been found in the plant 
kingdom [70]. Here, we verified not only the presence of genes, but also provide evidence that 
this gene family is expanded in D. salina as compared to other green algae and higher plant 
species. Our result regarding the transferrins confirms the validity of our PFAM analysis approach. 

Similar to the unique mannosyltransferases mentioned in section 3.2 above, another 
expansion is the gene family coding for proteins containing the PF05637 domain representing 
the galactosyl transferase GMA12/MNN10 family (Suppl. Tab. 2). Such galactosyl transferases, 
which may function in glycosylation of extracellular proteins, possibly participate in synthesis of 
the pericellular matrix, which is essential to cells surviving in salinity conditions that require rapid 
volume changes (hyper- or hypoosmotic shock). 

A third example for an over-represented gene family in D. salina as compared to other closely 
related green algae codes for proteins containing the PF02460 domain (patched family, Suppl. 
Tab. 2) present in the Sonic Hedgehog receptor family (InterPro entry IPR003392). This protein 
family is involved in sterol binding and sensing in animals and humans [71]. Although nothing is 
known about Sonic Hedgehog signaling in plants, the plasma membrane of Dunaliella cells 
reportedly contains sterols [72] and that these sterols appear to be essential for sensing osmotic 
changes in Dunaliella [73]. Consequently, discovery of this gene family presents an opportunity 
to further study the initial steps of osmosensing and down-stream signal transduction events in 
D. salina. 

In summary, we identified several different gene families that are over-represented in the 
genome of D. salina. As the examples presented and discussed above demonstrate, several of 
these gene families code for proteins potentially involved in adaptations to life in high salinities, 
thus opening new avenues of research into stress biology including signal perception and 
transduction in D. salina. 

 
3.4 Under-represented and potentially lost genes  

 
Our PFAM analysis indicated that a variety of gene families were either under-represented in, or 
lost from, the genome of D. salina (Suppl. Tab. 2). One example for gene loss is the DOMON 
(named after dopamine β-monooxygenase N-terminal) domain PF03351, which is found in 
proteins that assist in the scavenging of extracellular heme or in sugar recognition. Loss of genes 
coding for such proteins may be explained by the absence of free heme in the hypersaline 
environments in which D. salina thrives. 

In brief, some of the genes that are underrepresented or could not be identified in the 
genome of D. salina might represent adaptation to conditions of high salinities. Nevertheless, 
reduction in numbers or the absence of such genes is not necessarily proof for a specific role of 
those proteins. Our results clearly point towards some new research avenues in unraveling the 
mechanisms of salt adaptation.  
 
3.5 Ion channels and ion transporters 

 
In addition to the above presented results and discussion, Table 1 provides a brief 

comparative summary of genes predicted to code for ion channels and transporters in D. salina 
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and related Chlorophyceae. Ion homeostasis has been studied in Dunaliella [8,22,74], but as ion 
relations within cells are complex and it was not the aim of this genomic study to provide specific 
cellular localization and function information about the different ion channels and transporters, 
we only present the list of genes. This screen for PFAMs is aimed to provide an overview of what 
types of channels/transporters are present in, or potentially absent, from D. salina, thus aiding 
future targeted work in this area. Overall, we identified several classes of voltage-gated, ligand-
gated, and potentially mechanically-gated ion channels. Each of these classes contains potassium 
channels, which are important in plant osmotic stress responses [75].  
 
Table 1: List of gene counts by PFAM annotation for a variety of ion channels/transporters identified for 
D. salina and compared to related Chlorophytes.     
 

Annotation Dunsal1 Chlre5.5 Gonpec1 Volcav2.1 Chrzof 
v5.2.3.1 

Monneg1 Annotation Description 

PF07885 4 9 3 7 3 5 Voltage-gated potassium 
channels (VGKCs) 

PF03595 0 1 1 0 3 1 Voltage-dependent anion 
channel 

PF08016 16 17 11 9 4 2 Polycystin cation channel, 
voltage-gated 

PF00654 7 6 6 6 6 7 Voltage-gated chloride 
channel 

PF01007 4 3 3 3 3 3 (Ligand-gated) Inward 
rectifier potassium channel 
transmembrane domain 

PF00060 10 5 4 2 7 6 Ionotropic glutamate 
receptors (iGluRs) are 
ligand-gated ion channels 

PF02931 0 4 4 1 1 0 Neurotransmitter-gated 
ion-channel ligand binding 
domain 

PF02932 0 3 4 2 1 1 Neurotransmitter-gated 
ion-channel 
transmembrane region 

PF01062 8 8 7 6 6 21 Calcium-activated 
Bestrophin, RFP-TM, 
chloride channel, 
plasmamembrane 

PF02714 2 11 6 5 9 7 Calcium-dependent 
channel, 7TM region, 
putative phosphate 

PF03493 0 2 1 1 2 2 Calcium-activated BK 
potassium channel alpha 
subunit 

PF04547 0 1 0 0 2 1 Calcium-activated chloride 
channel 

PF12166 1 1 1 0 1 2 Piezo non-specific cation 
channel, R-Ras-binding 
domain 

PF01741 0 0 0 0 0 3 Large-conductance 
mechanosensitive channel, 
MscL 

PF00924 5 8 6 6 5 4 Mechanosensitive ion 
channel, inward rectifier 
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potassium channel 
transmembrane domain 

PF01036 6 8 7 2 1 1 Bacteriorhodopsin-like 
protein 

PF05197 1 1 1 0 0 0 TRIC channel 

PF06011 2 7 6 2 2 0 Transient receptor 
potential (TRP) ion channel 

PF01699 9 6 7 7 8 8 Sodium/calcium exchanger 
protein 

PF02705 0 3 2 1 5 2 K+ potassium transporter 

 
3.6 Acclimation to changes in extracellular salinity in D. salina 

 
Sensing and signal transduction in response to changes in extracellular salinity in cells of D. 

salina is hypothesized to be similar to what is known from fungi [8,36], where MAPK Signaling 
through the HOG pathway is essential [76]. However, to date, nothing is known about the details 
of this signaling cascade in Dunaliella. Overall, we discovered seven genes that code for predicted 
MAPKs, which represent four different classes. Nevertheless, a homology tBLASTn search using 
the yeast HOG1 protein into the D. salina genome did not result in unambiguous identification of 
a specific potential HOG1 homologue. Additionally, BLASTp searches in the NCBI NR database 
using translated sequences from the predicted genes coding for MAPK proteins only returned 
general hits showing the protein kinase family domains typically found in MAPKs.  

To potentially pinpoint genes coding for the components of the Sln1 and Sho1 branches of 
the HOG pathway [76], we discovered candidate genes coding for four MAPK Kinases (MAPKK) 
as well as for 10 MAPK kinase kinases (MAPKKK). Again, we could not assign specific function for 
any of the coded proteins based on homology and homology searches as the NCBI NR database 
only returned hits to general domains signifying MAPKs in general. Nevertheless, our result with 
the ten genes coding for predicted MAPKKK proteins is low when compared to the reported 33 
MAPKKK for another Dunaliella species [77]. This may mean that we did not discover the full set 
of kinases involved in MAPK signaling. Alternatively, reduced numbers for this specific set of 
protein kinases may be part of the overall reduction in the cellular set of protein kinases in D. 
salina, which is 30-50% reduced, as revealed by a comparison of the most prevalent PFAM 
domains of protein kinases in other green algae. For example, C. reinhardtii has 538 genes and V. 
carteri has 348 genes coding for proteins with protein kinase domains (IPR000719). In contrast, 
in the genome of D. salina only 246 genes were discovered. This low number might be due to 
imprecise gene identification, but our CEGMA and BUSCO analyses demonstrated good gene 
coverage. Clearly more experimental research and genomic mining for further potentially missed 
genes coding for genes such as the MAP Kinase families is required to unravel the functions of 
the products of the discovered genes in D. salina.    
 
3.7 Reconstruction of a core carbon metabolic network  

 
As glycerol metabolism is part of the core carbon metabolism of cells, to approach the 

question on anabolism and catabolism of glycerol, a metabolic network was reconstructed for 
the core carbon metabolism in D. salina based on genomic analysis and is presented in Fig. 1. The 
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metabolic network contains glycolysis/gluconeogenesis, the Calvin-Benson-Bassham cycle (CBB-
Cycle), starch and sucrose metabolism, photorespiration, the Krebs cycle, and some interfacing 
connections to isoprenoid metabolism, lipid and amino acid metabolism. The different genes 
coding for enzymes included in this map are listed in Suppl. File 2. Part of this metabolic network 
had recently been published [78], but the version we present here is focused on core carbon 
metabolism and contains additional reactions that had not been considered previously. 
Additional reactions include sucrose as well as trehalose metabolism and reactions of 
dicarboxylic acid metabolism. 
 

 
Figure 1: Reconstruction of the core carbon metabolism including glycerol metabolism (purple lines) 
based on functional annotation of the D. salina genome. The metabolic map shown does not include 
information on the cellular localization of the enzymes. Identified genes for enzymes are shown as EC 
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numbers in green boxes. The box around EC1.1.1.8 and EC 3.1.3.21 indicates gene-fusion products 
containing the glycerol-3-phosphate dehydrogenase and the glycerol-3-phosphate phosphatase function. 
Next to the boxes with EC numbers, an additional number indicates the number of genes coding for that 
enzyme. Calvin-Benson-Bassham Cycle reactions are shown in light brown and the connection to 
isoprenoid metabolism is shown in purple lines. Connections to lipid metabolism are shown in dotted lines. 
 

 
Various species of the genus Dunaliella were used over the past decades to elucidate the 

response of Dunaliella cells to hypo-osmotic (decrease in salinity) and hyper-osmotic (increase in 
salinity) changes in the medium [22,36,79,80]. Glycerol was found to be the main osmolyte 
[15,81,82]. Maintaining osmotic balance in response to changes in the external salt concentration 
depends on the intracellular synthesis or degradation of glycerol [15,83]. Early on, a glycerol cycle 
was proposed to exist in Dunaliella [17,23,84].  

Central to the known glycerol cycle is the generation of glycerol-3-phosphate from glycerone-
3-phosphate (aka, Dihydroxyacetonephosphate, DHAP) either provided through glycolytic 
reactions [85] stemming from fructose-1,6-bisphosphate or through the pentose phosphate 
pathway with the intermediate glycerate-3-phosphate [18,21]. This reversible reaction is 
catalyzed by the glyceraldehyde-3-phosphate dehydrogenase (GPDH), which exists as two classes 
encoded by different genes [86]:  
1) The nicotinamide-adenine dinucleotide (NAD+)-dependent enzyme [EC 1.1.1.8] is encoded by 

genes that only result in a single function GPDH, or is coded in fusion genes that produce bi-
functional enzymes including the [EC 1.1.1.8] GPDH function together with the HAD-
superfamily hydrolase domain performing the [EC 3.1.3.3] phosphatase function. This 
previously predicted bi-functional enzyme [87,88] had indeed recently been demonstrated to 
convert glycerone-3-phosphate directly into glycerol [89]. We identified two genes 
(Dusal.1194s00002.1, Dusal.0486s00010.1) that code for this bi-functional enzyme (Suppl. File 
2). At a third locus, the gene Dusal.0246s00004.1 coding for an enzyme containing the [EC 
3.1.3.3] domain together with the N-terminal domain of [EC 1.1.1.8] is followed by gene 
Dusal.0246s00004.1, which only codes for the C-terminal domain [EC 1.1.1.8]. As proper 
curation of the two genes is impossible due to a gap in sequence between both genes, for 
metabolic network construction purposes, we decided to treat both gene models as coding 
for one bi-functional enzyme. A similar situation was encountered for a fourth locus where the 
gene Dusal.0832s00001.1 annotated as the [EC 3.1.3.3] is directly followed by the gene 
Dusal.0832s00002.1 annotated as the [EC 1.1.1.8] GPDH. As both genes are separated by a 
gap in the genome sequence, we also decided to treat both genes as coding for one bi-
functional enzyme. In addition, a tBLASTn search using the protein predicted from gene 
Dusal.1194s00002.1 revealed the presence of a fifth gene, which was not annotated, but is 
predicted to code for a bi-functional enzyme. In summary, we identified five putative genes 
coding for bi-functional GPDH, but we did not find any gene coding for a single function GPDH.  
The bi-functional GDPH isoforms had also been identified in D. viridis [90] and in the 
freshwater alga C. reinhardtii [91,92]. Moreover, the activity of the bi-functional GPDH 
enzymes from C. reinhardtii had been established in yeast for isoforms 2 and 3 [93]. 
Additionally, isoform 2 function had been demonstrated in vitro and the gene was upregulated 
in response to salt stress in C. reinhardtii [92]. Consequently, we conclude that these bi-
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functional enzymes present in D. salina are not specific adaptations to life in hypersaline 
conditions.   

Our finding of five genes coding for GDPH is somewhat similar to that recently reported 
by Wu et al. [86]. However, in contrast to our results, they identified one gene coding for a 
single-function GPDH and four genes coding for bi-functional GPDH. Although Wu et al. [86] 
reported their results under the species name D. salina, the strain they used, FACH435, 
belongs to a different Dunaliella species. This may explain the differences in our results. In any 
case, lack of a gene coding for a single-function GPDH [EC 1.1.1.8] may not be crucial for 
glycerol-3-phosphate biosynthesis, because it had been shown for the bi-functional enzyme 
isoform GPD2 in C. reinhardtii that its two enzymatic functions may be modulated by 
posttranslational modifications [92] to suit the cell’s metabolic demands. For our metabolic 
network reconstruction, we did not consider cellular compartments, but there is evidence that 
the bi-functional GPDH isoforms are localized either to the cytosol or the chloroplast [86,92].  

2) The inner mitochondrial membrane bound, ubiquinone-dependent enzyme [EC 1.1.5.3] 
genes code only for single-function GPDHs. We identified four genes coding for this enzyme, 
which is higher than the two genes reported by Wu et al. [86].  

Independently from the bi-functional GPDH, dephosphorylation of glycerol-3-phosphate by 
the enzyme glycerol-3-phosphate phosphatase [EC 3.1.3.21] will produce glycerol. This 
phosphatase function had been reported for cell extracts of D. salina [94] and we identified one 
gene coding for this enzyme (Dusal.0430s00018.1). For a second gene (Dusal.0132s00008.1), the 
functional annotation is ambiguous (Suppl. File 2).  

Regarding the generation of glycerol from glycerol-3-phosphate originally only the above-
mentioned glycerol-3-phosphate phosphatase [EC 3.1.3.21] was believed to be responsible, 
whereas the glycerol kinase [EC 2.7.1.30] was thought to perform the opposite reaction involved 
in removal of glycerol under hypo-osmotic conditions [83]. We identified one gene coding for a 
glycerol kinase (Suppl. File 2). Alternatively, removal of glycerol was proposed to occur by 
conversion to glycerone via the dihydroxyacetone reductase [EC 1.1.1.156] or the glycerol 
dehydrogenase [EC 1.1.1.6] followed by phosphorylation to glycerone-3-phosphate by the 
glycerone kinase [EC 2.7.1.29], thus connecting glycerol back to glycolysis. Overall, the annotation 
based on homology of proteins with assignments to specific dehydrogenases such as the 
dihydroxyacetone reductase [EC 1.1.1.156] and the glycerol dehydrogenase [EC 1.1.1.6] proved 
to be very difficult due to the existence of a relatively large, non-specific enzyme family belonging 
to the oxidoreductases. Therefore, we could not specifically identify any gene predicted to code 
for the dihydroxyacetone reductase [EC 1.1.1.156] or the glycerol dehydrogenase [EC 1.1.1.6]. 
Both EC numbers are shown in red color in Fig. 1. Nevertheless, we were able to identify a number 
of potential alcohol dehydrogenases [EC 1.1.1.-] that could reversibly connect glycerol to 
glyceraldehyde and through aldehyde dehydrogenases [EC 1.2.1.-] to glycerate (Fig. 1), which is 
essential in the photorespiratory pathway. In addition, we identified one gene coding for a 
triokinase (EC 2.7.1.28/2.7.1.29), which could phosphorylate glycerone or glyceraldehyde. 
Moreover, a glycerate-3-phosphate kinase [EC 2.7.1.31] could phosphorylate glycerate. Taken 
these findings together, we propose that glycerol could be connected to 
glycolysis/gluconeogenesis in more ways than previously proposed, likely providing a wider 
glycerol cycle in D. salina.   
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In brief, discovery of a variety of genes coding for enzymes of the superfamily of alcohol 
dehydrogenases [EC 1.1.1.-] and aldehyde dehydrogenases [EC 1.2.1-], with difficulties in 
homology-based assignments of functions, demonstrates the necessity of further biochemical 
research to validate the reactions of the current predicted functions. Only then will we be able 
to verify the novel proposed second glycerol cycle that includes glyceraldehyde and glycerate. 

While reconstructing the network for core carbon metabolism, we noticed that several crucial 
enzymes were only represented with one copy in the genome. An example for an enzyme 
essential for the lower glycolysis pathway with only one gene copy is the enolase [EC 4.2.1.1].  
The enolase might play a role in salt stress responses in D. salina, possibly by restricting carbon 
flow through the lower glycolysis pathway and consequently forcing carbon flux into reactions 
towards glycerol [95,96]. In this context, we had previously proposed that the cellular location of 
enolase is crucial for cellular carbon partitioning in green algae [97]. In summary, the enolase is 
an enzyme that was shown to impact carbon flux in cells and its localization as well as its functions 
should be investigated in more detail.  

A second enzyme with only one gene is triose phosphate isomerase (TPI) [EC 5.3.1.1]. This 
finding is in contrast to many other green algae and higher plants, which have two genes coding 
for one cytoplasmic and one plastidic isoform. The TPI is at the cross-roads of triose phosphate 
metabolism participating in glycolysis/gluconeogenesis, the CBB Cycle, and in providing the 
precursors for terpenoid backbone metabolism. As TPI is essential for proper carbon allocation 
in the CBB cycle, it has to be localized in the chloroplast in D. salina. The TPI had also been 
reported to be upregulated at the protein level in response to salt stress [84]. In conjunction with 
the recent discovery that TPI in animals is regulated through phosphoenolpyruvate by 
competitive inhibition [98], TPI is a prime target for future research regarding carbon partitioning 
in D. salina and green algae in general. 

Another part of the metabolic network revealed the presence of genes coding for enzymes 
involved in sucrose and trehalose metabolism. For example, we identified a gene for the UTP-
glucose-1-phosphate uridylyltransferase [EC 2.7.7.9]. Further genes coding for all enzymes 
involved in synthesis of sucrose and trehalose were found (see Fig. 1 and Suppl. File 2). Currently, 
it is unknown what the exact function(s) of sucrose in green algae is (are), but it was observed in 
D. tertiolecta that cells accumulated considerable amounts of sucrose with increasing 
temperature [99,100]. As the interactions of glycerol and sucrose metabolism have not been 
studied in D. salina, our results provide the groundwork for future investigations.  

Notably, our reconstruction of the network for core carbon metabolism revealed the lack of 
a gene coding for the pyruvate ferredoxin/flavodoxin oxidoreductase [EC 1.2.7.1]. In addition, we 
did not find any gene(s) coding for the pyruvate formate lyase [EC 2.3.1.54]. Both enzymes 
participate in pyruvate metabolism and provide alternative reactions for cells to “bypass” 
pyruvate dehydrogenase (PDH) [EC 1.2.4.1]. As the PDH produces acetyl-CoA, its function is 
essential for provision of the precursor for fatty acid biosynthesis and thus lipid biosynthesis. Lack 
of the availability of alternatives for pyruvate to acetyl-CoA conversion potentially makes the PDH 
the bottleneck for carbon flux into fatty acids and lipids in D. salina. We hypothesize that 
accumulation of β-carotene under stress conditions may be driven by reduced PDH activity, thus 
driving carbon through pyruvate (and glyceraldehyde-3-phosphate) into the isoprenoid 
biosynthesis pathway (Fig. 1) [101].     
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In summary, reconstruction of the core carbon metabolic network allowed us to pinpoint a 
variety of core carbon network components that represent potential bottlenecks (enolase and 
PDH), potential regulatory elements such as the TPI, or currently understudied osmolytes such 
as sucrose and trehalose. 
 
3.8 Isoprenoid Metabolism  

 
D. salina is unique within the green algae by accumulating β-carotene in globuli within the 

chloroplast in response to abiotic stress such as nutrient deficiency or increased irradiance. Due 
to this capability, D. salina is not only a model organism for carotenoid metabolism [32,36], but 
also for commercial production of β-carotene [35]. Carotenoids are made up of eight isoprene 
units. As shown in Fig. 1, the entry reaction into isoprenoid metabolism is the condensation of 
pyruvate with glyceraldehyde-3-phosphate to form, through a series of steps, isopentenyl 
diphosphate and its isomer dimethylallyl phosphate (Fig. 2). Below, we describe in more detail 
first the terpenoid backbone biosynthesis and then carotenoid metabolism. 

 
3.8.1 Terpenoid Backbone Biosynthesis 

 
To dissect isoprenoid metabolism, we followed the KEGG descriptions to map reactions 

constituting the terpenoid backbone biosynthesis. The metabolic map presented in Fig. 2 begins 
with the entry reaction condensing glyceraldehyde-3P and pyruvate to 1-deoxy-D-xylulose 5-
phosphate. In green algae, this entry-step reaction and the following seven reactions, generally 
referred to as the methyl-erythritol-phosphate (MEP) pathway, localize to the chloroplast [102]. 
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Figure 2: Metabolic map for terpenoid backbone biosynthesis according to the genes that could be 
functionally annotated in the genome of D. salina. This map includes the plastidic MEP pathway and the 
different prenyl transferases that provide entry-step reactions into a variety of other pathways that are 
requiring isoprene subunits. 
 

Our analysis of the genome regarding genes coding for enzymes participating in terpenoid 
backbone biosynthesis is summarized in Fig. 2.  The numbers provided next to the green boxes 
with EC IDs indicate how many genes were identified and details on the genes are provided in 
Suppl. File 2. To put our results into context, we compared the numbers of genes identified in D. 
salina to its relatives C. reinhardtii and Haematococcus pluvialis [103] (Tab. 2). When exposed to 
abiotic stress conditions, zoospores of D. salina accumulate β-carotene in globuli in the plastid to 
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a level of up to 8% of the cellular dry weight [30]. In contrast, vegetative cells of C. reinhardtii do 
not contain secondary carotenoids, but rather maturing zygotes accumulate secondary 
carotenoids in oil bodies located in the cytosol. Similar to D. salina, vegetative cells of H. pluvialis 
respond to abiotic stress by accumulation of secondary carotenoids of up to 4% of the cellular 
dry weight [104,105], but only in oil bodies located in the cytosol comparable to the situation in 
C. reinhardtii zygotes.      
 
Table 2: Comparison of gene numbers identified in the genomes of the three related green algae D. salina 
(D.s.), C. reinhardtii, (C.r.) and H. pluvialis (H.p.). For C. reinhardtii, data were extracted from Phytozome. 
For H. pluvialis, data were extracted from Luo et al. [103]. The asterisk denotes that H. pluvialis is a diploid 
organism. Empty cells for H. pluvialis indicate that no information is available. 
 

EC number Enzyme D. s. C. r. H. p.* 

2.2.1.7 1-deoxy-D-xylulose-5-phosphate synthase (dxs) 2 1 3 
1.1.1.267  1-deoxy-D-xylulose-5-phosphate reductoisomerase (dxr) 1 1 3 
2.7.7.60  2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (ispD) 1 1 2 
2.7.1.148  4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase (ispE) 1 1 2 
4.6.1.12  2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (ispF) 1 1 2 
1.17.7.1 
(1.17.7.3) 

(E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase (gcpE, 
ispG) 

1 1 2 

1.17.1.4 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (lytB) 1 1 3 
5.3.3.2 Isopentenyl-diphosphate Delta-isomerase (idi) 2 2 3 
2.5.1.- Prenyl transferase 1 none  
2.5.1.1. Geranyl diphosphate synthase, GPS 1 none 2 
2.5.1.1/2.5.1.10 Farnesyl diphosphate synthase (2E,6E?); FDPS 1 1 3 
2.5.1.1/2.5.1.10/
2.5.1.29 

Geranylgeranyl pyrophosphate synthase  1 1 3 

2.5.1.32 Phytoene synthase 2 1 1 
2.5.1.32/2.5.1.21 Squalene/phytoene synthase 1 1  
1.3.5.5 15-cis-phytoene desaturase / plant-type phytoene desaturase; 

(PDS, crtP)  
3 3 5 

1.3.99.30 Bacterial-type phytoene desaturase, CrtI 2 0  
5.2.1.12 Zeta-carotene isomerase / 15-cis-zeta-carotene isomerase; Z-Iso 1 1  
1.3.5.6 Zeta-carotene desaturase / 9,9'-di-cis-zeta-carotene desaturase 1 1 3 
5.2.1.13  Carotenoid isomerase, chloroplastic; CrtISO 3 3  
5.5.1.19 Lycopene beta-cyclase 1 3 3 
5.5.1.18 Lycopene epsilon-cyclase (lcyE, crtL2) 2 1  
5.2.1.14 Beta-carotene isomerase;  3 2  
1.14.-.- Carotene beta-ring hydroxylase? 1 none 3 
1.14.-.- Carotene beta-ring hydroxylase; Lut5 2 3  
1.14.14.158 Carotenoid epsilon hydroxylase; CYP97C1; LUT1; 1 1  
1.14.13.24 Beta-carotene hydroxylase; CrtZ 1 1  
1.14.14.1 Cytochrome P450 CYP4/CYP19/CYP26 subfamilies 1 2  
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1.23.5.1 Violaxanthin de-epoxidase VDE, NPQ1 1 1  
1.14.13.90 Zeaxanthin epoxidase, ZEP 2 2  
1.14.99.63/1.14.
99.64 

Beta-carotene/zeaxanthin 4-ketolase; crtW, bkt 1 1 6 

 
Regarding the MEP pathway, D. salina is similar to C. reinhardtii, with the only difference 

being two genes coding for 1-deoxy-D-xylulose-5-phosphate synthase (DXS) in D. salina. 
Considering that H. pluvialis is diploid, with three genes coding for the DXS, it is more similar to 
D. salina. This additional gene for the DXS might have been expected for D. salina and H. pluvialis, 
because both species induce the accumulation of carotenoids. In higher plants, DXS controls flux 
into the MEP pathway [106]. Often, multiple copies of dxs genes coding for different classes of 
DXS are found when differential regulation of isoprenoid biosynthesis occurs [106], either in 
different tissues (fruit ripening [107]) or in the context of stress responses (pine resins [108]). 
Based on this comparison to higher plant metabolism, we hypothesize that in D. salina, the two 
dxs genes are differentially regulated with one isoform for green cells and the second gene up-
regulated specifically in response to abiotic stress. 

One of the two dxs genes (Dusal.0031s00031.1) is clustered directly next to a gene coding for 
a phytoene synthase (PSY) (Dusal.0031s00032.1), but we cannot evaluate this finding at this time. 
Clustering of genes involved in isoprenoid biosynthesis had been discovered and such gene 
clustering may play a role in regulation of gene expression in higher plants [109]. To the best of 
our knowledge, this is the first report of a gene cluster for isoprenoid biosynthesis in a green alga. 
As both the DXS and the PSY are known entry-step enzymes for isoprenoid and carotenoid 
biosynthesis, co-regulation of both genes is likely, but its significance in regulation of secondary 
β-carotene accumulation in D. salina remains to be explored.  

Taking the summary of prenyltransferase [102] for guidance, we identified at least one gene 
coding for all the different transferases that are deemed to be essential for green alga (Tab. 2 
and Suppl. File 2). However, we also identified one gene predicted to code for a geranyl 
diphosphate synthase (GPS) [EC 2.5.1.1], which was not found in the genome of C. reinhardtii, 
but is present in the genome of H. pluvialis. Potentially, this additional predicted GPS may be 
involved in accumulation of secondary carotenoids by providing the required precursors. 

In summary, genome-based evaluation of genes coding for enzymes participating in the 
terpenoid backbone metabolism revealed the DXS, PSY, and the GPS as targets for further 
investigations regarding regulation of stress-induced carotenoid accumulation.  
 
3.8.2 Carotenoid Metabolism 

 
Carotenoid biosynthesis begins with the PSY condensing two molecules of geranylgeranyl 

diphosphate. Fig. 3 shows the carotenoid biosynthesis pathway with genes identified mapped 
onto it. Details for the genes from D. salina are summarized in Suppl. File 2 and Table 2 compares 
the number of genes coding for enzymes of the core carotenoid biosynthesis pathway to C. 
reinhardtii and H. pluvialis. In general, the presence of genes coding for essential enzymes is 
conserved among these three related species of the Chlorophyceae. Nevertheless, there are 
some differences that may represent specific adaptations to stress in D. salina.  
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Figure 3: Genome-based carotenoid biosynthesis pathway identified for D. salina. Note the bacterial-
type and the plant-type pathway from phytoene to lycopene. The three genes coding for carotene 
isomerases are not included in the presented pathway, but they are discussed in the text. 
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Regarding the entry-step into carotenoid biosynthesis in D. salina, we had previously 
discovered that two different genes code for two PSY isoforms [110]. This finding was confirmed 
and the existence of two psy genes is unique in D. salina, as compared to other green algae. Even 
for the carotenogenic H. pluvialis, only one gene had been reported, which is upregulated at the 
transcriptional level in response to abiotic stress [103,105]. Notably, in plants, PSY is one of the 
main control points in the pathway [111] and many higher plants that have carotenogenic tissues 
contain multiple genes for the PSY, which are differentially regulated during development, for 
example, in fruit ripening [111,112]. We hypothesize that differential expression of the psy genes 
are partially responsible for accumulation of β-carotene under abiotic stress conditions. 
Importantly, genomic information on the two psy genes should now allow testing and verification 
of this hypothesis.  

In addition to the two psy genes, as indicated by the (+1) next to the box with [EC 5.2.1.32] in 
Fig. 3, we report on a third gene that is annotated as coding for a protein belonging to the 
squalene/phytoene synthase (SQS/PSY) superfamily (Suppl. File 2). Based on protein sequence 
homology, genes coding for this kind of SQS/PSY are also present in genomes of other green algae. 
Nevertheless, to date, no functional studies were reported on this protein leaving room for new 
discoveries.  

In plants, other carotenoids are made from phytoene by sequential actions of 
dehydrogenases and isomerases resulting in synthesis of lycopene. In contrast to plants, some 
bacteria perform all these reactions by the use of one enzyme, phytoene desaturase (CRTI). As 
shown in Fig. 3, based on homology-based functional annotations, we discovered that D. salina 
has two genes coding for putative CRTI enzymes. Consequently, D. salina may have both the 
bacterial and plant pathways. This is a novel finding and raises new questions about carotenoid 
biosynthesis in this alga. For example, are the putative CRTI enzymes converting phytoene into 
lycopene? If true, then where in the cell would these enzymes be located and would they be 
participating in the stress-induced carotenogenesis process? If false, then what function would 
the putative CRTI enzymes play in carotenoid metabolism? These putative CRTI enzymes may be 
exploited in metabolic engineering not just in D. salina, but also for other green algae.   

One topic not addressed in the carotenoid pathway map shown in Fig. 3 is that in D. salina 
many different forms of cis-β-carotene exist [113], although only trans-lycopene is made by the 
bacterial and plant pathways. Recently three genes were reported for 9-cis/all-trans β-carotene 
isomerases in D. bardawil [114]. Here we confirm the existence of these three genes also for D. 
salina.   

A topic of interest for metabolic engineering is the production of astaxanthin in Dunaliella 
[115]. As shown in Fig. 3, astaxanthin is made by concerted action of hydroxylases (LUT5 or CRTZ) 
and of the β-carotene ketolase (BKT or CRTW). H. pluvialis is cultivated commercially for 
astaxanthin production, but D. salina is only known to accumulate β-carotene. Here we report 
for the first time that the genome of D. salina contains a gene coding for BKT. Nevertheless, we 
did not identify any assembled transcripts from RNA-Seq data coding for the BKT, although we 
had cultivated D. salina under many different stress conditions. In contrast, the expression of bkt 
genes in H. pluvialis is immediately induced when cells are exposed to stress [105]. The lack of 
induction of the bkt gene by abiotic stress could be one reason why vegetative cells of D. salina 
do not accumulate astaxanthin. This lack of bkt expression was recently also described for C. 
reinhardtii [116]. 
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In summary, we report that carotenoid biosynthesis of D. salina has some aspects that are 
different from the related C. reinhardtii and H. pluvialis. In particular, discovery of a gene cluster 
containing one dxs and one psy gene as well as potential presence of genes coding for the 
bacterial type CRTI open new avenues of dissection of molecular regulation of carotenogenesis 
and concomitantly are of great interest for future metabolic engineering.  

  
3.9 Plastid-localized Carotenoids Globules. 

 
A specific feature of D. salina and D. bardawil is that stress-induced synthesis of secondary β-

carotene is localized to lipid globuli within the chloroplast [30]. All other green algae accumulate 
secondary carotenoids in cytosolic oil bodies [117]. These β-carotene globuli from D. salina are 
similar to plant plastoglobuli [118,119] and are hypothesized to have originated from eyespot 
globuli [120]. Plant plastoglobuli are surrounded by a coat that is made up of special plastid-lipid-
associated protein-fibrillins (PAP-fibrillins) [121]. We observed that the genome of D. salina 
contains 13 genes predicted to code for PAP-fibrillins (Suppl. File 2), which is consistent with a 
report that β-carotene globules from D. bardawil contain PAP-fibrillins [122].  
 
4. Conclusions 

 
Our analysis of the genome of D. salina has identified a variety of gene families that could 

provide further insights into osmoadaptations in this halophilic green alga. We found unique 
gene families coding for the Ser-Thr-rich glycosyl-phosphatidyl-inositol-anchored membrane 
proteins, which are likely plasma membrane bound. Further, mannosyltransferases (unique 
genes) and galactosyltransferases (expanded gene family) are implicated in synthesis of 
glycoproteins that are possibly part of the elastic pericellular matrix. Additionally, the 
transmembrane proteins of the Patched family are receptors transducing Hedgehog signals. 
Taken together, these findings suggest that modifications at the plasma membrane level play 
major roles in adaptations to life in hypersaline environments. This finding may not be 
unexpected, because the plasma membrane is the first contact point with the environment. 
Nevertheless, our results represent discoveries that will enable and advance innovative studies 
regarding dissection of the molecular mechanisms underlying osmoadaptations in this alga. 

Importantly, several of the expanded and under-represented as well as potentially lost gene 
families we identified are predicted to code for proteins that may be involved in the molecular 
mechanisms of sensing and signal transduction in response to abiotic stress conditions. An 
example is the gene family of the annexins, which suggests an important role for calcium in 
signaling and signal transduction in stress response in D. salina. Moreover, the patched family 
proteins are known to play a role in regulation of development in animals. Its functions are 
unknown for D. salina, opening novel avenues for research into these kinds of proteins in algae. 

The core carbon metabolic network together with the mapped terpenoid/carotenoid 
metabolism provide roadmaps for investigations of regulation of carbon partitioning into glycerol, 
carbohydrates, lipids and carotenoids. The enolase, TPI, DXS, PSY, and CRTI are potential novel 
targets for metabolic engineering in directing carbon flux for example towards carotenoids.    
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The annotated genome of D. salina will enable in-depth studies regarding ion homeostasis in 
this halophilic eukaryote. Our findings regarding ion channels and transporters may stimulate 
investigations into the molecular mechanisms of salinity tolerance.    

In conclusion, our results provide targets not only for future research into adaptations to life 
in high salt in this model algal, but also for genes that may be applied to engineering of salt 
tolerant crop species [123]. 
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