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ALGAL STRAINS

Field of the Invention

The present invention relates to algal strains, compositions or taxonomy and in particular but not
exclusively to algal compositions or clades for the production of compounds and in particular carotenes,

such as [3-carotene.

Background of the Invention

Algae are well known, for example there are over twenty strains of algae assigned to the genus,
Dunaliella, have been isolated from various hypersaline environments. Dunaliella is one of the richest

sources of natural B-carotene.

Dunaliella salina is a type of halophile green micro-algae. Halophiles are organisms living and thriving in
environments of high salinity. D. salina is known for its high concentration of carotenoids that provide
protection against the intense light normally measured in salt evaporation ponds. Due to its carotenoid

accumulation, D. salina has various applications in health and nutrition.

Dunaliella salina is a rich source of natural orange-, yellow- or red-pigmented carotenoids. Their
antioxidant and pro-retinoic acid activity may protect humans from compromised immune response,

premature ageing, cancers, cardiovascular disease and arthritis.

Duniella salina consists of a species complex made up of a diverse range of isolates collected from
natural and man-made hypersaline environments. Strains are routinely erroneously assigned to and

within this complex.

Dunaliella (Chlorophyceae, Dunaliellales) is a genus of algae with immense economic potential owing to
its production of an array of exploitable compounds, including f3-carotene, glycerol and phytosterols.
Microalgal species within this genus include halophilic and halotolerant strains, with D. salina able to
tolerate NaCl saturation of approximately 5.5 M NaCl. Dunaliella lacks a polysaccharide cell wall and has
a flexible cell membrane capable of rapidly changing shape in response to osmotic stress. Cell size is also
highly variable with differences in cell size related to growth conditions, e.g. nutrients, pH and salt
concentration and can also vary within the same culture at the same stage of growth, for example D.

salina exhibits 5-29 pm cell length, 3.8-20.3 pm width).

Within the family Dunaliellaceae are four sections of Dunaliella; section Tertiolectae which are oligo-

euhaline and do not accumulate carotenes and grow at an optimum salinity of <6% NaCl; section
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Dunaliella which are halophilic species that accumulate carotenes; section Virides which are hyperhaline,
always green and radially symmetrical; and Peirceinae which are hyperhaline, always green but cells are

bilaterally symmetrical.

Presently, within the section Dunaliella are three accepted species, D. salina, D. parva and D.
pseudosalina as well as D. bardawil, which is also considered as D. salina in some studies. D. salina is
particularly polymorphic, with cells pigmented green or red, dependent on the amount of B-carotene
accumulated. Under high stress conditions, members of this species can accumulate >5% B-carotene dry
weight. D. bardawil was originally reported to accumulate considerably larger amounts of B-carotene
compared with D. salina, accumulating the B-carotene in membrane-free globules in the interthylakoid

spaces of the chloroplast.

D. parva typically accumulates up to 5% B-carotene dry weight and D. pseudosalina cells can be
pigmented yellow/orange due to the accumulation of canthoxanthin as their main carotenoid pigment, as

opposed to -carotene.

The section Virides is a large group, encompassing | | species. However, four of these species (D. baas-
beckingii, D. media, D. ruineniana and D. gracilis) have been described based on a single field collection
so are essentially provisional names. Variations in cell shape and size, flagella length and stigma are
criteria often used to delineate these species from each other, e.g. D. bioculata has 2 stigmata whereas
the other species have |. Members of the Virides are often difficult to classify purely based on
morphology, with D. viridis and D. minuta being particularly difficult to resolve due to their similar cell

size and the ambiguous characteristic of cell form, defining these two from each other.

Genotyping is now considered imperative for the accurate classification of Dunaliella species, with the
ribosomal markers 185 rRNA and ITS2 at the forefront of phylogenetic analyses; however, other
commonly used markers for Dunaliella sp. and, indeed other marine algae. Furthermore, by exploiting
the sporadic occurrence of the group | introns within the 18S rDNA, the 18S has proven useful as a size
indicator of different Dunaliella species. The absence of introns in the |85 rDNA in the Tertiolectae, |
intron in D. salina, 2 introns in D. bardawil and | intron for D. viridis (that differs to the aforementioned

species), have been used to define these species.

The hypervariable regions, ITS I, 5.85 rRNA and ITS 2, have been frequently employed by molecular
studies of this important algal group; interestingly, some studies have favoured to use each spacer
sequence separately in phylogenetic analysis. Assungao et al. 2012 undertook a comprehensive analysis
of 3 Dunaliella species using ITS 2, identifying 5 main clades, viridis, salina |, salina Il, tertiolecta and

pseudosalina, with the latter clade being somewhat ambiguous due to problems with taxonomy.
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ITS markers are often favoured for identification as there are many copies in the genome making it easy
to amplify, it is biparentally inherited and insertions/deletions within the sequence are common meaning
there is good variability between species. Other nuclear markers used for the analysis of Dunaliella from
hypersaline environments include the large subunit rDNA and small subunit rDNA and these have

shown good potential for taxonomic resolution.

Both rbcL and tufA are plastid genes, with tufA encoding elongation factor Tu, and has become more
frequently used for molecular studies of algae. Availability of sequences, however, is limited with only
two sequences for Dunaliella sp. available in Genbank, making phylogenetic analysis less conclusive
compared to other markers. Moniz et al., 2014 used the tufA gene in their analysis of the order
Prasiolales (Chlorophyta) finding that there was good agreement between the phylogenies of tufA, rbclL
and psaB. Presently, tufA as a marker for Dunaliella taxonomy has not been thoroughly examined and
its potential not fully realised. rbcL analysis has typically not highlighted intraspecific variation to the

same degree as other markers such as the |TS regions.

Suitable molecular tools are needed for accurate identification of species as this will aid in accurately
identifying those isolates that will be economically valuable, e.g. strains of D. salina that produce high
levels of 9-cis-B- carotene that is economically more valuable than its isomer all-trans-f-carotene, and to
further understand the molecular evolution of this important group. This study set out to genetically
characterise a range of Dunaliella isolates collected from a range of geographical provinces including
Israel, Spain, South Africa, Italy and Namibia. We sought to employ a suite of molecular tools to provide

a comprehensive analysis of different markers and their suitability for application to the genus Dunaliella.

Summary of the Invention

Accession numbers:

CCAP 19/40 Dunaliella salina PLY_DF-40
CCAP 19/41 Dunaliella salina rubeus PLY_DF-15

Dunaliella strains from Eilat, Israel and Monzon, Spain, were isolated and characterised by the Marine
Biological Association, UK (https://www.mba.ac.uk/). These strains are now available by application to

the MBA Culture Collection.

Dunaliella salina strain DFI5 isolated from Eilat, has a significantly higher cellular content and higher
productivity of carotenoids than many other hyper-accumulating carotenogenic strains such as D.

bardawil UTEX 2538.
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Dunaliella salina strain DF40 isolated from Eilat is very similar to D. bardawil and grows in very highly

saline water associated with crystallizing salt ponds.

Some aspects of the present invention relate to halotolerant hyper-accumulating carotenogenic strains

of Dunaliella.

An aspect of the present invention provides a new composition or taxonomy containing algae from the

sections Dunaliella and Virides.

A further aspect provides an algal composition or taxonomy comprising, consisting of or including D.

rubeus, D. salina aureus and D. velox.

A further aspect provides a composition or taxonomy containing algae from the genus Dunaliella in a
body of aqueous nutrient solution, in which the algae is from a clade other than the D. bardawil and
salina salina clades.

The composition or taxonomy may be provided in a salt solution.

The salt solution may contain less than 6% NaCl.

A further aspect provides a method of strain selection or determination for the production of B-

carotene by growing alga of the genus Dunaliella and extracting the B-carotene produced thereby.

The alga may be from a clade other than the previously described D. bardawil and D. salina salina clades.

The alga may be selected from the group comprising: (a) D. salina aureus SA3, SA4, Té8, T41, T36, and
T37 (b) D. rubeus DFI5 (c) D. velox SA5, SA6.

An aspect of the present invention provides a method of producing B-carotene by growing alga of the

genus Dunaliella and extracting the -carotene produced thereby.

The alga may be from a clade other than the previously described D. bardawil and D. salina salina clades.

The alga may be selected from the group comprising: (a) D. salina aureus SA3, SA4, Té8, T41, T36, and
T37 (b) D. rubeus DFI5 (c) D. velox SA5, SA6.
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A further aspect provides an algae bio-refinery, for example a microalgae-based biorefinery, comprising
or including one or more strains of algae described herein for the production of one or more (useful)

compounds.

Some aspects of the present invention relate to an algae biorefinery, based on biomass from the

halotolerant microalga Dunaliella salina.

The biorefinery elements may be integrated and optimised using sustainability assessments. The
biorefinery elements include:
|. Biomass: New strains cultivated in lakes, raceways and photobioreactors.

2. Bioprocessing: Key biomass processing technologies are applied to the biomass.

Some aspects include innovative spiral plate technology for dynamic settling:
Ultramembrane filtration
Supercritical CO2 techniques

High performance counter-current chromatography

In the biorefinery of the present invention several extraction methods may be used (supercritical CO,,
high-performance counter-current chromatography, membrane technology, hydrophobic interaction
resins and ion exchange resins). Each of these technological pathways is suitable for efficiently recovery

of a specific class of products.

After harvesting, the collected algal biomass, usually a liquid suspension, should be processed
immediately. If it has to be shipped for processing it should be dried to avoid degradation of biomass and
costs of transporting water. Two different methods include:

|. Freeze-drying or lyophilisation, a dehydration process which involves freezing the material and then
reducing the surrounding pressure to allow the frozen water to sublimate (from solid to gas).

2. Spray-drying. Here, the algal suspension is rapidly dried with a hot gas.

The present invention utilizes three harvesting systems for Dunaliella biomass, depending on the end-
products required:

|. Stacked disk clarifier centrifuges: Dunaliella cells are enriched in B-carotene and lack of glycerol and
other water soluble compounds.

2. Evodos dynamic settling machines: Dunaliella cells are rich in B-carotene with predominantly intact
cells.

3. Membrane filtration: Dunaliella cells enriched in B-carotene retain on membrane, while solutes as well

as bacteria and viruses pass through.
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Aspects and embodiments of the present invention may comprise, consist of or include: (i) process of
isolating and characterizing a new microorganism; (ii) new microorganism as produced by a defined
process; (iii) new microorganism per se; and (iv) process of cultivation or otherwise using a known or
new microorganism to: (a) a form of multiplied microorganism itself, for example biomass, and (b) a by-

product of microbial growth, for example a useful industrial product.

Referring now to the drawings, aspects and embodiments of the present invention are further described.
One of ordinary skill in the art will appreciate the many possible applications and variations of the

present invention based on the following examples of possible embodiments of the present invention.

The example embodiments are described in sufficient detail to enable those of ordinary skill in the art to
embody and implement the systems and processes herein described. It is important to understand that
embodiments can be provided in many alternate forms and should not be construed as limited to the

examples set forth herein.

Accordingly, while embodiments can be modified in various ways and take on various alternative forms,
specific embodiments thereof are shown in the drawings and described in detail below as examples.
There is no intent to limit to the particular forms disclosed. On the contrary, all modifications,
equivalents, and alternatives falling within the scope of the appended claims should be included.
Elements of the example embodiments are consistently denoted by the same reference numerals

throughout the drawings and detailed description where appropriate.

Unless otherwise defined, all terms (including technical and scientific terms) used herein are to be
interpreted as is customary in the art. It will be further understood that terms in common usage should
also be interpreted as is customary in the relevant art and not in an idealised or overly formal sense

unless expressly so defined herein.

Brief description of Figures and Tables

Figure |: Images of the different Dunaliella strains isolated in this study (a) D. salina bardawil DF40 (b)
D. salina bardawil DF45 (c) D. salina salina DF17 (d) D. salina salina T4 (e) D. salina salina T37 (f) D.
salina rubeus DFI5 (g) D. velox SA6 (h) D. tertiolecta DF44 (i) D. viridis SA2 (j) D. bioculata DF48 (k)

D. minuta T34 (I) D. minuta T75. Scale bar is equivalent to 25pm.

Figure 2: Neighbour-joining tree of Dunaliella strains isolated during this study and sequences from
Genbank based on a 477bp alignment of the LSU gene. Bootstrap values were retrieved from [000
replicates and those >70% are indicated at the nodes for neighbour-joining, maximum likelihood and
Bayesian respectively. Strain names followed by an asterisk indicate proposed taxonomic changes, where

D. bardawil UTEX 2538 and ATCC 30861 has been proposed as D. salina (Borowitzka & Siva, 2007); D.
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bioculata UTEX 199 has been proposed as D. tertiolecta (Assuncao et al., 2012); D. salina UTEX 200
has been proposed as D. viridis (Borowitzka & Siva, 2007); D. peircei UTEX 2192 has been proposed as
D. maritima (Borowitzka & Siva, 2007) and D. viridis (Assuncao et al., 2012).

Figure 3: Neighbour-joining tree of Dunaliella strains isolated during this study and sequences from
Genbank based on a 52|bp alignment of the rbclL gene. Bootstrap values were retrieved from 1000
replicates and those >70% are indicated at the nodes for neighbour-joining, maximum likelihood and
Bayesian respectively. Strain names followed by an asterisk indicate proposed taxonomic changes, where
D. bardawil UTEX 2538 and ATCC 30861 has been proposed as D. salina (Borowitzka & Siva, 2007); D.
bioculata UTEX 199 has been proposed as D. tertiolecta (Assuncao et al., 2012); D. salina UTEX 200
has been proposed as D. viridis (Gonzalez et al., 200 |; Borowitzka & Siva, 2007).

Figure 4: Neighbour-joining tree of Dunaliella strains isolated during this study and sequences from
Genbank based on a 614bp alignment of the tufA gene. Bootstrap values were retrieved from 000
replicates and those >70% are indicated at the nodes for neighbour-joining, maximum likelihood and
Bayesian respectively. Strain names followed by an asterisk indicate proposed taxonomic changes, where

D. bardawil UTEX 2538 and ATCC 30861 has been proposed as D. salina (Borowitzka & Siva, 2007).

Figure 5: Neighbour-joining tree of Dunaliella strains isolated during this study and sequences from
Genbank based on an 530bp alignment of the ITSI, 5.85, ITS2. Bootstrap values were retrieved from
1000 replicates and those >70% are indicated at the nodes for neighbour-joining, maximum likelihood
and Bayesian respectively. Strain names followed by an asterisk indicate proposed taxonomic changes,
where D. bardawil UTEX 2538 and ATCC 30861 has been proposed as D. salina (Borowitzka & Siva,
2007); D. bioculata UTEX 199 has been proposed as D. tertiolecta (Assuncao et al., 2012); D. peircei
CCAP 19/2 has been proposed as D. tertiolecta (Gonzalez et al., 2001); D. parva SAG 19-1 has been
proposed as D. maritima (Borowitzka & Siva, 2007) and D. viridis (Assuncao et al,, 2012); D. salina
CCAP 19/3 has been proposed as D. viridis (Borowitzka & Siva, 2007); Dunaliella sp. ABRIINW M1/|

has been proposed as D. viridis (Assuncao et al., 2012).

Figure 6: Neighbour-joining tree of Dunaliella strains isolated during this study and sequences from
Genbank based on an alignment of a concatenation of the ITS-LSU-rbcL-tufA sequences used to produce
Fig. 2-Fig. 5. Bootstrap values were retrieved from 1000 replicates and those >70% are indicated at the
nodes for neighbour-joining, maximum likelihood and Bayesian respectively. Images show the
morphology of representative strains and the scale bar is equivalent to 25pm. Strain names followed by
an asterisk indicate proposed taxonomic changes, where D. bardawil UTEX 2538 and ATCC 30861 has
been proposed as D. salina (Borowitzka & Siva, 2007).

Figure 7: CLUSTALW alignment of the V9 SSU sequences generated in this study and sequences from

Genbank. Dots 517 indicate identical nucleotides and letters indicate nucleotide substitutions.
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Figure 8: Maximum likelihood phylogenetic tree based on ITSI-ITS2, rbcl, 285 rDNA & 185 rDNA

sequences.

Figure 9: Growth curves for DFI5 (red line) and DF17 (green line) where arrows indicate timings of
RNA extractions for transcriptome sequencing. Inserts: Images of DFI5 (red box) and DFI7 (green

box).

Figure 10: Microscopy observation of Dunaliella cells and photographs of stationary phase cultures of
CCAP 19/30, UTEX 2538, DF17, DF40 and DFI5 grown under a light intensity of 100~200 pymol m?2 s’
at 20°C. (a) Microscopy photographs taken through a light microscope (Nikon Eclipse Ti-U) with a
magnification of 600x; (b) Differential interference contrast (DIC) microscopy photographs taken
through a confocal microscope (ZEISS LSM 880) with a magnification of 630x. (¢) Photographs of the

cultures obtained for each Dunaliella strain grown under identical conditions.

Figure 11. Growth curves for the five Dunaliella strains: (a) CCAP 19/30; (b) DFI5; (c) DF17; (d)
DF40; (e) UTEX 2538 each grown under four identical light intensities of 200, 500, 1000 and 1500 pmol
m? s at a light/dark cycle of 12 h light and 12 h dark (LD200, LD500, LD 1000 and LD 1500); (f) specific
growth rates of each strain grown under the four light intensities. Each culture condition was set up in

triplicate.

Figure 12. Photosynthesis (a) and respiration (b) of the five Dunaliella strains cultivated under four light
intensities of 200, 500, 1000, and 1500 pmol m™2s™'. Samples were taken at the mid log phase and all

culture conditions were repeated at least in triplicates.

Figure 13. Cellular content of total chlorophyll (a) and total carotenoids (b) of the five Dunaliella
strains grown under four light intensities of 200, 500, 1000, and 1500 pmol m?ls. Samples were taken

at the mid log phase and all culture conditions were repeated at least in triplicates.

Figure 14. HPLC chromatograms of MTBE/ethanol extracts of the five Dunaliella strains cultivated
under 1500 umol m™ s™'. The major peaks shown are: (1) lutein, (2) zeaxanthin, (3) al-trans a-carotene,

(4) all-trans B-carotene and (5) 9-cis B-carotene.

Figure 15. Cellular contents of (a) all-trans 3-carotene, (b) 9-cis 3-carotene, (c) lutein, (d) zeaxanthin,
(e) all-trans a-carotene and (f) glycerol in the five Dunaliella strains cultivated under four light intensities
of 200, 500, 1000, and 1500 pmol m? s'. Samples were taken at the mid log phase and all culture

conditions were repeated at least in triplicate.
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Figure 16. Cluster dendograms of all-trans B-carotene, glycerol, lutein, zeaxanthin, all trans a-carotene,
photosynthesis, respiration, total carotenoids, and total chlorophyll for all five Dundliella strains

cultivated at four light intensities. (a) CCAP 19/30; (b) DFI5; (c) DFI17; (d) DF40 and (e) UTEX 2538.

Figure 17. Principle component analysis of || traits (all-trans B-carotene, 9-cis B-carotene, glycerol,
lutein, zeaxanthin, all-trans o-carotene, photosynthesis, respiration, total carotenoids, total chlorophyll,

and specific growth rate) for all five Dunaliella strains cultivated at four light intensities.

Table I: Dunaliella sp. isolates collected during this study.

Table 2: Primers used in this study.

Table 3: Results from intron sizing and sequence alignments of introns.

Table 4: Gene annotation and relative expression analysis in biochemical pathway genes involved in
carotenogenesis for strain DFI5. Gene expression normalised to cell number (Figure 9) and data is
shown in linear RPKM values. Grey= 0-10 and blue = 10-100 (no to low level expression); yellow=100-
400 and orange=400-800 (medium levels of expression); brown=800-1200, red=1200-1600 and dark
red=1600+(high levels of expression).

Table 5: Gene annotation and relative expression analysis in biochemical pathway genes involved in
carotenogenesis for strain DFI7. Gene expression normalised to cell number (Figure 9) and data is
shown in linear RPKM values. Grey= 0-10 and blue = 10-100 (no to low level expression); yellow=100-
400 and orange=400-800 (medium levels of expression); brown=800-1200, red=1200-1600 and dark
red=1600+(high levels of expression).

Table 6. Chlorophyll and carotenoid content of the five Dunaliella strains at early stationary phase;
cultures were maintained in the incubator at (20 + 2) °C with 12/12 light/dark with light intensity of ~50

umol photons m? s' for ~4 weeks.

Table 7. Two-way ANOVA analysis of the responses of all examined variables (photosynthesis,
respiration, doubling time, all-trans B-carotene, 9-cis B-carotene, glycerol, lutein, zeaxanthin, all-trans _-
carotene, total carotenoids, total chlorophyll) to strain and light intensity and their interaction (Light
intensity*Strain). The values of all observations were transformed by taking log function, square root
function or reciprocal to fit linear models. Df: degrees of freedom; F values:variation between sample
means; P values: significance levels and a star (*) indicates P < 0.05, two stars (*¥) P £ 0.0] and three

stars (**¥) P < 0.001.



10

15

20

25

30

35

WO 2018/141978 PCT/EP2018/052840

Detailed description

Microscopy observation

Microscopy clearly identified cells that had accumulated B-carotene owing to the orange-red colouration
and hence those affiliated to the section Dunaliella, species D. salina (Fig. 1). These cultures (DF40,
DF41, DF45, DF17, DFI15, T36, T27, T41, Té8, SA4 and SA3) ranged in mean cell length of 12.65-18.22
pm and cell width of 10.26-15.15 pm. Cell shape was variable and stigma was not easily identifiable due
to the presence of refractile granules. The green cultures of SAl, SA2, DF48, SA7, T32, T34, T76,
proposed to belong within the broad taxonomic section ‘Virides’, were much smaller ranging from a
mean of 6.27-7.49 pm length; 3.2-4.9 pm width. Whilst T77 had similar features to the others, it was
much smaller (mean cell length 2.33pm; width 2.04). The stigma was clearly visible in these cells. In the
case of DF48, SA7, T32, T34, T75 and T76, the anterior of the cell was colourless and free of
chloroplast with the pyr enoid often clearly defined in the basal cell, furthermore, DF48, SA7, T32, had
the presence of 2 stigmata in the anterior part of the cell, a feature described in D. bioculata, a member
of the Virides. SA5 and SA6 were slightly larger than the aforementioned green strains (7.61-8.13 pm

length; 5.49-6.41 pm width). Cells were oval/pyriform and the stigma could be identified.

I8S Intron-sizing method and sequence analysis

As anticipated, according to Olmos et al. 2009, isolates identified microscopically as D. tertiolecta had
no introns (Table 3). We also identified two different strains of D. salina, as reported in Olmos et al.
(2009), those with 2 introns and those with one. Further to this however, isolates that were assigned as
D. salina microscopically were found to have no introns, i.e. the same MAI/2 amplicon size as D.
tertiolecta. In this study, we amplified from two of the same isolates as Olmos and co-workers, with
differing results. They reported D. bardawil UTEX 2538 to have 2 introns whereas we sized it to have |.
Moreover, we sized D. bardawil ATCC 30861 to have O introns which is intriguing as this strain and
UTEX 2538 are meant to be the same culture. Strain ATCC (American Type Culture Collection) 30861
was isolated by Ben-Amotz and Avron in 1976 from a salt pond near Bardawil, Israel, and this strain was
then deposited in the Culture Collection of Algae at the University of Texas at Austin (UTEX) by R.
Adams between 1980 and 1982. So, not only do we have contradicting results regarding D. bardawil
UTEX 2538 18S sizing we also are raising the issue as to whether it is the same strain as ATCC 30861.
The culture collection legacy of this strain continues as three other culture collections host this strain as
the same to the original D. bardawil isolated by Amotz and Avron. DCCBC (Dunaliella Culture
Collection at Brooklyn College) received the strain from UTEX in 2002, SAG (Culture Collection of
Algae at Goettingen University) received the strain from Avron via Prof Thompson in 1988, re-naming it
D. salina SAG 42.88 in 2001, and CCAP (Culture Collection of Algae and Protozoa) received the strain
from SAG in 1996 (Muller, 2005). Olmos et al., 2009 reported the CCAP 19/30 sequence in genbank,

deposited by Herve in 2006, to have | intron.
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Both this study and Olmos et al., 2009 reported CCAP [9/30 to have no introns. In this study we also

sequenced the 18S amplicons for the majority of isolates, detecting 5 different sequences for each of the

introns (Table 3).

DFI5 was the only strain to produce two different sized-amplicons with the intron sizing method,
leading us to suspect contamination of the culture. To ensure this was not a result of contamination,
further rounds of single-cell picking from the culture was undertaken to ensure clonality and 6 more
cells were picked from this culture, washed and grown up in higher salt media (150 g/L) to select for D.
salina. The 185 PCR was repeated with all the newly isolated clones with the PCR consistently
generating 2 amplicons. Both PCR products were sequenced, with the smaller product found to contain
one intron and the larger product had two introns. When the sequences were compared, nucleotide

substitutions were detected across the whole sequence (both within the intron and exon regions).

Phylogenetic analysis

The large-subunit phylogeny distinguished three virides clades supported by high bootstrap values (Fig.
2) with SAIl and SA2 clustered with a known species of D. viridis. The LSU phylogeny created a large
clade of strains assigned as D. salina and D. tertiolecta with weakly supported subclades, owing to only a
small number of nucleotide substitutions between strains of D. tertiolecta and D. salina, e.g. D.
tertiolecta UTEX 199 has 2bp difference across the 477bp alignment with D. salina DF41. Within this
large group however, SA5 and SA6 were separated and clustered with D. salina UTEX 200 (now viridis)
and D. peircei UTEX 2192 (AKA SAGI19-1) (now viridis or maritima) which have been assigned within
the ‘pseudosalina’ clade by Assungao et al. (2012) or a viridis clade by Assungao et al. (2013). The
SA5/SA6 clade is supported high bootstrap values.

The rbcl phylogeny (Fig. 3) also grouped strains assigned as D. tertiolecta with D. salina, however there
were 2 separate clades of D. salina, which follow the clustering patterns described by Assungao et al.
(2012) (salina | and salina Il). The rbcL phylogeny is in agreement with the LSU phylogeny in that it forms
strongly supported clade of SA5 and SA6 and three Virides clades. Interestingly, however, T32, clusters
differently within the LSU phylogeny (with T76, T34 and T77), compared to the rbcL phylogeny where it
is identical to SA7 and DF48. The tufA phylogeny (Fig. 4) strongly supports the clustering of D.

tertiolecta in a separate clade to the D. salina clade which also encompasses the strains, SA5 and SAé6.

The Virides form 3 strongly supported subdivisions separated by long branch lengths with the distance
between T76 and DF48 equating to approximately 31 nucleotide substitutions between the two
subclades (comparing 614bp sequence). The phylogenetic tree based on ITSI, 58S and ITS2 (Fig. 5)
provided much more resolution compared to the other trees and was a robust tree supported by high
bootstrap values. Two salina groups were identified, according to Assungao et al. (2012) and these were
clearly separated by long branch lengths. Due to ambiguous bases in the DF 15 sequences, this amplicon

was cloned and sequenced, hence the inclusion in the tree of four DFI5 sequences. DF 15 clones were
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found to have nucleotide substitutions across the ITS region when sequenced with the three sequences
identified found to share >99% identity. Whilst grouping within the salina clade, DFI5 does not cluster
within either of the sub clades classified as salina | or Il by Assungao et al. (2012). SA5/6 formed a
separate clade with tentatively characterised D. viridis, D. maritima and D. tertiolecta. In all four trees,
SAI and 2 clustered together forming a clade with D. viridis sequences from genbank (where available)

that was separated by significant genetic distance and supported by high bootstrap values.

The concatenated tree of the 4 markers, ITS-LSU-rbclL-tufA (Fig. 6) was constructed to further
resolve/affirm any clades/sub-clades to provide reliable information on the taxonomy of these strains in
combination with microscopy. It is important to note that in this tree, only sequences that were
generated in this study were used as it was difficult to confidently match sequences from genbank that
were derived from the same culture, particularly due to mis- identification and cross contamination
problems. Three sub-clades of the section Dunaliella were detected that morphologically were identified
as D. salina, and these were supported by significant bootstrap values. Within each of the subclades the
strains shared 99% identity, with all the strains morphological identified as D. salina sharing at least 97%
identity. D. tertiolecta strains (section Tertiolectae) shared 99% identity and 97% identity with members
of the section Dunaliella, with SA5/6 sharing 97% and 98% identity with members of section Dunaliella
and Tertiolectae respectively. A well delineated Virides section could be identified supported by high
probability, with members of this section sharing 91-93% identity with members of the Tertiolectae and
Dunaliella. The three clades identified within the Virides showed greater divergence with SAI/2 (D.
viridis) sharing 91% with the DF48 clade (D. bioculata) and 92% identity with the T75 clade (D. minuta).

V9 amplicon sequencing was undertaken for DF 15, DF 17, DF40, D. bardawil UTEX 2538, Dunaliella sp.
CCAP19/30, and D. tertiolecta UTEX 199 only, due to problems with sequence quality. The V9 primers
used were found to not only amplify Dunaliella DNA but also bacterial DNA (cultures were non-axenic)
and hence PCR products required cloning prior to sequencing to provide good quality sequences.
Sequences amplified from the Dunaliella sp. CCAP19/30 culture included Dunaliella sp. and Halomonas
sp. bacteria, and DF40 sequenced clones (6) were all Marinobacter sequences, suggesting this was
preferentially amplified by the V9 primers. However, multiple sequence alignment (Fig. 7) of the
sequences generated and those from Genbank showed that the members of the tentative clades, salina |,
and tertiolecta were identical, however salina I, and viridis were different. DF |5 was identical to salina |

and tertiolecta species.

The intron sizing method revealed useful information regarding the history of Dunaliella spp. in culture
collections. Olmos et al. (2009) concluded cross contamination of cultures had occurred resulting in
differences in amplicon sizes in what was thought to be the same culture. Our study confirms that,
based on sequencing analysis of 4 marker genes, the current CCAP [9/30 is in fact a strain of D.
tertiolecta, not D. salina. With regards to the supposedly same cultures of D. bardawil, strain UTEX

2538 had lintron and strain ATCC 30861 had 0 introns indicating they are not the same. The tufA and
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rbcl sequences for these 2 strains are identical but the ITS sequences differ by 2bp over the 553bp in
the multiple sequence alignment and the LSU sequence has 5 bp substitutions between them. Based on
these clear differences in the ribosomal genes, we conclude that these two strains are not the same.
This could be a result of cross-contamination, or alternatively if the original culture was not clonal,
different culturing conditions could have selected for different strains. These results are a cautionary tale
for anyone working on algal cultures, with genotyping of the strains an integral step to ascertain the
taxonomic affiliation of the strains one is studying. The fact that a group of D. salina have no introns (the
same as tertiolecta) negates the intron-sizing as a tool for separating these strains from each other as
both an isolate of tertiolecta and salina would produce the same size amplicon despite these two being

very different species.

Whilst there is a high copy number of the rDNA, concerted evolution typically results in identical
sequences of this gene within the genome so it is surprising to get two different versions of this gene in
DF15. Intragenomic sequence variation however is conceivable in the case of DFI5, since its clonality
has been verified. Certainly, Alverson and Kolnick (2005) reported intragenomic nucleotide
polymorphisms within the 185 rDNA of the diatom Skelatonema, however the differences identified
were random single nucleotide polymorphisms rather than whole introns. We propose that DFI5
represents a novel lineage and as such concerted evolution has not progressed to completion as seen in
the other Dunaliella species. Alternatively, it is possible that the rate of variation is exceeding concerted
evolution with the hypersaline harsh environment selecting for heterogeneity. However, if indeed this

was the case we would predict to see this heterogeneity in more strains.

Comparing the four markers analysed in this study shows that the LSU and rbcl are least useful in
resolving the Dunaliellaceae family with the section Dunaliella and Tertiolectae forming weakly
supported subclades with low boot strap values (<70%) yet they do cluster as expected and provide
some information on the relationships between the different strains. Both these markers identify the
two groups of D. salina as identified by Assungao et al. (2012). These markers also separate SA5 and
SA6 from the other strains and form a well-supported clade of D. viridis strains. tufA, which to our
knowledge has never been used for phylogenetic analysis of Dunaliella, was able to separate Virides,
Tertiolectae and Dunaliella with high reliability however the two D. salina groups and SA5/6 clusters are
less clear. The phylogenetic tree based on the ITS regions gave the most information, with subdivisions
strongly supported by high bootstrap values. The concatenated tree further reinforces the ITS regions
with a clearer delineation of different phylogroups and adding the information on the intron

presence/absence and sequence can provide further information on the subdivisions.

As a marker on its own, the V9 region does not offer enough variability for accurate taxonomy for the
Dunaliella species. The V9 region lends itself to next generation sequencing methodologies, due to its
heterogeneity and short length, however, the fact that 3-4 groups cannot be resolved using this marker

raises questions on its suitability for analysis of hypersaline microbial communities as a significant portion
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of Dunaliella diversity will be missed. The V2-V4 region of the |8S was found to have best phylogenetic
resolution compared to the other hypervariable regions in dinoflagellates

(Ki 2012), however, this was not tested here.

The section Dunaliella contains hyperhaline species that accumulate carotenes and includes the species,
D. salina, D. pseudosalina and D. parva. Two clusters of D. salina have been previously identified, e.g.
salina | and salina Il based on the ITS2 sequences (Assungao et al. 2012). Strains isolated during this
study fall into both these groups which can be distinguished from each other based on rbcl, LSU and
ITS. One distinctive D. salina strain DFI5 (high B-carotene producer), however, was significantly
different and does not delineate with either groups. This strain is somewhat of an enigma with the
different markers used clustering it (weakly) with different groups, e.g. DF15 clusters with DF17 and D.
bardawil UTEX2538 in the LSU and rbclL phylogenies, respectively. Morphologically it has proven
difficult to resolve differences between D. salina strains, however, 4 formae have previously been
described in the literature. D. salina spp. salina fo. sibirica; a freshwater species with cells that are
broader in the middle or anterior region (Massjuk and Radcénko 1973), D. salina spp. salina fo. oblonga;
cylindrical cells of 7-28 pm length, 5-13 pm width, D. salina spp. salina fo. magna; cells ovoid with a cell
volume >1000 pm?® and cell length 7.5-29 pm, cell width 7.5-21 pm, and D. salina spp. salina fo. salina;
which is similar to magna but with smaller cell dimensions. These formae have primarily been based on
cell shape which can be an ambiguous criterion to use as cell shape can vary considerably based on
differing culture conditions therefore we feel it unreliable to use further as a taxonomic criterion.
Whilst it still may be valid to use these names to describe D. salina, with genetic data now available, we
believe a revision in taxonomy is demanded. There is definitive D. salina taxa, i.e. hyper B carotene
producers, with sequence information providing robust segregation into 3 clades. We propose that
members of the previously identified salina clade Il (Assungao et al. 2012) to be referred to as D. salina.
This group contains the original isolate of what we know as D. salina, isolated in 1967 by Loeblich from
Baja California and is deposited within the UTEX culture collection as #1644. However, this species
should be subdivided into D. salina salina and D. salina aureus based on the phylogenetic analysis that
sub-divides this D. salina clade into two. What has been identified as the salina | clade should be referred
to as D. bardawil as it refers to the first isolate within this clade, D. bardawil, isolated in 1976. Although,
there is some dispute over the existence of D. bardawil due to conflicting morphological and
physiological data, the genetic data supports the delineation D. bardawil from D. salina. Whilst some
studies have reported similarities between these species (Jahnke et al. 1999; Borowitzka and Siva 2007),
other studies using genetically verified strains of D. salina and D. bardawil have identified physiological
differences, e.g. Gomez et al. (2003) reported that D. salina CONCO007 (verified as D. salina by
Assungao et al. 2012) had the highest carotenoid to chlorophyll ratio in high salinities, whereas D.
bardawil showed the opposite trend. Clearly, morphological and physiological properties can vary within
a species so the genetic data is required to robustly classify the different isolates. Finally, we propose,

the new clade that contains DF15 as the sole member as D. rubeus (rubeus - latin for red and the first
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name for the giant in Harry Potter, Rubeus Hagrid) owing to its large size under high stress and intense

red colouration. All of these strains should be classified under the section Dunaliella.

SA5 and 6 cluster with sequences from the tentatively designated pseudosalina by Assungao et al. (2012)
and viridis IV clade as defined by Assungao et al. (2013). D. pseudosalina cells are classified as green to
orange in colour with wide cylindrical, oval shaped cells exhibiting radial symmetry. Cells range from | |-
23 pm length; 6-16 pm width with flagella 1.5 x cell length and a large distinctive elongated stigma
(Massyuk 1973). D. parva can turn orange/red under high stress typically accumulating up to 5% B
carotene dry weight (less than D. salina) and have a distinct stigma (Massyuk 1973). SA5 and SA6 are
smaller cells that resemble those of the viridis clade rather than D. pseudosalina and furthermore do not
accumulate 3 carotene as one would expect in D. parva. However, the phylogenetic analysis clearly
separates them from the other D. viridis sequences available, assigned as viridis clade | by Assungao et
al. (2013), with significant genetic distance. Furthermore, SA5 and é have a unique intron further
supporting they are a distinct clade. Sequence analysis of the ITS region showed most homology (only |
bp across 573bp sequence) to a strain isolated from India (MBTB-CMFRI-SI18) with morphological
similarities to our strains and interestingly the authors of this paper concluded that this strain was a
Dunaliella salina allied strain (Preetha et al. 2012). Not having a type pseudosalina strain that we can
genotype means we cannot ascertain whether these strains are actually this species genetically either or
a new strain as the morphological data is not robust enough on its own. Therefore, we have assigned
these as Dunaliella velox due to its fast swimming nature as it appears to be unique to other

characterised strains of Dunaliella.

Section virides

The phylogenetic analysis of all genes (and the concatenated genes) defines three distinct groups of
strains that have microscopically been affiliated to the section virides, as defined by Massjuk (1973), that
are hypersaline species with radial symmetry and do not accumulate carotenoids. SAl and SA2 cluster
with other D. viridis strain sequences where available (Figs. 2, 3 and 5) and hence we have assigned
these to this genus. A further 2 clades that are morphologically similar to the viridis group, including
strains SA7, T32, DF48, T75, T34, T76 and T77, share a similar cell size and shape, yet are genetically
distinct. Based on the descriptions of other species within the virides we can discount these clades as D.
baas-beckingii, D. media, D. ruineniana, D. gracilis, D. carpatica, D. granulata, and D. terricola as the cell
size and shape descriptions are incongruent with the morphology of these strains. Morphologically, the
cells match the descriptions of D. viridis and D. minuta, with DF48, SA7 and T32 showing similarities to
the description of D. bioculata with regards to cell shape and size and the presence of 2 stigmata. As the
D. viridis sequences form a separate cluster, separated by considerable genetic distance this is
discounted as the taxonomic affiliation of these strains. Based on the morphology and genetic analysis,
we propose the following strains, T75, T34, T76, and T77 that share 99% identity for the concatenated

genes, to be D. minuta with their sequences for LSU, rbcL and ITS clustering with Dunaliella sp. CCMP
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367, which has a similar morphology to these strains (NCMA website). Unfortunately, the only available
D. minuta in a culture collection is that of CCAP 19/5 which has now been re-classified as D. tertiolecta,
so there is no type species for this ‘minuta’ group. We therefore propose Dunaliella minuta CCMP 367,
isolated by Dodson from San Diego Bay, California, as the type species for D. minuta. Of note, T77 is
significantly smaller than the other cells in this clade and is more spherical in shape and fits with the
description of D. minutissima yet genetically is not distinct. Therefore, we propose that D. minutissima
is actually another morphological variation of D. minuta. This minuta clade shares 96% identity with the
DF48, SA7 and T32 clade but is separated by high bootstrap support (interestingly T32 groups with
minuta for rbcL only). Whilst the cell size and shape are similar, in the case of DF48, SA7 and T32, they
appear to have 2 eye spots and furthermore the intron classification separates the groups, indicating
they are genetically distinct. The presence of 2 eyespots would automatically draw one to classify these
strains as D. bioculata. Genetic data has made this difficult to verify as the original D. bioculata CCAP
19/4 AKA UTEX 199, described by Butcher, 1959, was re-assigned within the tertiolecta clade based on
genetic analysis of the ITS2 (Assungao et al, 2012). This was following the re-identification, by
Borowitzka and Siva (2007), who concluded the culture was now D. tertiolecta. Therefore, we propose
these sequences to be truly representative of D. bioculata and represent the type species for this clade.
Other strains examined by Borowitzka and Siva (2007), MUR26 originally identified as D. salina and
MURDS56 originally identified as D. viridis appear to actually be strains of D. bioculata as well, however

sequences are not available for these as yet.

Based on the alignments and phylogenies, genetic data points to collapsing the Dunaliella and
Tertiolectae into one section with D. tertiolecta showing high genetic similarity to representatives of the
section Dunaliella, particularly when one compares how divergent the Section Virides is. Furthermore,
other species classified within the Tertiolectae, including D. maritima, D. quartolecta, D. polymorpha
and D. primolecta have not been shown to have differing sequences, in fact D. quartolecta CCAP [9/8,
which was confirmed morphologically as this species by Borowitzka and Siva (2007) but has the same
sequence as strains of D. tertiolecta (Assuncao et al. 2012). Morphological data used to delineate the
Tertiolectae (Butcher 1959) has been criticised as unreliable and it is conceivable that the other
members of this group are purely morphological variants of the same species, D. tertiolecta. We
propose that the section Tertiolectae be absorbed within the section Dunaliella and this should also

include the strains classified as D. velox.

In combination with morphological analysis the suite of genes used for molecular analysis has permitted
the separation of D. salina isolates collected from South Africa, Israel, Namibia, Spain and Italy into three
subspecies and identified three clusters within the section virides. Certainly, it appears to be beneficial
to use several gene markers for phylogeny in order to generate a robust tree, however at the very least
we are in agreement with other studies that the ITS regions are the most appropriate for resolving
different clades. However, we propose that ITS2 should be used with ITSI and 5.8S to provide even

more genetic information. In accordance with Assungao et al. (2012) we have identified ‘type strains’ for
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several Dunaliella taxa. Furthermore, strains deposited in culture collections require updating to reflect
new information on their taxonomic affiliation as well as Genbank entries. Based on our conflicting
genetic data regarding D. bardawil ATCC 30861/UTEX 2538/CCAP 19/30, which is supposedly the
same strain, we strongly recommend that when a strain is acquired from a culture collection basic
genetic screening (ITS) is warranted to confirm the identity of the strain and thus adding integrity to the

scientific study.

Example |

50ml water samples were collected from hypersaline environments and transported back to the
laboratory. Dunaliella sp. were isolated using single cell picking with a micropipette and dilution
techniques according to Andersen and Kawachi, 2005 (Table I). Cultures were maintained in 30 mL F/2
media (Guillard and Ryther 1962) with the addition of 50 gL-| sea salts (Sigma) (1.45 M NaCl), at 25°C
continuous light of 100 photumols- . Microscopy and cell measurements were undertaken 2 weeks post

subculture into fresh media using a DMi8 live cell imaging system (Leica).

DNA was extracted from 10 mL late exponential cultures using the DNeasy blood and tissue kit
(Qiagen) according to the manufacturer’s instructions with the exception of the elution volume that was
50 ul. PCR was carried out using a suite of primers (Table 2) in a Corbett Thermocycler. PCR reactions
were typically carried out in 50pl volumes containing 2ul DNA, 25pmol each primer, | x buffer 2.5mM
MgCl2, 0.0025mM dNTPs, | Unit Gotaq polymerase (Promega) unless otherwise stated (Table 2). PCR
reactions proceeded with an initial denaturation at 95°C for 5 minutes, followed by 35 cycles of
denaturation at 95°C for 30 seconds, annealing at 54°C for 45 seconds and extension at 72°C for |
minute unless otherwise stated (Table 2). PCR reactions had a final extension step of 72°C for 5
minutes. PCR products were either sequenced directly using the respective primers (source bioscience)
or in some cases cloning was necessary to ensure a single sequence was obtained. In these instances,
PCR products were electrophoresed on a 1.2% (w/v) agarose gel in | x TAE and purified using the
Zymoclean gel purification kit (Cambridge Biosciences). lpl purified PCR product was ligated into the

pCR2.1 TA cloning vector (Invitrogen) and transformed according to manufacturer’s instructions.

Sequences were manually verified for quality using Chromas (Technelysium Pty Ltd). Multiple sequence
alignments were constructed in BioEdit 7.0 (Hall 1999) using ClustalW with other available sequences
from Genbank. Phylogenetic analysis based on neighbour-joining and maximum likelihood was
undertaken using MEGA 6 (Tamura et al. 2013) and Bayesian using Geneious (Kearse et al. 2012).

Bootstrap values were retrieved from 1000 replicates.
Genetic analyses reveal that five halotolerant Dunaliella strains (DF 15, DF17, DF40, DF44 & DF48, Table

) could be clustered into three main clades Dundliella salina (DF 15, DFI7 & DF40), D. tertiolecta (DF44)

and Dundliella minuta (DF48) (Figure 8). In addition, the three D. salina strains clustered into three
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distinct clades. DF17 and DF40 grouped with D. sdlina previously isolated from similar environments.

However, DF |5 was genetically distinct.

Example 2

We focussed our attention on the two D. sdlina strains DF15 and DFI7 by performing controlled salt
stress experiments. Triplicate cultures of both strains were grown in 1.8 M (final conc) seasalt-
ErdSchrieber media under 175 pmol s m™' light in constant light at 25 °C. Cell counts were taken over
a 30 day period and two time points selected (arrows, Figure 9) for total RNA extraction. In addition, at
each of the second time points a salt stress exposure of 2.5 M sea salt for 2 hours was carried out.

Total RNA was extraction from these salt stress exposures as well.

Four NEXTERA clone libraries for each strain were carried out on one of the culture replicates. Next-
generation lllumina 2x300bp HiSeq RNAseq was carried out on these samples. A combined total of 170

million reads were achieved for both DF 15 and DFI7.

The raw sequence data obtained from the cDNA libraries were pooled and subjected to filtering and
trimming of adaptors for cDNA synthesis, primers, poly (A/T) tails and potential contaminating vector
sequences. Following the sequence trimming, the reads for each of the DF strains were assembled
together using SeqMan NGen v 14 (DNASTAR). A total 86 million reads survived the QC filtering,
assembled into 50,922 transcripts of an average length of |,445kb with 32,383 having a size >|kb.

Thirty eight percent (19,327) of the 50,922 transcripts returned a BLAST match, which in turn resulted
in 6,674 unique gene assignments. Upon closer examination of the MEP/DOXP and GGPP pathways,
which provides the precursors (isopentenyl diphosphate and dimethylallyl diphosphate) and
geranylgeranyl diphosphate (GGPP), respectively, for the carotenogenic pathway, we found that both
strains DF 15 (Table 4) and DF |7 (Table 5) remain largely unaffected with an increase in cell biomass (t|

vs t2), harvesting (t2 vs control) or salt stress (t2 vs salt stress).

We also note that certain genes occurred as single copies in both genomes (e.g. CMS or PDS), while
others appear to have multiple orthologs (e.g. GGPPS). Moreover, different orthologs are preferentially
expressed between strains. Most notable are the genes that encode for ZDS and lycopene cyclase that
produces the compounds lycopene and beta-or alpha carotene, respectively (Tables 4 & 5). The specific
orthologs in each strain will have different kinetic properties, which in turn will result in the different
efficiencies in the overall production of carotene. This would therefore explain the different
pigmentation as observed for DFI5 (red) vs DF17 (yellow). In addition, the different lycopene cyclase
othologs are likely to encode cyclases that result in either beta-carotene (red) or alpha-carotene-Lutein

(yellow) accumulation.

Example 3
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D. salina UTEX 2538 was obtained from the Culture Collection of Algae at The University of Texas at
Austin (UTEX, Austin, TX, USA) and D. salina CCAP 19/30 was obtained from the Culture Collection
of Algae and Protozoa at Scottish Marine Institute (CCAP, Scotland, UK). D-Factory strains DF15 and
DF17 were isolated from a salt pond in Eilat, Israel, and DF40 was isolated from a salt pond in Monzon,
Spain. The new isolates were identified as strains of or closely related to Dunaliella salina (bardawil) by
The Marine Biological Association (MBA, Plymouth, Devon, UK) and are now deposited at the MBA
culture collection (www.mba.ac.uk/culture-collection/). Algae were cultured in Modified Johnsons
Medium (Borowitzka 1988) containing 10 mM NaHCO; with the pH value adjusted to 7.5 with 10 mM
Tris-buffer, and 1.5 M NaCl, which has been tested as the optimal salinity for cell growth of the strains.
Cultures were maintained in a temperature-controlled growth chamber at 20+2 °C with illumination
provided under a 12 h light, 12 h dark cycle (12/12 LD) by white light emitting diode (LED) lights with a

light intensity of ~200 pmol photons m?s™.

For algal cultivation, small stock cultures were grown to mid-log phase at 25°C in an incubator and
diluted | in 50 (v/v) as inoculum for larger cultures in each experiment. Erlenmeyer flasks containing 500
mL culture each were maintained at 25°C in an ALGEM Environmental Modeling Labscale
Photobioreactor (Algenuity, Bedfordshire, UK) with strictly controlled conditions of light, temperature
and mixing level. Under 12/12 LD conditions, cell growth under a range of light intensities (200, 500,
1000, and 1500 pmol m? s') of white LED light were compared. Each growth condition was set up at
least in triplicate. Cell growth was monitored automatically in the bioreactor by recording the value

obtained for light scatter at 725 nm in optical density (OD) units.

Cultures were mixed at 100 rpm for 10 min every hour before measuring the OD. Cell concentration
was determined by counting the cell number in culture broth using a haemocytometer after fixing the
cells with 2% formalin. The maximum specific growth rate of all cultures was calculated to compare cell

growth under different conditions.

The Eclipse Ti-U inverted research microscope (Nikon, Tokyo, Japan) with a Nikon Digital Sight DS-Fil
camera system was used to take brightfield microscopy photographs of cells of each Dunaliella strain.
The objective lens used was Nikon Splan Fluor ELWD 60x/0.7 and the ocular lens was Nikon CFI
[0x/22. The NIS-Elements Advanced Research Microscope Imaging Software (Nikon, Tokyo, Japan) was
used to acquire the photos. Differential interference contrast (DIC) microscopy photographs were also
obtained using a confocal microscope system ZEISS LSM 880 (Carl Zeiss Microscopy GmbH, Jena,
Germany). The ZEISS Plan Apochromat 63x/1.4 oil DIC objective lens and the Carl Zeiss Pl [0x/23
ocular lens were used. Images were acquired and analyzed through the ZEN 2.1 LSM software (Carl

Zeiss Microscopy GmbH).

Algae grown under different light intensities were harvested during mid log phase of growth at the end

of the light period. Pigments were extracted from the biomass harvested from | mL samples of the
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cultures using | mL of 80% (v/v) acetone. The absorbance of the acetone extract after clarification at the
centrifuge was measured at 480 nm for total carotenoids using an ultraviolet (UV)/Vis
spectrophotometer. The content of total carotenoids was calculated according to Strickland & Parsons
(1972). Chlorophyll a, b, and total chlorophyll were evaluated by measuring absorbance of the acetone

extract at 664 nm and 647 nm and calculated according to Porra et al (1989).

The compositions of pigments extracted from different strains were analyzed using high performance
liquid chromatography (HPLC) with diode array detection (DAD) (Agilent Technologies 1200 series,
Agilent, Santa Clara, CA, USA). Carotenoid standards of all-trans c-carotene, all-trans 3-carotene and
zeaxanthin were obtained from Sigma-Aldrich, Inc. (Merck KGaA, Darmstadt, Germany). Lutein and 9-
cis B-carotene were obtained from Dynamic Extractions (Tredegar, UK). Carotenoids and chlorophylls
were extracted from freshly harvested cells using methyl tert-butyl ether (MTBE) and Methanol (MeOH)
(20:80) as extraction solvent. 15 mL of algal culture was centrifuged at 3000 g at 18 °C for 5 min and the
pellet was extracted with 10 mL MTBE-MeOH (20:80) and sonicated for 20 s. The sample was clarified
by centrifugation at 3000 g at 18 °C for 5 min, then |-2 mL of the supernatant was filtered through 0.45
pm syringe filter into amber HPLC vials. It was then analyzed using a YMC30 250 x 4.9 mm |.D S-5p
HPLC column with DAD at 25 °C , and isocratic elution with 80% methanol: 20% MTBE, flow rate of |
ml min”, pressure of 90 bar. The quantities of 9-cis and all-trans 3-carotene, all-trans B-carotene, lutein,
and zeaxanthin in the biomass were determined from the corresponding standard curves. Glycerol,

known to be regulated by salinity, was determined according to the procedures described in a Xu et al

(2016).

Cells were harvested during the exponential phase and NaHCO; was added to a final concentration of
[0 mM 5 min before the start of each measurement. The rates of net O, evolution and dark respiration
were measured as described by Brindley et al. (2010) at 25°C using a Clark-type electrode (Hansatech
Instruments Ltd, Norfolk, UK). O, evolution was induced with 1500 pmol photons m? s actinic light.
After initial 30 min of dark adaption, O, evolution was measured for 5 min followed by dark respiration
for 20 min. The average net rate of photosynthesis was then determined from the oxygen concentration
gradient recorded over 5 min, dO,/dt. Dark respiration was determined by following the same
procedure, except that oxygen uptake was calculated from data recorded during the last 5 min of the 20

min experiment. Sodium dithionite was used to calibrate the oxygen electrode.

The data generated in this study was analyzed in R (Rstudio, Boston, MA, USA). A two-way analysis of
variance (ANOVA) analysis was performed to study the relationships of a series of variables measured
with two factors in this work: strain and light intensity. The two-way ANOVA tests three omnibus
effects: the main effect of strain or light intensity, and the interaction effect between these two factors.
Correlation analysis was used to evaluate the association between each pair of the variables and the

Pearson correlation method was chosen to measure the linear dependence between two variables. In
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correlation analysis, a correlation coefficient (the Pearson Product Moment correlation coefficient) was
estimated for each pair of the variables studied. Whether or not an observed correlation is statistically
significant or not was evaluated by P values (significant when P < 0.05). Hierarchical cluster analysis is
based on the strength of the correlations and the distance in the clustering dendrogram reflects the
dissimilarity among these parameters. Traits examined with strong correlations are grouped as a cluster.
A principle component analysis was carried out using the whole data set to reveal the relatedness

between the examined traits.

Growth curves for the five strains cultivated under the same conditions of different light intensities of
200, 500, 1000, and 1500 pmol m? s™' are shown in Figure |1, from which the maximum specific growth
rate was calculated for each growth condition. Generally, these strains grew at a faster rate under
higher light intensities. This is clearly shown for CCAP 19/30 and DF 7. All strains showed the slowest
growth rates under 200 pmol m? s light intensity. In DF 15 and UTEX 2538, when increasing the light
intensity from 1000 pmol m? s”' to 1500 pmol m? s, no further improvement in cell growth rate was
observed. It is likely that the optimal light intensity for fastest growth of DFI5 or UTEX 2538 is around
1000 pmol m? s!, while 1500 pmol m? s or higher is optimal for the other three strains under the
specific growth conditions used (white LED lights under 25 °C with [0 min mixing at 100 rpm every
hour). DF15 had the slowest growth rate and CCAP 19/30 the fastest.

Figure 12a shows that as the light intensity increased, the rate of photosynthesis decreased for DFI7,
DF40 and CCAP 19/30, indicating that these three strains are susceptible to photoinhibition. However,
DF15 and UTEX 2538 did not exhibit photoinhibition with increase in light intensity, suggesting that
these two strains have a more robust photoprotection mechanism. Figure |12b shows that the dark
respiration rate patterns were similar for DF17, DF40, and CCAP 19/30. These three strains showed a
slight decrease or no change in dark respiration rate with the increase in light intensity. DFI5 and UTEX
2538 had a similar pattern to each other and their respiration rate increased slightly with increase in
light intensity. From statistical analysis using two-way ANOVA, both strain difference and light intensity
were significant factors affecting photosynthesis; less significant was the interaction between them.
However, light intensity showed no significant impact on dark respiration, but

strain played a major role in the observed differences in dark respiration (Table 7).

Cellular contents of total chlorophyll and total carotenoids were determined for the five Dundliella
strains grown under the four light intensities (200, 500, 1000, and 1500 pmol m™ s™') using UV/Vis
spectrometry (Figure [3). Generally, the cellular content of total chlorophyll decreased while total
carotenoids increased with the increase in light intensity for all five Dundliefla strains. Statistical analysis
showed that strain difference significantly affected total carotenoids and total chlorophyll content,
although total carotenoids and total chlorophyll content also responded significantly to light intensity
(Table 7).
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HPLC-DAD was used to quantify the contents of major carotenoids, namely lutein, zeaxanthin, all-trans
B-carotene, 9-cis B-carotene, and all-trans a-carotene, in each strain acclimated in response to four light
intensities, to understand the effect of light in carotenoid metabolism. Figure [4 shows HPLC
chromatograms of the pigment extracts from the five Dundliella strains grown under the light intensity of
1500 umol m™ s7'. It is clear that CCAP 19/30 does not accumulate B-carotene even under high light
intensity. DFI5, DF40 and UTEX 2538 have a similar pigment profile and B-carotene dominates the
carotenoid composition. DF17 produced a higher relative amount of zeaxanthin under high light stress
compared with the other strains, indicating the important role of zeaxanthin in DFI7 for

photoprotection.

The major difference between the strains was their ability to accumulate [3-carotene. As shown in Figure
I5a, b, the contents of all-trans and 9-cis B-carotene increased with increasing light intensity in all five
strains apart from UTEX 2538, which produced the highest cellular amount of all-trans (5.6 + 1.8 pg cell
"Y or 9-cis B-carotene (5.3 £ 1.5 pg cell') under 1000 pmol m? s'. Under the highest light intensity
studied (1500 pmol m? s'), the cellular contents of all-trans B-carotene and 9-cis B-carotene were 9.0 +
0.7 and 5.9 + 0.6 pg cell' in DFI5; I.I £ 0.5 and 0.8 + 0.4 pg cell' in DF40; and 0.6 + 0.0 and 0.1 + 0.0
pg cell' in DFI7. In CCAP 19/30, the highest all trans B-carotene content (0.3 + 0.0 pg cell') was
obtained at 1000 pmol m™ s™', and only a very small amount of 9-cis B-carotene was detected at all light
intensities (~0.01 pg cell'). All five strains achieved the highest all-trans B-carotene productivity at 1500
pmol m”? s (3.2 £ 0.0, 3.5 £ 0.0, 1.3 + 0.0, 2.6 + 0.0 and 2.9 + 0.0 mg L' day”' for CCAP 19/30, DF 5,
DF17, DF40 and UTEX 2538 respectively), and also the highest 9-cis B-carotene productivity at |500
pmol m? s except that UTEX 2538 has the highest yield of 9-cis B-carotene at 1000 pmol m? s (0.2 £
0.0,23 + 0.0,0.2 + 0.0, 2.0 + 0.0 and 2.2 + 0.0 mg L"' day"' for CCAP 19/30, DF15, DFI7, DF40 and
UTEX 2538 respectively). From the two-way ANOVA analysis, the cellular contents of all-trans or 9-cis
[-carotene were found to vary significantly among strains and under different light intensities (Table 7).
CCAP 19/30, DFI7 and DF40 had similar responses to increasing light with a mild B-carotene
accumulation, while DFI5 and UTEX 2538 significantly increased -carotene content with increasing
light (Figure |5a, b). DF15 and UTEX 2538 have significantly higher cellular contents of all-trans- or 9-cis
B-carotene than the other three strains and DF |5 contains a higher cellular content of B-carotene than
UTEX 2538 under most of the light conditions. UTEX 2538, already known to be a massive carotene-
accumulating strain, had faster growth rates than DF |5 under all light intensities examined, as shown in
Figure I If. On the other hand, DF |5 accumulated a high carotene content even under the lowest light
intensity tested here. In Dunaliella, variation in $-carotene content has been reported to correlate with
the integral irradiance received during a division cycle and to be a specific mechanism of
photoprotection, which may explain why DF15 has a higher cellular content of B-carotene than UTEX
2538. DF15 has the advantage of accumulating a large amount of B-carotene even without light stress

(Figure 15), and also highest productivity of both all-trans and 9-cis B-carotene under light stress,
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therefore has great potential for the commercial production of B-carotene with less light energy input

required.

The cellular content of lutein in the five Dunaliella strains grown under various light intensities is shown
in Figure I5c. All strains accumulated considerably different amounts of lutein and the response to
increasing light intensities varied among different strains. Lutein increased with light intensity from 200
pmol m? s™' to 1000 pmol m? s and then decreased when light increased to 1500 pmol m? s™ in UTEX
2538. In DF 15, lutein content did not change with light intensity from 200 pmol m? s to 1000 pmol m™
s' and only increased from 1000 to 1500 pmol m? s'. Both DFI5 and UTEX 2538 accumulated
significantly larger amounts of lutein under high light compared with the other strains. DF17 had the

highest lutein content at 1000 ymol m? s, and the lowest at 1500 pmol m? s'. Two-way ANOVA

shows the cellular content of lutein is significantly affected by both the strain and light intensity.

Figure 15d shows that zeaxanthin content in all strains increased with light intensity. DF 15 accumulated
the highest amount of zeaxanthin, followed by DF17, UTEX 2538, DF40 and CCAP 19/30 accumulated
the lowest amount. Two-way ANOVA analysis (Table 7) shows that the factors of strain and light
intensity determined the accumulation of zeaxanthin. Zeaxanthin accumulation was significantly different
among strains and at different light intensities. Among the different strains, DF17 and UTEX 2538 had

similar responses in terms of zeaxanthin accumulation.

The cellular content of all-trans a-carotene of the five strains grown under different light intensities is
shown in Figure |5e and the cellular content of glycerol is shown in Figure |5f. The content of all-trans
a-carotene in DFI5 or UTEX 2538 was much higher than that in the other three Strains. a-carotene is
the precursor of lutein but surprisingly a-carotene did not respond to light stress in the same way as
lutein. All-trans a-carotene increased with the light intensity in all strains examined, and its response to
increasing light intensity was very similar to the pattern of accumulation obtained for all-trans and 9-cis

B-carotene.

Whilst the accumulated data permit elucidation of strain differences for carotenoid production, they
also provided the opportunity to explore the use of statistical analysis to provide new insights into
carotenoid metabolism coupled to the interdependent metabolic functions of photosynthesis and
respiration. This was possible with the large set of data generated across five strains and four light
intensities combined with tools of ANOVA analysis, correlation analysis, and principal component
analysis used in this study. With the quantitative data obtained for the five Dunaliella strains, statistical
analysis was used as a tool in order to assess the strength of the correlations among the carotenoids
and other cell growth parameters and examine the differences among the five strains. A correlation and
clustering analysis was performed on the growth, photosynthesis and pigment data presented, to all five

strains grown under four light conditions. The analysis was performed for each strain using all variables
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examined in this study (all-trans B-carotene, 9-cis B-carotene, glycerol, lutein, zeaxanthin, all-trans a-
carotene, photosynthesis, respiration, total carotenoids, total chlorophyll, and specific growth rate).
Among them, glycerol is known to maintain osmotic balance in Dunaliella strains and as expected, the
cellular content of glycerol would not respond to changes in light intensity, as shown in Figure [5f.

Glycerol content therefore was used to index the analysis.

The clustering dendrogram of the examined traits for each strain is shown in Figure 16 and depicts
graphically several features of note amongst the strains. First, it shows that the individual carotenoids of
all-trans B-carotene, 9-cis B-carotene, zeaxanthin and all trans a-carotene in the four D. salina strains
are strongly correlated with each other but significantly not with lutein, except in CCAP 19/30. From
this, it is clear that there is greater similarity between the four D. salina strains (DF 15, DFI7, DF40, and
UTEX 2538) than with the CCAP19/30 strain. Second, the correlation analysis shows that accumulation
of carotenoids is positively correlated with photosynthesis over all light intensities for the D. salina
strains (also shown in Figure 17), signifying a role for carotenoids in photoprotection. Third, lutein is not
correlated closely with the other carotenoids, but correlates more strongly with photosynthesis and
respiration. This result suggests an important and not hitherto identified role for lutein in coordinated
control of the cellular functions of photosynthesis and respiration in response to changes in light
conditions, which is moreover broadly conserved in Dunaliella strains. Glycerol, which was not
expected to change with light intensity, is weakly correlation with the different carotenoids in the
Dunaliella strains as anticipated, but also correlates more closely with either photosynthesis or

respiration.

A principle component analysis was performed with all strains growing at all tested conditions as shown
in Figure 17. The examined || traits can be roughly grouped into four groups as shown in the graph,
where all-trans a-carotene, all-trans B-carotene, 9-cis 3-carotene and zeaxanthin were clustered closely,
lutein, respiration and total chlorophyll were found in a second cluster, glycerol and photosynthesis
were closely correlated, and the specific growth rate stands separately. The formation of two separate
clusters of the carotenoids indicates two functionally distinct mechanisms for coordinated adaptation to
changes in light conditions, broadly conserved between DFI5, DF40, CCAP 19/30, DF17 and UTEX
2538. More importantly, it shows that DFI7 and DF40 performed similarly under the tested
environmental conditions; that DF|5 is closely related to UTEX 2538, and that CCAP 19/30 is different

compared to all the other strains.

It is noteworthy that the statistical analysis based on the data obtained from the biochemical
characterization suggests a grouping of the five strains into three different groups: (1) DFI5 and UTEX
2538; (2) DFI7 and DF40; and (3) CCAP 19/30 as shown in Figure |7. However, genetic using the
approaches of bar coding shows a higher similarity between DF40 and UTEX 2538, and therefore
groups the five strains into four different groups: (1) DF40 and UTEX 2538, (2) DFI7, (3) DFI15, and (4)
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CCAP 19/30 as shown in the phylogenetic tree (Figure 4-6). This indicates the complicity in Dunaliella
by using a single classification method, and the importance of strain selection for the commercial

production of Dunaliella biomass and natural B-carotene.

Although illustrative embodiments of the invention have been disclosed in detail herein, with reference
to the accompanying drawings, it is understood that the invention is not limited to the precise
embodiments shown and that various changes and modifications can be effected therein by one skilled in
the art without departing from the scope of the invention. Furthermore, although individual
embodiments of the invention may have been described, the invention is intended to include

combinations of those embodiments.
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Table 3: Results from intron sizng and sequence alignment of introns
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Table 6
Strains chls caro caro / chls % total
(pg/cell) (pg/cell) carotenoids of
dry weight
DF15 3.86 20.51 5.32 3.09
DF17 2.56 4.22 1.65 1.13
DF40 4.71 5.50 1.17 0.81
CCAP19/30 1.30 0.56 0.44 0.28
UTEX2538 10.59 9.07 0.86 1.40
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CLAIMS

. A composition or culture containing Dunaliella salina algae strain DFI5, DFI7 or DF40.

2. A composition or culture of algal strain CCAP accession number CCAP 19/40 for Dunaliella
salina PLY_DF-40.

3. A composition or culture of algal strain CCAP accession number CCAP 19/4| for Dunaliella
salina rubeus PLY_DF-15

4. A composition or culture as claimed in any preceding claim in a body of aqueous nutrient
solution.
5. A composition or culture as claimed in any preceding claim, in which the composition is

provided in a salt solution.

6. A composition or culture as claimed in claim 5, in which the salt solution contains less than 6%
NacCl.
7. The use of an algae strain selected from the group consisting of Dunaliella salina strain DF 5,

DF17 or DF40 in a process for producing a commercially useful product.

8. The use of claim 7, in which the product is a carotenoid.
9. The use of claim 8, in which the product is 3-carotene.
10. A method of producing B-carotene by growing alga selected from Dunaliella salina strain DF |5,

DF 17 or DF40, and extracting B-carotene or isomers thereof produced thereby.

M. An algae biorefinery, based on biomass from Dunaliella salina algae strains DFI5, DFI7 or

DF40.
12. B-carotene or isomers thereof produced by alga selected from Dunaliella salina strain DF15,
DFI17 or DF40.

13. Algal strain CCAP accession number CCAP |9/40.

14. Algal strain CCAP accession number CCAP 19/41.

36
SUBSTITUTE SHEET (RULE 26)



WO 2018/141978 PCT/EP2018/052840
1/18

Figure 1



WO 2018/141978 PCT/EP2018/052840

68/65/59
\

60/48/57
~

84/89/98

2/18

¥

96/95/100

Dunaliella bardawil UTEX 2538*

DF40
Dunaliella bardawil ATCC 30861
Dunaliella bardawil UTEX 2538* DQ015739

JDF41
DF45

Dunaliella

——DF44

Dunaliella tertiolecta UTEX 999 Tertiolectae

Dunaliella bioculata UTEX 199* DQ015740
Dunaliella sp. CCAP 19/30

65/68/9

_I—DF‘|7
| 'DF15

LT74

SA4

137 Dunaliella
T41

T68

——SA3

T36
SA5

SAB
Dunaliella salina UTEX 200* DQ015745
89/89/1 °°|Dunaliella peircei UTEX 2192 (SAG 19-1)* DQ015742

SA7
94/91/1100/~ 40

132
100/100/100 Virides

—T75
Dunaliella sp. CCMP 367 DQ015749

65/68/60| |T77

—134

—T76

Dunaliella viridis strain CONC002 DQ015754

100/100/100

0.005

SA1
89/90/88 |S A2

Figure 2



WO 2018/141978

98/88/94

66/67/94

3/18

DF40
DF41

PCT/EP2018/052840

Dunaliella bardawil UTEX 2538*

Dunaliella

— Dunaliella salina CCAP 19/18 GQ250046
Dunaliella bardawil UTEX 2538 DQ313194*
Dunaliella bardawil ATCC 30861*

90/72/98

DF45
DF15
| Dunaliella sp. CCAP 19/30
Dunaliella tertiolecta UTEX 999 JQ039069 Tertiolectae
— Dunaliella bioculata UTEX 199 DQ313195*
DF44
Dunaliella tertiolecta UTEX 999
T74
T36
T37
82/79/85 41
SA3 Dunaliella
64/57/80] ' 00
DF17
SA4
62/50/58 Dunaliella salina UTEX 200 DQ313197*
SAB
—one
100/90100 [ DF48
—SA7
Dunaliella sp. CCMP 367 DQ313201
92/83/86 —T75
92/92/97 T32 Virides
98/98/100/1 76
T34
T77

100/99/100

0.005

99/98/94 |SA1
SA2

Dunaliella viridis CONC 002 DQ313206

Figure 3



WO 2018/141978
4/18

SA4
SA3
T74
64/59 [T68
_T41
T37
136
55/50/55 | 'DF17
DF40
Dunaliella bardawil ATCC 30861*
Dunaliella salina CCAP 19/18 GQ250046
54/62/76| 1Dunaliella bardawil UTEX 2538*

DF41
—DF45

DF15

SA5
one
Dunaliella tertiolecta UTEX 999 JQ039091
Dunaliella tertiolecta UTEX 999

DF44

Dunaliella sp. CCAP 19/30

99/99/97

98/95/99

75/75/|sl‘SA7
T32

|D F48

99/99/100

99/99/100

— 175
99/99/100| 1

T76
T34

99/99/100|S'A2
ISA

0.005

PCT/EP2018/052840

Dunaliella

Tertiolectae

Virides

Figure 4



WO 2018/141978 PCT/EP2018/052840
5/18

68/87/95| SA3
88/83/10% !SA4
T68

90/87/98

T41
100/99/100 70/817E 136

T37

— 174

70/77/87 99/08/08| Dunaliella salina CCAP 19/25 KJ094629

LDH 7
Dunaliella salina 9802 EF695405

DF15 consensus

DF15 a Dunaliella

DF15b

DF15¢c

Dunaliella salina CCAP 19/18 EF473746

DF45

DF41

DF40

08/97/100 o695 9lguna/iella salina CCAP 19/12 KJ094608

100/100/100
85/83

99/99/100
99/99/100

Dunaliella bardawil ATCC 30861*
Dunaliella bardawil UTEX 2538 DQ377085*
Dunaliella bardawil UTEX 2538*

89/85/100 Dunaliella bioculata UTEX 199 DQ377086*

d Dunaliella tertiolecta UTEX 999 Tertiolectae

|_Dunalie//a sp. CCAP 19/30

DF44

| o9/93/99| Dunaliella peircei CCAP 19/2 KJ094608*

| Dunafielia parva/maritima SAG 19-1 DQ377091*

Dunaliella salina CCAP 19/3 EF473744"

100/100/10

94/87/100

SA5
96/8%{ SAG
Dunaliella sp. ABRIINW M1/1 EU927374*

Dunaliella viridis CONC 002 DQ377098

100/99/100 Dunalielia viridis MSV2 HQ882840

j08//094 SA1
SA2
Dunaliella viridis MSV1 HQ864830
Dunalielia viridis D3 KF595151
87/86/84 SA7 Virides
100/100 1oo|_4| T32

100/100/100 DF48

92/87/97

0.01

Dunaliella sp. CCMP 367 DQ377087
B8/87/98

T75

73/84e5 [ 134
96/91/7g 176
T77

Figure 5



PCT/EP2018/052840

WO 2018/141978

6/18

iella

-

Dunal

-

25um

Figure 6



PCT/EP2018/052840

WO 2018/141978

7/18

g

eoreshe

/ 9In314

0

favalk

sane b e e s

02

o

soa

b

exnd s

s hoss

#

FOOOY IYDLIYO000000 L IDOYDYOYYDOVIOVOLIDLIODLIDLIYY

w

8880000 29€ W00 45 BRyRUNG
84460000 Z000N00 SiDus g
£0280000 1-61 OYS uleas eaed g
PRLE000D0 861 071 XI LN WERS BIEINOLIG O
L06LEG4T 0TEL JNOD WIBLS BRSNS
OZBILL BUIGL JYDT WEAS ERSIDSL ]
Uipms S 661 X310 Bpeole] g
82260000 2612 H1 X300 WBLE mwu&wmm
SSOPE0IH EELLEEYS 8 egslEung
BELELP4 €-61 DYE UIBAS BUNES [
GYLELvdd BUBL JYOD WBLS BUIRS ()
EPBOGIN CHBL JYD0 UIBHS BUIES
SLLYE Hyl 21808 Bugesepnasd
Syieivdaslgl eugEs g
- BY9LPY00 0L6L YO0 BUES 'Q
{Apms SI) BECT YT LMY IMEDIES
24460000 8852 31N mﬁm@uwmm

]

SUBSTITUTE SHEET (RULE 26)



WO 2018/141978

81

PCT/EP2018/052840
8/18

73+ Dunaliella bardawil UTEX 2538 87047576
94 Dunofiella bardawil UTEX 2538
Dunaliella saling CCAP 18/12

Dunaliella bardawil ATCC 30861

99

99

DF40
Dunaliella saling CCAP 19/18 145587829

25|

DF15
Dunaliella saling CCAP 19/25 601036912
5 DF17
Dunaliello saling 9802 151573027

73

— DF44

97

Dunaliella bioculata UTEX 199 87047577
E Dungliefla sp. CCAP 1830

Dunaliefla tertiolecta UTEX 999
—— Dunaliella soline CCAP 19/3

100

a1

|ﬁuna/ielfa peircei CCAP 19/2 601036891
97 | Dunaliella parva/maritima 19-1 87047582

’—Dunaﬁeﬁa viridis MSV2 321171993

99| |

47

Dunaliella viridis CONC002 87047589

r Dunaliella viridis MISV1 324435716

87 [ Dunaliella viridis D3 557636640

ggr— Dunagliella minuta MBA19
| {DF4S

0.02

100'_’ Dunalielia minuta MBAT

87'Dunalielia minuta MBA32

Figure 8

SHEET INCORPORATED BY REFERENCE (RULE 20.6)



WO 2018/141978 PCT/EP2018/052840
9/18

A

10000000 -

1000000 - )

100000

0 5 10 15 20 25 30
Day

Figure 9

SHEET INCORPORATED BY REFERENCE (RULE 20.6)



PCT/EP2018/052840

WO 2018/141978

10/18

“gesz xaln

0¢/61 dV2D

Figure 10



WO 2018/141978

PCT/EP2018/052840

11/18
CCARIS/30 DF15
9 0.5 7
0.4 A
£ E
& prs
= =
[ 3
=] L
* 0 £ £ 3 L]
150 o 50 100 150
Theme [ Time {h)
W-LB200 A LB500 WA B1000 ~#-LD1500 A-LD200 L DE00 -W-LD1000 -4 LD1500
(a) (b)
DF17 DF40
1.6 1 1
€ £
& &
= -
=1 f]
[ pe
150 150
Time [h} Time [}
WL D200 -&LD500.  -*-LDI000 “+1D1500 WL D200 - LD500 101000 L1500
(0) (d)
UTEX 2538 6 Specific growth rate
19 J
a
0.8 E 1.2
5
£ 6%
& & m 0.8
) g2
8 §
& 044
W :
£l 0 - 3
150 200 500 1000 1500
Time {h) Light intensity (pmol-m#.s1)
A-LD200 4L D500 L1000 -#-LD1500 WDF15 GDR40. CCCAPM9/30 CDFT  DUTEX 2538
(e) )

Figure ||




WO 2018/141978 PCT/EP2018/052840
12/18
Photosynthesis Respiration
1800 - 800 1
=~ 1500 1 £ o0
£ 8 1200 4 53
21 El
23 900+ 5 400 4
5.2 g
O & 800 A &
6% s 200
£ 300 - 82
= £ =
0 =l = o 4l ‘ |
200 500 1000 1500 200 500 1000 1500
Light intensity {pmobm?-s) Light intensity {umolm2-5)
BDF15 ©DF40 BCCAP19/30- TODF1T RUTEX2538 mDF15S mDF40 CCAP 18130 TDF1T SUTEX2538
(a) (b)
Figure 12
12 25 1
10
20 -
= &
£ 2 15+
9L 6 g
£3 £ 10
-y o | T
cB4 to
a~ T 5
[ 3 o - “
= 2
oA ; 0 4 ‘ | -
200 500 1000 1500 200 500 1000 1500
Light Intensity {umol-m-2-s-1} Light intensity {pmol-m-?-s-Y
WDE15S CDDP40 SBCCAP 1930 CODFRTY BUTEX 2538 BDF1S 2DFR40 SICCAP 19/30 DDP17 BUTEX 2538

(a)

Figure 13

(b)




WO 2018/141978

13/18

PCT/EP2018/052840

mAU

CCAP 19/30

DF15

DF40
3
PN AT
UTEX 2538
0 5 10 15 20 25 30 35

Figure 14

40 min



WO 2018/141978
14/18

PCT/EP2018/052840

All-rans pcarotene
{pg-ealtt)

All-trans g-carotens

sl
iz
3

e
i

500 1000 1500
Light intensity {pmolm s
BOF1S oUFe oCCAP 1830 OUF1Y BUTEXZ53E

Seis Brarotens
{pycell™y

§-tis B-carotens

Light intensity {pmol-m-E-g7j
WOF4S DDF40 BCCAP 1930 DDF1T BUTEX2538

1000
Light intensity {pmoln2-57)
mpE1S BOF4E QOCAR 930 DODFYY WUTEX2538

1500

(a) (b)
Lutein Zeaxanthin
k|
8 -
£
% § 4.5
§ Po4 -
0.2 1 |
200 500 100 1500 200 500 000 1500
Light intensity (pmobm ety Light intensity {pmol-m®.s4)
HDF15 QDF40 CCCAP1930 ODF17 BUTEX2538 WOF15 ODFL0 BCCAP 1930 DDFI7 BUTEXZSIS
(c) (d)
All-trans g-carotene Glycerol
1 30
g L8 250+
- _ 2004
%v 0.6 "g;z
u% . :‘;g 150 4
% g 62 y00
% 0.2 50 1k
0 0 J
1500

500
Light intensily (pmolm?.57)
mOF15 @DF4) aCCAP 1930 ODFT RUTEX2538

1000

(e)

Figure 15

()




WO 2018/141978

PCT/EP2018/052840

Zeaxanthin

All trans B-carotene

Specific growth rate |

All trans a=carotene ~

SN W . .

s 900 Ml e o W

e s e e D e B e

Respiration

9-cis B-carotene

Lutein

Total chlorophyll

¥

i

k

i

¥

L

i

i

i

i
Glycerol !
¥

¥

i

i

i
Total carotenoids |
¥

i

i

e s i e, e e e A e e i i s

2.0

Distance

Figure l6a
CCAP 1930

S S R T R S e i

e o S L RV S e

2.0

Distance

Figure 16b
DFI5

1.5 1. O 0.5 0.0

1.5 1.0 0.5 0.0

ww-««»um«a*wmw»mwmmw

All trans B~carotene
Total carotenoids

¥

¥

¥

B

§

¥

;

9-cis B-carotene !
i
Zeaxanthin f
¥

i

i

e e R .

Photosynthesrs i
|
Glycerol E
;
§



WO 2018/141978
16/18

PCT/EP2018/052840

Respiration

Glycerol
All trans a-carotene i
¥

All trans B-carotene |

Specific growth rate

i
¥
9-cis B-carotene |
i
i

Zeaxanthin

i e . . s - e

Total carotenoids

Lutein

Total ¢hiorophyll

ol e e e

2.0 1.5 1.0 0.5 0.0

Distance

Figure 16c
DF17

A ﬂ ' 9-cis B-carotene

All trans B-carotene

Total carotenoids

Zeaxanthin

Specific growth rate

i
¥
¥
¥
]
f
4
¥
i
¥
)
All trans a-carotene !
1
t
i
L
]
i
i
i
]
¥

Respiration

‘Photosynthesi

Lutein

Total chicrophyil

Glycerol

WWWWWWW e i e e 9 e A

2.0 1.5 1.0 0.5
Distance

Figure I6d
DF40

0.0



WO 2018/141978 PCT/EP2018/052840
17/18

Specific growth rate

Respiration

Total chlorophyll

Zeaxanthin

All trans B-carotene

9-cis B-carotene

i
¥
i
¥
i
1
)
- All trans o-carotene |
1
]
¥
¥
¥
¥
¥

Total carotenoids

s s o e o s G o i . 50 o i T e

Photosynthesis

Glycerol

Nl AR S T

2.0 1.5 1.0 0.5 0.0
Distance

Figure l6e
UTEX 2538



PCT/EP2018/052840

WO 2018/141978

18/18

/| @4n3y

(1eA paure|dxe %z'S9) 1Od
¢ 00 GZ-

F

8€5Z X3ALN =
Ov4a -

2140 =
GL4Q =
0€/61 dVIOD =

N
(*1eA paulejdxa °,z'Z1L) Zod

™

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2018/052840

A. CLASSIFICATION OF SUBJECT MATTER

INV. CI12R1/89 C12p23/00
ADD.

C12N1/12

C07C403/24

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

C12R Cl12P CI2N

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data, BIOSIS, EMBASE

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X OLMOS JORGE ET AL:

around the world",
GB,

page 5, XP021059921,
ISSN: 1746-1448, DOI:
10.1186/1746-1448-5-5
the whole document
page 6; table 1

SALINE SYSTEMS, BIOMED CENTRAL, LONDON,
vol. 5, no. 1, 30 June 2009 (2009-06-30),

"DNA _fingerprinting 12
differentiation between I-carotene
hyperproducer strains of Dunaliella from

Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

11 May 2018

Date of mailing of the international search report

16/07/2018

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Blanco Urgoiti, B

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2018/052840

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X M. GARCIA-GONZALEZ ET AL: "Conditions for
open-air outdoor culture of Dunaliella
salina in southern Spain",

JOURNAL OF APPLIED PHYCOLOGY.,

vol. 15, no. 2/3,

1 March 2003 (2003-03-01), pages 177-184,
XP055474343,

NL

ISSN: 0921-8971, DOI:
10.1023/A:1023892520443

the whole document

X XU YANAN ET AL: "The influence of
photoperiod and light intensity on the
growth and photosynthesis ofDunaliella
salina(chlorophyta) CCAP 19/30",

PLANT PHYSIOLOGY AND BIOCHEMISTRY,
GAUTHIER-VILLARS, PARIS, FR,

vol. 106, 17 May 2016 (2016-05-17), pages
305-315, XP029673811,

ISSN: 0981-9428, DOI:
10.1016/J.PLAPHY.2016.05.021

the whole document

12

12

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




International application No.
INTERNATIONAL SEARCH REPORT PCT/EP2018/052840
Box No.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:' Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

3, l4(completely); 1, 4-12(partially)

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




International Application No. PCT/ EP2018/ 052840

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 3, 14(completely); 1, 4-12(partially)

A composition or culture of Dunaliella salina algae strain
DF15; use for producing a carotenoid; a method for producing
beta-carotene; an algae biorefinery; beta-carotene;and algal
strain thereof.

2. claims: 1, 4-12(all partially)

A composition or culture of Dunaliella salina algae strain
DF17; use for producing a carotenoid; a method for producing
beta-carotene; an algae biorefinery; and beta-carotene
thereof.

3. claims: 2, 13(completely); 1, 4-12(partially)

A composition or culture of Dunaliella salina algae strain
DF40; use for producing a carotenoid; a method for producing
beta-carotene; an algae biorefinery; beta-carotene;and algal
strain thereof.




