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ABSTRACT

The carotenoid biosynthesis pathway of Haematococcus pluvialis has been genetically modified to overproduce
astaxanthin, a red pigment of high commercial value. The endogenous phytoene desaturase coding sequence
(pds) has been codon optimized and overexpressed in the chloroplast of H. pluvialis under the control of the psbA
promoter/UTR. After biolistic transformation and selection, PDS mRNA and protein were detected in transfor-
mants. Astaxanthin accumulated up to 67% higher in transformed strains than in wild-type upon induction with
high light intensity and nitrogen depletion. This is the first report of plastid transformation of a microalgae with
its endogenous pds nuclear gene.

1. Introduction

Many species of microalgae have been exploited as sources of food
additives, animal feeds and cosmetics as well as for potential health
beneficial compounds [1]. Particularly, microalgae carotenoids have
broad applications in aquaculture, pharmaceutical, nutraceutical, and
cosmetic industries [2-4]. The fresh water chlorophyte Haematococcus
pluvialis, is the main source of natural astaxanthin (3,3’-dihydroxy-di-
keto-f3,"-carotene-4, 4-dione), a high-value secondary carotenoid that
belongs to the xanthophylls family [1,5]. Its unique structure, con-
taining a keto and a hydroxyl group on each end of the molecule,
contribute to its enhanced antioxidant properties. Its standardized an-
tioxidant activity is 65-fold higher than vitamin C, 54-fold more
powerful than beta-carotene, and 14-fold higher than vitamin E [6].
The astaxanthin is accumulated as a response to stress such as nutrient
starvation, high salinity, high light, etc. [for reviews see 7,8].

Hence, it has an extraordinary potential for applications in human
health such as in chronic inflammatory diseases, anti-aging, cancers,
metabolic syndrome, neurodegenerative diseases as well as protection
against UV light damage [9-12]. On the other hand, astaxanthin is also
widely implemented as a pigment and protein ingredient for the fish
and poultry feed industry [10].

In H. pluvialis the precursors of astaxanthin are synthesized in the
chloroplast but its synthesis occurs in the cytosol and accumulates as
cytoplasmic lipid droplets [9,13]. Under stress conditions the uni-
cellular green microalgae H. pluvialis accumulates astaxanthin up to
1-4% dry weight, thus becoming the most widely used source for nat-
ural astaxanthin production [1].

In H. pluvialis the carotenoid biosynthesis uses the universal iso-
prenoid precursor Isopentenyl pyrophosphate (IPP) and is allylic isomer
dimethilallyl pyrophosphate (DMAPP) through the non-mevalonate
pathway located in the chloroplast [for reviews, see 14,15]. The first
committed step for carotenoid biosynthesis consists in the sequential
addition of three IPP molecules to DMAPP to yield the C20 ger-
anylgeranyl pyrophosphate (GGPP). Then after, the phytoene synthase
(PSY) catalyzes the head-to-tail condensation of two GGPP molecules to
form the first tetraterpene carotenoid, the phytoene. The successive
desaturation reactions of phytoene, catalyzed by two structurally si-
milar enzymes, phytoene desaturase (PDS) and {-carotene desaturase
(ZDS), converting the pale yellow phytoene into (-carotene and the
latter into lycopene, respectively. PDS catalyzes the first two-dehy-
drogenation reactions to form phytofluene and {-carotene, which are
among the rate-limiting steps of the pathway [16-19]. ZDS catalyzes
two further reactions converting (-carotene to neurosporene and
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lycopene. Cyclization of lycopene by the membrane-localized lycopene
B-cyclase yields a-carotene (lutein precursor) and f-carotene (astax-
anthin precursor). The astaxanthin formation from p-carotene will need
the introduction of two hydroxy groups and two-keto groups by hy-
droxylase and ketolase enzymes, respectively. Additionally, two iso-
merase enzymes (Z-ISO and CRTISO) intervene in the synthesis of
carotene in cyanobacteria and plants, but their function is not well
established in H. pluvialis. Their H. pluvialis homologs have not been
reported, and their differential expression has not been detected in
astaxanthin accumulation conditions [20,21]. Notwithstanding, since
both enzymes have been identified in Chlamydomonas reinhardtii we can
infer that they are also present in Haematococcus pluvialis.

Although metabolic pathways in microalgae are complex with many
regulatory inputs and interplay with other pathways [22,23], genetic
engineering has been established as a promising approach for enhan-
cing carotenoid accumulation in algae [24,25]. Metabolic engineering
of the astaxanthin biosynthesis pathway has received special attention
given its economical significance [26]. H. pluvialis 3-carotene ketolases
bkt3 [27] and bktl [28] have been overexpressed in the nucleus of
Chlamydomonas reinhardtii without an increase in astaxanthin accu-
mulation. In contrast nuclear co-transformation of (3-carotene ketolase
along with the -carotene hydroxylase from H. pluvialis in C. reinhardtii
resulted in 30% higher astaxanthin accumulation than wild-type [29].
Kathiresan's studies reported over-expression of H. pluvialis bkt in the
same host through Agrobacterium-mediated nuclear transformation
[30]. The transgenic strains showed 2 to 3-fold increase in the astax-
anthin content under sodium acetate stress.

Phytoene desaturase (PDS) is an early enzyme in the carotenogenic
pathway localized exclusively in the chloroplast that catalyzes the de-
saturation of phytoene, a rate-limiting step in the pathway [31,32].
Steinbrenner and Sandman (2006) overexpressed a modified version of
the H. pluvialis pds gene containing a point mutation for norflurazon
resistance, in the nucleus of H. pluvialis [16]. The transgenic lines ac-
cumulated up to 36% more astaxanthin than the wild type strain after
48 h of high light induction. Similarly, a norflurazon-resistant pds gene
from Chlorella zofingiensis was overexpressed in the nucleus of the same
host resulting in 54% higher astaxanthin accumulation [17].

The aforementioned studies have dealt exclusively with nuclear
transformation. Only one research group has attempted to target car-
otenogenesis genes directly to the chloroplast of microalgae [33]. These
authors transformed the H. pluvialis -carotene hydroxylase nuclear
gene without codon optimization into the C. reinhardtii chloroplast. The
results showed an increase in xanthophyll pigments upon high-light
treatment.

The key enzymes for carotenogenesis are targeted and localized
exclusively in the chloroplast [31]. Therefore, the high expression le-
vels achieved by chloroplast genetic engineering would be a major
advantage for astaxanthin overproduction [1]. This work proposes to
enhance the accumulation of astaxanthin through chloroplast trans-
formation of H. pluvialis with a plasmid based on pHpluS1, including a
new expression cassette for a plastid codon-optimized H. pluvialis pds
coding sequence driven by the endogenous psbA promoter/UTR [34].

2. Materials and methods
2.1. Strains, growth media and culture conditions

H. pluvialis (CCAP 34/7) was purchased from the Culture Collection
of Alga and Protozoa (CCAP), Windermere, United Kingdom. H. plu-
vialis was grown in modified liquid medium EG/JM (Euglena gracilis
Medium: Jaworski's Medium (http://www.ccap.ac.uk/) with trace ele-
ments and vitamins. Cultures were incubated at 22-25 * 2°C with
continuous aeration and light (30 umol photon x m~2 x s™1), and
were also shaken manually twice daily. Cell biomass dry weights were
measured as in Gomez and coworkers [35].

For induction of astaxanthin biosynthesis and red cyst formation,
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strains were grown for four days until stationary phase. Transgenic
cultures contained 200 ug x mL~! spectinomycin at this step. Cultures
were then exposed to continuous illumination at
400 umol photon X m~2 x s~ in nitrogen free EG/JM medium.
Cultures were maintained on these conditions for 15 days until com-
plete aplanospore induction occurred. As a control, wild-type cells (WT)
were maintained throughout the experimental period under the same
conditions. All carotenoid induction experiments were performed in
triplicates.

2.2. Codon optimization of the pds gene

The pds nuclear gene (Genbank Accession number X86783.1) was
initially codon-optimized for C. reinhardtii chloroplast codon bias
(http://www.kazusa.or.jp/codon/) using OPTIMIZER (http://genomes.
urv.is/CAlcal/). The generated sequence was then manually cured
using CAlcal (http://genomes.urv.is/CAlcal/) for avoiding too many
repetitions of single codons, while maintaining a high Codon Adaption
Index (CAI) [36]. Quickfold was then used for eliminating potential
secondary structures (http://mfold.rna.albany.edu/?q=DINAMelt/
Quickfold). The first 73 amino acids were not included in the syn-
thetic gene since they are predicted as the N-terminal transit peptide
according to Genbank X86783.1. The final coding sequence was sub-
mitted to GeneScript (Piscataway, NJ, USA) for chemical synthesis
flanked with suitable restriction sites for cloning (Ndel and XhoI).

2.3. Construction of vector pPSM382/PDS and chloroplast transformation

The plasmid pHpS1 specifically designed for the chloroplast trans-
formation of H. pluvialis [34] was used as backbone for the cloning of a
USER multi-cloning-site with restriction sites BbvCI-PacI-BbvCI [37].
The USER multi-cloning-site was cloned into the Sall site generating the
plasmid pSM382-USER. A new H. pluvialis promoter-terminator was
cloned as a USER fusion 5psbA/Ndel/Xhol/3’rbcL to drive the expres-
sion of the pds gene. The synthetic pds CDS was PCR amplified with and
without a C-terminal 1xFlag-tag sequence, and cloned using restriction/
ligation, thus generating plasmids pSM382-PDS-Flag and pSM382-PDS.
All recombinant DNA manipulations were in accordance with standard
techniques. Escherichia coli TOP10 (Invitrogen, Carlsbad, CA, USA) was
used for plasmid propagation.

Transformations were carried as in [34]. Transformants were se-
lected on solid EG/JM containing 200 ug X mL~"' spectinomycin.

2.4. Verification of construct integration by PCR

Each colony representing a putative transformant was analyzed by
colony picking PCR to confirm that transgenes were incorporated into
the chloroplast genome. Specific primers TH127/TH118 (5’-TGGCCTT
GGATCACCTCCTTCTCTTAA-3’/5-TATAAGTAAGTAAGTAAGTAAGCC
AGTACC-3’) that hybridize with the endogenous 16S and 23S flanking
regions were used to verify integration of the transgenic DNA into the
chloroplast genome (Fig. 1). The amplification program was performed
according to Gutiérrez and coworkers [34] using a thermocycler T100
Thermal Cycler (Bio-Rad). PCR reaction conditions were as follows:
initial denaturation at 95 °C by 5 min, followed by 35 cycles of 30's at
95°C, 30s at 60 °C, and 3 min at 72 °C, ending with a final extension of
10 min at 72 °C. Untransformed H. pluvialis was used as positive control
and distilled water as a negative PCR control. The PCR fragments were
separated on 1% agarose gel.

2.5. RT-PCR

Reverse transcription PCR experiments were carried out using total
RNA extracted from wild-type and modified microalgae using the
TRIzol reagent (Invitrogen) in accordance with the manufacturer's in-
structions. First strand cDNA was synthesized from 2 ug of the DNase-
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Fig. 1. Map of the plasmid pSM382-PDS-Flag transformation plasmid. Integration of the pds and aadA genes is achieved by homologous recombination of the RFR-16S and LFR-23S
flanking sequences. Primers pair TH219/TH266 for PDS cDNA amplification (Fig. 3) and primers pair TH127/TH118 for transgene integration verification (Fig. 2) are indicated.

treated RNA using the M-MLV Reverse Transcriptase and random pri-
mers according to the manufacturer's instruction (Promega, Madison,
WI, USA). cDNAs were diluted 100 times and 1 pL of each dilution was
used as a template in a final PCR volume of 10pL, using primers
TH219/TH266 (5”-GTTGTCGACATGCGTGTTGTTATTGCTGGT-3"/
5’-GTTTTTACAACCACCAGCAATAGCACCTAC-3). The PCR fragments
were separated on 1% agarose gel.

2.6. Western blot analysis

Total proteins were isolated from 30mg of transgenic algae.
Samples were resuspended in 500 pL. dH,O containing 1% (v/v) pro-
tease inhibitor cocktail (Sigma-Aldrich) and lysed by strong vortex with
a mix of metal beads of 1 and 2.38 mm. 10 pL of this mix plus loading
buffer were separated on a 10% SDS-PAGE gel. Western blots were
performed as described by Barrera [38] using a mouse anti-Flag M2
(1:1000) (Sigma, St. Louis, MO, USA) and an HRP-conjugated goat anti-
mouse secondary antibody (1:7500) (Thermo Fisher, Waltham, MA,
USA). Membranes were developed using the Westar Supernova kit
(Cyanagen, Bologna, Italy).

Total carotenoids, astaxanthin and chlorophyll extraction and
quantification.

A known quantity of cysts biomass of H. pluvialis (20 mg) was lysed
with strong vortex with a mix of 1 and 2.38 mm metal beads. Total
carotenoids were extracted with 50 mL 100% acetone and kept at
—20°C for 24 h. Samples were sonicated and centrifuged at 4 °C re-
peatedly until the pellets became colorless. Extracts were measured at
474 nm for total carotenoids, and 663 and 645 nm for chlorophyll using
an Espectrostar Nano spectrophotometer (BMG Labtech, Offenburg,
Germany). Total carotenoids and chlorophyll were calculated using Fuji
Chemical Industry and Becker equations, respectively [39,40].

For astaxanthin extraction, 3 mL of total carotenoid were mixed
with 1 mL of cholesterol esterase enzyme 4 U/mg (Waco, USA) and
incubated at 37 °C for 45 min. Then, 1 g sodium sulphate decahydrate
and 2 mL of petroleum ether were added, vortexed for 30s and cen-
trifuged for 5min at 3000 RPM. The petroleum ether layer including
the carotenoids was transferred to a new tube containing 1 g of anhy-
drous sodium sulphate. The petroleum ether carotenoid extract was
decanted and dried under N, gas and re-dissolved in 3mL 100%
acetone [35]. Aliquots of extracts were stored in amber vials at —80 °C
prior to HPLC analysis. Extracts were subjected to High-Performance
Liquid Chromatography in Jasco PU-2089-plus instrument (Easton, MD,
USA), fitted with a UV-Vis intelligent detector (model 2075) using a
3.5um C8 column (4.6 X 100 mm, Water, Milford, MA, USA). A gra-
dient solvent system consisting of methanol:ammonium acetate 70%
(70:30 v/v) and 100% methanol at a flow rate of 1.0 mL/min was used.
Astaxanthin was identified at 425 nm by comparing the retention times
and spectra against a known standard. Astaxanthin was used as the
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standard (Dr. Ehrenstorfer CAS N° 7542-45-2 GmbH, Germany).

2.7. Cell productivity in H. pluvialis clones

Clones of H. pluvialis PDS and PDS-flag and wild type H. pluvialis
were submitted to vegetative cell growth in 300 mL EG/JM medium up
to the end of exponential growth phase. Assays were performed in tri-
plicate. Growth rate was determined by cell counting using Neubauer
chamber 0.1 mm and an Olympus inverted microscope. Specific growth
rate was calculated using the equation p = Ln (X2 — X1) /(T2 — T1),
where X2 and X1 are biomass (preferably dry wt) at the beginning (T1)
and at the end (T2) of the exponential growth phase [41]. Cellular
productivity (mg/L/day) was calculated by the formula applied by
Sorokin [42].

3. Results and discussion
3.1. pds codon optimization and cloning

It is well established that in microalgal chloroplasts genomes, codon
bias is an important determinant for protein expression [43,44]. In C.
reinhardtii, nuclear and plastid genes have very different codon com-
position biases [45]. The full-length nuclear cDNA encoding the H.
plwvialis pds gene (1494 bp) was codon optimized for C. reinhardtii
chloroplast codon bias, since this alga belongs to the same order
(Chlamydomonadales) as H. pluvialis, and its chloroplast genome is
sequenced, unlike the one from the latter. Expressing a nuclear gene in
the chloroplast genome avoid gene silencing and also takes advantage
of the high translation levels that can be achieved in this organelle [46].

The optimized pds gene flanked by the restriction enzymes Ndel and
Xhol, with and without the Flag tag was cloned into pSM382-USER,
thus placing it under the control of 5psbA promoter/UTR and 3’rbcL
UTR. The latter vector allows the cloning of any gene flanked by these
two restriction sites for expression, driven by the psbA promoter/UTR
for future experiments. The accompanying spectinomycin resistance
gene (aadA) used as the selectable marker is driven by 5rbcL promoter/
UTR and 3’psbA UTR sequences, thus avoiding the possibility of
homologous recombination with the pds cassette. The flanking 16S and
23S regions of Haematococcus pluvialis allow the integration of both
cassettes within the chloroplast genome by homologous recombination
[34]. These cloning yielded the expression plasmids pSM382-PDS and
pSM382-PDS-Flag (Fig. 1).

3.2. Chloroplast transformation

Chloroplast transformation of H. pluvialis with both plasmids was
done according to the method described by Gutierrez [34]. After
6 weeks of cultivation in the selection medium (EG/JM spectinomycin
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200 pg x mL~ ") single colonies appeared providing a transformation
efficiency of 8.5transformants/ug DNA for pSM382-PDS and
9.5 transformants/ug DNA for the vector pSM382-PDS-Flag. Transfor-
mation efficiencies were rather low compared to the ones observed by
Gutierrez and coworkers [34] that could be due to the larger construct
that needed to be integrated, or because of the increased metabolic
burden caused by the overexpression of pds. These efficiencies are still
higher than the ones from Sharon-Gojman et al. and Steinbrenner and
Sandmann using the same target gene [16,47]. These authors obtained
efficiencies between 10~ — 10~ % cells/ug DNA when they targeted the
pds gene to the nuclear genome.

3.3. Analysis of gene integration into the chloroplast of H. pluvialis

Algae chloroplasts exhibit genome polyploidy. Therefore, transfor-
mation event results in an initial heteroplasmic state in which only
some copies of the chloroplast genome within an individual cell have
been modified [48,49]. Growth of transformant lines under selective
pressure should eventually result in homoplasmic cells. Integration of
the transgene into the chloroplast genome of transformed H. pluvialis
was assessed after 5 and 10 months of post-bombardment selection and
antibiotic plate re-streaking. Using primers TH127/TH118 a fragment
of 3.7 Kb is generated when pds and aadA expression cassettes are in-
tegrated into the plastome, whereas a fragment of 0.12 Kb would show
no integration, corresponding to the native sequence of the ribosomal
operon (Fig. 1). Wild type H. pluvialis showed only the 0.12 Kb fragment
indicating the native sequence of the ribosomal operon. Although sev-
eral rounds of single-colony propagation under selective pressure were
done to allow the recovery of homoplasmic clones, none of the tested
transgenic lines (PDS and PDS-flag) showed an individual 3.7 Kb am-
plicon and no 0.12Kb fragment, which would represent homoplasmy.
All strains were heteroplasmic showing both bands, indicating that the
transgenes have been inserted into some copies of the chloroplast
genome (Fig. 2A and B). Evidence for persistent heteroplasmic state has
been seen before in C. reinhardtii and Platymonas subcordiformes
[48,50]. The persistent heteroplasmic state of the chloroplast genome
could be an indicative of instability of the transgene due to the inherent
polar effect within the rRNA operon. It seems likely that the genetic
change is disrupting the ribosomal operon function, and therefore both
types of plastoma are maintained [51]. Interestingly, two PDS-flag
transformants resulted in the amplification of only the 0.12Kb am-
plicon showing apparently no integration of the transgene (Fig. 2B).
Nonetheless, the positive RT-PCR and Western blots for these strains
(Fig. 3), indicate that the smaller PCR fragment probably outcompeted
the amplification of the much larger 3.7 Kb band.

3.4. Expression confirmation by RT-PCR and Western blot

In order to confirm expression from the transformation constructs,
we have determined the transcriptional activity of the optimized pds
gene by RT-PCR for all clones selected. Specific primers (TH219/
TH266) against the codon optimized pds gene were designed in order to
distinguish it from the nuclear pds copy. The result demonstrated that
the optimized pds gene (1494 bp) was constitutively transcribed in all
transgenic clones of PDS-Flag (Fig. 3A). Data from putative PDS
transformants are not shown. This is in accordance with the activity of
C. reinhardtii psbA promoter, which is also constitutively transcribed
[52].

Total proteins were extracted and analyzed by SDS-polyacrylamide
gel electrophoresis. Immunological detection using a monoclonal anti-
body against Flag tag showed a band with molecular mass of about
50kDa in all transformed clones containing the tag, the band was not
present in H. pluvialis WT (Fig. 3B), suggesting that pds-flag mRNA
(Predicted MW 55.7 kDa) is translated. This is the first time that the
nuclear pds gene has been successfully expressed in an algal chloroplast;
all previous efforts have targeted nuclear overexpression of this gene
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Fig. 2. Analysis of integration by homologous recombination of pds and aadA genes in the
plastome of H. pluvialis. PCR with primers TH127/TH118 flanking the 165-23S integra-
tion site (Fig. 1). Amplification of the wild-type untransformed site results in a 120 bp
amplicon. Amplification of the integrated construct results in a 3700 bp amplicon.

A. PDS transformed strains: 1, 10, 11, 13, 14, 15; WT: H. pluvialis wild-type; C-: no DNA
PCR control; M: 1 Kb ladder.

B. PDS-flag transformed strains: 1, 2, 3, 10, 12, 16; WT: H. pluvialis wild-type; C-: no DNA
PCR control; M;: 100 bp ladder; My: 1 Kb ladder.
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Fig. 3. Analysis of PDS-Flag transformed colonies.

A. Reverse transcribed pds cDNA amplification with primers TH219/TH266 (Fig. 1).
Clones 1, 2, 3, 10, 12, 16: H. pluvialis/pSM382-Flag; WT: H. pluvialis wild-type cDNA. M:
1Kb ladder. The expected size of the PCR product is 1494 bp.

B. Western blot analysis probed with anti-FLAG M2 primary antibody, and HRP-con-
jugated secondary antibody. Total protein was extracted as indicated in the experimental
procedures and separated by electrophoresis on 10% SDS-PAGE gel. Clones 1, 2, 3, 10, 12,
16: H. pluvialis/pSM382-Flag; M: Molecular weight standard; C+: Flag Positive control
protein; WT: H. pluvialis wild-type. The expected molecular weight of PDS is indicated
(55.7 kDa).

[16-18]. This work also contributes as another example of the feasi-
bility of relocating nuclear genes into the chloroplast genome when
removing their transit peptides and performing proper codon optimi-
zation. The latter seems highly reasonable given that the evolutionary
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Table 1
Astaxanthin, chlorophyll and biomass accumulation of transformed H. pluvialis strains.

Strain Carotenoid/ Astaxanthin/ Cell biomass Astaxanthin
chlorophyll DW % mg/L yield mg/L
ratio

WT 1,41 1.58 + 0.06 1136 + 43 18.0 = 1.0

PDS-1 4,96 2.64 = 0.06 1300 * 46 343 = 1.4

PDS- 2,62 2.20 = 0.04 1212 + 62 26.7 £ 1.5

Fla-
g-12
*(p < 0.05).

evidence shows that several nuclear genes derive from horizontal gene
transfer from the chloroplast genome, which was formerly the photo-
synthetic endosymbiont genome [53].

3.5. Analysis of astaxanthin in H. pluvialis transformants

Phytoene desaturase (PDS) is a rate-limiting enzyme in carotenoid
biosynthesis and is restricted to the chloroplast [31]. The nuclear
transformation of pds gene demonstrated that the increase of transcripts
of PDS increase the protein level and enable the microalgae to max-
imize the secondary carotenoid biosynthesis [16,17].

After a preliminary astaxanthin accumulation screening of the pu-
tative transformants, PDS-1 and PDS-Flag-12 strains were selected for
detailed carotenoid production characterization (Table 1). Following
four days of vegetative growth, both transgenic strains grew to a
comparable cell density to the wild type. This indicates that the
transgenes are not toxic and do not represent a significant metabolic
burden to the cells. Astaxanthin accumulation per dry weight was en-
hanced by 67% and 39% for PDS-1 and PDS-Flag-12, respectively.
These differences were considered to be statistical significant
(p < 0.05). The lower value attained by the tagged strain could be due
to the Flag-tag obstructing the conserved C-terminal carotenoid binding
motif found in PDS, thus resulting in lower activity [54,55]. The en-
hancement of astaxanthin accumulation from this report is within range
of previous experiments for nuclear PDS overexpression, resulting in
36% and 54% higher build-up per dry weight in H. pluvialis and C.
zofingiensis, correspondingly [16,17]. Accordingly, delivering the pds
gene directly within the plastome would be acting the same, increasing
the transcripts and protein level for interacting in the accumulation of a
higher amount of astaxanthin.

Furthermore, the calculated astaxanthin accumulation per culture
volume was 90% and 48% higher in PDS-1 and PDS-Flag-12 than in the
H. pluvialis non-transformed. Higher increments in astaxanthin per
culture volume compared to per dry weight relates to the higher bio-
mass density attained by the transgenic strains. Higher cell densities
could be due to a higher amount of total carotenoids available for
photoprotection during growth of the transformants [56]. PDS-1 and
PDS-Flag-12 had total carotenoids to chlorophyll ratios 252% and 86%
higher than the control after induction, respectively. The apparent
difference between total carotenoids and astaxanthin accumulation is
probably due to the fact that PDS generates the precursor for all major
carotenoids that accumulate in the cell (e.g. (-carotene, lutein, lyco-
pene, zeaxanthin, astaxanthin), thus resulting in overall enhanced
carotenoid accumulation, and not just that of astaxanthin [32]. Al-
though transformants remain heteroplasmic, the second copy of the
PDS gene allowed higher accumulation of astaxanthin in the transgenic
lines assessed.

3.6. Biomass and astaxanthin productivity analysis for H. pluvialis
transformants

In order to assess if transgene expression affects cellular viability,
the growth rate and cellular productivity of PDS-1 and PDS-flag-12
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Fig. 4. Growth curve of H. pluvialis transformed and non-transformed strains
WT: H. pluvialis non-transformed used as control: PDS-1 and PDS-flag-12 strains of
transformed H. pluvialis.

strains were compared with the wild-type strain. Transgenic and non-
transgenic lines appeared similar with respect to morphology, mobility,
and cell growth kinetics. The cells in vegetative state remained sus-
pended in the culture medium, with a green translucent color and two
long flagella in constant movement. These characteristics suggested
that cultures were viable. The stationary cell concentration of the wild-
type strain was 6.82 X 10° cells/mL with a growth rate of u = 0.64 div/
day, while the transformed strains reached 6.88 x 10° and
6.74 x 10° cells/mL with a growth rate of p = 0.64div/day and
pu = 0.62div/day for PDS-1 strains and PDS-flag-12 respectively
(Fig. 4). These values are in accordance with previously recorded
growth rates of H. pluvialis [57]. The fourth day of culture corresponds
to the end of the exponential growth phase and the statistical analysis
did not show significant differences (p > 0.05) between wild type and
transformed H. pluvialis growth rates (Table 2). Cell productivity
reached 3.25 x 10®mg/L/day in strain PDS-1 and 3.03 x 10®>mg/L/
day for PDS-flag-12, while wild type strain reached 2.84 x 10%>mg/L/
day (Table 2). These results clearly demonstrate that the transformation
event of H. pluvialis does not affect cell viability.

4. Conclusions

This is the first report demonstrating that a nuclear gene (pds) is
expressed in the chloroplast of H. pluvialis. The latter has allowed for
successful metabolic engineering of the carotenoid biosynthesis
pathway resulting in up to 90% higher astaxanthin accumulation per
culture volume. This has confirmed previous results suggesting that the
phytoene desaturating step is rate limiting for carotenoid accumulation
[16-19]. In the future, the developed strategy could be implemented in
H. pluvialis industrial strains for reducing natural astaxanthin produc-
tion costs, given that the transgenes do not impair growth rates or
biomass productivity.

Table 2
Cell productivity of transformed H. pluvialis strains.

Strain Cellular density cell/mL  Growth rate Cell productivity mg/L/
division/day day
WT 6.82 x 10°> + 3.28 0.64 + 0.01 2.84 x 10> + 10.70
PDS-1 6.88 x 10° * 8.30 0.65 + 0.01 3.25 x 102 + 11.40
PDS- 6.74 x 10° + 6.77 0.62 + 0.01 3.03 x 10 + 15.58
Fla-
g-12
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