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Abstract: Introduction: The microalga Parachlorella kessleri-1 produces high biomass and lipid con-
tent that could be suitable for producing economically viable biofuel at a commercial scale. Sequenc-
ing the complete chloroplast genome is crucial for the construction of a species-specific chloroplast
transformation vector.

Methods: In this study, the complete chloroplast genome sequence (cpDNA) of P. kessleri-1 was as-
sembled; annotated and genetic transformation of the chloroplast was optimized. For the chloroplast
transformation, we have tested two antibiotic resistance makers, aminoglycoside adenine transferase
(aadA) gene and Sh-ble gene conferring resistance to spectinomycin and zeocin, respectively.
Transgene integration and homoplasty determination were confirmed using PCR, Southern blot and
Droplet Digital PCR.

Results: The chloroplast genome (109,642 bp) exhibited a quadripartite structure with two reverse re-
peat regions (IRA and IRB), a long single copy (LSC), and a small single copy (SSC) region. The ge-
nome encodes 116 genes, with 80 protein-coding genes, 32 tRNAs and 4 rRNAs. The cpDNA provid-
ed essential information like codons, UTRs and flank sequences for homologous recombination to
make a species-specific vector that facilitated the transformation of P. kessleri-1 chloroplast. The
transgenic algal colonies were retrieved on a TAP medium containing 400 mg. L' spectinomycin, but
no transgenic was recovered on the zeocin-supplemented medium. PCR and Southern blot analysis as-
certained the transgene integration into the chloroplast genome, via homologous recombination. The
chloroplast genome copy number in wildtype and transgenic P. kessleri-1 was determined using Drop-
let Digital PCR.

Conclusion: The optimization of stable chloroplast transformation in marine alga P. kessleri-1 should
open a gateway for directly engineering the strain for carbon concentration mechanisms to fix more
CO,, improving the photosynthetic efficiency and reducing the overall biofuels production cost.

Keywords: Chloroplast genome, genetic engineering, homologous recombination, photosynthetic organism, microalgae biofu-

els, parachlorella.

1. INTRODUCTION

Parachlorella is a unicellular green alga belonging to the
class Trebouxiophyceae in the order Chlorellales. The clas-
ses Trebouxiophyceae, Prasinophyceae, Ulvophyceae and
Chlorophyceae belong to the phylum Chlorophyta [1, 2],
amongst which Prasinophyceae show the most basal diver-
gence [3] while Trebouxiophyceae emerged before
Ulvophyceae and Chlorophyceae as evident from the report-
ed data of chloroplast and mitochondrial genomes [4-6].
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Chloroplasts were captured early during the evolution of
the eukaryotic cell, as they are considered having originated
from cyanobacteria through endosymbiosis. During the
course of evolution, extensive rearrangements occurred with-
in the chloroplast genomes or (plastomes). However, as
compared to that of free-living cyanobacteria, the size of the
chloroplast genome has subsequently reduced in the past, but
still, many DNA sequences of chloroplast resembled the
cyanobacterial genome [7]. It is generally believed that land
plants have been evolved from green algae [8] and most of
the chloroplast genomes are highly conserved among plant
species [9]. Most land plant plastomes have two identical
copies of inverted repeat regions (IRA and IRB) separating a
large single copy (LSC) region and a small single copy
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(SSC) region [10, 11]. Therefore, insightful information on
repeated sequences, intergenic regions, and pseudogenes in
the chloroplast DNA might be very helpful in deciphering
the process of chloroplast genome evolution.

The genetic transformation of industrial microalgae may
be useful for overexpressing the desired traits, leading to the
production of sustainable biofuels feedstocks [12, 13]. Chlo-
roplast genome transformation is routine in Nicotiana taba-
cum and Chlamydomonas reinhardtii. The first stable chlo-
roplast transformation was achieved in C. reinhardtii. How-
ever, chloroplast transformation is still challenging in other
plant species and algae. Transformation of the nuclear ge-
nome was reported for Parachlorella sp. [14], but no chloro-
plast transformation has been reported. In algae, chloroplast
organelle occupies about two-thirds of the cellular space and
carries up to 100 copies of the plastome. The chloroplast
genome is prokaryotic in nature, which enables site-specific
recombination between homologous DNA sequences and
provides a unique opportunity to overexpress the important
traits via plastome modifications [15]. There are no deletions
and rearrangements of transgene DNA reported at the site of
insertion. This is advantageous over the nuclear transfor-
mation that usually leads to the random integration of
transgenes [16]. Moreover, transgenes integration in the
chloroplast genome is precise and unaffected by phenomena
such as pre or post-transcriptional silencing despite tran-
scripts accumulating at 169-fold higher levels comparative to
nuclear genome transformation [17]. Due to multiple copies
of plastome in an algal cell, chloroplast transgenics may ex-
hibit higher levels of transgene expression, thus a higher
level of biofuel molecules and value-added products can be
produced. Further expression levels can be enhanced if
transgene is integrated into one IR region, which duplicates
via the RecA enzyme into the other IR as well [10].

The genes of the chloroplast genome are transferred via
maternal inheritance in green alga [18]. The uniparental in-
heritance of chloroplast traits in green algae [18, 19] can be
the key to generate genetically modified species and mitigate
the environmental risks [20, 21]. This would be beneficial in
the biological containment of genetically modified strains
when cultured outdoors in large volumes, e.g., raceway
ponds and photobioreactors. The chloroplast transformation
may be useful to overexpress the genes like thioesterases to
produce fatty acids of desired chain lengths, it can be im-
plemented to fix higher CO, and reduce photorespiration via
carbon concentration mechanism (CCM), as well as improv-
ing the photosynthetic efficiency by the overexpression of
RuBisCO genes.

Researchers are studying algal-based biofuels since the
1970s, yet no commercially viable strain has been claimed so
far. In the past, some programs were shut down due to the
higher cost of algal-based biofuels compared to fossil fuels.
The advancement of recombinant DNA techniques and syn-
thetic biology offers the greatest range of options to improve
the performance of wild strains. Therefore, different trans-
genic approaches need to be investigated as a potential
method for increasing the productivity of algae and enabling
them to compete with relatively cheaper fossil fuels. The
microalgal strain P. kessleri-1 accumulates high starch and
lipid in laboratory conditions as well as on a semi-industrial
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scale in outdoor photobioreactors [22] and considered an
ideal strain for biofuel production. It occurs in both freshwa-
ter and marine environments.

An oleaginous marine algal strain P. kessleri-1, isolated
from the Indian Ocean, that accumulates higher lipid amount
on a dry weight basis [23] compared to the previously re-
ported freshwater P. kessleri strain CCALA 225 [22] was
explored for optimization of the chloroplast transformation
using aadA and Sh-ble gene conferring resistance to spec-
tinomycin and zeocin respectively. To obtain an optimal
expression of transgenes in the chloroplast, identification of
spacer regions and endogenous regulatory sequences are
required. Thus, to gain more insights, we have undertaken
complete sequencing and annotation of the chloroplast ge-
nome of marine alga P. kessleri-1. Phylogenetic analysis
showed that P. kessleri-1 shares a common ancestry with the
freshwater P. kessleri. The chloroplast genome sequence
information was used for designing appropriate species-
specific vectors using codon optimization, internal UTRs and
other elements essential for a higher expression of transgenes
in P. kessleri-1. For site-specific integration, homologous
flanking sequences were attached on either side of the genes
cassette in a species-specific chloroplast transformation vec-
tor. The successful transgenic colonies were recovered on a
spectinomycin-supplemented medium. Transgene integration
in the chloroplast genome of alga was confirmed with the
help of and PCR and Southern blot analysis.

2. MATERIALS AND METHODS
2.1. Strain and Growth Conditions

The algal strain, P. kessleri-1, was isolated from the Indi-
an Ocean by the Indian Institute of Technology Madras and
kindly provided by Mr. Shrikumar Suryanaran. Furthermore,
it was characterized in our laboratory as reported [23] as per
the guidelines of the National Biodiversity Authority (NBA)
of India. All the isolation and the axenic culture of marine
alga were maintained on agar plates containing f/2 medium
(pH 8.0) [24] under 2000 Lux light intensity for 16:8 light:
dark conditions and temperature of 25°C. Optical density at
750 nm was used to assess the growth of algal cells [23].

2.2. DNA Extraction: Qualitative and Quantitative Anal-
ysis of cpDNA

P. kessleri-1 strain was scaled up using liquid /2 medi-
um, centrifuged at 3600xg and the pellet was re-suspended in
3ml ice cold breaking buffer containing SmM dithiothreitol
(DTT) and SmM sodium ascorbate. Algal cells were sonicat-
ed on ice using cell disruptor (Sonics, 3 mm Tapered mi-
crotip probe) at a frequency of 1 kHz, 5 sec/S sec off pulse at
30% amplitude for 2 min. The algal cells were collected by
centrifugation and the pellet was re-suspended in 1 ml buffer
containing 10 mM HEPES, 600 Mm sorbitol, 50 mM MgCl,
and 0.1% bovine serum albumin (BSA), pH 7.5-7.8 at 4°C.
The auto-fluorescence of intact chloroplasts was monitored
using Fluorescence Brightener 28 (Sigma Aldrich). The fluo-
rescence from stained cellular components was observed at
650 nm and auto-fluorescence from intact chloroplast was
seen at 420 nm. The presence or absence of fluorescence was
observed using a NIKON fluorescence microscope. After
confirmation of chloroplast release, the enriched chloroplast
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was layered on a 60-70% sucrose gradient. The gradients
were allowed to equilibrate overnight at 4°C. Gradient lay-
ered with cell lysate was centrifuged at 197120xg for 60 min
at 10°C using the Ultracentrifuge (Beckman Coulter Optima
XE-100). The chloroplast fraction was observed as a single
dark green band almost in the middle of the tube [25] (Fig.
1A). The presence of intact cells, released chloroplasts and
the cellular debris in the top, middle and bottom layers, re-
spectively, was confirmed by staining with Fluorescence
Brightener 28 (Fig. 1B-D). The plastomic DNA was extract-
ed using the CTAB (Cetyl Trimethyl Ammonium Bromide)
buffer method [26]. The quality of genomic DNA was
checked on 1% agarose gel for a single intact band. 1pul of
the sample was used for determining the DNA concentration
by NanoDrop™ 2000 Spectrophotometer (Thermo Scien-
tific™). The purified cpDNA was supplied to Xcelris Ge-
nomics (Ahmedabad, India) for sequencing the chloroplast
genome of P. kessleri-1.
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Fig. (1). (A-D) P. kessleri-1 algal cells stained with Fluorescence
Brightener 28 after ultracentrifugation in sucrose gradient.
(A) After sonication, P. kessleri-1 cells were layered on 60-70 %
sucrose gradient and subjected to separation by ultracentrifugation.
Three layers obtained were stained with Fluorescence Brightener 28
(Sigma Aldrich) to confirm cell rupture to release chloroplasts.
(B) The top layer consisted of enriched intact, non- ruptured cells.
The cell wall appears bright blue from the stain under the UV light.
The bean-shaped chloroplast emitted red auto-fluorescence. (C)
The middle layer shows intact chloroplasts showing the isolated
chloroplasts as red-orange points. (D) The bottom layer contains
cellular debris, dead and fractured cells that sediment to the bottom
of the tube, indicated by blue fluorescence. (4 higher resolution /
colour version of this figure is available in the electronic copy of the
article).

2.3. Genome Sequencing and Data Pre-processing

The chloroplast genome sequencing of P. kessleri-1 was
carried out with the help of Xcelris Genomics (Ahmedabad,
India). The paired-end sequencing libraries were prepared
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using the Truseq Nano DNA Library prep kit and sequenced
on Illumina NexSeq (2 X 150 PE). A high-fidelity amplifica-
tion step was performed using HiFi PCR Master Mix to en-
sure maximum yield.

2.4. Chloroplast Genome Assembly and Annotation

The chloroplast genome of P. kessleri-1 was assembled
using NOVOPlasty v3.0, using untrimmed reads and Ru-
bisco-bis-phosphate carboxylase/oxygenase (RuBisCo) as
the seed sequence [27]. The other specified parameters in-
cluded a genome range of 100000-220000 bp, K-mer value
of 39, reference sequence of reported freshwater P. kessleri
chloroplast genome (NC 012978.1) and the paired-end reads
option. A web-based annotation tool, GeSeq (part of the
CHLOROBOX toolbox), designed for annotation of organel-
lar sequences [28], was used for annotating the chloroplast
genome. Annotation was confirmed manually and by using
NCBI BLAST [29] and DOGMA [30]. Visualization of the
cp genome was done using OGDRAW [31] (Fig. 2). All
transfer RNA sequences (tRNA) encoded in the cp genome
were verified using ARAGORN v1.2.38 [32] with default
parameters.

2.5. Comparative Analysis

The plastome of P. kessleri-1 (MNO13385) and P. kess-
leri (NC_012978.1) was compared using MAUVE software:
Multiple alignments of the conserved genomic sequence
with rearrangements [33]. Progressive MAUVE genome
alignment algorithm was used with default parameters to
compare the two genomes to observe any gene loss, duplica-
tion, genome rearrangement, and horizontal transfer caused
due to recombination. The whole chloroplast genome was
also compared using BRIG to visualize the approximate sim-
ilarity between the genomes using BLASTn (Fig. 3A and B).
Hypothetical genes were studied using NCBI Conserved
Domain Search against CDD v3.18 — 55570 PSSMs with an
expected value threshold of 0.010000 [34]. Subcellular local-
ization of the proteins was predicted using a deep learning
algorithm DeepLoc [35].

2.6. Study of Antibiotic Sensitivity

Prior to chloroplast transformation, algal cells were
adapted to grow on the TAP medium [36] without the addi-
tion of NaCl (salt), so that sensitivity to antibiotics can be
accurately determined. In the presence of salt, the algal cells
may be tolerant to antibiotics [37]. In order to identify an
optimal concentration of the antibiotics zeocin (Invitrogen)
and spectinomycin (Sigma Aldrich), different concentra-
tions of zeocin (10, 20, 40, 60, 80 and 100 mg.L'l) and spec-
tinomycin (100, 200, 300, 400, 500 and 600 mg.L'l) were
tested using TAP medium solidified with 1.2% agar. Ap-
proximately 1.5 x 10° cells of P. kessleri-I were plated onto
90 mm Petri plates and incubated with 16:8 h light (irradi-
ance of 2000 lux) and dark conditions at 25+1°C. The final
concentrations of 20 mg.L" zeocin and 400 mg.L"' spec-
tinomycin were observed to completely cease the growth of
P. kessleri-1 cells. Therefore, 20 mg.L" zeocin and 400
mg.L" spectinomycin were taken into account as optimized
antibiotic concentrations for exploring the chloroplast trans-
formation in P. kessleri-1.
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Fig. (2). Chloroplast genome map of Parachlorella kessleri-1. The predicted genes are shown and colors represent genes code, which are
given at the bottom left. Genes shown on the outside of the circle are transcribed clockwise and on the inside of the circle are transcribed anti-

clockwise. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

2.7. Chloroplast Transformation Vector

Particular regions from the chloroplast genome sequence,
namely 16S rDNA, #rnl, trnA and 23S rDNA were extracted
and used for the construction of vector in-silico. Both left
and right flanking regions which contained the plastome
fragments of approximately 0.8 Kb each, consisting of 16S
rDNA -trnl and trnA - 23S rDNA, respectively, were used
for homologous recombination. Between the right and left

flanks, transgenes cassette contained 16S Prrn promoter-g10-
ShBle gene-3’UTR-Trps. Promoter psbA-5’UTR psbA-aadA
gene-3’UTR psbA was cloned into the pUC19 plasmid, as
shown in Fig. (4A). The whole DNA cassette of the PkCpV
vector prepared in-silico and DNA vector was synthesized
with the help of the vendor (BioBasic Inc., Canada). The
PkCpV chloroplast transformation vector was transformed
into E. Coli (Top-10) competent cells to maintain and bulk
up the plasmid.
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Fig. (3). A. Synteny analysis between the chloroplast genomes of marine Parachlorella kessleri-1 and freshwater Parachlorella kessleri, us-
ing MAUVE alignments. Colored and outlined blocks surround regions of the chloroplast genome sequence of marine P. kessleri-1 that are
aligned to a corresponding part of the freshwater P. kessleri genome, and lines connect blocks of putative homology. Within the blocks, the
colored bars indicate a high level of sequence similarities. The blocks that lie above the centerline are aligned in the forward orientation rela-
tive to the first genome sequence, i.e., P. kessleri-1. Blocks below the centerline represent the region that aligns in reverse complement orien-
tation. White areas indicate low identity regions between strains. Regions with the same color indicate high-similarity syntenic blocks and are
connected by the same color bars. The mauve colored region of the similarity plot represents the conserved part in both genomes. The average
level of conservation in a particular region is shown by the height of the similarity profile. B. Comparative circular genome (BLAST) visuali-
zation of Parachlorella kessleri-I and Parachlorella kessleri. From inside to outside Ring 1: GC content, Ring 2: GC Skew, Ring 3: BLAST
comparison of P. kessleri-1 with P. kessleri on a sliding scale according to percentage identity (100%, 75%, or 50%) along with GC content
and skew. Image generated by BRIG. The outermost ring comprises major segments with 100% and 70% sequence similarity to freshwater
strain; however, regions of about 50% sequence similarity are also observed. Regions with high GC content are also clearly observed from the
innermost ring depicting the GC content of the chloroplast genome. (4 higher resolution / colour version of this figure is available in the electron-

ic copy of the article).
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Fig. (4). A-D. Physical map of chloroplast transformation vector of Parachlorella kessleri-1. (A) The PkCpV cassette contained the left and right
flanks (native chloroplast DNA sequences of P. kessleri-1) and Promotor rrn16S controls the expression of the S/ ble gene and promoter psbA
drive aadA expression. (B) The PkCpV cassette cloned in pUC19 plasmid was bombarded on algal culture lawn plated over 1% agar containing
TAP medium. Transgenic colonies were selected on TAP medium either containing zeocin or spectinomycin. (C) The spectinomycin resistant
green colonies were further ascertained for gene integration via PCR analysis producing 0.8kb amplicon using aadA specific primers. (D) To
confirm the integration of transgenes at the specific location of the chloroplast genome, Southern blot was performed on genomic DNA digested
with Ncol and HindlI (restriction enzyme cut outside the flanking region of 23S), yielding 2.9 kb signal in transgenic cell lines named as T1, T2
and T3. No signal was detected in WT. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

2.8. Genetic Transformation of P. kessleri-1 and Antibiot-
ics Selection

Prior to bombardment, an algal cell lawn was prepared,
containing a high concentration of cells in the middle area of
the Petri plates. The chloroplast DNA transformation vector
specific to P. kessleri-1 (PkCpV) was coated on gold parti-
cles S550d following the vendor's instruction (Seashell
Technology, CA, USA). About 10 pg of plasmid DNA
(stock Img.ml") was added to 3 mg of a gold carrier for 5
transformation experiments. Thereafter, an equal volume of
precipitation buffer (50 pL) was added. The total mixture
(100 pL) was briefly vortex and incubated for 3 minutes. The
mixture was spun (10,000 rpm for 10 sec) to pellet the DNA
coated-gold particles. The supernatant was removed and 500
puL of 100% chilled ethanol was added. Again, the mixture
was briefly vortex and spun (10,000 rpm for 10 sec) to pellet
DNA-coated gold particles. The supernatant was discarded
and 50 pL of 100% ethanol was added to DNA-coated gold
particles. The pellet was homogenized in ethanol by soni-
cation and 10 pL each of the suspension of DNA-coated gold
particles was spotted in the middle of the microcarrier (5
discs) (Bio-Rad, Hercules, CA, USA). The DNA coated-gold
particles were bombarded on the algal lawn using 1350-psi
rupture discs at 6 and 9 cm distance, respectively [38]. After
overnight incubation of cultures in the dark, bombarded cells
were divided equally on TAP medium containing 20 mg.L™
zeocin and 400 mg.L™" spectinomycin (Fig. 4B).

2.9. PCR and Southern Blot Analysis

Transgenic colonies appeared only in the spectinomycin
(400 mg.L™") containing the selection medium. Spectinomy-
cin resistant colonies were screened by colony PCR using
gene-specific primer pair: SP_F1 (5-GTCGACATGGAA
CAGAAGTTGATT-3") and SP R1 (5-GTGGACAAA
TTCTTCCAACTGATCT-3). Each PCR reaction was per-
formed in 50pl reaction mixture containing 1X Taq Reaction

buffer (HiMedia Labs, Mumbai, India), 0.1ug DNA tem-
plate, 200 uM of each dNTPs, 1 Unit Taq polymerase
(HiMedia Labs, Mumbai, India), and concentrations of F1
and R1 used 0.5 uM of each oligo. A BioRad MyCycler (Bi-
oRad, USA) was employed for PCR amplification, as shown
in Fig. (4C), to amplify about 850 bp amplicon. A PkCpV
plasmid DNA was used as a control (25-ng) along with wild
type algal cells and transformed colonies selected on 400
mg.L" spectinomycin. The amplified PCR products were
obtained using 35 cycles at 95°C denaturation of DNA tem-
plate, 59°C annealing and extension at 72°C for 1 min and a
final extension at 72°C for 10 min. PCR products were ana-
lyzed on agarose gel (1.0 %) electrophoresis (BioRad,
USA).

The transgenes integration was further confirmed by
Southern blot analysis. Genomic DNA of transformed and
untransformed cells was extracted using the DNeasy plant
mini kit (Qiagen). About 6 pg genomic DNA was digested
with Ncol and HindIII (restriction enzyme located outside
the flanking region of 23S), as shown in Fig. (4A). The di-
gested genomic DNA was electrophoresed on a 0.8 % aga-
rose gel, denatured and blotted onto Hybond positive nylon
membrane. The probe was prepared as per the AlkPhos Di-
rect Labeling Reagents kit (GE Healthcare) using the aadA
gene around 400 bp fragment isolated from PkCpV plasmid
after digestion with Notl and Pvul enzymes. Southern hy-
bridization was carried out according to AlkPhos kit instruc-
tions (GE Healthcare, Little Chalfont, United Kingdom).

2.10. Determination of Copy Number (ploidy) of the
Chloroplast Genome Using Droplet Digital PCR

The copy number (ploidy) of the chloroplast genome was
determined by using Droplet Digital PCR where actin (ACT)
was used as a reference gene and a segment in the IR region
of P. kessleri-1 chloroplast was used as a ‘target’ gene (IR).
Similarly, the spectinomycin resistance aadA gene (SP) was
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used as a target gene to decipher a copy number in the trans-
genic P. kessleri-1 (Supplementary Table 1). A total reaction
of 20 microliters was prepared (according to manufacturer’s
instruction) containing ddPCR Evagreen Supermix (Bio-
Rad), primers and template DNA (predigested with Ncol &
HindIIl) and pipetted into the compartments of the Droplet
Generator DG8™ Cartridge (BioRad), and 70 pL of the
Droplet Generation Oil for EvaGreen Supermix (BioRad)
was added to the appropriate wells. The cartridges were cov-
ered with DG8™ Gaskets (BioRad) and placed in a
QX100™ Droplet Generator (BioRad) to generate the drop-
lets. Afterward, the droplets were gently transferred to a
semi-skirted 96-well PCR plate (BioRad) using a Pipet-lite™
XLS+ manual 8-channel pipette with the range 5-50 puL
(Rainin). The PCR plate was sealed with pierceable foil (Bi-
oRad) using a PX1™ PCR Plate Sealer (BioRad). After seal-
ing, the PCR plate was placed in a C1000 Touch™ Thermal
Cycler (BioRad) for PCR amplification. PCR cycling condi-
tions were recommended by the manufacturer: 5 min initial
denaturation at 95°C followed by 40 cycles of 30 s at 95°C
and extension for 1 min at a temperature gradient of 51-
60°C with a ramp speed of 2°C /sec; one cycle of stabiliza-
tion of 5 min at 4°C and 5 min at 90°C. The PCR reaction
was held at 12°C. Individual droplets were analysed with the
QX 100 Droplet reader (BioRad) and the ac%&hred data anal-
ysis was performed using the QuantaSoft ™ Analysis Pro
software package (BioRad version 1.0.596). Samples with
more than 10,000 total droplets and good separation between
positive and negative droplets were selected for analysis.
The absolute amount of gene for individual samples was
calculated by the software under default settings and the ac-
tual copy number of each target gene was estimated using
the following formula [39]:

Absolute amount of Gene (Target)

Copy of Gene (Target) = X Copy of Gene (Reference)

Absolute amount of Gene (Reference)

3. RESULTS
3.1. Chloroplast Genome Organization and Features

The whole genomic DNA of P. kessleri-1 was sequenced
using the Illumina truseq paired-end sequencing. A total of
17498340 paired-end reads were generated with a read
length of 150 bp. NOVOPlasty v3.0 [27] was used to assem-
ble the circular chloroplast genome of P. kessleri-1. The
chloroplast DNA sequence of P. kessleri-1 was assembled as
a quadripartite structure of 109,642 bp (Fig. 2) with LSC
(41,443 bp), SSC (35,669 bp) and a pair of IRs (10,216 bp).
The organelle genome percent obtained was 6.09% and aver-
age organelle coverage was 1539 using NOVOPlasty V3.0
[27]. The GC and AT content of the whole plastome was
29.5% and 70.5%, respectively.

In the chloroplast genome of P. kessleri-1, a total of 116
genes were identified, including 22 photosynthetic genes (6
for PSI and 16 for PS II), 5 subunits of cytochrome complex,
6 subunits of ATP synthase, 4 ATP binding genes, 3 chloro-
phyll biosynthesis genes and one large subunit of RuBisCo.
Protein synthesis and DNA replication genes include 32
tRNAs, 4 rRNAs, 11 small ribosomal unit genes, 10 large
ribosomal unit genes and 4 RNA polymerase subunit genes.
The genome also has 4 hypothetical genes, ycf3, ycf4, ycf47
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and ycf20 (Table 1). Ycf3 is the only member of the ycf3
superfamily. It is essential for the assembly of the photosys-
tem I (PSI) complex. Ycf4 superfamily consists of hypothet-
ical Ycf4 proteins from various chloroplast genomes. It has
been suggested that Ycf4 is involved in the assembly and/or
stability of the photosystem I complex in chloroplasts. These
two genes have been characterized by the green alga Chia-
mydomonas reinhardtii [40]. Ycf47 and Ycf20 have domains
of unknown function based on conserved domain search
[34]. Subcellular localization was predicted by DeepLoc v1.0
[35], which suggests that Ycf3 and Ycf4 are soluble proteins
while Ycf47 and Ycf20 are membrane-bound proteins.

3.2. Comparative Analysis

The chloroplast genome alignment generated in MAUVE
showed eleven local collinear blocks (LCB), revealing the
synteny between the two genomes when laid horizontally.
The overall architecture of marine and freshwater P. kessleri
chloroplast genomes suggests that there have been rear-
rangements of genes even though the synteny is conserved
(Fig. 3). Comparative analyses showed that both the chloro-
plast genome of marine and freshwater algae have a signifi-
cant homology, as shown in Fig. (3A). Conserved gene clus-
ters in the LSC region have close similarity in the genes’
arrangement in both the marine and freshwater Parachlorel-
la species [41]. The chloroplast genome of P. kessleri-I was
compared with P. kessleri by using BLAST and the compar-
ative image was generated by the BRIG software (BLAST
Ring Image Generator, v0.95), [42] which showed a high
similarity between the sequences of two strains denoted by
concentric colored rings (Fig. 3B).

3.3. Chloroplast Transformation and Selection of Trans-
genic Cultures

The growth of P. kessleri-1 was optimized using the TAP
medium (solidified with agar) and varying concentrations of
zeocin and spectinomycin were used to determine the antibi-
otic sensitivity for the culture. The growth of wildtype (WT)
algal cells was ceased at 20 mg. L™ zeocin and 400 mg. L™
spectinomycin. These were used as optimum antibiotics con-
centrations for the selection of the transgenic algae colonies
after introducing the PkCpV cassette via bombardment. The
chloroplast transformation vector containing PkCpV cassette
with Sh-Ble gene (Sh ble protein: QBQ65853) that confers
resistance to bleomycin, phleomycin, and zeocin was placed
under thel6S-rrn PEP promoter (AC# KY426960.1) along
with 5’UTR-g10 translator of E. coli (AC# AF176637). The
aadA gene (AC# AY442171) that confers resistance to spec-
tinomycin was placed under the light-regulated promoter
psbA along with 5’UTR-psbA translator and 3’UTR-psbA
terminator sequence (similar to AC# NC_001879). The
PkCpV cassette was designed in-silico, as shown in supple-
mentary Fig. S1 and the whole DNA vector was synthesized
(BioBasic Inc. Canada).

Following the reported protocol [38], P. kessleri-1 cell
lawn was prepared and bombarded with the chloroplast
transformation vector PkCpV. A total of 60 plates were
bombarded using 1350 psi rupture disk at a distance of 6 cm,
while 50 plates were bombarded at a distance of 9 cm. The
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Categorical description of the 117 genes in the chloroplast genome of Parachlorella kessleri-1.

Table 1.
Category Group of Genes Name of Genes
Photosynthesis Photosystem I psad, psaB, psaC, psal, psaJ, psaM

Photosystem II

psbA, psbB, psbC, psbD, psbE, psbF, psbH,
psbl, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ, ycf12, psb30

Cy

tochrome com-
plex

petA, petB, petD, petG, petL

ATP synthase

atpE, atpF, atpl, atpA, atpH, atpB, atpD

cysA, ftsH, cysT, minD

and DNA replica-
tion genes

Protein synthesis Ribosomal RNAs

ATP binding
Large subunit of rbcL
Rubisco
rrs, rrf, rrl

Transfer RNAs trnd-UGC (*2), trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnfM-CAU, trnG-UCC, trnG-GCC, trnH-
GUG, trnl-CAU, trnl-GAU (*2), trnK-UUU, trnL-CAA, trnL-UAA, trnL-UAG, tRNL-GAG, trnM-CAU (*3),

trnN-GUU, trnP-UGG, trnQ-UUG, trnR-ACG, trnR-UCU, trnS-GCU, trnS-GGA, trnS-UGA, trnT-GGU,

trnT-UGU, trnV-UAC, trnW-CCA, trnY-GUA, tilS

Small ribosomal
unit

rps7, rpsll, rps18, rps4, rpsl19, rps3, rps2, rps8, rpsl4, rps12, rps9

Large ribosomal
unit

rpll4, rpl16, rpl32, rpl36, rpl23, rpl19, rpl12, rpl20, rpl2, rpl5

RNA polymerase

rpoA, rpoB, rpoCl, rpoC2

subunits
Miscellaneous group
Protease clpP
Acetyl-CoA- accD
carboxylase subu-
nit
Envelope mem- cemA
brane protein
Component of ycfl
TIC complex
c-type cytochrome cCcsA
synthesis
Unknown Hypothetical ycf3, ycfd, ycfa7, ycf20

genes
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bombarded algal plates were incubated in the dark for two
nights. Thereafter, approximately equal numbers of cells
(1x10°% were plated on the selection medium containing
zeocin and spectinomycin on the third day. A single green
colony was observed on plates bombarded at 6 cm distance
while two green colonies when bombarded at 9 cm after 3-4
weeks on the TAP medium containing 400 mg. L™ spectino-
mycin. However, no transgenic colonies appeared on the
TAP medium containing zeocin (20 mg. L), even six weeks
after the bombardment. The spectinomycin resistant colonies
were further sub-cultured after every two weeks on the TAP
medium supplemented with antibiotics for 4 months.
Transgenes integration was analyzed by PCR and Southern
blot.

3.4. Analysis of Transgene Integration in the Chloroplast
Genome

The three spectinomycin resistant transgenic colonies
(Fig. 4B), namely T1, T2, and T3, were tested for transgene
integration in the chloroplast genome. The transformed cell
lines of P. kessleri-1 and wildtype (WT) cells were grown on
liquid TAP medium to bulk up the biomass for total genomic
DNA extraction. The presence of the aadA gene integrated
into the chloroplast genome was determined by PCR, as de-
scribed in Materials and Methods. The expected PCR am-
plicon of size ~850 bp of the aadA gene was observed,
which confirmed the integration of the transgenes into P.
kessleri-1 cells (Fig. 4C). There was no PCR-amplification
observed in the WT cells.

To confirm if the targeted DNA cassette was indeed inte-
grated at the specified position in the chloroplast genome,
that is, between 16S-trnl and trnA-23S locus, Southern blot
analysis was performed. The genomic DNA of transgenic
(T1, T2, and T3) and WT cell lines was extracted and digest-
ed by Ncol and HindlIII restriction enzymes. Ncol site was
located within the vector cassette, while HindIII digested the
DNA outside the Right Flank (#71n4-23S) region, as shown in
Fig. (4A). The plasmid PkCpV was digested with Pvul and
Notl to get the aadA fragment (~ 0.4 kb) used as a probe.
Genomic DNA digested with Ncol and HindIII was hybrid-
ized with the probe, as shown in Fig. (4A). All the transgenic
samples showed a hybridization signal with probes (Fig.
4D), while no signal was observed in the WT. The trans-
formed algal cell lines thus confirmed transgenes integration
at specified sites of the chloroplast genome of P. kessleri-1
via homologous recombination.

Transgenic algal cell lines T, T2, and T3 were maintained
as frozen cultures at -70°C as reported [23] and were not
exposed or disposed of into the environment at the end of the
experiment.

3.5. Determination of a Copy Number of the Chloroplast
Genome in P. kessleri-1

The ddPCR experiment was performed to estimate the
number of copies of the chloroplast genome in P. kessleri-1
based on the method described by Sun ef al. [39]. Assuming
actin to be a single copy gene in the nuclear genome of P.
kessleri-1, it was used as a reference for the determination of
the copy number (ploidy) of the chloroplasts. A segment of
the inverted repeat region (IR) was taken as a target (marker)
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to determine the copy number of the chloroplast genome in
P. kessleri-1. Similarly, spectinomycin resistant aad4 marker
gene was used to assess the homoplasmic status of the trans-
genic lines T1-T3. The absolute copies of the chloroplast
markers were calculated using the QuantaSoft™ Analysis
Pro software package (BioRad version 1.0.596) (Supplemen-
tary Fig. S2 and S3). To determine the actual copy number
of the chloroplast genomes, the values deduced from ddPCR
were divided by two, since the chloroplast markers (both IR
and SP) fall in the inverted repeat regions, which is repeated
twice in the chloroplast genome of P. kessleri-1. Thus, the
copy number of the chloroplast genomes in P. kessleri-1 was
observed between 90 to 100. Whereas the copy number of
transformed chloroplast genomes carrying the aadA gene
was found between 74-83 in the transgenic cell lines; the
highest copy number was observed in the transgenic T1 line
(Supplementary Table 2).

3.6. Comparative Growth Analysis Transgenics Micro-
alga Lines

The total biomass and lipid content in algal cells was
determined as dry cell weight (DCW) after harvesting a P.
kessleri-1 transgenic cultures selected on the TAP medium
(containing spectinomycin) and WT cells (grown without
antibiotic). The DCW was observed as follows: transgenic
cells T1 (315 + 0.21 mg. L), T2 (290 + 0.62 mg. L") and
T3 (319 £ 0.53 mg. L") compared to WT (342 + 0.35 mg. L~
". Similarly, total lipid ?/ield was observed in transgenic
cells T1 (97 £ 0.2 mg. L), T2 (65 + 0.80 mg. L) and T3
(78 + 0.46 mg. L") compared to WT (88 + 0.4 mg. L™"). The-
se observations indicate that there was no adverse impact on
the transgenic cultures due to the transgenes load on the ge-
netically modified chloroplast genome (Supplementary Ta-
ble 3).

4. DISCUSSION

Chloroplasts are members of a class of organelles known
as plastids found in plant cells and eukaryotic algae that car-
ry out photosynthesis and are the primary site for the world's
food production. Other important activities that occur in
plastids include oxygen evolution, carbon sequestration,
starch production, synthesis of amino acids, fatty acids, and
pigments, and also key aspects of sulphur and nitrogen me-
tabolism. Chloroplast organelles have their own genomes
and genetic system. Chloroplast genomes or plastomes are
circular DNA molecules having approximately 100-200
genes, most of which encode photosynthetic, transcription,
and translational apparatus. The chloroplast genes are usual-
ly arranged in operon-like clusters of similar polarity, result-
ing in large polycistronic primary transcripts that are later
processed to oligo-/monocistronic mRNAs by editing and
splicing. The genes are transcribed by a eubacterial-type
RNA Polymerase and the mRNAs are translated on the 70S
ribosome [38]. Detailed DNA sequence information of the
chloroplast genome should help in establishing a toolbox for
efficient engineering of this specialized subcellular com-
partment and producing useful biomolecules.

The whole genome of marine P. kessleri-1 (I stands for
ICGEB) strain was sequenced through the Illumina Platform.
The complete P. kessleri-1 chloroplast genome is 109,642 bp
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(GenBank Accession No. MN(013385) and assembled as a
quadripartite structure. P. kessleri-1 contains 116 genes (Ta-
ble 1) wherein 3 were ribosomal RNA genes (5s, 16s and
23s), 32 transfer RNA genes, 21 genes for ribosomal subu-
nits (11 for small and 10 for large) and four genes code for
DNA directed RNA polymerase (rpoA, rpoB, rpoCl,
rpoC2). There were 6 and 16 genes respectively for photo-
system I (psa) and photosystem II (psb). There were 7 subu-
nits for ATP synthase, one large unit for ribulose bisphos-
phate carboxylase, 5 subunits for cytochrome complex and
one subunit of Acetyl-CoA-carboxylase. The most important
part relevant to the chloroplast genome was the DNA se-
quence present in the inverted repeat (IR) region. The chlo-
roplast organization and gene order of P. kessleri-1 exhibited
a quadripartite structure with GC and AT content of 29.5%
and 70.5%, respectively. The circular chloroplast genome of
marine alga P. kessleri-1 (Accession no. MN013385) con-
sists of 109,642 bp while freshwater P. kessleri (Accession
no. NC 012978.1) has 123,994 bp with a 70% AT-rich re-
gion [41]. P. kessleri-1 encodes 116 genes (Table 1), whereas
the freshwater P. kessleri strain contains 120 genes. Howev-
er, the size of the P. kessleri-1 chloroplast genome was found
to be smaller than that of freshwater strain. Genome progres-
sive alignment was carried out to ascertain if there is any
genome rearrangement, gene gain, loss, and duplication. The
MAUVE tool was used to align the two genomes, and it was
noticed that the maximum region was conserved in both ge-
nome sequences, as visualized using BRIG (Fig. 3B). This
indicates a common ancestry for both the marine and fresh-
water species and they might have acclimatized over time
into the diverse habitat. The decoded DNA sequence of the
IR, i.e., 16S-trnl- trnA-23S part of the chloroplast genome of
P. kessleri-1, was crucial for generating the transgenics. This
part was selected as a flanking region to integrate the
transgenes cassette via homologous recombination. Using
the 16S-trnl- trnA-23S flanking regions, successful chloro-
plast transformation was optimized for the oleaginous ma-
rine alga P. kessleri-1.

Chloroplasts are ideal hosts for the expression of
transgenes [10]. Genetic engineering of the chloroplast ge-
nome provides a promising platform for the production of
high-value targets because it allows manipulation of meta-
bolic processes in ways that would be prohibitively difficult
through traditional approaches [13]. Genes in the chloroplast
genome are organized in the form of operons often tran-
scribed from the same promoter. Chloroplasts have the nec-
essary machinery for cutting and processing the polycistron-
ic transcripts into individual readable transcripts, which pro-
vides the opportunity to express multiple genes, enabling the
engineering metabolic pathways where the expression of
multiple genes is required. A major advantage of chloroplast
transformation is the ability to accumulate large amounts of
foreign protein. The reported yields of recombinant proteins
in the algal chloroplasts are generally in the range of 0.1 to
5% total soluble protein (TSP) of the cell [43]. Also, protein
folding and disulphide bond formation occur readily in the
chloroplasts making this system an ideal platform for the
production of proteins with multiple domains or subunits.
Moreover, as a cellular compartment, chloroplasts can act as
a safe subcellular compartment for the accumulation of for-
eign protein(s) without disturbing the biology of the rest of
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the cell. Another major advantage that chloroplast engineer-
ing offers is the precise insertion of transgenes into specific
sites in the chloroplast genome via homologous recombina-
tion and is not random, unlike the nuclear transgene integra-
tion. Homologous recombination is very common in the
plastid genomes and is mediated by the RecA protein. RecA
also helps in maintaining chloroplast DNA integrity by par-
ticipating in homologous recombination DNA repair [44].
Complete homology of the plastid DNA flanking sequences
ensures highly efficient chloroplast transformation. Overall,
transplastomic technology represents an important and feasi-
ble approach for the production of high-value targets on a
large scale. Several recombinant proteins, therapeutics,
commercial enzymes, and metabolites have been produced in
microalgae by transforming the chloroplast genome [13].

Chloroplasts have been originated from a series of endo-
symbiotic events leading to marked homology with the cur-
rent cyanobacterial genome and the gene expression also
reflects the prokaryotic nature of the chloroplast. During this
transition, a drastic shrinkage of the cyanobacterial genome
occurred where the genes disappeared or got translocated to
the nuclear genome [45]. The chloroplast transcripts are
mostly polycistronic (similar to prokaryotic) with promoters
and untranslated regions at both 5’ and 3’ ends. The mecha-
nism of gene expression in chloroplasts is more complex
than the prokaryotic system and is regulated by the plastid-
encoded plastid-RNA polymerase (PEP), which shares simi-
larity with the bacterial RNA polymerases. However, the
chloroplast retained the genes for RNA polymerase core
subunit (rpod, rpoB, rpoCl, and rpoC?2), genes for the regu-
latory sigma factor were transferred to the nuclear genome
[46]. For example, in C. reinhardtii, the PEP core complex
interacts with a single sigma factor encoded by the nuclear
genome- RPOD [47]. Other studies also show the presence
of interorganellar interaction between nuclear genes control-
ling the expression of chloroplast localized proteins [48].
Various nuclear factors have been shown to protect chloro-
plast transcripts from nucleolytic degradation in C. reinhard-
tii [49]. Transgene expression driven by psad-exonl pro-
moter was found to be further increased by a nuclear muta-
tion, which involves factors required for psa4 RNA splicing
[50], thus regulating the expression of chloroplast genes.
Some reports also indicate that the expression of certain nu-
clear genes encoding chloroplast-localized proteins is de-
pendent on the functional state of the plastid, via a process
known as retrograde signaling [48]. For example, two chlo-
roplast essential genes (rpsi2 and rpoA) have shown to af-
fect the expression of the nucleus-encoded proteins, suggest-
ing retrograde signaling between plastid and nucleus in C.
reinhardtii, similar to land plants [51]. Therefore, although
chloroplasts are semi-autonomous organelles, their transcrip-
tion is mediated by a hybrid of both prokaryotic and eukary-
otic systems.

The translational machinery of this specialized subcellu-
lar compartment also reflects the evolutionary origin of plas-
tids; the chloroplastic ribosomes are more prokaryotic in
origin than the eukaryotic ribosomes. The translational con-
trol of chloroplast gene’s expression is regulated by light,
redox poise and transcription factors with repeats of amino
acid sequence motifs [52]. Translational regulation among
microalgae is mostly studied in C. reinhardtii because of its



620 Current Genomics, 2020, Vol. 21, No. 8

amenability to diverse experimental approaches. Translation
regulation in the mature chloroplast of Chlamydomonas var-
ies during the light and dark phases. Several photosynthetic
proteins synthesis was documented in the light phase only
and not in the dark conditions. Proteins of PSII reaction cen-
tre such as D1, encoded by psbA; D2, encoded by psbD;
CP43, encoded by psbC; CP47, encoded by psbB; and of the
PSI reaction center such as PsaA, encoded by psad; and
PsaB, encoded by psaB; the LSU of Rubisco, encoded by
rbcL, were synthesized during the light phase. Whereas the
translation of tufA mRNA encoding translation elongation
factor EF-Tu was recorded higher in the dark than light [52].
Intracellular localization of the mRNAs also regulates the
activation or repression of their translation [53]. For exam-
ple, the activation of translation of PSII subunits and the
LSU of Rubisco by light correlates with the localization of
its mRNAs (encoding at least two PSII subunits) and the
LSU to a specific region of the Chlamydomonas chloroplast
around the pyrenoid called the translation (T) zone [54]. Al-
so, translational regulation of the biogenesis of photosynthet-
ic complexes occurs by the “Control by Epistasis of synthe-
sis” (CES). In Chlamydomonas, CES involves repression of
translation in the biogenesis of PSI, PSII, and the cyto-
chrome b6/f complex. It prevents the synthesis of additional
unassembled copies by repressing translation of the mRNA
encoding it; when a subunit of one of these complexes is
present in excess [52].

The PkCpV cassette was flanked by an endogenous 16S
rDNA-trnl sequence on the left and #nA4-23s rDNA se-
quence on the right (Fig. 4A). Integration of transgenes in
the intergenic region between trnl-GAU and trnA-UGC
genes has resulted in high levels of expression in microalgae
as well as in plants [55], hence this region was chosen for
site-specific integration of transgenes attributing to its high
transcriptional activity. Using the Ncol and HindIII re-
striction enzymes for digestion of transgenic genome, we
have ensured that transgenes Sh-Ble and aadA have been
precisely integrated between the #rnl and trnA region of the
native chloroplast. The HindlII restriction enzyme cuts out-
side the flanking region of the vector (into the native chloro-
plast genome), which confirms that transgenes are integrated
at the specified site. Both the promoters used in the study,
namely 16Srrn and psbA, are known to drive successful
expression of the transgene in both algae and plants. The g-
10 from E. coli is a strong RBS and greatly enhances the
translation of the foreign gene. The enhancing effect relies
on the regulation of mRNA binding and release of the
ribosome S30 subunit [56], especially to 16S rRNA. The
addition of the g-10 sequence was thought to improve the
5’UTR function under the 16S-rrn promoter. The psbA
promoter is light-driven and has shown maximum protein
expression in the algae chloroplast [57], hence it was
preferred.

Accurate estimation of the copy number of specific genes
is important for several applications. Digital PCR has pro-
vided a platform for sequence-specific detection and quanti-
fication of nucleic acids. The measurement accuracy of the
Digital PCR relies on partitioning the conventional PCR re-
action into a large number of individual reaction volumes.
The distribution of the target gene sequences in these parti-
tions follows a binomial function such that parts of the reac-

Nawkarkar et al.

tion volume do not contain a copy of the target gene. The
partitions amplifying copies of the target gene are labelled
positive and counted, along with those without the target
gene (labelled negative), after an endpoint PCR reaction. The
proportions of positive partitions are used to calculate the
copy number concentration according to the statistics for
binomial distribution [58]. In our study, we have used the
Droplet Digital (dd) PCR from BioRad to determine the
chloroplast genome copy number using actin (ACT) as a
reference and inverted repeat (IR) and aad4 (SP) as target
genes. Conventional actin is a single copy gene in C. rein-
hardtii [59]. Primers based on this gene sequence were used
to amplify actin in P. kessleri-l1 that was considered as a
single copy gene. The actual number of chloroplast genomes
in P. kessleri-1 was calculated to be between 90-100, which
is slightly higher in range than that reported in C. reinhardtii
(5-80) by Staub and Maliga [60]. This may be because of the
variance in algal species. Furthermore, we also checked the
state of homoplasty attained in the transformed chloroplasts
of transgenic lines with the help of ddPCR with ACT/SP as
the reference/target gene. It was observed that an average of
13% of chloroplasts might not contain the transgene aadA
(SP). Such a minor difference could not be detected by
Southern blot, which is the conventional method to assess
the homoplastic state in chloroplast transformation events.
However, the ddPCR being a more accurate and sensitive
technique could reveal the state of ploidy between the trans-
formed versus untransformed chloroplasts.

Spectinomycin was observed to give a better selection of
transgenic algae after transformation than zeocin. This may
be because of the heightened sensitivity of P. kessleri-1 to
the antibiotic zeocin in the absence of any salts; as increasing
NaCl beyond 0.2M decreases the antibiotic sensitivity in
microalgae [37]. A similar observation is reported by Mufioz
et al., [61], where zeocin was tested for sensitivity against
Acutodesmus obliquus and Neochloris oleoabundans but was
not used for the selection of transformed microalgae.

In the comparative growth analysis, WT and transgenic
cell cultures have produced around the same amount of bio-
mass and lipid. This indicates that there was no detrimental
impact of transgenes integrated into the chloroplast genome
on the growth physiology of P. kessleri-1. Chloroplast trans-
formation of other microalgae has resulted in a variety of
bioproducts such as vaccines, monoclonal antibodies, biocat-
alysts, etc. C. reinhardtii chloroplast has been extensively
exploited for the production of subunit vaccines, monoclonal
antibodies, immunotoxins and cancer cell therapeutics [43].
The chloroplast of other marine microalgae, Dunelliella ter-
tiolecta, was transformed for the production of enzymes such
as xylanase, o-galactosidase, phytase, phosphatase, and (-
mannanase [61].

CONCLUSION

Marine P. kessleri-1 (ICGEB strain) is an oleaginous
strain and has great potential for producing biofuel mole-
cules. We studied the whole chloroplast genome of isolated
microalga from the Indian Ocean. It was sequenced through
Illumina Platform and assembled using NOVOPlasty v3.0
and annotated using GeSeq MPI chlorobox. Manual annota-
tion was done to confirm the repeat regions using NCBI
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BLAST [39]. The complete chloroplast genome of P. kess-
leri-1 is 109,642 bp in length, with 116 genes. The detailed
study of the #7rnl-GAU and #rnA-UGC region of P. kessleri-1
was used for the chloroplast transformation. These unique
sites have allowed integration and expression of highly effi-
cient transgenes, precisely occurred on 16s and 23s riboso-
mal DNA sites. The first report of site-specific optimization
of the chloroplast transformation in a new marine strain
should help further to improve its biofuel properties via syn-
thetic biology approach.
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