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Abstract Parachlorella kessleri is a unicellular alga
which grows in fresh as well as marine water and is
commercially important as biomass/lipid feedstock and in
bioremediation. The present study describes the successful
transformation of marine P. kessleri with the help of
Agrobacterium tumefaciens. Transformed marine P. kess-
leri was able to tolerate more than 10 mg 1”" hygromycin
concentration. Co-cultivation conditions were modulated to
allow the simultaneous growth of both marine P. kessleri
and A. tumefaciens. For co-cultivation, P. kessleri was
shifted from Walne’s to tris acetate phosphate medium to
reduce the antibiotic requirement during selection. In the
present study, the transfer of T-DNA was successful
without using acetosyringone. Biochemical and genetic
analyses were performed for expression of transgenes by
GUS assay and PCR in transformants. Establishment of
this protocol would be useful in further genetic modifica-
tion of oil-bearing Parachlorella species.
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Introduction

The potential of algae as third-generation biofuels is being
explored as the most effective alternative to fossil fuels.
Mass-scale algal culturing can allow synergistic coupling
of fuel generation, carbon sequestration and wastewater
treatment resulting in sustainable energy conversion and
utilisation. Algae biomass can be used directly as feedstock
for biofuels or their high inherent oil content can be con-
verted to biodiesel specifically (Brennan and Owende
2010; Chisti 2007). However, various biological as well as
technological challenges need to be overcome to realise the
true potential of any large-scale algal cultivation system
(Hannon et al. 2010). Genetic modification can be one of
the promising approaches to overcome the biological lim-
itations of the algal system. In recent years, considerable
advancements have been made on algal genetic modifica-
tion (Hallmann 2007; Kiliana et al. 2011). However, this
has been restricted mostly to the model system Chla-
mydomonas reinhardtii and few other freshwater species
(Kumar et al. 2004; Cha et al. 2012; Kathiresan and Sarada
2009). Marine algal species are advantageous over fresh-
water ones as they can obviate the use of both freshwater
and land for biomass/oil production. Establishment of a
genetic manipulation system in potential marine species
can provide a platform for further advancements in biofuel
production.

Recently, the green algae class Chlorellaceae has been
subdivided into two sister groups, i.e. Chlorella clade
including ‘true’ Chlorella species and Parachlorella clade
based on the nucleotide sequence of 18 S rRNA and ITS 2
region (Krienitz et al. 2004). Many algal species earlier
described as Chlorella are hence being reclassified in the
Parachlorella clade based on their molecular phylogenetic

analysis. Parachlorella is a unicellular algal genus
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comprising different species of fresh as well as marine
origin. Parachlorella algal species has also shown con-
siderable potential in terms of oil accumulation (Ahmad
et al. 2013; Li et al. 2013) and bioaccumulation of metals
(Mahdavi et al. 2012) like its close relative genus Chlo-
rella. These attributes make the genus Parachlorella an
attractive system to develop genetic manipulation tools.
However, the genus Parachlorella is comparatively a
newly established clade and little information, either
genetic or metabolic, is available for this genus. Develop-
ment of a transformation method is the first basic step for
any further genetic improvement for any species of interest.
In the recent years, the use of Agrobacterium-mediated
transformation has gained momentum after its successful
demonstration in the model organism Chlamydomonas
(Kumar et al. 2004). There have been reports of Agro-
bacterium-mediated transformation in freshwater Chlorella
vulgaris and marine Schizochytrium sp. (Cha et al. 2012;
Cheng et al. 2012). It has also been successfully developed
for Haematococcus pluvialis (Kathiresan and Sarada 2009)
and Dunaliella bardawil (Anila et al. 2011). This clearly
indicates that both fresh and marine water algae are under
the natural host range of Agrobacterium tumefaciens like
plants. However, the use of Agrobacterium-mediated
transformation for marine algal species poses a specific
challenge as bacteria fail to grow under high salinity con-
ditions and thus require cautious selection of a culture
medium which supports both algal and Agrobacterium
growth simultaneously. In the present study, the first suc-
cessful transformation of T-DNA of A. tumefaciens in the
marine Parachlorella kessleri identified as a promising
algal species for its high oil content has been reported.

Materials and methods
Algal strain and culture conditions

The marine P. kessleri strain, originally isolated from the
Bay of Bengal, India, was a generous gift from the Indian
Institute of Technology, Chennai, and was confirmed by
DNA barcoding (Ahmad et al. 2013). It was maintained in
Walne’s medium (Walne 1970) for the present study. For
transformation, it was grown and maintained on tris acetate
phosphate (TAP) medium and afterwards transferred back
to Walne’s medium for further analysis. The growth profile
was studied on both TAP and Walne’s media in triplicates
and the average values were taken for comparison. Cells
were grown at 100 rpm under continuous light intensity of
75 pumol photons m~2 s~ " at 25 °C. Growth was assessed
by measuring optical density at 750 nm.
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Plasmid constructs and bacterial strains

A binary vector—pCAMBIA1301, which has a bacterial
hpt and a GUS gene each under the 35S CaMV promoter,
was used for transformation (Gift from ICGEB, Delhi).
Plasmid was maintained and amplified in the Escherichia
coli strain DH5a. pCAMBIA1301 was transferred to A.
tumefaciens strain LBA4404 (octopine type) by electro-
poration using standard protocol and used for algal trans-
formation studies.

Antibiotic sensitivity analysis for marine P. kessleri
and A. tumefaciens

Hygromycin sensitivity study of marine P. kessleri was
done on TAP agar medium with a concentration range of
2-20 mg 17", 107 cells ml~' were spread plated on TAP
medium with different concentrations of hygromycin and
kept in continuous light with 75 pmol m—> s~" at 25 °C
for 2 weeks.

Cefotaxime sensitivity study for A. tumefaciens was
done on TAP agar medium with a concentration range of
100-700 mg 1" 10° cells ml~' were spread plated on
TAP medium with different concentrations of cefotaxime
and incubated in the dark for 2 days at 28 °C.

Transformation

Transformations were done by co-cultivating marine P.
kessleri with A. tumefaciens on TAP medium twice in trip-
licates. A cell density of 10’ ml~" of marine Parachlorella
was plated onto TAP agar medium and incubated in light for
3 days to allow a lawn of cells to be grown. In the present
study, acetosyringone (AS), an inducer of vir gene, was not
used. An overnight grown A. tumefaciens culture in liquid
YEM medium was pelleted and further resuspended in liquid
TAP medium. Two hundred microlitres of this overnight
grown bacterial suspension (A600 — 0.5) was plated onto
the lawn of P. kessleri cells growing on agar plates for
co-cultivation. Following co-cultivation for 72 h, cells
were harvested and washed twice with liquid TAP medium
containing 500 mg 17" cefotaxime by centrifugation at
3,000 rpm for 2 min. P. kessleri cells were resuspended in
liquid TAP and plated onto TAP agar medium containing
15 mg 1™' hygromycin 4+ 500 mg 1”' cefotaxime. Cells
were incubated till the appearance of transformed colonies at
25 °C under continuous light intensity of 75 umol m™?s™".
Transformed colonies were maintained on TAP agar med-
ium containing 15 mg 1~ hygromycin. Transformed cells
were grown in liquid Walne’s medium for the GUS assay
and PCR analysis.



Photosynth Res (2013) 118:141-146

143

Detection of reporter gene expression

For the GUS histochemical assay, transformed algal cells
were centrifuged, washed with distilled water, resuspended
in sonication buffer (Na,HPO, — 0.06 M, KH,PO, —
0.007 M, KCI — 0.1 M) and sonicated for 10 min at
10 kHz frequency. The cell lysate was mixed with GUS
staining solution and incubated for 3 days at 37 °C (Jef-
ferson 1987) and checked for the appearance of a blue
colour. Wild-type algal cell lysate and distilled water were
used as negative controls.

Confirmation and analysis of T-DNA transformation

Genomic DNA of the transformants was isolated using a
GeneiPure™ Plant Genomic DNA Purification Kit
(GeneiTM, Bangalore, India). PCR was carried out with
forward primer 5'-CTATTTCTTTGCCCTCGGA-3’ and
reverse primer 5-AAAGCCTGAACTCACCGCGA-3'
specific to hpt gene to amplify a 1 kb fragment. Genomic
DNA of wild-type marine P. kessleri and plasmid DNA of
pCAMBIA1301 were used as negative and positive controls,
respectively. The PCR products were run on 1 % agarose gel
along with a 1 kb ladder to confirm the transformation.

Confirmation of A. tumefaciens’ absence
in transformants

Genomic DNA of transformants and wild-type P. kessleri
was isolated using the GeneiPure™ Plant Genomic DNA
Purification Kit (GeneiTM, Bangalore, India). PCR was
carried out with forward primer 5-AGGTCGTTCGCTCC
AAGCTG-3' and reverse primer 5'-AGGAAAGCTGCCT
GTTCCAAAG-3' specific to npfll gene to amplify the
1,040 bp fragment. PCR was also carried out to detect the
presence of VirC gene using VirC forward primer 5'-ATC
ATTTGTAGCGACT-3' and reverse primer 5'-AGCTCAA
ACCTGCTTC-3' to amplify a 730 bp fragment to confer
the absence of A. tumefaciens in transformed -cells.
pCAMBIA 1301 and A. tumefaciens LBA 4404 strain were
used as positive control for npfll and VirC genes, respec-
tively. The PCR products were run on 1 % agarose gel
along with a 1 kb ladder.

Growth study of transformed cells

Transformed cells were grown in liquid Walne’s medium
to study the growth pattern in triplicates and average values
were taken for comparison with wild-type P. kessleri. Cells
were incubated at 100 rpm under continuous light intensity
of 75 pmol m~2s~" at 25 °C. Samples were withdrawn at
regular intervals and optical density was measured at

750 nm to assess growth.
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Fig. 1 Growth studies of wild-type and transformed marine P.
kessleri in Walne’s and TAP media to assess the effect of change in
the medium on growth pattern. Filled box wild P. kessleri in Walne’s,
filled triangle transformed P. kessleri in Walne’s and filled circle wild
P. kessleri in TAP

Results and discussion

For Agrobacterium-mediated transformation, it is essential
that algae and bacteria grow together on a medium which
supports the growth of both the organisms during the co-
cultivation period. This poses a technical hurdle for the
transformation of marine algal species as A. tumefaciens
and marine algal species may not be able to survive in
marine and freshwater media, respectively. Therefore,
either A. tumefaciens needs to be adapted on marine
medium or algae need to be grown in freshwater medium.
According to previous reports, A. tumefaciens has been
grown on TAP, a freshwater medium, which also supports
algal growth (Kumar et al. 2004). Therefore, marine P.
kessleri was inoculated in TAP medium and the effect of
transferring from marine medium (Walne’s) to freshwater
medium (TAP) on growth was assessed. The marine P.
kessleri was able to grow on TAP medium and no signif-
icant difference in growth pattern was observed in both
marine and freshwater media (Fig. 1). Based on these
results, TAP medium was used for co-cultivation purpose.
Our result indicates that TAP can be used as co-cultivation
medium for the transformation of marine algal species
which can survive in TAP medium. In a similar manner,
the salinity of the co-cultivation medium was reduced to
0.2 M NaCl instead of 1 M for A. tumefaciens-mediated
transformation of D. bardawil, a halophilic alga (Anila
et al. 2011). Hence, it can be concluded that establishing
the common growth conditions for both the organisms is an
essential step for the transformation of marine/salt-tolerant
algal species when using the Agrobacterium-mediated
method.

Ti-plasmid-based pCAMBIA series of A. tumefaciens
binary vectors have long been used as the vectors of choice
for plants and are increasingly being exploited for algal
transformation. This is due to the inclusion of antibiotics as
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Table 1 Hygromycin sensitivity study of marine P. kessleri for
selection of transformants

Table 2 Number of transformants per plate and transformation
frequency

Sr No Hygromycin % survival

concentration

(mg 17
1 00 100.00
2 02 71.66
3 04 58.29
4 06 46.52
5 08 27.27
6 10 12.30
7 12 3.74
8 14 0.00
9 16 0.00
10 18 0.00
11 20 0.00

The cells were inhibited beyond the concentration of 12 mg 17"
Hence, 15 mg 17! concentration was used for the selection of trans-
formants after co-cultivation. (Control is considered as 100 % and the
rest of the values are calculated relatively)

well as a diversity of reporter genes in the constructs
(www.pcambia.org). Therefore, pCAMBIAI1301 was
selected for this study. This vector has a hygromycin
phosphotransferase (hpf) gene and a GUS gene under the
CaMV promoter for the selection of transformants. It is
essential to determine the minimum inhibitory concentra-
tion (MIC) of hygromycin for species of interest as dif-
ferent algal species might respond distinctively towards the
antibiotics. The growth of marine P. kessleri was inhibited
beyond 12 mg 17" of hygromycin concentration (Table 1)
and thus 15 mg 1! hygromycin was used for the selection
of transformants. The MIC of hygromycin for P. kessleri
was found to be higher as compared to freshwater algae
C. reinhardtii (10 mg1™") and H. pluvialis (2 mg1™")
(Kumar et al. 2004; Kathiresan and Sarada 2009), but
much lower than marine algal species such as D. bardawil,
Porphyra yezoensis and Schizochytrium sp. (Anila et al.
2011; Takahashi et al. 2011; Cheng et al. 2012). This may
be because of the growth of P. kessleri on TAP medium
(freshwater) as opposed to the marine water medium. It has
been reported that a higher concentration of salt leads to
the use of higher amount of hygromycin for complete
inhibition of D. salina cell growth due to the involvement
of Ht-ATPase (Anila et al. 2012). However, the exact
mechanism of antibiotic tolerance for other marine algal
species has not been studied in detail and needs further
investigation. Cefotaxime concentration of 500 mg 17"
was found to be inhibitory for Agrobacterium; however,
this concentration did not affect the P. kessleri cells and
thus was used for elimination of bacteria after co-
cultivation.
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Set Number of cells Number of Transformation
No. plated transformants frequency
(x107 cells mlfl) appeared on plate (107 cells ml™h)
(cfu)
1 1.75 £+ 0.03 432 £ 9.53 246 £ 5.77
2 1.72 + 0.03 432 £+ 3.51 251 £ 5.54
+SD

The DNA transfer events were studied by monitoring
the expression of hpt and GUS genes present in trans-
formed marine P. kessleri. Colonies of transformed P.
kessleri cells appeared on the hygromycin-containing TAP
plate after 3—4 weeks of incubation. No growth was
observed in control P. kessleri cells even after 6 weeks of
incubation. The transformation was done twice in tripli-
cates to ensure the reproducibility of the method. Trans-
formation frequencies were found to be 246 £ 5.77 and
251 £ 5.54 cells per 107 cells ml~' (Table 2). The trans-
formed colonies were maintained on TAP agar medium
with hygromycin as a selection pressure. Individual trans-
formed colonies, which exhibited proliferate growth, were
inoculated in liquid Walne’s medium for confirmation of
transformation. It is important to note that efficient trans-
formation occurred even without using AS, a common
inducer of vir genes.

GUS histochemical assay of transformed colonies was
conducted to confirm the transformation of pPCAMBIA1301
into marine P. kessleri. The cell lysate of transformed cells
showed GUS activity as indicated by the development of
blue colour (Fig. 2a), which was confirmed by microscopic
observation of the cells (Fig. 2b). Hence, it can be con-
cluded that hygromycin (hpt gene) and GUS gene can be
used as selection marker and reporter gene respectively
and 35S CaMV as a promoter for marine P. kessleri. The
final confirmation of transformation was done by confirming
the presence of Apt gene in the genomic DNA of transformed
cells by polymerase chain reaction with the help of specif-
ically designed primers. A 1 kb band was seen in trans-
formed marine P. kessleri and positive control (pCAMBIA)
only, whilst it was absent in wild-type cells (Fig. 3). To rule
out the possibility of GUS expression/hpt amplification due
to contaminating Agrobacterium, PCR was carried out for
nptIl gene of 1,040 bp which is present outside the T-DNA
region of pPCAMBIA 1301 and VirC gene of 730 bp of
Agrobacterium plasmid (Sawada et al. 1995). No amplifi-
cation was observed for both the genes in transformed as
well as wild-type P. kessleri, whilst single corresponding
bands were obtained in the respective positive controls
(Fig. 4a, b). Also, the streaking of transformants on LB
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Fig. 2 a Histochemical
detection of GUS activity in P.
kessleri wild-type and
transformed cells,

A transformed marine P.
kessleri, B wild-type marine P.
kessleri and C distilled water.
b Microscopic observation of
GUS-positive transformed cells.
Arrow indicates the blue
coloured cell demonstrating the
transfer of pCAMBIA into P.
kessleri

Fig. 3 PCR-based confirmation for transformation of pPCAMBIA into
P. kessleri. PCR analysis was done using /ipt gene-specific primers of
1 kb. A transformed P. kessleri, B wild-type P. kessleri, C pCAM-
BIA1301 plasmid and D 1 kb ladder (from bottom to 3rd band 1, 2
and 3 kb). Arrow indicates the 1 kb band

medium did not show the growth of Agrobacterium. This
proved that the transformants did not harbour A. tumefaciens
contamination, and GUS expression/hpt amplification
resulted due to transformation of P. kessleri.

After transformation, P. kessleri cells were grown on
liquid Walne’s medium and their growth was found to be
comparable to wild-type cells (Fig. 1). This suggests that
transformants had the same biomass growth and co-culti-
vation in freshwater medium did not affect the growth
potential of cells adversely. This is the first detailed report
on Agrobacterium-mediated transformation of marine P.
kessleri. Recently, Agrobacterium-mediated transformation
was found to be successful in freshwater C. vulgaris (Cha
et al. 2012) and in marine Chlorella sp. (Cha et al. 2011).
In marine Chlorella, the transformation was found to be
transient and was achieved by using different concentra-
tions of AS (Cha et al. 2011). In marine algae

Fig. 4 Detection of A. tumefaciens contamination in the transfor-
mants. a PCR analysis using nprIl gene-specific primers of 1,040 bp
in length. Lane A 1 kb ladder (bands from bottom to 8th band: 250,
500, 750, 1,000, 1,500, 2,000, 2,500 and 3,000 bp), B pCAMBIA1301
plasmid, C transformed P. kessleri and D wild-type P. kessleri. Arrow
indicates the positive control. b PCR analysis using VirC gene-
specific primers of 730 bp in length. Lane A 1 kb ladder (bands from
bottom to 8th band: 250, 500, 750, 1,000, 1,500, 2,000, 2,500 and
3,000 bp), B A. tumefaciens, C transformed P. kessleri and D wild-
type P. kessleri. Arrow indicates the positive control

Schizochytrium sp., the transformation has been achieved
with the protoplast rather than with the cell wall containing
cells (Cheng et al. 2012). Although cell wall-less mutants
can be transformed with electroporation, glass beads or
Agrobacterium-based methods, their regeneration to cell
wall containing cells is a long and tedious process. In the
present study, transformation of marine P. kessleri was
achieved without undergoing protoplast formation and was
stable for four generations. The amplification of hpt gene
by PCR showed that the T-DNA region of pPCAMBIA was
successfully transformed in P. kessleri. Thus, Agrobacte-
rium-mediated transformation can be used for further
molecular manipulation of this important genus for com-
mercial use.
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Conclusions

Advancements in molecular phylogenetic analysis of
Chlorophyta have resulted in reshuffling of some strains
designated as Chlorella into Parachlorella clade. Genus
Parachlorella is emerging as a model candidate as oleag-
inous algae and for bioremediation along with Chlorella.
The capability of P. kessleri to produce high biomass/oil
content and its marine origin are most suitable for biofuel
purposes and may be of considerable interest for bioenergy
and carbon sequestration. Here, we report a simple Agro-
bacterium-mediated transformation protocol which can be
exploited for genetic modifications in marine P. kessleri.
The establishment of this method will open up opportuni-
ties in utilising this economically important genus for
fundamental studies as well as for biotechnological
applications.
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