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Abstract

The green oleaginous microalgae, Chlorella sorokiniana, is a highly productive Chlorella species and a potential host for
the production of biofuel, nutraceuticals, and recombinant therapeutic proteins. The lack of a stable and efficient genetic
transformation system is the major bottleneck in improving this species. We report an efficient and stable Agrobacterium
tumefaciens-mediated transformation system for the first time in C. sorokiniana. Cocultivation of C. sorokiniana cells (optical
density at A¢go=1.0) with Agrobacterium at a cell density of ODg,,=0.6, on BG11 agar medium (pH 5.6) supplemented with
100 pM of acetosyringone, for three days at 25 +2 °C in the dark, resulted in significantly higher transformation efficiency
(220 + 5 hygromycin-resistant colonies per 10° cells). Transformed cells primarily selected on BG11 liquid medium with
30 mg/L hygromycin followed by selecting homogenous transformants on BG11 agar medium with 75 mg/L hygromycin.
PCR analysis confirmed the presence of Aptll, and the absence of virG amplification ruled out the Agrobacterium contami-
nation in transformed microalgal cells. Southern hybridization confirmed the integration of the hptII gene into the genome
of C. sorokiniana. The qRT-PCR and Western blot analyses confirmed AptIl and GUS gene expression in the transgenic cell
lines. The specific growth rate, biomass doubling time, PSII activity, and fatty-acid profile of transformed cells were found
similar to wild-type untransformed cells, clearly indicating the growth and basic metabolic processes not compromised by
transgene expression. This protocol can facilitate opportunities for future production of biofuel, carotenoids, nutraceuticals,
and therapeutic proteins.
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Introduction (Zienkiewicz et al. 2016). Their capacity to recycle atmos-

pheric CO, through high photosynthetic efficiency, sequester

Oil-rich microalgae are fast emerging as an alternative
source of lipids/triacylglycerols (TAGs) for large-scale
biodiesel production due to their ability to produce large
biomass and lipids cells without competing for arable land
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greenhouse gases, absorb nutrients from wastewater, store
significant amounts of starch for effective utilization in eth-
anol production and biosynthesis of high-value bioactive
metabolites have attracted increased attention (Shaikh et al.
2019). Microalgae endure adverse environmental conditions
owing to TAGs, the typical lipids with a storage function
in the cells (Sharma et al. 2012). Despite having numer-
ous advantages in biofuel and biorefinery production, the
inherent low growth rate of oleaginous microalgae poses
the biggest obstacle in its use as biofuel feedstock (Pribyl
et al. 2012). Nutrient availability (Courchesne et al. 2009),
light- and temperature-dependent growth (Randhawa et al.
2017), and stress-inducible lipid accumulation (Shaikh et al.
2019) in microalgal cells impose additional constraints in
their utilization for commercial-scale production of biofuel
and bio-commodities. Finding high biomass-producing algal
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strains with metabolic routes for carbon allocation to TAGs
is essential to sustainable biofuel production (Pribyl et al.
2012). Improving lipid content in the wild strains of micro-
algae through genetic regulation of TAG biosynthesis could
boost these strains’ potential use for biofuel production (Zhu
et al. 2016).

The oleaginous microalgae, Chlorella sorokiniana, is a
highly productive species among the most studied microal-
gae genus, Chlorella, as identified by various consortiums
(Rosenberg et al. 2014; Barry et al. 2015; de Andrade and
de Andrade 2017). The species of the Chlorella genus of
green algae (Chlorophyceae), with both photoautotrophic
and heterotrophic mode of growth, are widely utilized for
production of nutritional supplements (Cordero et al. 2011),
bioremediation (Naidoo et al. 2019), and as a model organ-
ism for studying basic knowledge on microalgal physiology
and metabolism (Rosenberg et al. 2014). Among various
Chlorella species, the whole genome of C. sorokiniana is
fully sequenced, annotated, and publicly available allowing
comparative genomics study for biofuel applications (https://
greenhouse.lanl.gov/greenhouse/organisms). Genome
sequencing and annotation projects have enabled the recon-
struction of metabolic pathways, and widespread use of
RNA-Seq methods has allowed a more accurate predic-
tion of microalgal metabolisms (Merchant et al. 2012). The
recent development in functional analysis of genes involved
in TAG biosynthesis and photosynthesis (Courchesne et al.
2009), expressed sequenced tag (EST) databases, prediction
of de novo chloroplast TAG biosynthesis (Zienkiewicz et al.
2016), and information on transcription factors involved in
these cellular metabolisms has brought new opportunities
to harness the benefits of algal biotechnology (Bajhaiya
et al. 2017). Thus, it is necessary to develop a reliable DNA
transfer method in microalgae to improve the wild strains,
understand basic metabolic processes underpinning growth,
photosynthesis, and oil biosynthesis, and the production of
high-value bioactive metabolites and recombinant proteins
(Ng et al. 2017). However, except for a few model algae
(Mini et al. 2018) and diatoms (Han et al. 2020), the method
of introducing DNA into eukaryotic microalgae is still far
from routine (Sharma et al. 2018).

A variety of transformation methods have been employed
to transfer foreign DNA into microalgal cells (Radakovits
et al. 2010), involving electroporation (Lee et al. 2020),
biolistic (George et al. 2020), and Agrobacterium-mediated
gene transfer (Dehghani et al. 2020), however, the progress
is mostly confined to the model alga, Chlamydomonas rein-
hardtii (Doron et al. 2016). The electroporation and biolis-
tic gene transfer methods have their drawbacks, includ-
ing potential cell damage and often transferring multiple
copies of the transgene. Among the DNA transfer meth-
ods, Agrobacterium-mediated gene transfer is the most
preferred method due to its ability to transfer low copies
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of the transgene and integrate foreign DNA preferentially
into transcriptionally active genomic regions and feasibil-
ity to transfer large DNA segment with minimal rearrange-
ment. Most importantly, the procedure is inexpensive and
straightforward (Bakshi et al. 2011). However, only a few
microalgal species have been successfully transformed by
the Agrobacterium-mediated gene transfer method, which
includes the model alga, C. reinhardtii (Kumar et al. 2004;
Pratheesh et al. 2014; Mini et al. 2018), and the non-model
algal species H. pluvialis (Kathiresan et al. 2009), Isochry-
sis sp. (Prasad et al. 2014), C. vulgaris (Cha et al. 2012),
Dunaliella (Srinivasan and Gothandam 2016), Scenedes-
mus acutus (Suttangkakul et al. 2019) and C. sorokiniana
(Gomez-Espinoza et al. 2018). However, in C. sorokiniana,
the published methods (Gomez-Espinoza et al. 2018) lacked
the confirmation of stable transgene integration by Southern
hybridization and recombinant protein. For the first time, we
report a method for stable Agrobacterium-mediated trans-
formation in C. sorokiniana and crucial parameters (type
of cocultivation medium, acetosyringone concentration, and
co-culture duration) influencing efficient gene transfer.

Materials and methods
Strain and growth conditions

C. sorokiniana (strain CG12) used in this study was col-
lected from Prof. Vaibhav V. Goud (Center for Energy,
IIT Guwahati, India). The strain was maintained as axenic
cultures in liquid and solid BG11 medium (Stanier et al.
1971) and TAP medium (Sueoka 1960). The cultures were
maintained at 25 °C under a 16-h light/8-h dark photo-
period regime (50+ 5 pmol photons m~2 s71) in an orbital
shaker (120 rpm). Microalgal growth rates were measured
by absorbance at 680 nm (ODgg,) and gravimetrically by
measuring the dry cell weight (DCW).

The binary vector pCAMBIA1301 (GeneBank acces-
sion: AF234297.1) containing a p-glucuronidase (gusA) as
reporter and hygromycin phosphotransferase II (hpt IT) gene
as a selectable marker, both driven by CaMV35S promoter
was used in this study. The binary vector was mobilized
into A. tumefaciens strain EHA105 using the tri-parental
mating procedure (Wise et al. 2006). The A. tumefaciens
strain EHA 105 harboring pCAMBIA1301 was maintained
on yeast extract peptone (YEP) agar plates (pH 7.2) contain-
ing rifampicin (20 mg/L) and kanamycin (50 mg/L).

Antibiotic sensitivity assay
The minimum inhibitory concentration of hygromycin was

determined by plating 1 x 10° cells of C. sorokiniana CG12
cells onto solid/liquid BG11 media supplemented with
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varying concentrations of hygromycin (0, 15, 30, 45, 60,
and 75 mg/L), and the whole assay was repeated in tripli-
cates. The freshly inoculated cultures were incubated in the
dark for two days at 25 °C before exposure to light, and the
number of surviving colonies was accessed after 15 days.

Agrobacterium-mediated transformation of C.
sorokiniana

For transformation experiments, Agrobacterium cells at
early log-phase were used. A single bacterial colony was
inoculated into 10 ml (mL) of liquid YEP medium supple-
mented with appropriate antibiotics and grown overnight at
28 °C in a shaker incubator at 180 rpm until ODy, reached
1.0. The bacterial cells were collected by centrifugation at
4500xg for 5 min in 50 mL falcon tubes. The supernatants
were carefully decanted, and the pellets were resuspended
in 20 mL of liquid BG11 or TAP medium to maintain the
final ODg, of Agrobacterium culture at 0.6. For virulence
gene induction, acetosyringone (50-200 pM) was added to
the Agrobacterium culture medium (BG11 or TAP) media,
and incubated at 28 °C for 1 h with gentle shaking.

Prior to cocultivation, 1x 10° cells/mL of C. sorokini-
ana culture from log-phase culture were plated onto BG11/
TAP-agar media and precultured for a week at 25 °C. The
cells were harvested and subsequently washed twice with
the induction medium (BG11/TAP medium + 50 to 200 pM
acetosyringone) on the day of cocultivation. After washing,
the algal cells were finally resuspended in 1 mL of induc-
tion medium containing Agrobacterium cells and incubated
at 28 °C for 30 min with mild agitation. The cell suspension
was then spread onto the induction medium solidified with
1.2% (w/v) agar. Cocultivation was performed for 24-72 h
at 25 °C in the dark. Following cocultivation, cells were
harvested with BG11 liquid medium supplemented with
cefotaxime (500 mg/L) and incubated in the dark at 25 °C
for two days to eliminate Agrobacteria. The algal cells were
then collected and washed twice with ddH,O by centrifuga-
tion at 4500xg for 5 min. The transformed algal cell pellet
was resuspended into 5 mL of liquid selection media (BG11
containing 30 mg/L hygromycin) containing 500 mg/L
cefotaxime and incubated at 25 °C in the dark for two days
before transferring to light conditions for five more days.
After this step, 100 uL of the homogenous cell suspension
was inoculated into 5 mL of fresh BG11 liquid selection
medium and incubated at 25 °C in light conditions for seven
days. Subsequently, this step was repeated five times before
plating the positively selected cells onto agar-selection
medium (75 mg/L hygromycin) to isolate individual resist-
ant colonies. Resistant colonies were randomly selected and
propagated on a non-selective TAP medium for 12 days. The
possibility of Agrobacterium contamination in the putatively
transformed lines was checked by observing the growth of

Agrobacterium on the YEP medium, inoculated with 100
uL of transformants grown from TAP media (Fig. S1). In
addition to visual observation, the possibility of Agrobacte-
rium contamination was checked by PCR amplification of
the VirG internal region.

Optimization of cocultivation parameters

The effect of three cocultivation parameters known to influ-
ence transformation efficiency namely, cocultivation dura-
tion (1, 2, and 3 days), type of cocultivation media (BG11
and TAP), and acetosyringone concentration (50, 100, 150,
and 200 pM) was evaluated.

The effect of each cocultivation parameter on the trans-
formation efficiency was studied by varying one parameter
at a time while keeping others constant. The transformation
efficiency was calculated based on the numbers of hygro-
mycin-resistant colonies per 10° starting cells, as described
by Suttangkakul et al. (2019). Each parameter was tested in
triplicates. The data were subjected to analysis of variance
(ANOVA) and mean separation by Duncan’s multiple range
test (DMRT) using a single-factor utterly randomized block
design to study the effect of different treatments on the trans-
formation frequency.

PCR detection of C. sorokiniana transformants

Genomic DNA from transformed and wild-type (WT) C.
sorokiniana was isolated using CTAB method (Murray and
Thompson 1980). PCR analysis was carried out to detect
the presence of hptll using hptll gene-specific primers
(Table S1).

Southern blotting

Randomly selected PCR-positive C. sorokiniana transfor-
mants were further analyzed by Southern hybridization to
stabilize the T-DNA’s stable integration. For confirmation
of the transgene’s stability, the transgenic cultures were
subsequently propagated in standard TAP medium up to
nine times, and then genomic DNA (gDNA) of the trans-
formants was extracted. The gDNA was isolated from 2 g
(wet cell weight) of transgenic and control wild-type cells
using the NucleoSpin Plant II Maxi kit (Macherey—Nagel,
Duren, Germany). Approximately 100 pg of genomic DNA
was digested with PstI or Hindlll. The digested samples
were separated on a 0.6% agarose gel and transferred onto
a positively charged Zeta-Probe nylon membrane (Bio-Rad,
USA) using a vacuum-assisted blotting procedure (Gross
et al. 1988). The blot was hybridized with a DIG-labeled
0.5-kb PCR product, corresponding to the coding region of
the hptll gene. Pre-hybridization and hybridization were car-
ried out using high hybridization buffer containing 5XSSC,
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1% blocking solution, 0.1% (w/v) N-lauroyl sarcosine and
0.02% (w/v) sodium dodecyl sulfate. Washing and detection
were carried out according to the instruction of the DIG-
labeling and detection system (Roche Applied Science, Man-
nheim, Germany).\

Detection of hptll and gus gene expression

Quantitative Real-time PCR (qQRT-PCR) was performed
to examine the expression of the hptIl. RNA was isolated
using Trizol (Invitrogen, USA), and 1 pg of total RNA was
used for the cDNA synthesis using a reverse transcription
kit (Thermo Scientific, USA). For qRT-PCR, primers for
hptll were used (Table S1). Actin primer CsAct] was used
as an internal control. The relative fold-change in the hptIl
transcript was estimated by the comparative AACT method
(Pfaffl 2006; Schmittgen and Livak 2008). The correspond-
ing standard errors were computed as described by Hoe-
beeck et al. (2007).

Western blotting was carried out to detect the expres-
sion of gus gene. Total protein was extracted from freshly
harvested algae following the procedure described by Weis
et al. (2002). Protein concentrations were assessed using
the Bradford protein assay (He 2011). Equal amounts of
protein were loaded onto a 12% SDS-PAGE gel and elec-
trophoresed on a Hoefer SE 260 gel unit (GE Healthcare,
USA) at room temperature. The total proteins separated by
SDS-PAGE were electrotransferred to polyvinylidene dif-
luoride membrane (GE Healthcare, Freiburg, Germany) and
blocked with 3% BSA in TBST buffer (20 mM Tris—HCI,
120 mM NaCl, 0.1% Tween 20) for two hours. The mem-
brane was probed with polyclonal primary antibodies (AB
clonal Technology, Woburn, MA, USA) against the GUS
protein at 4 °C for 12 h. Following the washing, the blot was
incubated with HRP-labeled secondary antibodies (Sigma-
Aldrich, Darmstadt, Germany) for two hours. The blots’ sig-
nals were detected using the Super Signal West Dura Trial
Kit (Thermo Scientific, IL, USA).

Cell growth kinetics and photosystem Il (PSII)
activity

Growth kinetics parameters such as specific growth rate (u)
and cell doubling time (df) were analyzed as described by
Godoy-Hernandez and Vazquez-Flota (2006). Calculation of
the growth parameters was made with the Eqs. (1) and (2):

U= (lnX—ln XO)/t, (1)

dt=mn2/u, 2

where X, is the initial cell density, and X is the cell density
at time 7.
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Photosynthetic activities of transformed microalgal
cells were determined by non-invasive fluorescence meas-
urements using a DUAL-PAM,,, Chlorophyll Fluorom-
eter (Heinz Walz Gmbh, Effeltrich, Germany). Aliquots
of dark-adapted cultures (1 mL) were used for analyzing
three primary fluorometric parameters, the maximum pho-
tochemical yield of PSII (F,/F,), effective PSII photochemi-
cal yield (Yy)), and Relative electron transport rate through
PS II (fETR). All the readings were taken in triplicates, as
described by Malapascua et al. (2014).

Analysis of neutral lipid and fatty acids in C.
sorokiniana transformants

Total lipids were isolated following the method described
by Bligh and Dyer (1959). Approximately, 100 mg (DCW)
of microalgal cells was used for the extraction of total lipids
and the subsequent analysis of neutral lipid and fatty-acid
(FA) profiles (Maravi et al. 2016). The isolated lipids were
fractionated by thin-layer chromatography and were resolved
using hexane: diethyl ether: acetic acid (70:30:1, v/v/v) sol-
vent system. Analysis of the FA profile of the C. sorokini-
ana transformants was done by Gas chromatography (GC).
Before GC analysis, KOH/methanol-based derivatization of
the lipids to methyl esters was done. The peaks were anno-
tated based on their retention times compared to a reference
FAME mixture (Supelco, Bellenfonte, PA, USA). FA profile
was calculated based on the peak area percentage of total
fatty acids.

Results and discussion

Optimization of the selection conditions for C.
sorokiniana transformation

Determining the sensitivity of a microalgal species to a
particular antibiotic is crucial for selecting microalgal cells
transformed with an antibiotic selection marker gene. The
growth of wild-type C. sorokiniana cells at the exponen-
tial phase was tested for their sensitivity to hygromycin on
BG11 agar medium supplemented with 075 mg/L hygro-
mycin (Fig. 1a) and BG11 liquid medium supplemented with
0-30 mg/L hygromycin (Fig. 1b) after determining the opti-
mum hygromycin concentration on BG11 agar plate. After
15 days of culture on hygromycin-containing medium, the
growth of C. sorokiniana cells was determined. The lowest
hygromycin concentration that completely inhibited C. soro-
kiniana cells’ growth in BG11 agar medium was 75 mg/L
and 30 mg/L in liquid BG11 medium (Fig. 1a, b). Therefore,
BG11 liquid medium with 30 mg/L hygromycin was used
for primary selection, and BG11 agar medium with 75 mg/L
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Fig. 1 Optimization of the

hygromycin selection system A
for C. sorokiniana in a BG11

agar medium and b BG11 liquid

medium with different concen-

trations of hygromycin

45 mg/L

B 3 N N

L
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hygromycin was used for subsequent selection of homog-
enous transformants.

Agrobacterium-mediated transformation of C.
sorokiniana

The binary vector pPCAMBIA1301 harboring the hptII gene
as a selection marker and gus reporter was mobilized to A.
tumefaciens vir helper strain EHA105. A single clone of
recombinant A. tumefaciens was used for the transformation
of C. sorokiniana. Preliminary experiments were carried out
prior to large-scale transformation for establishing efficient
Agrobacterium-mediated transformation for C. sorokiniana.

In earlier studies, A. tumefaciens showed the ability to
transform different microalgae (Naing et al. 2016; Karami
2008; Rathod et al. 2013; Cha et al. 2012). However, the
transformation efficiency of different recipient cell types
does not show the same consistency. The choice of cocul-
tivation conditions mainly, cocultivation duration, type of

e

30 mg/L

2 /

60 mg/L 75 mg/L
o —— - == \
12mg/L  18mglL  24mglL 30 mg/L

cocultivation media, and acetosyringone concentration,
greatly determine the transformation efficiency. Hence, it is
crucial to standardize the cocultivation conditions to design
a reliable and efficient gene delivery system. In this study,
three crucial cocultivation parameters were evaluated, which
included the type of cocultivation media (BG11 and TAP),
cocultivation duration (1, 2, and 3 days), and acetosyringone
concentration (50, 100, 150, and 200 pM).

Based on previous literature, cocultivation was performed
on solid media as T-DNA transfer was not successful in lig-
uid media (Cha et al. 2012). When cocultivation was car-
ried out on BG11 agar media, it produced the most number
of transformed colonies compared to on TAP-agar media
(Fig. 2). On the contrary, TAP media in both cocultivation
and the selection stage have resulted in higher transforma-
tion efficiency in model microalgae (Kumar et al. 2004; Mini
et al. 2018; Anila et al. 2011). Based on our results, BG11
media was selected as the cocultivation medium for C. soro-
kiniana transformation.
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Fig.2 Effect of different 25 4
cocultivation parameters on
the transformation efficiency

in C. sorokiniana. The tested 20 4
cocultivation conditions include

type of cocultivation media

(BG11 and TAP), acetosyrin- 15 4 1

gone concentrations (A: 50 pM;
A: 100 pM; A: 150 pM; and

A: 200 pM), and cocultivation
periods (24 h, 48 h, and 72 h).
The difference between each of
the instances tested for the dif-
ferent cocultivation conditions
was significant at P <0.05 by
Tukey test, where values repre-

No. of transformants
o
o

sented as mean+ SD (n=3) odh | 18h ‘ 791

TAP

24n | a8n | 720
BG11

A50

The cocultivation period is one of the crucial parameters
that influence the transformation efficiency (Naing et al.
2016; Cha et al. 2012), and the optimal duration of coc-
ultivation is dependent on the Agrobacterium strain, host
cell type, and the cocultivation medium (Barik et al. 2005;
Kumar et al. 2012; Hu et al. 2006). The highest number
of hygromycin-resistant colonies was observed after three
days of cocultivation (Fig. 2). This observation was similar
with previous findings wherein three days of cocultivation
was optimal for the transformation of Chlorella (Cha et al.
2012), Isochrysis (Prasad et al. 2014), and C. reinhardtii
(Pratheesh et al. 2014).

Our results indicated that Agrobacterium-mediated trans-
formation of C. sorokiniana was optimal when cocultiva-
tion medium was supplemented with 100 uM of acetosyrin-
gone as the number of transformed colonies dramatically
increased with an increase in acetosyringone concentration
from 50 to 100 uM (Fig. 2). Further increase in acetosyrin-
gone concentration above 100 uM did not appear to increase
the transformation efficiency. Phenolic compounds such as
acetosyringone are known to induce Agrobacterium viru-
lence and stimulate bacterial surface attachment to the host
cells, thereby enhancing the transformation efficiency (Naing
et al. 2016; Karami 2008). Interestingly, the transforma-
tion of certain microalgal species, such as Chlamydomonas
(Kumar et al. 2004), Haematococcus (Kathiresan et al.
2009), and Parachlorella kessleri (Rathod et al. 2013), was
possible without the inclusion of acetosyringone. However,
a study in Chlorella reported that T-DNA transfer was not
feasible in the absence of acetosyringone (Cha et al. 2012),
while a high concentration of acetosyringone negatively
affected transformation efficiency (Chakrabarty et al. 2002;
Zhu et al. 2009). The optimal acetosyringone thus depends
on the microalgal species, cocultivation media, and coculti-
vation duration. Our results revealed that the cocultivation
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24h | 48h | 72
TAP

BG11

A100 A150

Co-cultivation conditions

of C. sorokiniana cells (ODgg,=1.0) on BG11 agar medium
with pH 5.6, supplemented with 100 pM of acetosyringone,
for three days at 25+ 2 °C in the dark, with Agrobacterium
at a cell density of ODg,,=0.6 yielded the best result. Our
method’s transformation efficiency was determined to be
220+ 5 colonies per 10° cells, significantly more efficient
than the previous report described for other Chlorella spe-
cies (Sanitha et al. 2014).

PCR analysis of putative C. sorokiniana
transformants

Two putative hygromycin-resistant C. sorokiniana colo-
nies were randomly selected and cultured on liquid BG11
medium containing 500 mg/L cefotaxime to eliminate Agro-
bacterium contamination. Genomic DNA was extracted
from the putative transformants and subsequently subjected
to PCR analysis (Fig. 3a). Expected amplification of a
500 bp DNA fragment with hptlI specific primers (Table S1)
in each of the transformants analyzed confirmed the pres-
ence of hptll in the genome of C. sorokiniana transformants
(Fig. 4c). No amplification was observed in the wild-type
cell lines.

Detection of Agrobacterium contamination
in the transformants

The possibility of Agrobacterium contamination in the trans-
genic lines was checked by observing the growth of Agrobac-
terium in YEP medium inoculated with transformed C. soro-
kiniana culture (Fig. S1). As the growth rate of Agrobacteria
tends to be faster than that of microalgae, this preliminary test
helped to check the bacterial contamination in microalgal cul-
tures (Srinivasan and Gothandam 2016; Prasad et al. 2019).
No bacterial growth was observed in the cultures inoculated
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Fig.3 Tolerance of wild-type and transgenic lines of C. sorokini-
ana against hygromycin in (A) BG11 liquid media with hygromycin
(30 mg L™"): wild-type cells under hygromycin selection [Wt(+hyg)]
and without hygromycin selection [Wt(—hyg)], Transgenic cell lines
under hygromycin selection [CsTr-9(+hyg) and CsTr-16(+hyg)]. (B)
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CsTr-16
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PCR amplification of the 350 bp-fragment of VirG gene for the detec-
tion of Agrobacterium contamination in the transgenic cell lines of
C. sorokiniana: lane M, molecular marker; lane Wt, wild type; lane
CsTr-9/16; transgenic lines; lane + Ve, Agrobacterium strain EHA105
(positive control);lane —ve, negative control
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Fig.4 Molecular analysis to detect transgenic lines of C. sorokiniana.
a Southern blot hybridization of Pst/ and HindlIl digested genomic
DNA of wild-type (Wt) and transgenic lines (CsTr-9/16) of C. soro-
kiniana hybridized to the hptll probe; lane+ Ve, Hindlll digested
pCAMBIA1301 (11 Kb); b T-DNA region of pPCAMBIA1301 binary
vector used for transformation experiment; ¢ PCR amplification of
634 bp-fragment of hptll gene; lane M, molecular Marker; lane CsTr-
9/16, transgenic lines; lane Wt, wild type; lane + Ve, positive control;

with the two transformed microalgal cultures viz, CsTr-9
and CsTr-16, even after 48 h of incubation at 28 °C. Both of
the transformants were also assessed by PCR analysis using
virG-specific primers to rule out bacterial contamination.
No amplification of virG was detected in the C. sorokiniana

lane —Ve, negative control; d Transcript abundance of Aptll gene in
C. sorokiniana transformants. Expression analysis was carried out by
semi-quantitative PCR using actin as an internal control (e); f Quanti-
tative RT-PCR for analysis of relative abundance of hptll transcripts;
g Western blot of C. sorokiniana transformants (CsTr-9 and CsTr-16)
and wild-type (Wt.) cell lines; lane + Ve, positive control (GUS pro-
tein)

transformed cultures (Fig. 3b), revealing the absence of Agro-
bacterium contamination within the transformants (CsTr-9 and
CsTr-16). This result also supported the fact that the iptlI PCR
analysis of the transgenic cell lines showed that there are no
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Agrobacterium cells containing pPCAMBIA 1301 plasmid in
the transgenic C. sorokiniana cultures.

PCR-based detection of marker genes located in the non-T-
DNA region of the Ti-plasmid or virC/virG (virulence) genes
that lie in the Agrobacterium resident vir helper plasmid is,
therefore, a good indicator for the presence of Agrobacterium
contamination. Previous studies on Agrobacterium-medi-
ated transformation of various microalgae such as P. pur-
pureum (Prasad et al. 2019), C. reinhardtii (Mini et al. 2018),
Dunaliella salina (Srinivasan and Gothandam 2016) have
shown PCR-based detection of non-T-DNA localized npt or
virC/virG to check the presence of Agrobacterium DNA in the
transformed cultures.

Southern hybridization analysis for T-DNA
integration

Southern hybridization analysis determined the stable integra-
tion of the transgene into the nuclear genome of PCR-pos-
itive C. sorokiniana transformants. The two C. sorokiniana
transformants showed signals corresponding to hybridization
with hptll, indicating stable T-DNA integration with single
transgene copy insertion. The different hybridization patterns
observed for two different restriction enzymes indicated ran-
dom integration of the T-DNA into the genome (Fig. 4a). No
hybridization signal was detected in wild-type C. sorokiniana
cells.

Expression analysis of hptll in C. sorokiniana
transformants

The relative expression of Aptll in the two C. sorokiniana
transformants was analyzed by qRT-PCR (Fig. 4d). C. soro-
kiniana actin gene was used to normalize the expression pat-
terns (Fig. 4e). The transformed lines with AptII transcript lev-
els <5-fold were categorized as low, while those with more
than a fivefold increase in expression were considered as high
expression lines. Among the transformed lines checked, the
CsTr-16 line showed high expression (Fig. 4F). The wild-type
line showed no expression of the hptll. However, no corre-
lation was found between the hptIl expression level and the
transgene copy number in the transformants, which could be
attributed to the position effects of the T-DNA integration sites
(Gelvin 2003; Steinbrenner and Sandmann 2006; Liu et al.
2013). The integration of the hptll in the transcriptionally
active locus of the CsTr-16 genome could have led to a higher
expression of the hptlI in the transformed line (Prasad et al.
2019; Gelvin 2003).
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Expression of gus gene in C. sorokiniana
transformed lines

The transformed lines were further subjected to Western blot
analysis to detect GUS expression using anti-GUS antibod-
ies. The whole-cell protein from wild-type cell lines was
used as a negative control. An approximately 70-kDa band
was observed in the protein samples of the transformants.
In contrast, no such bands were observed in wild-type sam-
ples (Fig. 4g), confirming the active functionality of gus
transgene in the two transformed lines of C. sorokiniana.

Growth profile of wild-type and genetically
transformed C. sorokiniana

To evaluate the possible interference of transgene expres-
sion on growth and cellular metabolism of the genetically
transformed C. sorokiniana cells, the specific growth rate,
biomass doubling time, photosynthetic efficiency of PSII,
and fatty-acid profile of transformed cells were compared
with the wild-type untransformed cells. The results of this
study (Figs. 5, 6) suggested that the transformants had a
similar growth pattern and metabolic processes as that of
wild-type cell lines, and the random integration of transgene
had no adverse effect on growth and cellular metabolism.
This finding was in correlation with previous reports (Prasad
et al. 2019; Liu et al. 2013), which observed a similar growth
pattern in the wild type and the transformants.

Conclusion

To harness the benefit of microalgal biotechnology for bio-
fuel application, genetic manipulation of metabolic pathways
is essential, requiring an efficient genetic transformation
method. Besides, an efficient gene transfer system in micro-
algae would allow a way to understand cellular metabolism
regulation by characterizing the genes involved through a
reverse genetics approach. A. tumefaciens-mediated genetic
transformation is a method of choice for ease in transfor-
mation and for its ability to precisely integrate low copy
number transgene into transcriptionally active genomic
regions. However, in C. sorokiniana, the lack of a reliable
and efficient Agrobacterium-mediated gene transfer method
limits its potential uses in commercial-scale utilization. We
described an efficient A. tumefaciens-mediated genetic trans-
formation in C. sorokiniana. For the first time in C. sorokini-
ana, it highlighted the reliable detection of stable transgene
integration and expression in C. sorokiniana, which opens
up limitless possibilities in biofuel production and other
commercially valuable commodities.

Furthermore, considering the crucial role of Agrobac-
terium vir gene induction on effective T-DNA transfer, we
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Fig.5 Growth rate and photo-
synthetic productivity-related
parameters of transgenic (CsTr-
9/16) and wild-type (Wt) cell
lines of C. sorokiniana under
optimal growth conditions. a
Growth curve of C. sorokiniana
cell lines; b Biomass productiv-
ity of the C. sorokiniana cell
lines measured through dry cell
weight (DCW); ¢ Comparison
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Fig.6 Triacylglycerol accumulation and Fatty acid profile of wild-
type and transgenic C. sorokiniana cell lines. a TLC separation
of neutral lipids: lane 1, trioleate standard; lanes 2—4, wild type,
CsTr-9 and CsTr-16, respectively (cell lines cultured under nitrogen-
sufficient conditions); lanes 5-7, wild type, CsTr-9 and CsTr-16,
respectively (cell lines cultured under nitrogen-deficient conditions).

optimized crucial cocultivation conditions. We found coc-
ultivation of C. sorokiniana cells (ODgg,=1.0), on BG11
agar medium with pH 5.6, supplemented with 100 pM of
acetosyringone, for three days at 25 +2 °C in the dark,
with Agrobacterium at a cell density of ODg,,=0.6
resulted in the efficient transformation of C. sorokiniana.

Neutral lipid was fractioned by Silica Gel plates into triacylglycerol
(TAG), free fatty acids (FFA) and diacylglycerol (DAG) fractions;
b TAG content in wild-type (Wt), transgenic cell lines (CsTr-9 and
CsTr-16) cultured under nitrogen-deficient conditions; ¢ fatty acid
(FA) profile of transgenic (CsTr-9 and CsTr-16) and wild-type (Wt)
C. sorokiniana

Our finding opens up new possibilities for microalga with
commercial potentials such as C. sorokiniana through
genetic manipulation for specific target genes associated
with diverse cellular pathways.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-021-02750-7.
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