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ABSTRACT

The objective of this study was to determine tfieaefy of three commonly used Agrobacterium straingenetic
transformation of the microalga Chlamydomonas raichii. Three different strains of Agrobacteriummtefaciens
(EHA 101, EHA 105, LBA 4404) and pCAMBIA 1304 bnaector hosting the genes coding for GUS (
glucuronidase) and hpt (hygromycin phosphotransfefavere used for the present study. Transformaionesses
using Agrobacterium were evaluated without the #oldiof acetosyringone or by wounding the cellsloGies
resistant to hygromycin at 10 mg/l were selectddS@ene expression in transformed cells was detedith GUS
histochemical assay. PCR and RT-PCR analysis eoafirthe integration and expression of hpt (610&m) GUS
(640 bp) genes in transgenic Chlamydomonas reirthaArobacterium strain EHA 105 was found to he most
efficient with a higher rate of transformation fresncy.
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INTRODUCTION

Transgenesis in microalgae is a complex and fastigg technology. Different methods have been depad for
the nuclear as well as chloroplast transformatiénmicroalgae. Genetic transformation @hlamydomonas
reinhardtii was reported as early as 1982. The nuclear tranafans are mainly achieved by electroporation [1],
agitation with glass beads [2] or silicon carbidasker [3]. These transformation protocols mairdg eell wall less
strains of microalgae, except for particle bombagdimThe direct gene delivery methods have disadgas like
insertion of multiple copies of transgenes andgh liegree of rearrangement at the site of inserigrobacterium
tumefaciensnediated transformation has been reported to owmsgcthe major limitations of these transformation
procedures, providing stable integration at lowawycnumber, potentially leading to fewer problenithwransgene
co-suppression and instability [4jgrobacteriummediated genetic transformation of microalgae virg$ feported

in Chlamydomonas reinhardt{i5]. This technique was also found to be succéssffresh water green alga
Haematococcus pluvialis] and in marine green aldaunaliella bardawil [7]. A study on efficacy of different
strains ofAgrobacteriumin the genetic transformation of microalgae hasbhaen reported till date.

Agrobacterium tumefaciernsas been an invaluable system in studying theaomhtal biology of host pathogen
interaction and plant biotechnology due to its uri@bility to transfer DNA into the plant genoméeTprocess of
T-DNA transfer is initiated by the induction of tadal virulence ¥ir) genes by the phenolic compounds produced
and released by the wounded plant cells througgrelstransduction system [8]. It has been shova thajority of

the dicotyledonous plants produce such phenolic ppamds and they have been routinely transformed by
Agrobacterium [9]. Monocotyledons, which generally do not produgg-inducing compounds, could be
transformed by the exogenous addition of such nudsdike acetosyringone (AS) [10]. The ease ofptaxedure,

the transfer of relatively large segment of DNA (opl50 kb) with little rearrangements, preferdntiaertion of T-
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DNA into potentially transcribed regions and théegration of mostly single copy of the transgenéis) plant
chromosomes have made this steadfast method foetigetransformation in dicotyledonous plants [11].
Interestingly, Agrobacteriumgene transfer has also been extended to fungi 4b&] human (HelLa) cells [13].
Research related effective utilization Ajrobacteriummediated transformation technique in microalgastilsin

its infancy. An attempt has been made to find ¢wt transformation efficiency of commonly used stsaof
Agrobacterium tumefaciens the microalg&Chlamydomonas reinhardtii-he study described here may be useful in
future research related £grobacteriummediated transformation in various other algatsgse

MATERIALS AND METHODS

Chlamydomonas reinhardtii strain and culture conditions:

Culture of Chlamydomonas reinhardtiCC-125 (mt) was obtained from Chlamydomonas centre, Austrdlise
culture was grown in Tris Acetate Phosphate (TARYia [14]. The pH was adjusted to 7 in liquid TARd@a and
1.5% agar w/v was added in case of cells grownatid snedia. Culture was grown at 24€lunder light period
(16:8h) with mild shaking (80 rpm).

Sensitivity test of Chlamydomonas reinhardtii to hygromycin:

The sensitivity ofChlamydomonageinhardtii CC-125 (mf) to hygromycin was tested by culturing the alglscin
TAP medium containing different concentrations ggtomycin (1, 2, 3, 4, and 5 mg/l). The optical sighwas
measured at regular intervals (600 nm) to assawthroThe hygromycin tolerance @hlamydomonasvas also
tested at different concentrations in TAP agar mnad(2, 4, 6, 8 and 10 mg/l).

Plasmid construct and Bacterial strains:

Binary vector pCAMBIA1304 was used for the study/@MCAMBIA, Australia), which harborbpt (hygromycin
phosphotransferase) as marker gene and @ffuCuronidase):GFP fusion reporter gene systenedrby CaMV
35S promoter Kig. -1). pCAMBIA 1304 is a widely used vector for transfation studies in microalgae.
Escherichia colistrain DH& was used for the maintenance and multiplicatadnthe plasmids. Different
Agrobacterium tumifacienstrains used for the study were LBA 4404 \(A helper; harbors disarmed Ti plasmid
pAL4404, a T-DNA deletion derivative of pTiAch5, topine type, RiSm) [15], EHA 105 (Avir helper, L,L-
succinamopine type, harbors T-DNA deletion derixatf pTiBo542, a supervirulent type Ti plasmid, Rii6],
and EHA 101 (harbors T-DNA deletion derivative oTiB0o542,Knf)[17]. Plasmid was introduced inté.
tumefacienstrains through freeze thaw method [18].

Transformation of Agrobacterium:

For transformation, 1ug plasmid was added to coempetells ofAgrobacteriumand mixed gently. The mixture was
kept in ice for 30 min, then frozen at liquid nigen and immediately thawed at @7for 15 min. LB medium
containing 20 pg/ml rifampicin and 1 pg/ml kananmyeias added to the mixture and incubated aE 28r 3 hrs
with 220 rpm. The cells were plated on LB mediumtaming 20 pg/ ml rifampicin and 50 pg/ml kananmyaind
incubated at 2& over night. Colony PCR of the transformats wasedim confirm transformation usipt specific
(HF, 5°-CGATTGCGTCGCATCGAC-3’; and HR, 5°- GTGCACS&TGTCACG-3") and GUS specific primers
(GF, 5- TAGAGATAACCTTCACCCGG- 3’ and GR, 5- CGCBAAACTGTGGAATTGA-3). The PCR
reaction was carried out in a total volume of#Ccontaining 100uM dNTPs, 250 nM of each primer, 1.5 mM
MgCl, and 0.5 UTaqDNA polymerase (M/S Bangalore Genei, India) withooy as the template (M/S Bio-rad,
USA). The PCR profile was as follows: @4for 10 min followed by 36 cycles of amplificatiq@4 C for 1 min,
55C for 1 min, 72C for 1min) and final extension for 10 min at @2 The PCR products were analysed on 1.5%
agarose gel.

Agrobacterium mediated transformation of Chlamydomonas:

Transformation ofC. reinhardtiiwas done following Kumaaind co-workers [19]. Single colony ohfamydomonas
was inoculated into TAP medium and grown to loggghander illumination. The cells were then platadmsolid
TAP medium in 90 mm petriplates and incubatedghtlifor 2 days to allow a lawn of cells to be fodn®vernight
Agrobacteriumculture (A600 = 0.5) was raised in liquid LB meaiwcontaining appropriate antibiotics (20 mg/l
rifampicin and 50 mg/l kanamycin). The cells weerdlgted and resuspended in 200 pl TAP broth. Thetebial
suspension was spread to the thin layeClaamydomonasulture growing on agar plate. Plates were incedb&br

2 days at 2% (Co-cultivation). After two days, cells were hasted and washed twice with liquid TAP medium
containing 500 mg/l cefotaxime via. resuspensiomlgl vortexing and centrifugation at 100xg for 2nmThe
washedChlamydomonasells were plated on solid TAP agar plates comgii0 mg/l hygromycin and 500 mg/I
cefotaxime.
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GUS histochemical analysis:

The hygromycin resistant colonies were analyzed@iS activity by staining with X- gluc (5-bromo-4oro-3-
indoyl B-D-glucuronide) [20]. Transgeni€hlamydomonagolonies were collected and resuspended in X-gluc
solution and inoculated at X7 overnight. After incubation, cells were pelleteteached with ethanol and analyzed
under microscope.

I solation of Genomic DNA from C. reinhardtii:

Genomic DNA was isolated using modified CTAB metHad]. Cells from 100ml culture (1x2@&ells/ml) was
pelleted and resuspended in 0.5 ml of CTAB bufiét (Sucrose, 0.8 M NaCl, 0.022 M EDTA pH 8, 0.22 kisT
HCI pH 7.8, 0.8% CTAB, 0.14 M mannitol) and incuéiat 65C for 1 hr. An equal volume of Phenol:Chloroform:
Isoamylalcohol (25:24:1) was immediately added, ediby inversion and again incubated at room tentperir
10 min with occasional inversion. Samples were rifeiged for 5 min at 12000 rpm in a microfuge tpaeate the
phase. The upper aqueous phase collected afteifeggation was treated with RNase A (M/S Genei, glare) and
incubated at 37°C for 1 fhis was followed by extraction with equal volumeGhloroform: Isoamylalcohol (24:1)
as mentioned above. The aqueous layer was traedfermew tube and equal volume of chloroform wited. The
upper aqueous phase collected after centrifugatias transferred to a fresh tube and 0.6 volumasagpfropanol
was added for precipitation of DNA. Precipitated ®MMWas pelleted by centrifugation at 12,000 rpm X6rmin at
4°C. DNA pellet was washed with 70% ethanol, aiedliand suspended in gbi.

PCR analysis of transgenic Chlamydomonas lines:

PCR analysis for the confirmation of gene integmatwas performed using genomic DNA isolated frora th
transformed cells o€hlamydomonasPCR was performed withipt and GUS specific primers as mentioned earlier
using 50 ng DNA as template. The PCR profile wasfalsws: 94C for 3 min followed by 36 cycles of
amplification (94C for 30 sec, 5& for 1 min, 72C for 1min) and final extension for 10 min at @2 The PCR
products were analysed on 1.5% agarose gel.

RNA isolation:

Method used for RNA isolation is essentially thensaas that described in the Chlamydomonas Sourcie. iiell
pellets were resuspended in 2 ml of extractiondyu0 mM Tris-HCI pH 8.0, 0.3 M NaCl, 5 mM EDTA é2%
w/v SDS). Proteinase K was added to a final comagoh of 40ug/ml and incubated on an orbital shaker at 250
rpm at room temperature for 20 min. To extractlt&BA, an equal volume of phenol:chloroform (1:phénol
chloroform equilibrated to pH 4.3) was added, shakigorously, and centrifuged at 2000 rpm for 5 ithia bottom
layers, containing proteins and cellular debrig] #ve DNA-containing cloudy interface were discakd€he upper
aqueous phase, containing the RNA, was re-extrastddphenol:chloroform until there was no cloudyerface
(approx. seven rounds of extraction). The RNA waipitated in 2 volumes of 100% ethanol at -20%@raight
and recovered by centrifugation at 8500 rpm at #fCL5 min. Pellets were washed with 70% ethanehticfuged
for a further 10 min and dried. Pellets were resasigd in RNase-free water and stored at -80°C.qUkdity and
concentration of the isolated RNA was checked 8&dagarose gel. To remove contaminating genomic PIN#g
RNA was subsequently incubated with RNase-free BNa&/f1g) (M/S NEB, England) for 15 min at 32. The
guantity of RNA obtained was determined spectropmeatrically.

cDNA synthesis:

Synthesis cDNA was carried out using Improfilreverse transcriptase kit for cDNA synthesis (NM¥®mega,
USA) following the manufacturer's instructions. $tirstrand cDNA synthesis was performed by reverse
transcription with g of total RNA using oligo-(dT) 12-18-mer primercaimpromll RT enzyme. g total RNA
(DNase treated) was mixed witlnlloligo (dT) (0.5ug) 12-18-mer primer. The mixture was heated to 7f@tCLO
min and quick-chilled on ice. The content of theewvas collected by brief centrifugation and adihedfollowing:

1X First Strand Buffer (containing 50 mM Tris-HQIH 8.3), 75 mM KCI,) 3 mM MgGl 1U RNasin and 500M
dNTP Mix. The content of the tube was mixed by tgenbrtex and briefly centrifuged to collect thentent to the
bottom. After that Jul ImpromlI™ RT enzyme was added, mixed gently araibated at 25°C for 5 min for primer
annealing. The tube was then incubated at 37°Q torfor extension. After extension, samples weradu for 15
min at 70°C to terminate RT and chilled on iceul (2 units) ofE. coli RNase H was added to the RT mix and
incubated at 37°C for 20 min to remove RNA complatagy to the cDNA.

RT-PCR analysis:

Expression ohpt and GUS genes in transgei@blamydomonasvas confirmed through RT-PCR analysis. 2 pl of
the total cDNA synthesised from transge@iclamydomonasells served as the template in the PCR amplifinat
The PCR components and profile were same as meutiearlier.
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Fig — 1. Schematic representation of the T-DNA regh of pPCAMBIA 1304.

ng/l i i 7§]ngrl Gadie. o
HYQFOmYCin antibiotic sensitivity test ofC

hIafnydomonas réihhardtii
Chlamydomonas reinhardtii strain showing hygromyanibiotic resistance at different concentratidtas2, 3, 4 and 5 mg/l) in TAP medium.

Fig-2.

Table-1 Transformation frequencies of different strains ofAgrobacterium tumifaciensin Chlamydomonas reinhardtii without

acetosyringone
Number of hygromycin| Transformation frequenc
Treatment No. of cells plated ()0 colonies observed (per 16 cells £SD)
Cocultivation CC-125 in TAP with EHA-105 1.70 14 .82+2.8
Cocultivation CC-125 in TAP with EHA-101 1.82 6 8#4.3
Cocultivation CC-125 in TAP with LBA-4404 1.67 7 18+1.4

Fig - 3. Colony PCR analysis of transformedigrobacterium strains
M- Molecular weight markeri¢ DNA EcoR |, Hind Il double digest).
Lane- 1, 2 and3- 640 bp amplicon of GUS gene from
EHA-105, EHA-101 and LBA-4404 respectively.
Lane- 4, 5, and6- 610 bp amplicon of hpt gene from
EHA-105, EHA-101 and LBA-4404 respectively.
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Fig — 4. Screening of Hygtransformed Chlamydomonas cells and detection of GUS expression in transgert. reinhardtii strains
A. Transformed colonies of C. reinhardtii with EHA-105
B. Transformed colonies of C. reinhardtii with EHA11
C. Transformed colonies of C. reinhardtii with LBAG4.
D. EHA-105 transformed C. reinhardtii GUS expression.
E. EHA-101transformed C. reinhardtii GUS expression.
F. LBA-4404 transformed C. reinhardtii GUS expression

Fig - 5. PCR analysis of genomic DNA isolated frortansgenicC. reinhardtii
Lane 4,2 and3- 610 bp hpt gene amplicon from transgenic C. rerdtii
transformed with EHA-105, EHA-101 and LBA-4404essively.

M. Molecular weight markeri¢{ DNA EcoR [, Hind Il double digest).
Lane -4, 5 and6- 640 bp GUS gene amplicon from transgenic C. eidti
transformed with EHA-105, EHA-101 and LBA-4404 eesipely.

RESULTS

Culture conditions:
Chlamydomonas reinhardtivas successfully grown in TAP broth as well asToP agar at 2%C in 16:8 hr
photoperiod. Optimum density for transformatiordstwas observed in 48 hr culture.

Effect of hygromycin concentration:
The minimum concentration of hygromycin requiredrthibit the growth of un-transformedhlamydomonasvas
tested. Untransforme@hlamydomonasvas inoculated in TAP medium containing differexncentrations of
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hygromycin. A concentration of 5 mg/l completelptied regeneration of untransformed algal cellSA®R liquid
media Fig. 2) and 10 mg/l concentration of hygromycin in cafeT@&P agar media. So these hygromycin
concentrations were selected for the screeningpogenicChlamydomonasells.

Agrobacterium Transformation:

The threeAgrobacteriumstrains under study were successfully transformigd pCAMBIA 1304 through freeze
thaw method. Molecular analysis of transformaticesvdone by colony PCR usihgt and GUS specific primers.
Agarose gel electrophoresis of PCR products sha@#@dbp amplicon ofipt and 640 bp amplicon of GUS genes in
the threeAgrobacteriumstrains Fig. 3) and confirmed the presence of pCAMBIA 1304 imthe

Transformation of Chlamydomonas:

Chlamydomonas reinhardtivas transformed with three popular strainsAgfobacteriumto identify the efficient
one among them. LBA 4404, EHA 101 and EHA 105 haringg pCAMBIA 1304 were co-cultivated with
Chlamydomonagor 2 days. The co-cultivated cells were then grawiT AP selection media containing 10 mg/l
hygromycin and 500 mg/I cefotaxime. Transgenic oi@e were observed after 5 days incubation in Seteeedia.
EHA 105 strain showed the highest frequency ofsi@mation Table —1).

Fig - 6. RT-PCR analysis of hpt and GUS gene expression in transgenic C. reinhardtii lines
M- Molecular weight markeri¢ DNA EcoR |, Hind Ill double digest)
Lane -1, 2 and3- 640 bp amplicon of GUS cDNA from transgenic @trardtii transformed with EHA-105, EHA-101 and L-BA04
respectively.
Lane —4, 5 and6- 610 bp amplicon of hpt cDNA from transgenic Gniardtii transformed with EHA-105, EHA-101 and L-BAO4
respectively.

GUS histochemical analysis:

There was high expression of GUS gene in transfdroadls. The transformants were analyzed for tlesgmce of
GUS activity. GUS positive transger@hlamydomonasells showed strong indigo blue colour after iratidn with
X-gluc (Fig. 4). Most of the cells were completely stained, whisbme were partly stained. The difference in
staining was seen in cells with partially digestedl walls. GUS positive colonies were routinelbstultured in
TAP agar and after 4 weeks subculturing, genomi@DWs isolated.

PCR confirmation of transformation:

Integration of transgenes into the genomeChfamydomonasvas evaluated using PCR analysis. Genomic DNA
was isolated from the three different transgemiedi ofChlamydomonasnfected with LBA 4404, EHA 101 and
EHA 105. PCR analysis showed successful amplificatif hpt (610 bp) and GUS (640 bp) genes from transgenic
cells and this confirmed the successful integratibiygromycin and3-glucuronidase genes into the genome of
Chlamydomonas reinhardfiFig. 5).

RT-PCR for gene expression analysis:

Total RNA was isolated from the three differentl tiees of Chlamydomonaand cDNA was synthesisetihe first
strand cDNA derived from the transgenic lines wased as template for PCR. RT-PCR confirmed theepies of
hptand GUS gene transcripts in all the transgenesliofC. reinhardtii (Fig. 6).
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DISCUSSION

Microalgae have a very high potential in a largenbar of production technologies [22], as model oigra C.
reinhardtii offer limitless opportunities in this regard. Tpeesent work was focused on studying the efficiemey
newly developedigrobacteriummediated transformation @. reinhardtii The TAP medium as used by Kumar and
co-workers [5] for theAgrobacteriunmediated transformation @hlamydomonawas determined to be suitable for
the present study. The TAP medium differs from dtteer media commonly used f@hlamydomonagrowth in
that it contains acetic acid as the carbon soundeammonium chloride as the source of nitrogeovaiig for the
simultaneous growth of both algae and bacteria. Thtamydomonagells were able to tolerate hygromycin
concentrations up to 4 mg/l in TAP liquid mediundaat 5 mg/l no growth was observed. In case of BgBr
medium 10 mg/l hygromycin completely preve@hlamydomonagrowth. This higher tolerance in TAP agar
medium may be due to differences in membrane pdrititgaamong cells grown in the two media. Higheo¢ulum
cell densities allowed greater tolerance to hygamyr liquid media, which may be due to quicker aatation of
hygomycin to tolerable levels by higher inoculuradahan by lower inoculum levels [6].

The use of acetosyringone has been reported tifdagiee in increasing transformation efficiency agtivating the
vir genes of theAgrobacterium But Chlamydomons has the capacity to secrete phenolic compourtdstlire
medium [23]. It may be presumed that these comp®undy activate the vir genes. Kumar and co-worke}s
reported significantly higher transformation fregag in C. reinhardtii while using acetosyringone than without
acetosyringone [19]. Similar results of transforimatwithout the use of acetosyringone were alsmnteg in
Haematococcus pluviali$6]. In our work, we were able to obtain higheeduency of transformants with
Agrobacteriumstrain EHA 105 (13-15 colonies per®iells plated) in the absence of acetosyringonevetitbut
wounding the cells. The presence of a super vitydasmid is expected to be the reason for higqueacy of
transformation exhibited by this strain.

The Agrobacterium mediated transforme@hlamydomonascells were able to sustain hygromycin resistant-
phenotype for subsequent generations even whenvtleey maintained in non selection media. Kumar end
workers [5] reported thaC. reinhardtii transformed withAgrobacteriumretained the hygromycin- resistant
phenotype for as long as 18 months, even when wells maintained in hygromycin-free medium. Katséne and
co-workers [19] reported that thAgrobacterium mediated transformed microalgdaematococcus pluvialis
transformants were stable for more than 2.5 yddre Agrobacteriumstrain EHA 105 has proved to be an efficient
tool genetic transformation in plants [24]. The edé\grobacteriumfor genetic transformation in microalgae is a
promising technique in transgenic algal researtie. results obtained in this work substantiate ttifferent strains

of Agrobacteriumcan used for effective genetic transformationCtlamydomonasnd EHA 105 is one of the
commonly available effective strain for the purpose

CONCLUSION

But several challenges still need to be addresmetkrims of developing efficient transformation teicjues,
improving yield and product quality. The presenidst was focused on improving the transformatiommégue. All

the three different strains éfgrobacteriumused in this study were capable of inducing nudieasformation irC.
reinhardtii in the absence of acetosyringodgyrobacteriumstrain EHA 105 showed the highest transformation
frequency compared to the other strains evaluatdétid current investigation. Thgrobacteriumstrain EHA 105
can be preferred over oth&grobacteriumstrains in future genetic transformation experitaénC. reinhardtiiand
other similar microalgal species due to its higficefncy. Agrobacteriummediated transformation method for
microalga would pave the way for manipulation ofnpamportant pathways relevant to the food, phaeuécal,
and nutraceutical industries.
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