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Key message This is the first successful attempt at developnaamt characterization of stable
transgenic events expressing tirglAa gene for conferring resistance to lepidopterarada

feeders in castor.

ABSTRACT

Castor is an industrially valued non-edible oilseedp. Susceptibility of the crop to foliage
feeders likeAchaea janata (semilooper) andSpodoptera litura accounts for 30-50% of yield
losses. Owing to a lack of reliable sources ofstasice to these lepidopteran pests, attempts
were made to develop transgenic events expredsagtillus thuringiensis (Bt) crylAa gene.
Transformation of decotyledonated embryo axes tjinodgrobacterium tumefaciens, particle
gun bombardment aneh planta methods resulted in transformation frequencies.4%2 1.1%
and 2.1%, respectivelylhe presence and integration of irglAa gene in the {§ plants was
confirmed by polymerase chain reaction (PGRY) Southern hybridization analysis. Based on
segregation for a Mendelian ratio of 3:1, eight rese(AMT-894, AMT-899, AK1304-PB-1,
AK1304-PB-4, AK1304-PB-785, AK1304-PB-830, AK130&8837 and DTS-43) were
advanced. ELISA analysis detected protein from-@X® ng/mg fresh leaf tissue across events
and in different generations. In laboratory inskidassays, the mortality @& litura and A.
janata ranged from 20-80% in different transgenic evemtd the weight reduction of surviving
larvae over the control larvae after 8 days of iiegavas 28.4-87.2% in the case®ltitura and
27.9-78.1% forA. janata. In field bioassays, the event AMT-894 was mosinmsing with 43%

of plants showing less than 25% leaf damage. At gfathe regulatory requirement to check
the toxicity of the transgenic events to benefioiskects, larval bioassays agaifiaimia cynthia
ricini (eri silkworm) using three transgenic events (AK43®B-1, AK1304-PB-4 and AMT-
894) showed a 20.2 to 78.5% reduction in weight.
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Abbreviations

AMT: Agrobacterium-mediated transformation

BA: N°-Benzyladenine

CTAB: Cetyl trimethyl ammonium bromide

DTS: Direct transformed shoots

Hpt: Hygromycin phosphotransferase

MS: Murashige and Skoog

NAA: o-Naphthaleneacetic acid

PCR: Polymerase chain reaction

PGB: Particle gun bombardment

TDZ: 1-Phenyl-3-(1,2,3-thiadiazol-5-ylrea (thidiazuron)
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1. Introduction

Castor Ricinus communis L.) is a non-edible oilseed crop of the famiuphorbiaceae,
which iscultivated in the tropics and sub-tropics. It isrooercially valued for its oil which has
several industrial applications such as in pharmigca, high quality lubricants, paints and
varnishes, medicines, textiles and leather (Oguni206). India, China and Brazil are the
major castor growing countries accounting for 90%etlee world’s production (FAOSTAT,
2016). Castor owes its importance to the uniquepésss oil which is rich (80-85%) in the
hydroxyl fatty acid- ricinoleic acid. During the sta decade the list of its applications has
expanded even further as a source of biodieséhirec(Zhu et al., 2018; Baskar et al., 2018),
polyols, polyurethanes (Lonescu, 2016), severattfanal materials and biopolymers (Mubofu,
2016).

Among the major production constraints for the pable production of this crop is the
vulnerability of several castor varieties and hgbrito insect pests (Lakshminarayana and
Raoof, 2005). The major pests on castor includestmailooper Achaea janata Linnaeus),
capsule borerQichocrocis (Conogethes) puncitiferalis (Guenée)) Soodoptera litura Fabricius,
red hairy caterpillarAmsacta albistriga Walker), jassids Empoasca flavescens Fabricius) and
the white fly (Trialeurodes ricini Misra). Larvae ofA. janata and S litura (Noctuidae:
Lepidoptera) are voracious foliage feeders whictally defoliate the plants. For effective
management of the defoliators, mechanical contiré. ditura in its gregarious stage and hand
picking of older A. janata larvae are suggested (Lakshminarayana and Ra@6k)2Castor
belongs to the monotypic genud’cinus; success in castor breeding with yield stability,
has subsequently been limited by a lack of exghetayenetic variability for resistance to
these insect pests. Hence, development of transgeastor through exploitation of
biotechnological tools is regarded as one of themming approaches for incorporation of
desirable traits for which sources are rather ohih castor germplasm.

Alternative approaches like mutation breeding, wiidéergeneric) hybridization and use
of biotechnological tools for creation of genetiariability and incorporation of desired traits
have been recommended (Sujatha, 1996; Lavanya drahd€amohan, 2003). The major
breakthrough in castor breeding was achieved thrangtation breeding, mainly in altering the

plant architecture by converting the perennial odpctive types to annual productive types and
4
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development of new parental types (Lavanya e2@08). However, mutation techniques using
radiation could not be exploited for the developtn&ingenotypes for resistance or tolerance to
major biotic stresses. Intergeneric hybridizatieetween castor and members of the related
generalJatropha and Hevea were unsuccessful due to variation in chromosonmabers and
strong incompatibility barriers (Gedil et al., 2Q0@®ujatha et al., 2013). Hence, development of
transgenic castor through exploitation of biotedbgal tools was regarded as one of the
promising approaches for incorporation of desirafaés for which sources are rather limited in
castor germplasm.

The prerequisites for genetic transformation ane s@iitable candidate gene(s) for
conferring insect resistance, (i) a good tissukuce regeneration system, and (iii) a highly
reproducible transformation method. Assessmenhefefficacy of purified Bt crystal proteins
againstS litura and A. janata showed high toxicity of CrylAa protein in terms lairval
mortality to A. janata and feeding inhibition in case & litura (Lakshminarayana and Sujatha,
2005; Sujatha and Lakshminarayana, 2005).

Castor proved to be highly recalcitrant ito vitro manipulations and despite research
efforts over the past four decades, no facile mat@f regeneration has been developed so
far. Regeneration reported to date mainly has teddtom explants of meristematic tissues
such as, shoot apices, embryonic axes and cotyegoodes (Reddy et al., 1987; Sujatha and
Reddy, 1998; Ahn et al., 2007; Alam et al., 201@n€sh Kumari and Jayabalan, 2015). As a
result, genetic transformation in castor for optiation of the protocols and incorporation of
desirable genes has mostly relied on the abilityefistematic tissues to proliferate (Sujatha and
Sailaja, 2005; Malathi et al., 2006; Sailaja et 2008; Sujatha et al., 2009; Patel et al., 2013; L
et al., 2015; Sousa et al., 201if) planta transformation bypassing tissue culture (Kumai.et a
2011) and floral bud transformation (Mc Keon an&@,2003).

Genetic transformation studies in castor have hewlertaken in India and the USA for
development of transgenic castor for varied purpobte Keon and Chen (2003) reported floral
bud transformation in castor by employing the mdthof Agrobacterium-mediated
transformation through vacuum infiltration of wowadflower buds (US Patent No 6.620.986).
The first successfuhgrobacterium-mediated transformation using embryo axes wasldped
by Sujatha and Sailaja (2005) which was followed bther researchers with minor

modifications (Malathi et al., 2006; Patel et &013; Li et al., 2015). Transformation
5
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through particle gun bombardment using embryo ax&s described by Sailaja et al. (2008).
Kumar et al. (2011) reported planta transformation method in castdgrobacterium-mediated
and/or particle gun bombardment methods were usedievelop transgenic castor for
introgression of genes for insect resistance (Malett al., 2006; Sujatha et al., 2009; Kumar et
al., 2011), salt tolerance (Patel et al., 2015) r&rid free castor (Sousa et al., 2017). Transgenic
castor plants reported to date for conferring tasre to insect pests harbor ttrglAb gene
againstA. janata (Malathi et al., 2006)crylEC gene targeting botls litura and A. janata
(Sujatha et al., 2009) armlylAcF gene againss. litura (Kumar et al., 2011). Although the Cry
proteins share a common binding site, the toxiprtfiles vary with the target insect. Hence in
the authors’ laboratory, transgenic events wereeld@ed through deployment of the fusion
genecrylEc (Sujatha et al., 2009) amdylAa.

Keeping in view the toxicity of CrylAa protein agai the major lepidopteran pests of
castor, the present study was undertaken to gefigticansform castor through deployment
of the crylAa gene, characterize the events harbouring the inted gene and assess the
level of protection against the two foliage feed#mough insect bioassays both in laboratory
and field. Further, the promising transgenic licesfirmed for the presence of tbe/1Aa gene

were tested againSt cynthia which is a beneficial insect that is reared onardsaves.

2. Materialsand methods

2.1. Plant material

Seeds of castarv. DCS-9 obtained from ICAR-Indian Institute of s Research,
Hyderabad, India, were used for transformationsMariety is used as a parental line for the
hybrid DCH-177 and also cultivated as a varietye T$éeeds were decoated and surface
sterilized with 0.1% mercuric chloride for 8 minllawed by 4 rinses with sterile distilled
water. The embryos with papery cotyledons werefallyeexcised by removing the endosperm
and subjected to transformation. The construct AK1@ith thecrylAa gene cloned in vector
pCAMBIA 1304 with hygromycin resistance gene wadaoted from ICAR-NRCPB, New

Delhi and used for the transformation experimehig.(S1 and the gene sequence in Fig. S2).
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2.2. Genetic transformation

Transformations were carried out throughkgrobacterium-mediated, particle gun
bombardment anth planta methods Agrobacterium-mediated transformation was according to
Sujatha and Sailaja (2005) and particle gun bonmband was as described by Sailaja et al.
(2008). The cotyledons from embryos were removed the embryo axes were cultured on
Murashige and Skoog (MS) (1962) medium fortifiedha®.1 mg/l BA and incubated in dark for
five days. After incubation for five days, the ewydaxes elongate and the meristematic center
become swollen. The swollen meristematic centerg wgured with a surgical blade (11 No) or
needle and incubated in overnigiiown Agrobacterium suspension (OD at@p0nm = 0.2) for
10 min and vacuum infiltrated for 30 min. The irtlst explants were placed on growth
regulator free MS medium and co-cultivated for ¥sd&ollowing co-cultivation, the explants
were transferred to medium supplemented with 0.1l 8 and cultured for 10 days and
then transferred to medium fortified with 0.5 m@DbDZ for 10-12 days. The explants were
transferred to medium supplemented with 0.5 mg/l BBO mg/l cefotaxime and hygromycin
for shoot proliferation and continued for threelegcwith increasing levels of hygromycin (20-
40-60 mg/l) for selection of putative transforméoats.

For particle gun bombardment, the embryo axes weitured for five days on MS
medium supplemented with 0.5 mg/l TDZ. Explants evgrre-plasmolysed for 2 h on
osmoticum medium containing equimolar (0.2 M) coricaions of mannitol and sorbitol.
Bombardments were done with 1.0 p gold microcasregr a helium pressure of 450 psi and
a target distance of 6 cm in a PDS He 1000 gene (Biorad, Hercules, CA). Following
bombardment, explants were subjected to post-osomtifor 2 h. Bombarded explants were
transferred for shoot proliferation and selectionthree cycles on medium supplemented with
0.5 mg/l BA and increasing concentration of hygramy(20-40-60 mg/l). Regardless of the
method of transformation, the cultures followingrisformation were maintained at 26 2@
under a 16/8-h photo period with light provideddmol white fluorescent lamps at an intensity
of 30 umolm_zs_l.

In vector-mediated and particle gun bombardmenthous, after three cycles of

selection of two weeks duration each, the survivsigpots were transferred to medium
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supplemented with 0.5 mg/l BA to promote shoot ifechtion. Multiplied shoots that were
healthy were transferred to medium with 0.2 mg/l 8Ashoot elongation. Elongated shoots (>
2 cm) were rooted on half-strength MS medium supplged with 1.0 mg/l NAA. Rooted
shoots were acclimatized in sterile vermiculite %640 days under high humidity and then
transferred to soil in pots and kept in a transggneenhouse.

The in planta transformation (DTS) method by-passing the tissu#tuee based
regeneration was also carried out with the AK1304struct. About 2,650 embryo axes were
bombarded with 0.G6 gold particles coated with gy of plasmid DNA using 450 psi pressure, at
6 cm target distance and transferred to medium Qithmg/l BA. After 15 days, the elongated
embryo axes were transferred to %2 strength MS Isattamedium with 1.0 mg/l NAA + 10 mg/I
hygromycin for rooting. On this media, only aboG8® of the explants produced roots within 15
days after transfer. These rooted shoots were gtowmaturity of which only 50% survived and
produced seeds. The events were labeled as AMTamRBDTS to represent transformants
obtained throughAgrobacterium-mediated, particle gun bombardment andplanta methods,
respectively. The plants grown to maturity were exed with butter paper covers to obtain

selfed seeds for the next generation.
2.3. Molecular analysis
2.3.1. Polymerase chain reaction

Genomic DNA was isolated from young fully expandedves of transformed and
control plants using the CTAB method with minor nieations (Doyle and Doyle, 1990).
PCR amplification of a 552 bp DNA fragment of ttry1Aa gene was carried out using gene
specific primers forward-5'-CCT CAC AGT TCT CGA CAT CG -3’ andeverse-5'- ACG
GAG TTG TCT TGT GGT GG-3’) annealing at positions07to 1262 bp. The PCR reaction
mixture contained 1X PCR buffer, 100 uM of each &¥T5 pmol of each primer, 0.75 U of
Taq DNA polymerase (Genei, Bangalore), 50 ng genomidDNa final volume of 1Qd. PCR
amplification profile included initial denaturatiat 94°C for 5 min, followed by 35 cycles of
denaturation at 99C for 1 min, annealing at 53% for 1 min and extension at 7€ for 1 min

with a final elongation step of 10 min at #2. In case of thépt gene, a 490 bp fragment was
8
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amplified using the forward primer 5’-CAC AAT CCCY ATC CTT CGC-3 and reverse
primer 5-GCA GTT CGG TTT CAG GCA GGT-3'. The PCRaction mixture contained 1X
PCR buffer, 150 uM dNTPs, 2 pmol of each prime240J of Taqg DNA polymerase and 50 ng
genomic DNA in a final volume of 1(l. Amplification was carried out by denaturationSat

°C for 30 s, annealing at 61T for 30 s and extension at @ for 2 min for 30 cycles with a
final elongation step of 5 min at 7Z. The PCR products were resolved on 1.4% agarese g

containing ethidium bromide and documented in Sgeggel documentation system.
2.3.2. Southern analysis

Southern blot analysis was carried out for the pritransformants and also for plants in
different generations of the promising events. phafied genomic DNA (2Qug as determined
by agarose gel) of the PCR positive transformanid @ntransformed castor (control) were
subjected to digestion witBcoR| restriction enzyme (8 Wfj of DNA) overnight at 37C. The
positive control included the 552 bp PCR amplifgdduct of thecrylAa gene. The digested
DNA samples were separated by electrophoresis& Qw/v) agarose gel at 60 V for 4 h. The

gels were blotted on positively charged Nylont{Nmembrane. The 552 bp PCR amplified
product ofcrylAa gene (600 ng) was labeled using the Alkphos dil@gatling and detection

system as per the manufacturers’ instructions (Gfaltd Care, UK). The membrane was
exposed to the X-ray film in a cassette for 1 h antbradiograms were developed by using the

developer and fixer (Photon) for visualizationloé thybridization signals.
2.4.ELISA

The Enzyme Linked Immuno Sorbent Assay (ELISA) wagied out to determine the
amount of CrylAa protein by using CrylAc/Ab ELISA kAmar Diagnostics, India). About
180-200 mg of leaf tissue was collected from 60eRs-old-plants and ground to a fine
powder in liquid nitrogen and resuspended in @DOf 1X extraction buffer and processed as
per the manufacturer’s instructions. Observatioresewrecorded with ELISA plate reader
(Biotek ELX800, USA) at 405 nm wavelength. The axpents were repeated twice for

confirmation and repeatability.
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2.5. Insect bioassays
2.5.1. Laboratory

For laboratory bioassays against the neonate laWAejanata, S litura andS. cynthia,
castor leaves at'Bor 4" from apex collected from plants in To T4 generations were used.
The test leaves of both the transgenic and cogirttansformed) plants were placed in plastic
specimen vials (60 ml) or in 9.0 cm petriplatestagnng 2.0% agar in water and overlaid with
filter paper. Using a fine camel hair brush, tenmege larvae were released on the leaves and the
insect cultures were maintained at 26 $C2under a 16/8 light/dark photoperiod cycle. Each
treatment had three replicates and every day, éanexre transferred onto fresh leaves from the
intact plants. At 2 days interval, larval mortalityas recorded and cumulative mortality was
computed at 8 days after treatment. Weight gaith@farvae was taken at 8 days after treatment
(DAT).

25.2. Field

The crop growth conditions and whole plant bioassé&y assessing the level of
protection conferred by the transgenic events & ftiiage feeders were as described earlier
(Sujatha et al. 2009). TherylAa transformantg§rom six events (AMT-799, AMT-899, AMT-
936, AK1304-PB-1, DTS-43 and DTS-46) in the t6 T, generations werbioassayed against
A. janata and S litura under field conditions. The transgenic lines wsogn in 6 m rows by
adopting a plant to row spacing of 75 cm x 40 crthwine control (untransformed) castav.(
DCS-9) after every 8 test lines. The soil type wWéfssol and the maximum temperature was
28-31 °C while minimum was 18-22C during the experimented period. The crop was
maintained by following the recommended agronomactices for castor. When the crop was
45-50 days old, the experimental plot was inspefbechatural incidence oA. janata and S,
litura. There was sporadic appearanceAofjanata larvae in 2% and 3 instars while the
infestation ofS. litura was negligible. Hence, artificial releases of mat@rlitura larvae @ 1

larva per plant were made.
10
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The experimental field was covered with a fine nyloet to avoid the escape of
artificially releasedS litura larvae and prevent the entry of non-target pestk autivity of
insect parasitoids, birds and other predators (b&). The generation cycle & litura was
rapid and was allowed to complete two cycles. Is @ficult to keep record of the number of
larvae per leaf, dead larvae per leaf as therehgasy and mixed build up of both the foliage
feeders. Hence, data were recorded on 15 plantdb@s the extent of defoliation due to the
two defoliators on a 1-4 scale (1-resistant wittD%ldefoliation; 2-moderately resistant with
10-25% defoliation; 3-susceptible with >25-50% dietton; 4-highly susceptible with >50%

defoliation) for individual plants and the weightean average of insect damage was computed

as follows.
In(1)+n(2)+n(3)+n(4)....
Average insect damage = Total number of plants
3. Results

3.1. Transformation of embryo axes

The embryo axes derived from the variety DCS-9 weaasformed with the AK1304
construct using AMT, PGB and DTS methods. Selectinrhygromycin for three cycles was
complete and no escapes were observed (Fig. 1&).shbots that survived selection were
multiplied and transferred to elongation medium mehéhe selected shoots recovered and
elongated with shoot lengths of at least 2.0 cng.(Bib). Elongated shoots rooted with a
frequency of more than 70% and were acclimatizedessfully (Fig. 1c). About 4,340 embryo
axes were transformed through AMT and the frequerichoots that survived after 3 cycles of
selection was 5.4%. Of the surviving putative tfarmaed shoots, 104 plants were successfully
established from which 37 plants were grown to migtuwith an overall plant recovery
frequency of 2.4%. About 1790 embryo axes wereesiibfl to PGB followed by three cycles of
selection from which 188 shoots survived with ayfrency of 10.5% (Table 1). From these, 19
plants reached sexual maturity and the transfoomagifficiency was 1.1%. In thn planta

method of transformation, of the 2650 embryo axest twere bombarded and subjected to

11
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selection, 56 rooted shoots were recovered and rgitowmaturity with a frequency of 2.1%.
The developmental stages, rooting and acclimatimadf plants derived througim planta are

presented in figure 1d-f.

3.2. Molecular analysis

Putative transformed plants at the primary spikgestwere screened through PCR
and Southern analysis for the presence of thedated gene. Some of the leaves were tested
for GUS expression as the construct harbouredUtt® gene (data not presented). PCR
amplification confirmed the presence @/1Aa andhpt genes with amplicon lengths of 552 bp
and 490 bp, respectively (Table 1). PCR screenomgedor 37 plants obtained through AMT
showed positive amplification in 16 plants for bdkie genes (Fig. 2a). Out of the 19 plants
obtained through PGB, 12 plants were found positivé®CR analysis. In 56 plants derived
through DTS method, 14 plants were found positivBCR analysis (Table 1). Regardless of the
method of transformation used, a higher frequeéy ¢f plants showed the presencehpt
gene (54, 84, 32) as compared to thglAa gene (43, 63, 25). Of the three transformation
methods tried, frequency of PCR positive plants leasin the DTS method.

The PCR and Southern positive plants of 17 evedtismed through the three methods of
transformation were advanced to the successivergigoes in a P2 class containment facility.
The progenies of six events from AMT, seven evéwois PGB method and four events obtained
through DTS method were subjected to PCR analysiblé 2). Segregation analysis revealed a
Mendelian ratio of 3:1 with significant goodnessfibffor the PCR positive and negative plants
in eight events, which included two evef@eMT -894, AMT-899) from plants derived through
AMT (Fig. 2b), five events (AK1304-PB-1, AK1304-PB-AK1304-PB-785, AK1304-PB-830
and AK1304-PB-837) from PGB method and one evefit§433) through DTS method. These
events were advanced to the subsequent generafib@svent AMT-936 which did not follow
Mendelian ratio was also advanced to the subseges@trations.

A total of 121 PCR positive plants from nine eve(A81T-894, AMT-899, AMT-936;
AK1304-PB-1,AK1304-PB-4, AK1304-PB-785, AK1304-PB-830, AK1308837 and DTS-
43) were promoted tosTgeneratiorfor progeny analysis. Out of the 121 rows of progean

lines were selected for further generation advamcenihese were five lines from AK1304-
12
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PB-1, two lines from DTS-43 and three lines from A¥94. In two of these ten lines tested,
all plants of AK1304-PB-1-75 and AK1304-PB-1-73 wePCR positive (100%) while
segregation for presence and absenazydfAa gene was observed in eight lines. A total of 117
progenies from three everf8MT-894, AK1304-PB-1 and DTS-43) were advancedrfrd, to

T3 generation. Out of these, one progeny fasm AMT-894 (AMT-894-3-44) (Fig. 2c), two
progeny rows from AK1304-PB-1 (AK1304-PB-1-73-24daAK1304-PB-1-75-32) (Fig. 2d,
e), and two lines from DTS-43 (DTS-43-20-2 and DAS20-4) were selected as promising

progenies based on presencergflAa gene in all the plants as evident from the PCRyai=l

3.2.1. Southern analysis

Southern analysis ofgTplants on digestion of genomic DNA wittcoRI revealed the
integration of the introducedene in the plants obtained through AMT. Southeralysis of
plants showed hybridization signal in four (AK13B8-1, 3, 4 and 5) out of five plants obtained
with PGB which confirmed the integration of tleeylAa gene (Fig. 3a). There was no
hybridization signal in the untransformed contrBig( 3). The plants of three events obtained
through the PGB method showed multiple inserts \thigh exception of AK1304-PB-1 which
showed single insert (Fig. 3a).

In advanced generations, Southern analysis was fdormme event each derived through
AMT, PGB and DTS methodsz., AMT-894, AK1304-PB-1 and DTS-43, respectively teech
the inheritance and integration of ttry1Aa gene. The lines derived from DTS-43 (DTS 43-20-
2-2, DTS 43-20-2-4, and DTS 43-20-2-10) showed ipleltintegration sites events (Fig. 3b)
while the events AK1304-PB-1 and AMT-894 contindedshow singlecopy integration in 2
generation (Figs. 3c, d).

3.3. ELISA

The ELISA analysis carried out for plants of sewents that were in sTgeneration
showed detectable levels of Cryliaotein as compared to control (Fig. 4a). The pnote
concentration (ng/mg leaf tissue) ranged from Q18- in AMT-894; 0.177-0.633 in AMT-
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936; 0.219-2.48 in AK1304-PB-1; 0.19-1.33 in AK13PB-3; 0.16-1.38 in AK1304-PB-4;
0.21-0.76 in AK1304-PB-5 and 0.17-2.67 in DTS-4heTmean concentration of CrylAa
protein across different events varied between QA361304-PB-5) and 0.77 (AK1304-PB-1)
(Fig. 4a).

The protein level in plants of three events (AMT489\K1304-PB-1 and AK1304-PB-
4) in T2 to T4 generations was compared (Fig. 4b). In the evaM$-894 and AK1304-PB-1,
there was an increase in the le@éICrylAa protein from 7 to T4 generationsIn case of
AK1304-PB-4, there was an increase in protein cotne@on in T to Tz generations and
decreased in Jgeneration because few plants ig generation had exceptionally high levels
of protein (>2.0 ng/mg leaf tissue) which when ietrforward to the next generatida)
showed the protein concentration in the same rgdg®) as the other events (Fig. 4b). In leaf
samples of controfuntransformed castor), colour development was sionally observed but
the maximum reading (405 was 0.00lwhich was far less than the lowest values deteicted

the transgenic plants.

3.4. Insect bioassays

3.4.1. Laboratory

Larval bioassays were conducted f8r litura, A. janata and S cynthia. As the
transformation is a continuous process, the pwatansgenic events were recovered at regular
intervals. Following confirmation for the preseruethe transgene, the seeds from the primary
racemes were used for rapid cycling of generatiblesice, for laboratory bioassays against the
target insect pests, there was overlapping of geioas of different events.

Putative transformants of AK1304-PB (five eventsyl &even events obtained through
DTS method were tested. Mortality was observed amlthe event AK1304-PB-1 which was
20% for A. janata and 25% forS. litura while no larval mortality was recorded in the athe
events. However, reduction in the weight of sumyiarvae was recorded in all the events.
Percentage weight reduction of surviving larvaetramsgenic plants over control ranged from
1.1-75.7% forA. janata and 6.2-82.3% fof&. litura in different transformation events. The

maximum weight reduction of larvae of both the pests high (82.3%, 75.7%) when larvae
14
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were fed on leaves of AK1304-PB-1. The event AKIB®}4 had more feeding cessationSof
litura while events AK1304-PB-2 and AK1304-PB-3 conferneare resistance . janata.

Plants from four events obtained through AMT (AM8%6 862, 894 and 899), five
events through PGBAK1304-PB-1, 3, 4, 5 and 785) and three eventsutin DTS (DTS-4,
30, and 43) methods inyTgeneration wergubjected to bioassays when the plants were 45-90
days old. Mortality of theS litura larvae ranged from 10-50% on plants derived thihoAIT
and PGB methods and 10-40% on plants derived thr@igs method. Mean mortality ranged
from 16.7-43.8, 17.1-38.6 and 0-33.3% in plantsaai@#d through AMT, PGB and DTS
methods, respectively. Reduction in weight of sting larvae over control ranged from 17.6-
64.4%, 15.8-75.0% and 6.7-71.8% on plants obtathemlgh AMT, PGB and DTS methods,
respectively (Table 3). Likewise, the mortalityAfjanata larvae ranged from 20-40% on plants
derived through AMT and DTS methods and 10-50%harsé¢ derived through PGB. The mean
mortality in plants obtained through AMT and PGB thms ranged from 21.7-30 and
13.5-32.5, respectively while it was 32% in plamsrived through DTS method. The
weight reduction of surviving larvae over contrahged from 12.5-65.6%, 5.5-56.6% and 34.6-
61.5% on plants obtained through AMT, PGB and DT&hwods, respectively (Table 3). Thus,
regardless of the method of gene introduction,lével of protection against the two foliage
feeders was similar in all the events with no digant superiority of the method of
transformation.

In T, generation, bioassays with litura larvae were conducted on four events derived

through AMTand DTS procedures. The larval mortality rangednfi®20% while the weight
reduction of surviving larvae over control rangednf 17.8-72.9% and 16.9-86.4% on AMT
and DTS plants, respectively. Bioassays withjanata were conducted on one event each
derived through AMT (AMT-894) and DTS (DTS-43) peslures and two events obtained
through PGB (AK1304-PB-1 and 4). The mortality readdgrom 0-10% only in plants derived
through AMT. The weight reduction of surviving laer over control ranged from 3.2-62.9%,
2.9-62.7% and 3.3-10.5% on plants derived throuftTAPGB and DTS methods, respectively.
Bioassays were conducted on two lines of event BI$ T; generation. Maximum mortality
of S litura larvae was only 10% (mean 7.0) in one line and ktergduction of larvae that
survived on transgenic leaves over control rangech f30.3-87.2%. With regard tA. janata

reaction, the larval mortality in both the linesxgad from 20-80% (mean 34.4-37.0) and the
15



428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458

weight reduction of surviving larvae over contrahged from 27.9-78.1% (Table 4).

3.4.2. Field

Six events which included two events derived thlol@rS (DTS-43, DTS-46) one
event through PGB (AK130BB-1) and three events through AMT (AMT- 799, 8936) in
various generations (Tto Ts) were subjected tihsect bioassays (Fig. 5%odoptera litura
infestation was noticed after 20 days of releasmature larvae (Fig. 5b). The populationfof
janata which was very low at the time of releaseSofitura increased tremendously under the
net. Consequently the first cycle showed predontidamage due t&. litura and the second
cycle witnessed damage due to mixed infestatiobath S litura and A. janata (Figs. 5c-f).
Close observation of the control plants showedaumf pest load ofA. janata on leaves of
control (Fig. 5¢) and transgenic plants (Fig. 5dj the foliar damage was less in the latter.
Likewise in case ofS litura, the control plants were completely defoliated dhd insects
started feeding on the stems and capsules (Figwbig foliar damage was less in transgenic
plants (Fig. 5f). Fig. 5g shows variation in fol@gamage in different events and figure 5h shows
the comparison of damage in control and transgeraats. While the control plants were
completely defoliated, foliar damage was less anggenic plants.

In DTS-43, the frequency of plants with less th&9c2damage increased in advanced

generations and wagabilized by T, generation. In Jto T, generations of the event DTS-43,

50% of the plants were moderatebsistant with less than 25% foliage damage. Imsve
DTS-46, AMT-894 and AK1304-PB-1, 54 to 60% of tHars in /T3 generation were found
promising with less than 25% damage. The event A86-was found promising during the first
cycle with 83% and 88% of the plants showing moerasistance in the;Bnd T, generations
(Table 5).

However, with the mixed infestation of both theidgle feeders, foliar damage was high
which probably could be due to the overlapping egyand the high pest load. In events, DTS-
46, AK1304-PB-1 and AMT-799, none of the plantswg&d resistant or moderately resistant
reaction. The event AMT-894 was found promisinghwdt3% plants with less than 25% leaf
damage (Table 5, Figs. 5g-h).
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3.4.3. Laboratory assays against S. cynthia

Laboratory bioassays againSt cynthia larvae by feeding the leaves of three events
(AK1304-PB-1, AK1304-PB-4, AMT-894) and control ([39) showed no larval mortality on
any of the tested events (Fig. 6b, c). Howevergihtereduction of 20.2-78.5% was observed
when compared to weight of larvae fed on untramséal castor (control) plants (Table 6).
Figures 6a and c show the comparison of feedinglamnal growth on untransformed castor
leaves treated with purifieBt CrylAa protein (2.93 ng/cthand the transgenic leaves with the

crylAa gene.

4. Discussion

Development of transgenic castor plants expressisgcticidal Bt genesviz., crylAb
(Malathi et al., 2006)crylEC (Sujatha et al.,, 2009) anctylAcF (Kumar et al., 2011) to
confer protection against the major foliage feedezsA. janata andS litura has been reported.
The crylAa gene deployed in castor conferred protection ndy tmthe major lepidopteran
foliage feeders but also t8 cynthia which feeds on castor leaves. SelectiorcigflAa gene
was based on the previous insect bioassays witlfiquiBt crystal proteins which proved the
CrylAa protein to be the most effective agaifisianata in terms of larval mortality (Sujatha
and Lakshminarayana, 2005) while causing signifideeding cessation ob litura larvae
(Lakshminarayana and Sujatha, 2005). This genebbes introduced to impart resistance to
major pests in several other crops. Duan et all3PQdeveloped transgenic cassava by
deployingcrylAa gene for resistance tdelicoverpa armigera (Hubner). Vinodh (2013) and
Visarada et al. (2014; 2016) reported developméntransgenic sorghum with therylAa
gene for protection against the spotted stem {Qf@to partellus Swinhoe).

The meristem-based transformation protocol throAghobacterium-mediated method
developed by Sujatha and Sailaja (2005) and partjgh bombardment described by Sailaja et
al. (2008) were followed for castor transformatiasing thecrylAa gene. The transformation
frequencies were 2.4%, 1.1% and 2.1% for directtoremediated andn planta methods,
respectively and were similar (0.42 to 5.9%) tosthoeported earlier. Sujatha et al. (2009)

reported transformation frequencies of 0.69% a@2%. in castor withcrylEC gene through
17
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direct and vector-mediated methods, respectiveblaii et al. (2006) reported a transformation
frequency of 0.42% withcrylAb gene throughAgrobacterium-mediated method. lplanta
transformation of castor wittrylAcF gene was done to develop transgenics resisteilitioira
with a frequency of 1.4% based on plant survival presence of the introduced gene (Kumar et
al., 2011). Sousa et al. (2017) obtained four gang plants silenced for the ricin A chain gene
with a transformation efficiency of 0.85%. Patebet(2015) reported enhanced transformation
efficiency (2.8-5.9%) when the incubation was dow&h acetosyringone (200 pM) in
combination with spermidine (1 mM) instead of usawgtosyringone alone which could be tried
in future experiments on castor.

Molecular analysis was done through PCR and Southgoridization for confirmation
of the presence, integration and stable inheritafi¢ke introduced gene. All the plants selected
on hygromycin and grown to maturity were subjedte®CR analysis, and 44%, 63% and 25%
of the AMT, PGB and DTS plants had the introducedAa gene. Selection of untransformed
shoots on hygromycin showed 100% Kill of the pestiting shoots. However, only 44% and
63% of the recovered putative transformants hadmbuhe gene based on PCR analysis,
indicating the possibility of escapes despite tbkuces being passed through three cycles of
the selection agent. The plants derived through PsBBwed more hybridization signals
except in the event AK1304-PB-1 compared to thob&ioed through AMT. In castor
transgenics with therylEC gene, events obtained through PGB showed multgpées of the
gene as against single copy insertion in plantvel@ithrough AMT (Sujatha et al., 2009).

In the present study, the concentration of CrylAatgin determined through ELISA
ranged from0.221.35 ng/mg of fresh tissue in, Deneration, 0.18-1.69 ng/mg in Heneration
and 0.17-1.72 ng/mg insTgeneratiorof different events. In castor transgenics with ¢hameric
crylAcF gene, differing levels of the protein were obsertreat varied from 1.5-6.5 pg/g fresh
weight (Kumar et al., 2011). The CrylAb protein @otlation in different primary
transformants of castor ranged from 0.23-0.47 ngdifyesh tissue (Malathi et al., 2006) and
was similar to the protein range that was recoiddtie present study wittrylAa transgenics.
Mehrotra et al. (2011) showed that the level oftgeton and mortality oH. armigera larvae
in chickpea correlated with the level of Bt-Cry fio, and only plants with high levels of
CrylAc protein (70-112 ng/mg of soluble proteindukted in 100% mortality while those with

moderate level of the Cry protein showed feedirghition and severely affected larval growth.
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Transgenic sugarcane witlylAc gene expressed 1.8-50.5% protein in leaves (Werd]. et
2011). Visarada et al. (2016) reported protein Ikewe the range of 29.6-40.0 ng/g leaf tissue
(=0.3-0.4 ng/mg) in transgenic sweet sorghum. Raale(2013) also reported low levels of
CrylAa3 protein in leaves and fruits of brinjal (2644.3 mg/g) but the transgenic events
conferred 100% protection against egg plant shadtfeuit borer with use of codon modified
crylAa3 gene. In our study, a maximum of 1.72 ng/mg of @@yJprotein in fresh tissue was
recorded, which was many times higher than thatdrted for sorghum. Variations in protein
level and mortality in different crops and genesildobe due to plant age, physiological
variability arising due to the condition under whnithe plants are raised, the site of integration of
the transgene and its positional effect.

In castor, laboratory bioassays were carried otit W&aves obtained from plants raised
in the transgenic greenhouse and when the plants alut 55-60 days old. It is well known
that the protein expression level varies with tige af the crop and also the conditions under
which the plants are grown. Studies of Zhu et 2004) in Brassica indicated variations in
protein levels based on the age of the crop whiehev.8-0.16 pg/g when tested at 3-5 leaf
stage and 0.18-0.66 ug/g at 4 leaf stage. ELISAyaissshowed that therylAc protein levels in
transgenic sugarcane ranged from 0.8-7@/9 in leaves and 0.04-7,@/g in stems (Gao et al.,
2016). Hence, it is necessary to determine thesprégvels at different developmental stages and
tissues.

The level of Bt protein in total soluble protein )% transgenic castor plants was
adequate to cause feeding cessation in the lalgratod whole plant assays in field.
Modifications ofcry gene based on codon usage pattern of castor geulelsligely enhance the
level of expression, as was done in the case @&rsage (Weng et al., 2011) where a synthetic
crylAc gene resulted in five-fold higher protein level rihthat produced by the partially
modifiedcrylAc gene.

In insect bioassays conducted in the laboratorytatity againstS litura andA. janata
ranged from 10-50% among different events. Larvalght reduction of surviving larvae vs
control larvae after 8 days of feeding wa2-87.2% in case o8 litura and 1.1-78.9% foA.
janata. Despite the same level of protein in castor wangs with thecrylAb gene (Malathi et
al., 2006) and in the present study,janata mortality reached a maximum of 97%. By

contrast, in the present study th&aximum mortality of the two foliage feeders was¥®0
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However, bioassay of; generation castgslants with thecrylAcF gene, resulted in up to 97%
mortality of S litura larvae (Kumar et al., 2011). In cassava transgem&bouring therylAa
gene, 70-100% mortality was reported Falicoverpa armigera Hubner(Duan et al., 2013)n
sorghum, laboratory bioassaysanflAa transgenics against spotted stem borer indicatedrlo
larval mortality (21.6%), reduced leaf damage s¢8r@ cnf) and reduced feeding (41-46%) as
compared to 81.6% feeding in control (Visaradd.e2816).

In the present study, stabilized events intd@ T, generations were subjected to larval
bioassays. However, in insect resistant castosgiamcs harbouring theylAb (Malathi et al.,
2006) andcrylAcF (Kumar et al., 2011) genes were bioassayedyianfl T, generations, unlike
in the present study where the plants were analyzadvanced generations. Suma et al. (2009)
reported 0-40% mortality in Tplants and 0-60% mortality in,Tgeneration of transgenic
chick pea plants witlerylAc gene. Mehrotra et al. (2011) reported 12-30% mibytah To
plants and 30-100% mortality in;Tplants. Weng et al. (2011) reported 100% mortality
and 50-60% weight reduction in transgenic sugarcaitie crylAc gene against stem borer.
Bioassays with T plants of transgenic cottokith cryllal2 gene againsSpodoptera frugiperda
(J.E. Smith) larvae, resulted in mortality up td&@nd a significant delay (up to 30-fold) in the
development of the target insects compared to nsfitamed controls (Oliveira et al., 2016).
H. armigera neonates on gl cotton plants recorded a mortality of 10-36.7% aicbwed
significant reduction in leafleeding and inhibition of growth in surviving laevgJadhav et al.,
2015). ThecrylEC gene is reported to be toxic ® litura and A. janata and has been
successfully introduced in castor (Sujatha et 2009). Incorporation otrylAa gene also
proved to be effective againSt litura in terms of less foliar damage and feeding inkohit
Probably, combining both the genes through crossingvents harbouring therylAa and
crylEC genes may confer better protection against theldgpperan pests in castor.

Following the development of castor transgenic &vemith the crylAa gene, it has
become imperative to assess the toxicity of thesats toS cynthia to comply with regulatory
requirements. Evaluation of toxicity of the purdierystal proteins oB. thuringiensis against
S cynthia indicated high toxicity of CrylAa protein followetty CrylAC and CrylAb
proteins to this lepidopteran pest (Kumar et ab1&). The CrylAa protein resulted in 50%

mortality at a very low concentration of 2.6 ngfdeaf area. Bioassays conducted agafist
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cynthia of three events of castor harbouring tiiglAa gene showed only growth retardation
and larval weight reduction up to 2 to 3-fold atl®ys after treatment. Despite the presence of
the gene, the expression is ~160 fold lower in t@Esgenic events as compared to the
concentrations tested with purifidgt proteins, which probably is leading to feeding aéiss
but not causing 100% larval mortality. Since trarggs harbouring therylAa gene are
showing toxicity as evident from reduced feedinge dhas to be cautious while testing such
events in areas where castor leaves are f&ldgnthia. Further, any candidate proteins have to
be tested for their toxicity to beneficial insedbiefore embarking on a programme on
development of insect resistant transgenics irocast

Although the level of expression of the CrylAa piotis moderate in the castor
transgenic events, there is significant and subiatafeeding cessation of the three foliage
feeders. Within artificially infested field cagdarval densities of both the target foliage feeders
were similar but foliar damage was visibly redudediransgenic plants as compared to the
control plants. Under natural infestation of theyéd pests, the pest load would be far lower than
that established in this present study througliicet releases and encaging of the crop under a
net. Despite low mortality of the insects undeifiaral assays, foliar damage in transgenic
events was significantly low as compared to coninoboth laboratory and field bioassays.
Based on studies on removal of leaves at spikedtom stages it is evident that castor crop has
tolerance limit for defoliation up to 25 to 30% (@sh and Sundaramoorthy, 2002;
Lakshmamma et al., 2009). Thus, these events getarwith additional variety development,
could be included as a component of future integrapest management programmes,
potentially resulting in a reduction in pesticiderays. The primary challenge going forward
however, will be the need to produce plants thatess higher concentrationsRifprotein, that
approach a high-dose definition and cause ~100%aiitgr(Hutchinson et al., 2010); as the
high-dose refuge approach is generally viewed @&s gteferred strategy to minimize the
evolution ofBt resistance in target pests (Soberon et al., 2@189, there is a need to test these
castor transgenic events on a broader array oftan@et insect species and natural enemies of
both the foliage feeders likerichogramma evanascens, Microplitis maculipennis, Euplectris sp.,
Apanteles prodeniae to ensure the transgenic plants will continueupp®rt biological control in
IPM modules as reported for other crops (Rome#.g2008; Emani, 2014).

In conclusion, this study reports the developméritansgenic events in castor through
21
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introduction of thecrylAa gene andlemonstrated stability of the introduced gene thhoihe T
generation. The events displayed moderate levelseoCrylAaprotein expression, resulting in
feeding cessation of the target foliage feeder&oith laboratory and field bioassays. As castor
can tolerate defoliation up to 25%, the gene cohéltransferred to other agronomically
superior genotypes and tested for the bioefficacyhe introduced gene in different genetic

backgrounds.
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783
784 Tablel

785 Putative transformants obtained wittrylAa constructs through different methods of

786 transformation

Method of Number ot Frequenc Number of Transformation Number of PCR PCR

transformation embryo axesf shoots plants efficiency (%) To plants positive positive
after thre¢ established tested for  plants for plants for
selections PCR hpt* crylAa*

Agrobacterium- 4340 5.4 104 2.4 37 20 (54) 16 (43)

mediated

Particle gun 1790 10.5 19 1.1 19 16 (84) 12 (63)

bombardment

Direct 2650 - 56 2.1 56 18 (32) 14 (25)

transformed

shoots in

planta)

787  *Figures in parentheses indicate the frequencyencgntage
788

28



789
790

791
792
793
794

Table2

Segregation analysis ofylAa positive plants in Tprogeny
Transgenic event code No. of plants PCR PCR Ratio 2 P Value
Eventsderived through AMT
AMT-685 16 11 0.45:1 16.333 <0.001
AMT-799 26 22 0.18:1 43.985 <0.001
AMT-889 19 18 0.05:1 45871 <0.001
AMT-894 21 16 3.2:1 0.023 0.88**
AMT-899 14 11 3.6:1 0.095  0.758**
AMT-936 18 11 7 1.57:1 1.852 0.174**
Events derived through particle gun method
AK1304-PB-1 31 23 8 2.9:1 0.185  0.668**
AK1304-PB-3 20 11 1.2:1 4.256 0.0398
AK1304-PB-4 14 10 2.5:1 0.095 0.758**
AK1304-PB-5 20 4 16 0.25:1 45 <0.001
AK1304-PB-785 14 10 4 251 0.095 0.758**
AK1304-PB-830 30 22 2.75:1 0.044  0.833*
AK1304-PB-837 17 12 5 2.4:1 0.176 0.074*
Eventsderived through DTS method
DTS-4 10 3 7 0.42:1 10.8 0.001
DTS-30 19 10 9 1.1:1 5.897 0.015*
DTS-43 40 29 11 2.6:1 0.133  0.715*
DTS-46 30 13 17 0.76:1  16.044 0.001
* P=>0.05
** P=>0.10
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795

796  Table3
797 Insect bioassays of; plants harbouring therylAa gene againss. litura andA. janata
Transgenic event S litura A janata
No of Noof Mortalit Mortalit Reductio No of No of Mortalit Mortality Reduction
plants plants y (%) vy (%) n(%)in plants plants y (%) (%) (%) in
tested that (range) (mean_+ larval tested that (range) (mean_+ larval
result SE) weight resulted SE) weight
ed in over in over
morta control mortality control
lity
AMT-685 17 8 10-50 43.8+#3.9 17.6-64.4 4 4 20-40 B8+ 12.5-65.6
AMT-862 20 5 10-40 25.946.9 21.4-53-4 2 0 0 0 25264
AMT-894 14 6 12-47  28.5+6.5 18.7-43.7 4 0 0 0 15653
AMT-899 8 3 10-20  16.7+3.3 27.5-35.0 3 3 20-25 217 34.2-433
AK1304-PB-785 17 8 10-25  38.6+6.8 21.8-75.0 1 1 30 30 16.8-31.3
AK1304-PB-1 18 16 10-50 23+3.9 19.6-75.0 16 15 R0-5 29.8+2.7 25-50
AK1304-PB-3 NT - NT - NT 10 4 20-50 32.5+3.9 33.63
AK1304-PB-4 18 7 10-30 17.1+3.6 15.8-70.0 18 8 P0-5 29.2+3.8  18.3-56.6
AK1304-PB-5 10 6 10-30  20.3+4.5 40-50 10 5 10-20 .53#B35 5.5-33.3
DTS-4 17 0 0 0 18.3-62.1  NT - NT - NT
DTS-30 13 3 10-40 33.3%6.6 6.7-15.8 2 0 0 0 7.8:46.
DTS-43 10 8 20-40 30.6%6.5 53.1-71.8 8 7 20-40 32+2 34.6-61.5
Control 3 0 0 0 0 3 0 0 0 0
798 *NT=Not tested; SE= standard error of mean
799
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800

801
802 Table4
803 Bioassays of Jgeneration plants agairfatlitura andA. janata
Transgenic S litura A. janata
event No of No of Mortal Mortal Reduction Noof Noof Mortal Mortality Reduction
plants  plants ity (%) ity (%) (%) in plants plants ity (%) (%) (%) in
tested that (range (mean larval tested that (range) (mean + larval
resulted ) + SE) weight resulted SE) weight
in over in over
mortality control mortalit control
y
DTS-43-20-4 17 11 0-10 7+1.4 28.4-87.2 17 15 20-803716.8 27.9-76.9
DTS-43-20-2 27 0 0 0 30.3-86.7 27 24 20-80 34.4+4.96.5-78.1
Control 3 0 0 0 0 3 0 0 0 0
804 SE=standard error of mean
805
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806 Tableb
807 Reaction of transformants harbouring @rglAa gene to the major foliage feeders under net
808 contained field experiment

Event code Gene-Reaction of plants to defoliators
ration S litura damage on defoliationS litura and A. janata damage on
scale** defoliation scale***
1* 2* 3* 4* 1* 2* 3* 4*
DTS-43 T 0 0 100 0 0 0 0 100
T3 5.3 31.6 47.4 15.8 0 5.3 0 94.8
T, 18.8 31.3 25 25 2.3 5.4 23.8 68.7
DTS-46 T 30.8 23.1 38.5 7.7 0 0 7.6 92.4
AK1304-PB-1 & 13.5 46 32.4 8.1 0 0 8.1 91.9
AMT-799 T 0 28.6 57.1 14.3 0 0 0 100
AMT-894 T, 4.8 52.4 19 23.8 23.8 19 19 38.2
AMT-936 Ts 55.3 27.1 16.5 1.2 1.2 21.8 22.9 54.1
T, 55.5 33.3 11.1 0.1 0 22.2 7.8 70

809 * Row three represents defoliation scale: 1. <l@%stant; 2. 10-25%-moderately resistant; 3.
810 >25-50%-susceptible; 4. >50%-highly susceptible

811 ** Data scored 25 days aft& litura release

812  *** Data scored 40 days aft& litura release

813

814
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818
819

Table6

Bioassays again& cynthia on castor events harbouring ttrg1Aa gene

Event Gene- Concentration of CrylAgorotein in fresh Reduction (%) of

ration leaf as determined by ELISA (ng/mg) weight of S cynthia

larvae over control

AK1304-PB-1 B 0.16-2.22 21.4-69.0

Ty 0.22-2.48 35.7-78.5
AK1304-PB-4 B 0.21-2.76 26.5-60.3

T4 0.16-1.38 20.2-52.3
AMT-894 T3 0.18-2.12 49.4-67.8

T4 0.16-1.91 27.7-73.4
Control (DCS-9) - 0 0

Data was scored 8 days after treatment
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Figurelegends

Fig. S1 Diagram showing the restriction sitescoy1lAa.

Fig. S2 Sequence afrylAa gene.

Fig. 1 Genetic transformation of castor wittrylAa gene construct (AK1304) through
Agrobacterium-mediated (a-c) anish planta (d-f) methods.

a Selection of putative transformants on hygromyéallowing Agrobacterium-mediated
transformation (bar: 17.6 mmb). Shoot elongation on medium supplemented with 0gd BA
(bar: 29.8 mm)c Acclimatized and established transgenic plants @&6 mm)d Elongation of
in planta transformed shoots following bombardment on MS mmedwith 0.1 mg/l BA (bar: 10
mm). e In planta transformed shoots on rooting medium with selecagent (*2MS+1.0 mg/I
NAA+10 mg/l hygromycin) (bar: 13.8 mmj.Acclimatization ofin planta transformed shoots
(bar: 27.2 mm)

Fig. 2 PCR analysis of transgenic events with differesriegations.

a Amplification of 552 bp fragment of therylAa gene. Lanes denoted 1-37: DNA from putative
transformed plantd Amplification of 552 bp fragment of theeylAa gene. Lanes denoted 1-19:
DNA from AMT 894 T, generation plants; Amplification of 552 bp fragment of therylAa
gene. Lanes denoted 1-11: DNA from AK1304-PBslgéneration plantsy Amplification of
490 bp fragment of thipt gene Lanes denoted M:DNA double digest witHEcoRI/Hindlll,
PC: Plasmid DNA of AK1304, NC: Negative control, UIntransformed castor DNA and 1-11:
DNA from AK1304-PB-1 § generation plantse Amplification of 552 bp fragment of the
crylAa gene. Lanes denoted 1-20: DNA from AMT 894gEneration plants. Lanes denoted M:
A DNA double digest witlecoRI/Hindlll, PC: Plasmid DNA of AK1304, NC: Negative contro
UT: Untransformed castor DNA

Fig. 3 Southern analysis of transgenic plants of castdoduring theerylAa gene.
a Lane denoted 1-5 putative transformed plants (AKiBB-1, 2, 3, 4 and 5) DNA digested

with EcoRI. b Lanes denoted 1-4: DNA fromzTgeneration plants of DTS-43-20-2.Lanes
34



851 denoted 1-3: DNA from Fgeneration plants of AK1304-PB-1-78., Lanes denoted 1-4: DNA
852 from T, plants of AMT-894-3. Lanes denoted P&€ylAa amplified fragment from plasmid
853  (AK1304) DNA, NC: blank, UC: DNA from untransformexhstor plant (control) digested with
854  EcoR1l

855

856  Fig. 4 Concentration ofrylAa protein through ELISA.

857 a Concentration ofrylAa protein in T, generation plants of different everitsConcentration of
858  crylAa protein in different generations £ TT3, T,) of different events

859

860 Fig. 5 Whole plant bioassays agai@sbdoptera litura andA. janata in the field.

861 aNet encaged transgenic plants of cadidnitial damage due to release®flitura and natural
862 infestation ofA. janata. ¢ andd Uniform pest load ofA. janata on control (c) and transgenic
863 plants (d) but foliar damage was more in controlcampared to transgenic plants.and f
864  Uniform pest load o8. litura on control (c) and transgenic plants (d) but larliave completely
865 defoliated the control plants and started feedinghe stems and capsulgsVariation in foliar
866 damage in different eventl. Reaction of control and transgenic lines to thacktofS. litura
867 andA. janata showing complete defoliation in control plants lghiransgenic plants still have
868 the foliage

869

870 Fig. 6 Bioassays again& cynthia larvae on transgenic leaves harbouringaty@Aa gene and
871  coated with pure CrylAa protein.

872  a Comparison of growth and mortality of neonate & ofS. cynthia fed on uncoated castor leaf
873 and purified CrylAa protein coated castor leaf (@dfcnf) (bar: 13.2 mm)b Growth of S,
874  cynthialarvae on control castor plants eight days afeattent (bar: 14.2 mmg.Samia cynthia
875 larvae showing feeding cessation on different evehfl; generation plants of castor as evident
876  from the less foliar damage and larval size in cangpn with those fed on untransformed castor

877 leaves eight days after treatment (bar: 26.5 mm)
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Figure 6




Highlights

Castor crop damage due to defoliators accounted for yield losses ranging from 20 to 85%
(average 31%)).

The development of transgenic castor events carrying crylAa gene through vector and direct
genetransfer isreported.

Laboratory and field bioassays against Achaea janata and Spodoptera litura indicated
feeding tolerance.

Bioassays of transgenics against Samia cynthia ricini were done to assess the reaction of

beneficial organisms.
The crylAa transgenic events of castor could be included as a component of future
integrated pest management programmes.



