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Abstract The potato chloroplast was transformed
with codon optimized synthetic hybrid cry gene
(SN19) to mitigate crop losses by Colorado potato
beetle (CPB). The bombarded explants (leaves and
internode) were cultured on MS medium supple-
mented with BAP (2.0 mg/l), NAA (0.2 mg/l), TDZ
(2.0 mg/1) and GA3 (0.1 mg/l); spectinomycin 50 mg/1
was used as a selection agent in the medium. Leaf
explants of cultivar Kuroda induced highest percent-
age (92%) of callus where cultivar Santae produced
the highest percentage (85.7%) of transplastomic
shoots. Sante and Challenger showed 9.6% shoot
regeneration efficiency followed by cultivar Sim-
ply Red (8.8%). PCR amplification yielded 16 pos-
tive transplastomic plantlets out of 21 spectinomycin
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resistant ones. Target gene integration was confirmed
by PCR and Southern blot, whereas RT-qPCR was
used to assess the expression level of transgene. The
localization of visual marker gene gfp was tracked by
laser scanning confocal microscopy which confirmed
its expression in chloroplasts of leaf cells. The trans-
plastomic plants ensured high mortality to both larvae
and adult CPB. Foliage consumption and weight gain
of CPB fed on transplastomic leaves were lower com-
pared to the control plants. Sucessful implementation
of current research findings can lead to a viable solu-
tion to CPB mediated potato losses globally.
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Introduction

Potato (Solanum tuberosum L.) is a non-cereal staple
food crop that is ranked at 3rd position in production
(Vincent et al. 2013; FAOSTAT 2022). It has a cru-
cial role to ensure food security (Thiele et al. 2010;
Bagri et al. 2018) as well as can mitigate malnutrition
and poverty status proficiently (Brown 2005; Cal-
iskan et al. 2010). Insect pests from different insect
orders incur significant losses to the potato crop and
economic damages have been estimated as high as
40% (FAOSTAT 2020). Among these insect pests, the
Colorado potato beetle (CPB, Leptinotarsa decemlin-
eata) can defoliate the whole plant in the field. CPB is
by far the most widely distributed and most destruc-
tive insect pest among the coleopteran (EPPO/CABI
1997). As a big potato defoliator, CPB significantly
damages the yield of potatoes across the northern
hemisphere (Visser 2005; Rondon 2010; Alyokhin
et al. 2013).

The heavily defoliated plants with uncontrolled
CPB have reduced yields that can exceed to 85%
(Maharijaya and Vosman 2015) with an estimated
loss of 2-2.5 billion USD in Russia in 2010 (Skryabin
2010). The beetles can develop resistance to newly
introduced insecticides within a short time by the dint
of its complex, yet unique biological make up. CPB
is known to have developed resistance to 56 different
chemical compounds belonging to all major classes
of insecticides with various modes of action (Raspor
and Cingel 2021). The narrow genetic base of crops
is a potential barrier for conventional breeding prac-
tices and to date no CPB resistance genotype is avail-
able (Lindhout et al. 2011). In these circumstances, it
is crucial to explore some alternate, sustainable and
viable control measures against this devastating insect
pest (Zhu et al. 2011).

Transgenic technology may be considered a reli-
able and effective component of eco-friendly man-
agement of potato insect pests (Kos et al. 2009). The
insertion of target gene(s) into chloroplast genome
has successfully been adopted to impart valuable
agronomic traits and production of insect resistant
transplastomic plants. Because of several lucrative
advantages over nuclear transformation, the plastid
transformation has become a potent tool for genetic
manipulation of economically important crop plants
(Daniell et al. 2021). High ploidy level of plastome
facilitates the high level of transgene expression (Cry
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protein was expressed up to 45.3% of total soluble
proteins) (De Cosa et al. 2001). The transplastomic
plants also can ensure the multiple gene expression
from polycistronic mRNA, avoiding the epigenetic
effects and gene silencing. Hence, this technology
offers enormous utility over nuclear genome engi-
neering (Bock and Khan 2004; Yu et al. 2020).

Here we report the incorporation of a hybrid cry
gene (SN-19, comprised with the domains I and III
of crylBa and domain II of crylla) into the chlo-
roplast genome. SN-19 can ensure a durable resist-
ance against insect species belonging to the orders
coleoptera and lepidoptera as established by earlier
researchers (Naimov et al. 2006; Ahmed et al. 2017,
Salim et al. 2021). In the current study, the insect
resistant transplastomic potato lines expressing SN-
19 gene into chloroplast genome exhibited increased
resistance enough to ensure 100% mortality of larvae
and adult CPB.

Materials and methods

Vector construction, genetic transformation, in-vitro
regeneration and primary screening of putative
transformants

The potato chloroplast transformation vector (PCTV)
was developed using potato chloroplast genome
sequences from trnA—trnl region to help precise
transgene integration into potato chloroplast genome
via homologous recombination. SN-19 gene was
amplified from already available construct pTF101.1
(Ahmed et al. 2017) in the laboratory and cloned in
PCTV. PCTV also harbors FLARE-S as marker gene,
which were amplified along with its promoter and ter-
minator sequences from pMSK49 vector (Khan and
Maliga 1999). The FLARE-S marker gene confers
resistance to spectinomycin as well as streptomycin
(Fig. S1). Earlier the shoot cultures of four potato cul-
tivars i.e., Kuroda, Simply Red, Challenger and Sante
were established from tuber sprouts and propagated
in vitro using single node stem explants on basal MS
medium (Murashige and Skoog 1962) to be used as
explants for transformation experiments.

For biolistic transformation, explants from potato
cultivars were arranged on sterilized whattman no.1
filter paper and placed on regeneration medium. The
gold particles (0.6 pm) coated with PCTV DNA were
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bombarded at 1100 psi He pressure using biolistic
gun PDS-1000/He (Bio-Rad Laboratories, Hercu-
les). Methodology required for biolistics transforma-
ton is already described by Khan and Maliga (1999)
was followed. Plates containing bombarded explants
were placed at 25+2 °C. In-vitro regeneration of
bombarded potato tissues with appropriate selection
agent, callogenesis, emergence of shoot primordia,
their multiplication and primary screening by PCR
have been described by Hossain et al. 2021. DNA
from transplastomic shoots was extracted folowing
Zhang and Stewart (2000) with some modifications.
The PCR analysis was conducted using gene-spe-
cific primer pairs for the SN-19, aadA and gfp genes
(Table 1).

Microscopic detection of transformation events in
calli

An inverted microscope Leica dmil led equipped with
a CCD camera and gfp detection system was used to
track gfp fluorescence in bombarded calli. The sys-
tem consisted of gfp filters on detector channels rang-
ing between 488 and 568 nm. Channels for green
fluorescence images can be adapted. Images were
observed from several fields in normal white fields
and fluorescent light, and images from gfp fluores-
cence using led inverted microscopy were carefully
recorded. This microscope was used for the analy-
sis of transgenic plastids in well-developed calli tis-
sues. The fundamental idea is to distinguish between

transformed and untransformed cells in callus mass.
Transplastomic segments in the callus tissues were
visually recognized and thus the time and attempts
to achieve genetically stable plants were significantly
reduced. After having the confirmation of gfp gene
integration and expression, gfp positive calli were
cultured on the fresh regeneration media with same
hormonal combination. Later, embryogenic growth
was observed in developed calli after 2-3 weeks of
callus formation. The, shoot formation was noticed
from those embryogenic cells, and the number of
transplastomic candidate shoots were recorded. Once,
the spectinomycin resistance transplastomic shoots
were regenerated and confirmed through PCR, they
were subjected to multiple rounds of selection. Then,
plantlets were acclimatized and again subjected to
gfp detection using Laser Scanning Confocal Micro-
scope (LSCM, Registration No. 1953) available at the
Middle East Technical University, Ankara, Tiirkiye at
488 nm/514 nm/543 nm excitation, BP: 505-550 nm/
LP: 585 nm emission and 20X objective depth.

Further rounds of selection (2nd and 3rd)

Once the plants were confirmed for transgene integra-
tion by gfp detetction and PCR, they were subjected
to further 2nd and 3™ rounds of selection. For the
2nd round of selection, 2 mm? pieces of leaves were
cut from PCR-positive leaves and placed on selec-
tion medium. Those leaf sections were grown in cul-
ture room under white, fluorescent lamps (1,900 Ix)

Table 1 Primer’s name,

. Primer Sequence (5'-3") Product Annealing
sequences,.product size size (bp)  temperature
.fmd anne.ahng temperature °C)
information used for the
PCR SN-19F TGCATTGCTGAGGGTAACAAC 480 55

SNI9R AGCATCACGAAGCAAAAGCAA

aadAF GGCTCCGCAGTGGATGGCGGCCTG 540 55.8

aadAR GGGCTGATACTGGGCCGGCAGG

gfp-F AGCAGATCATATGAAGCGGCACG 398 56.3

gfr-R CGTAAGGGCAGATTGTGTGGAGA

SN-19F,(RT-qPCR) ATGCACCATCCTTTTCTGCT 140 55

SN-19R,(RT-qPCR) TCCAACTTATGACCTCCCCA

SN-19F,(RT-qPCR) TGGACAGTTGGCATCATTCT 160 55

SN-19R,(RT-qPCR) ACCCAAACCTTGAAGACGTG

gfp- (RT-qPCR) AGGAGGACGGAAACATCC 145 55
Par partial length primer, gfp- (RT-qPCR) GATCAGCGAGTTGCACGC

RT primer for qRT-PCR
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with 16 h light/8 h dark cycle at 26 °C. After every
15 days, culture was transferred into a new fresh
media with the same combination of hormones and
selection agent. These leaf sections produced trans-
genic shoots. Regeneration data from 2nd round of
selection was recorded carefully and compared with
Ist round of selection. Regenerated shoots were cut
again, and these shoots were retransferred to selec-
tion medium containing spectinomycin. This step was
termed as the third round of selection.

Acclimatization and growth of putative
transplastomic plants

After having adequate roots, transgenic plants
(approximately 3-6 cm long) were transferred into
the growth chamber for acclimatization. Plantlets
were shifted to plastic culture vessels containing
peat moss and perlite (2:1) and placed into a con-
trolled growth chamber for the acclimatization under
25+2 °C under 16 h light photoperiod in a fully
controlled growth cabinet (60% relative humidity,
47 umol m~2 s7! irradiance and 58 W fluorescent
light). After 10 days, the pots were uncovered for a
short time each day to adapt to the environment.

Southern blot analyses

At first, DNA dot blot was performed for the assess-
ment of gene integration in transplastomic plants
following protocol as described by Skarnes (2000).
Total genomic DNA was isolated from transplastomic
plants. The SN-19 probe was prepared using the
instructions provided in Biotin Decalabel DNA Labe-
ling Kit (Cat. No. k0652). The membrane was first
soaked in pre-hybridization buffer and then hybrid-
ized with the generated SN-19 probe at 60 °C over-
night. The detection of transgene DNA as a result of
hybridization was carried out following the protocol
of the commercial detection kit (Fermentas Biotin
Chromogenic Detection Kit; Cat# K0661).

Following this analysis, Southern blot analysis
of genomic DNA was performed according to the
method as described earlier by Southern (1975) to
determine the integration of transgene into the chlo-
roplast genome. About 20 pg of transgenic plant
DNA was digested with Hind/II restriction enzyme
and electrophoresed overnight at low voltage. The
rest of the procedure was followed as per protocol.
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SN-19 probe (PCR amplfied) was prepared following
the protocol as described in Thermo Scientific Bio-
tin Deca Label DNA labeling kit (Cat. No.: K0651).
Following hybridization, the detection procedure was
followed as described in Thermo Scientific Biotin
Chromogenic Detection kit (Cat No.: K0O661).

Quantitative real time PCR

Quantitative Real time PCR was conducted to quantify
the relative expression of transgenes in transplastomic
plants. Total RNA was isolated from PCR positive
plants using RiboZol™ RNA Extraction Reagent fol-
lowing the manufactrer’s instructions. RNA integrity
and concentration was measured in 1% agarose gel
electrophoresis and nano-drop as well. Furthermore,
1 pg of RNA was used for cDNA synthesis using Fer-
mentas cDNA synthesis kit (Cat. No. 1621). RT-qPCR
assay was performed following protocol as described
by Hussain et al. (2019). The ingredients of PCR
reaction included Syber green master mix (1X), for-
ward Primer (1 pM), reverse Primer (1 pM), RNase-
free water and diluted cDNA as template (1:10). The
temperature cycle was set up as 95 °C for 15 min, 40
cycles at 95 °C for 10 s, 55 °C for 15 s, 72 °C for 20 s
and the melting curve analysis at 70 °C to 99 °C with
an increment of 1.0 °C/min. For normalization, elon-
gation factor 1-a (efla) was selected as reference gene
(Nicot et al. 2005). The threshold values of samples
in target gene expression analysis was analyzed by
Software of Rotor-Gene Q (QIAGEN) RT-PCR instru-
ment. According to realtime PCR analysis results, the
standard deviations of Ct values of the samples were
calculated by using Microsoft Excel program and the
expression level of the genes were determined accord-
ing to the 2724C proportional calculation method
(Livak and Schmittgen 2001).

Confirmation of transgene expression by SDS-PAGE

SDS-PAGE was performed to confirm the expression
of SN-19 protein in transplastomic plants. SDS-PAGE
was carried out following the protocol as described
by Laemmli (1970a; b) with minér modifications.
Protein samples were prepared with protein load-
ing dye with 5 min incubation at 90 °C and stored
at —20 °C before running the gel. After that, 12%
separating gel and 4% stacking gel were prepared.
The proteins samples were loaded on the gel and run
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in mini BioRad gel apparatus at 50 V. The gel was
stained with Coomassie Blue and destained with a
solution containing 10% ethanol and 7.5% acetic acid.
The visualization of destained gel was done with Gel
DOC™ XR* Imaging System of Bio-Rad.

CPB culture and rearing

About 100 adult CPB with equal male—female ratio
were collected from potato research fields of Nigde
Omer Halisdemir University, Turkey during mid
June. The entire life cycle pattern was studied under
lab conditions. Favourable growth condition for stock
CPB culture was ensured as at 25+1 °C under a
16:8 h light—dark photoperiod. The relative humid-
ity was maintained as 60-65% in the growth cham-
ber and all parameters were maintained as described
by Gokge et al. (2006) with few modifications. CPB
rearing was carried out at 25+ 1 °C, 16:8 h light—dark
photoperiod and 60-65% relative humidity. Sensitive
and resistant potato beetle (CPB) colonies prepared
for the use in foliar feeding (bioassay) experiments
and its continuity was ensured (Hussain et al. 2019;
Naqgqash et al. 2020; Salim et al. 2021).

Leaf bio-toxicity assays of primary transformants
against CPB

The efficacy of introduced insecticidal genes in trans-
plastomic potato lines to combat CPB was evaluated
by subjecting transplastomic potato plants to leaf
bio-toxicity assays under laboratory condition. Trans-
plastomic plants from the first round of selection
were acclimatized and bioassay was conducted with
first and second instar CPB larvae and mortality rate
was recorded up to 48 h. After that, another bioassay
experiment was done with transplastomic plants from
second-round of selection using both larvae (first and
second instar) and adult CPB.

To feed CPB on transplastomic potato leaves, the
petioles of detached leaves were wrapped and placed
into 1.5 ml Eppendorf tube containing water to avoid
its withering. Leaf trifoliate from each transplastomic
and control plants were placed on cleaned filter paper in
10020 mm diameter petri plates and 10 neonate pre
starved CPB larvae were released on each leaf for feed-
ing to check the efficacy of lines. The experiments were
conducted in triplicate along with their controls. The effi-
cacy of transplastomic lines against adults CPB was also

tested individually using same experimental treatments.
Leaves were replaced with fresh ones at 12 h intervals.
The toxicity potential of transplastomic potato plants
as well as control were evaluated against the larvae and
adults CPB and recorded properly as given below.

The leaf areas consumed by various stages of CPB
were measured using computer-based software imag-
ing program. Photo of consumed portion of each leaf
were taken using a flat background with contrast to the
potato leaves with no flash. Leaf region was automati-
cally identified and consumed area was calculated by
the BioLeaf software (Machado et al. 2016; Salim et al.
2021). The experiments were repeated thrice and aver-
age values were used.

Determination of net weight changes of CPB larvae
feeding on transplastomic potato leaves

To check the effect of transplastomic potato leaves har-
boring insecticidal gene on the growth and develop-
ment of adult CPB, 1st and 2nd instar larvae were fed
on the transplastomic potato leaves as well as control
leaves for 72 h. Weights of insect larvae were taken
before and after feeding the leaves according to Swift
(1997). The increase/decrease in weight of the larvae
was recorded. For each treatment, 10 larvae were used.
The experiment was carried out in triplicate.

Statistical analysis

In-vitro regeneration data of studied cultivars were
recorded and calculated with standard statistical tools.
Statistically significant differences between the means
of the data were calculated by one-way ANOVA (5%
significant level). To measure whether the means are
significantly different from each other, Tukey HSD test
was applied. Mean and Standard error (mean+S.E) of
data were calculated from 3 replications (n=3). All sta-
tistical analysis was done by Statistix 8.1 software.

Results
In-vitro regeneration, microscopic detection of gfp
expression in transformed calli and primary screening

of putative transformants

Bombarded explants were cultured on regeneration
medium enriched with growth hormones along with
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selection agent (antibiotics) and callogenesis was
recorded after 4-6 weeks. Cultivar Kuroda revealed
the highest callus induction proficiency from both
internodes (89.0%) and leaves (92.0%) compared
to cultivar Simply Red (internodes—87.0%, leaf—
82.0%). Lower callus induction proficiency was
exhibited by cultivar Challenger (leaf: 74.0% and
internodes (71.66%) compared to cultivar Kuroda and
Simply Red. Developed calli were manifested by sev-
eral colors and more prevalence of light brown (LB)
color of calli was recorded although Yellowish Green
(YG), Light Green (LG), Green (G), Dark Green
(DG), and Brown (B) color calli were also observed.
From all cultivars, internodal explants induced light
brown (LB) color calli, whereas leaf explants induced
Greener (G) calli. As callus morphology, Compact
(C), Granular (G), and Friable (F) type of calli were
induced. Consequently, internodal segments induced
more compact and granular type calli whereas; leaf
tissues induced friable type of calli. In sum, as a high
frequency, Kuroda induced a total 181 calli and culti-
var Simply Red and Sante induced 169 and 166 calli,
respectively.

Well-developed, mature calli from four potato cul-
tivars were chosen to check the integration and sub-
sequent expression of the repoter green fluorescent
protein (gfp) gene. The expression of gfp protein
was monitored right from its early developmental
stage. After two weeks of incubation on the selection
medium, the flourescene of gfp was tracked in calli
microscopically. The highest rate of gfp protein accu-
mulation was recorded in Kuroda cultivar. Calli with
observed fluorescence were selected, transferred to a
new medium, and subcultured. By this means, rapid
selection of positive calli was achieved. After that,
gfp positive calli were cultured on the fresh regen-
eration media with same hormonal combination.
Three cytokinin’s (TDZ, TR and TZ) showed various
responses in cases of shoot regeneration proficien-
cies and days required. Concerning shoot formation,
TDZ produced the highest percentage of shoot forma-
tion (41%) requiring 49 days, whereas TR resulted in
40.3% shoot formation in same number of days. The
lowest shoot production with TZ’s was recorded as
39.6% in 49 days.

Shoot production proficiencies also varied depend-
ing on cultivar. Cultivar Kuroda and Sante produced
a higher number of shoots, whereas cultivar Kuroda
and Challenger respectively yielded the lowest
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number of shoots. The transformation efficiency was
calculated accordingly. The bombarded explants
of different cultivars showed varying responses on
regeneration media containing spectinomycin. After
that, the total number of shoots in cultivar were cal-
culated and recorded. Cultivar Sante and Challenger
showed 9.6% shoot regeneration efficiency followed
by cultivar Simply Red (8.8%). On the other hand,
cultivar Kuroda produced the lowest (6%) shoot
regeneration efficiency (Fig. 1). Proliferated shoots
were sub-cultured for further rounds of selection to
achieve homoplasmic condition on MS media supple-
mented with 50 mg/l spectinomycin. After successive
selection, cultivar Sante produced the highest number
of Spectinomycin resistant shoots (43.7%) followed
by cultivar Challenger (42.8%). Cultivar Simply Red
and Kuroda produced 33.3% and 28.0% Spectinomy-
cin resistant shoots, respectively (Fig. 1).

We screened our putative spectinomycin resistant
shoots by PCR with gene specific primers to check
the integration of gene of interest (SN-19) and bi-
functional visual and selectable marker FLARE-S’
(gfp +aadA). Standard PCR revealed a required band
of 480 bp for SN-19 gene and 398 bp for gfp gene.
According to PCR findings, highest numbers of PCR
positive shoots were recorded from cultivar Santee
(85.7%) and cultivar Kuroda produced lowest number
of PCR positive shoots (66.6%). Although the culti-
var Kuroda produced a smaller number of spectino-
mycin resistant shoots, its percentage of PCR positive
shoots (66.6%) was highest followed by the cultivar
challenger (66.0%) (Fig. 1). Finally, we got a total of
16 PCR positive shoots and those shoots were used
for further analysis. The regeneration in next round of
selection has been presented in Fig. 2.

Molecular evaluation of transplastomic plants after
acclimatization

Spectinomycin resistant transgenic potato plants
grown in in-vitro culture were acclimatized in growth
chamber and subjected to various molecular analy-
ses to confirm the integration of the gene of interest
(SN-19), the bifunctional marker (gfp+aadA). The
required bands of 480 bp for the SN-19 gene, 540 bp
for aadA gene, and 398 bp for gfp gene, were con-
firmed by standard PCR reactions (Fig. S2).
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Shoot regeneration statistics of different potato cultivars

100
H Total regenerated shoots (%) 1 Total Spectinomycin resistant shoots (%) u Total PCR positive shoots

90

80

70

60
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% of shoots

40

30

20 +

Kuroda Simply red Challenger Sante
Different potato cultivars
Fig.1 Shoot (total, spectinomycin resistant, PCR positive) repeated three times. Upper end of each bar diagram contain

regeneration statistics of four different potato cultivars. Values cap that represents standard error (+ SE).
represents mean (+ SE) of 3 replicates and the experiment was

Fig. 2 Successive steps of 2nd round of selection. Leaves spectinomycin resistant micro shoots on MS media supple-
from PCR positive transplastomic lines on selection media mented with Spectinomycin 50 mg/L~! (G), rooting of micro
regenerated from previous selection round (A), Calli after 4 shoots under selection (G+H) and transplastomic plants in soil
weeks of incubation (B, C), micro shoots from well-developed condition (I)

calli (D, E), microscopic view of micro shoots (F), growth of
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Confirmation of gfp expression in transplastomic
plants after acclimatization using confocal laser
scanning microscopy

In order to confirm the expression of gfp in acclima-
tized transplastomic plants, the expression of gfp in
transplastomic leaf cells was visualized under Laser
Scanning Confocal Microscope. In this study, no gfp
expression was obtained from the leaf sample of the
control plants, as expected, whereas gfp expression
was observed in the leaf cells of transplastomic plants
(Fig. 3). The analysis was repeated three times on the
same plants and an almost similar pattern of of gfp
fluorescence was observed each time.

Southern DNA dot blot and southern blot analysis

Integration of SN-19 gene into the plant genome was
confirmed by DNA dot blot and southern blot anal-
ysis. The spots on the membrane of DNA samples
from transgenic plants showed the expected hybridi-
zation signal when subjected to hybridization with

the PCR-amplified biotin-labeled SN-19 probe (Fig.
S3). The intensity of signal was higher in K3, Ch3,
Sa6 and Sa7 plants followed by SR4 and SRS5. No
signal was detected in the non-transgenic plant.
Southern blot analysis was performed with
genomic DNA extracted from PCR positive trans-
plastomic lines (from Kurado, Simply Red, Sante
cultivars, two lines of each) to confirm the integra-
tion of SN-19 gene into the chloroplast genome.
The results showed specific bands of SN-19 gene as
expected of approximately 1.981 kb (Fig. 4).

Determination of gene expression levels by qRT-PCR
analysis

The expression levels of SN-19 and gfp genes in accli-
matized plants were determined following total RNA
isolation and cDNA synthesis. The results revealed
high expression of the SN-19 gene in transplas-
tomic plants. While the expression level of the gene
increased approximately 2.5 times in Sante (Sa6),
this increase was found between 1.5 and 2 times in

Fig. 3 Microscopic visualization of gfp expression in trans-
plastomic shoots. Microscopic visualization of gfp expression
of transplastomic and control plants under laser scanning con-
focal microscope. A, C gfp image under FITC (Fluorescein
isothiocyanate) detector at 488-514 nm wavelength, B, D and
leaf samples under white light. E Expression of gfp in leaf sec-

@ Springer

tion of Sante 6 transplastomic plant was demonstrated under
fluorescent light microscopy. White arrows indicate the gfp
localization within the cell. The left figure is the gfp expression
under UV light, the right figure is the leaf image under white
light
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Fig. 4 Southern blot analysis of transplastomic plants. The
digested DNA was transferred on nylon membrane and hybrid-
ized with gene specific probe. Lane 1: Lambda HindIII marker
(marker not visible on nylon membrane), Lane 2: PCTV plas-
mid used as positive control, Lane 3—4: Kuroda, Lane 5-6:
Sante, Lane 7: Challenger, Lane 8: Simply Red

Simply Red (SR1 and SRS5) (Fig. 5). In addition, high
levels of gfp gene were also detected in the same
plants. Accordingly, the expression level of gfp was
approximately 4 times higher in Sa6 and Sa7 plants
compared to SRS, followed by K3 and SR4 (Fig. 5). It
is pertinent to note that the transplastomic plant with
the least expression was considered as 1 for calculat-
ing fold expression since the gfp as well as SN-19 are
heterologously expressed in potato.

Determination of SN-19 protein presence in
transplastomic plants by SDS-PAGE

As we couldn’t find a commercial ELISA kit spe-
cific to SN-19 protein or antibodies, SDS-PAGE was
conducted to determine the presence of this protein
in transplastomic plants. The expected 73 kDa band
for SN-19 protein was detected in the transplastomic
plants (Fig. 6).

Toxicity potential of transplastomic potato plants
First and second instar larvae and adult CPB were

allowed to feed on PCR positive transplastomic plant
leaves to determine their insecticidal potential. The

Expression of SN-19 and gfp genes in soil-grown transplastomic plants

Relative fold changes

K1 Sab

B sn-19 gene
B ofo gene

Ch4 SR1 SR5

Transplastomic potato lines

Fig. 5 qRT-PCR analysis of SN-79 (left blue bar) and gfp
(right red bar) genes in soil-grown transplastomic plants. Coef-
ficients of variation of SN-/9 and gfp mRNA compared to
control plants. For SN-19, an increase in expression level was
observed in other plants compared to K1 (control). For gfp, an

increase in gfp expression level was observed in other plants
compared to SRS (control). K: Kuroda, Sa: Sante, SR. Simply
Red. Values represents mean (+SE) of 3 replicates and the
experiment was repeated three times. Upper end of each bar
diagram contain cap that represents standard error (+ SE)
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results did not show any mortality of larvae fed on
non-transgenic leaves, whereas larvae fed on trans-
plastomic plants showed remarkable mortality during
the incubation period (as depicted in Fig. 7A, B, C).
About 100% mortality was recorded in 1st instar and
2nd instar CPB larvae. After 48 h of incubation, K3,
Sa6 and Sa7 showed maximum mortality (100%) fol-
lowed by cultivar Simply Red and Challenger plants.
No mortality was recorded during the first 24 h of
incubation in 1st instar CPB larvae fed on these plants
(Fig. 8A). Similarly, mortality rates up to 65% were
recorded from 2nd instar larvae feed on Sa6 and Sa7
following 24 h of incubation (Fig. §B).

While feeding on transplastomic and control
leaves, the larvae gained weight. Therefore, the CPB
larvae were weighed after leaf bioassays to deter-
mine the sub-lethal effects of insecticidal target gene
in insect feeding on transplastomic leaves. There was

KDa v we 1 Kk sas

19
140

Fig. 6 Determination of the presence of SN-19 protein
(73 kDa) in transplastomic plants by SDS-PAGE. M: Molecu-
lar protein marker (Blue Plus® V Protein Marker, DM141-01,

Fig. 7 Representative
images of the leaf biotoxic-
ity analysis of CPB fed on
transplastomic lines. 1st
instar CPB larvae (A), 2nd
instar CPB larvae (B) and
adult CPB (C). K3: Kuroda
3, SR5: Simply Red 5, Sa6:
Sante 6, Sa7: Sante 7
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prominent difference in the increase of weight in dif-
ferent larval instars when fed on transplastomic plants
compared to the control plants. In cases of first instar
CPB larvae, a significant increase of up to 6.13 mg in
weight was observed (Fig. 8C). On the other hand, the
insects feeding on SR4 and Ch3 showed 3.30 mg and
2.53 mg of higher body weight, respectively. Trans-
plastomic plants SR5, Ch3, and Sa6 did not show any
differences among their weight gain. Besides these,
transplastomic plants K1, K3, Ch4 and Sa7 showed
the same level of weight gain that was ranges between
1.70 mg to 2.10 mg.

Similarly, 2nd instar larvae feeding on transplas-
tomic plants SR4 showed 3.60 mg of increase in
weight, whereas insects feeding on control plants
gained 6.87 mg more weight (Fig. 8D). Transplas-
tomic plants Ch3, Sa6 and Sa7 showed the same
level of weight gain without having any significant

Ch3 Ch4 SR4 SRS

niﬁ._ 73 kDa

10-190 kDa), +Ve: Total protein isolated from E. coli with
plasmid pET22b. K1, K3, Sa6, Sa7, Ch3, Ch4,SR4 and SR4
are transplastomic lines harboring the target gene SN-19
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Fig. 8 Mortality rates and net weight changes of CPB larvae
fed on transplastomic plants. Mortality rates were calculated as
a result of leaf biotoxicity tests against first (A) and second (B)
instar CPB larvae. No mortality or morbidity was observed in
the control plants. Net weight changes of first instar (C) 2nd

differences and ranges between 3.33 gm to 3.56 gm.
These results suggest that the insects feeding on con-
trol plants gained more weight while the ones feeding
on transplastomic plants gained less weight.

Foliage consumption of CPB on transplastomic
potato plants

The foliage parts of transplastomic and control plants
were allowed to feed by the 1st and 2nd instar larvae
and adult CPB for a specific period (24 h for 1st instar
and 2nd instar larvae respectively, 72 h for adult). The
consumed parts/area of transplastomic leaves were
measured by mentioned software and compared with
respective control leaves.

The data showed differences in the feeding behav-
ior of 1st instar CPB larvae on transplastomic potato
plants when compared to non-transgenic control.
The more leaf consumption was recorded in con-
trol plant (0.92 cm?) whereas transplastomic plant
Sa7 ensured lowest (0.78 cm2) consumption area of
leaves. Among the transplastomic plants, SR4 and
SR5 showed the highest consumption rate (0.88 and

=

Mortality rate of 2nd instar CPB larvae

W24Hrs W48Hrs

K3 SR4 SRS Ch3 Sa6 Sa7

Transplastomic Lines with control plants

Control

Net weight changes of 2nd instar larvae of CPB

K1 K3 SR4 SRS Ch3 Chéa Saé Sa7

Potato lines: Control and Transplastomic

5 W o N @

Net weight changes after feeding(mg)

O N w

Control

(C) instar larvae CPB larvae feeding on transplastomic and
control potato leaves. Mortality and weight change values con-
sist of mean from 3 replications. Ch: Challenger, K: Kuroda,
Sa: Sante, SR. Simply Red

0.87 cm?) less than the control. In terms of foliage
consumption, after 24 h of feeding, transplastomic
plants did not show any prominent differences among
them (Fig. 9A).

Foliage consumption rate (area) by 2nd instar
CPB larvae feeding on transplastomic and control
potato plants for 24 h showed interesting results.
Compared with transplastomic plants, control plants
showed a higher consumption rate (1.8 cm?). Trans-
plastomic plants K1 (1.56 cm?) and Sa6 (1.56 cm?)
exhibited a higher consumption rate among the trans-
plastomic plants. Transplastomic plant K3 (1.46 cm?),
SR4 (1.46 cm?), SR5 (1.33 cm?) and Ch3 (1.46cm?)
showed an equal level of consumption rate without
having any prominent differences. Transplastomic
plants Sa7 revealed the lowest foliage consumption
rate (Fig. 9B).

Foliage consumption by individual adult CPB fed
on transplastomic and control potato have been pre-
sented in Fig. 9C. Although among the transplastomic
plant SR4 showed a higher foliage consumption rate
(8.8 cm?), compared with rest of transplastomic
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Fig. 9 Foliage consumption by individual larvae (A st instar,
B 2nd instar) and adult (C) CPB fed on transplastomic and
control potato lines. Consumption area was measured up to 72
h after treatment and values consist of means from 3 replica-
tions. The experiment was repeated three times. The upper end

plants, all transplastomic plants showed the same
level of consumption rate (Fig. 9C).

Discussion

Genetic transformations of crop plants with Bt genes
to develop durable, ecofriendly and financially feasi-
ble insect resistance transgenic plants have remained
prominent since the last few decades. In recent past,
an extensive cultivation of 3rd generation of Bt cotton
harboring crylAc+ cry2Ab+ Vip3Aa genes have been
performed in Australia (Chen et al. 2017; Tabashnik
and Carriere 2017). With the passage of time, insect
pests, especially CPB, have developed resistance
against Bt crops and the longevity of Bt crops is a
burning question. In this study, we have attempted to
incorporate hybrid SN-19 gene into the potato plas-
tome aimed to develop insect resistant transplastomic
potato lines. PCR based screening of putative shoots
revealed that cultivar Sante produced the highest
number of PCR positive shoots (85.7%). Expression

@ Springer

of each bar diagram contains cap that represents standard error
(+SE). K1: Kurodal, K3: Kuroda 3, SR4: Simply Red 4, SR5:
Simply Red 5, Ch3: Challenger 3, Ch4: Challenger 4, Sa6:
Sante 6, and Sa7: Sante 7

of visual marker gene gfp in calli and shoots were
visualized by inverted microscopy and the observed
expression level of potato cultivars did not show any
statistically significant differences and these differ-
ences were probably because of heteroplastomic sta-
tus of plastome. In comparison, Sidorov et al. (1999)
documented transplastomic event in potato with a
single step in-vitro culture on which they reported
6.67% (1 transformant out of 15 shoots) and 2.85%
(Ifrom 35 shots) regeneration performance. These
findings are much lesser than the regeneration pro-
ficiencies of four potato cultivars used in our study.
On the other hand, Nguyen et al. (2005) adopted a
two-step process tissue culture procedure to produce
transplastomic potato on which they recorded 5.5%
(1 out of 18 shoots) and 4.0% (1 out of 25 shoots)
regeneration performance. However, Nguyen et al.
(2005) reported PCR based evidence of integration
of aadA and gfp in transplastomic potato. Adopting
the same genotype and underlying regeneration pro-
tocol of Nguyen et al. (2005), Valkov et al. (2011)
roughly doubled (11 shoot per 100 bombardments)
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the efficiency of transformation compared to previ-
ous results documented by Sidorov et al. (1999) and
Nguyen et al. (2005). This finding obtained by Valkov
et al. (2011) is similar to our current findings regard-
ing the cultivars Challenger and Sante. Khan et al.
(2015) developed 9 salinity and drought tolerant
transplastomic tobacco from 35 bombardments but
decreased transformation efficiency was recorded for
the petunia plastome (DeGray et al. 2001). The pres-
ence of homologous flanking sequences in a transfor-
mation event can instigate the improved frequency of
transformation (Scotti et al. 2011) that was proven by
Valkov et al. (2014) on potatoes (one transplastomic
shoot per bombardment). Improved transplastomic
events were recorded by several authors in tobacco
(Svab and Maliga 1993; Langbecker et al. 2004) and
both of these findings were similar to our current
procedure and achievement, although lower efficacy
of transformation in Arabidopsis, potato (Solanum
tuberosum) and tomato (Lycopersicon esculentum)
also reported (Sidorov et al. 1999; Ruf et al. 2001).

Integration and expression of target genes into
the potato chloroplast genome were confirmed by
PCR, southern blotting, qRT-PCR, and SDS-PAGE.
Localization of our visual marker gfp gene was
also confirmed by Laser scanning confocal micros-
copy (LSCM). Our findings are in line with sev-
eral researchers including Sidorov et al. (1999),
Ruf et al. (2001), Langbecker et al. (2004), Nguyen
et al. (2005), Valkov et al. (2011, 2014) and Yu et al.
(2017). Southern blot analysis of PCR positive trans-
plastomic plants was conducted to ensure integra-
tion of transgene in potato plastome. The analysis
results are compatible with the integration of the
plasmid into DNA as a single copy. Southern blot
was widely utilized to detect transgene integration in
plant genomes (Wu et al. 2019; He et al. 2020; Xu
et al. 2020; Salim et al. 2021). qRT-PCR analysis
of transplastomic plants was performed to diagnose
expression levels of SN-19 and gfp genes. PCR posi-
tive plants were subjected to the qRT-PCR analysis
and as result, high expression of SN-19 and gfp genes
were noticed in transplastomic plants. The expression
level of gene was different in various transplastomic
plants. Our results agree with previous studies of Li
et al. (2017) and Occhialini et al. (2020).

After successful confirmation of target gene (s)
integration into the chloroplast genome, leaf bioas-
says with transplastomic and control plants were

conducted. The transplastomic plants exhibited prom-
ising resistance against both CPB larvae and adults
compared to non-transgenic control plants. After 12 h
of feeding, the toxic effect of cry protein on CPB
was manifested by avoiding feeding, slow motion of
the insect pests, discoloring insect body appearance
and growth retardation. Under continuous feeding,
insect feeding behavior and physiological status were
recorded from close observation within 12 h’ inter-
vals. No mortality was recorded from insects feeding
on non-transplastomic control plants. Time required
for 100% mortality for 1st instar, 2nd instar and adult
CPB was a range between 5.33 and 24.67 days. Our
findings can be compared with the findings of Salim
et al. (2021), Ahmad et al. (2017). These studies con-
firmed 100% lethal effects on 1st instar to adult CPB
on resistant potato plants with nuclear transformation
whereas in our current study target gene was inte-
grated into the plastome. Genetic makeup and pro-
moter types and confined expression of target genes
within the green part of potato facilitated more lethal
effect within less time. The insect weight gain feed-
ing on control and transplastomic plants was meas-
ured and compared to understand the lethal effects of
transplastomic plants on CPB larvae and adults. Lar-
vae and adult CPB feeding on control plants gained
more weight compared with transplastomic plants.
More consumption and less suppression of insect was
recorded from control foliage part while insect pests
were suppressed more by transplastomic plants and
consumption was less. Our findings were compared
with the findings of Cingel et al. (2015) and Salim
et al. (2021).

Conclusion

The current research work was conducted to develop
insect-resistant transplastomic potato plants to com-
bat the notorious insect pest CPB. Several studies
have been conducted with single cry gene integra-
tion into the nuclear genomes and even into the
chloroplast genome. With the purpose to express
cry protein in plant chloroplast and keeping in view,
the extraordinary and tremendous adaptive malle-
ability of CPB against insecticides, the current study
was designed to incorporate synthetic hybrid gene
(SN-19) in potato plastome to encode durable resist-
ance against CPB. Earlier, we introduced an efficient
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in-vitro regeneration protocol for transplastomic
potato, and we got our 16 PCR positive transplas-
tomic shoots. These putative transplastomic plants
were screened with molecular tools (PCR, southern
blot, qRT-PCR, and SDS-PAGE), and stable integra-
tions of target gene were confirmed, and leaf bioas-
say was conducted with 1st and 2nd instar larvae
and adult CPB. Transplastomic plants showed high
toxicity to the CPB population. The weight changes
and foliage consumption during feeding on transplas-
tomic and control plants showed that transplastomic
plants exhibited resistance against CPB. The success-
ful implementation of this transplastomic technology
in potato will help mitigate the CPB mediated potato
loss proficiently.
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