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Abstract The genetic transformation of plants is an

important biotechnological tool used for crop improvement

for many decades. The present study was focussed to

investigate various factors affecting genetic transformation

of potato cultivar ‘Kufri Chipsona 1’. It was observed that

explants pre-cultured for 2 days on MS2 medium (MS

medium containing 10 lM silver nitrate, 10 lM BA,

15 lM GA3), injured with a surgical blade and co-culti-

vated with Agrobacterium tumefaciens strain EHA105

[O.D600 (0.6)] for 2 days results in maximum transient b-

glucuronidase (GUS) expression. The addition of 100 lM

acetosyringone in MS2 medium also increased rate of

transient GUS expression in both the explants. Clumps of

putative transgenic shoots were regenerated using the

optimised culture conditions from leaf and internodal

explants. The stable integration of T-DNA was established

using histochemical staining for GUS and amplification of

DNA fragment specific to nptII and uidA genes. Within the

clumps, around 67.85% of shoots showed uniform GUS

expression in all the tissues and about 32.15% shoots show

intermittent GUS expression establishing chimeric nature.

Uniform GUS staining of the tissue was used as initial

marker of non-chimeric transgenic shoots. Quantitative

expression of nptII transgene was found to be directly

proportional to uniformity of GUS staining in transgenic

shoots. The present investigation indicated that manipula-

tion of culture conditions and the medium composition

may help to get transgenic shoots with uniform expression

of transgene in all the tissues of potato cultivar ‘Kufri

Chipsona 1’.
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Introduction

One half of the global root and tuber crop productivity is

contributed by potato (Solanum tuberosum); the third most

important food crop of world (Millam 2004; FAOSTAT

2019). Potato production of about 388,190,674 tonnes was

reported in 2017, of which 12% share was contributed by

India, the second largest producer (FAOSTAT 2019; GOI

2018). Unfortunately, India witnesses about 30–50% of the

crop loss each year due to various diseases to which blights

and viral diseases contribute significantly (Bairwa et al.

2016; APEDA 2003). To effectively address this problem,

there is a need to develop disease resistant cultivars (Mil-

lam 2004). Conventionally, plant breeding is considered as

an effective and viable approach for crop improvement

(Breseghello and Coelho 2013). However, a narrow genetic

base coupled with a limited area of sexual reproduction,

makes breeding a challenging task in potato (Barrell et al.

2013). Further, the tetraploid status of the crop, inbreeding

depression and requirement to screen large progeny of

populations complicates conventional breeding (Millam

2004; Barrell et al. 2013). Over decades, plant genetic

transformation has been providing a solution to problems

associated with conventional breeding of potato.

Potato genetic transformation using Agrobacterium

tumefaciens was firstly reported in 1986 (An et al. 1986). In

no time, attempts were made to genetically transform
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important potato cultivars throughout the world (Stiekema

et al. 1988; Visser et al. 1989; Jongedijk et al. 1992; Snyder

and Belknap 1993; Dale and Hampson 1995; Conner et al.

1994; Chakraborty et al. 2000; Sawahel 2002; Felcher et al.

2003; Khatun et al. 2012; Fatahillah et al. 2016; Farhanah

et al. 2017). The efficiency of genetic transformation is

reported to be influenced by many factors such as explant

type, infection time, mode of injury, pre-culture period, co-

cultivation time, etc. (Heeres et al. 2002; Aggarwal et al.

2011). Further, the genetic transformation in potato has

been reported as genotype-dependent phenomena, which

mandates the optimization of factors for every cultivar (De

Block 1988; Trujillo et al. 2001; Chakravarty et al. 2007;

Han et al. 2015). There are about 52 potato varieties

available in India (Kumar et al. 2014). Among these ‘Kufri

Chipsona 1’ is the most important processing grade cultivar

having highest seed tuber germination, dry matter content

and yield (31.15 tonnes per hectare) (Rana et al. 2009;

Sadawarti et al. 2018). Despite of its importance, till date

there is no report on optimisation of transformation pro-

tocol for this important processing grade potato cultivar.

Therefore, in the present study, Agrobacterium-mediated

genetic transformation protocol was optimized for effective

delivery and integration of T-DNA in potato cultivar ‘Kufri

Chipsona 1’ and to sort the transgenic shoots on the basis

of pattern and extent of expression of transgenes.

Materials and methods

Plant material and chemicals

Cultures of potato cultivar ‘Kufri Chipsona 1’ (CS-1)

available at TIFAC-CORE, Thapar Institute of Engineering

and Technology, Patiala were maintained on Murashige and

Skoog medium (1962) containing 87 mM sucrose and 0.7%

(w/v) agar (basal MS medium) in 300 ml glass culture bottles

(Kasablanka Ltd, Mumbai). The cultures were multiplied on

MS1 medium (basal MS medium containing 10 lM silver

nitrate) to get a good quality leaf and internodal explants

(Kaur et al. 2017). Unless otherwise mentioned all the

chemicals and plant growth regulators were purchased from

HiMedia Laboratories Ltd. (Mumbai, India). Other fine

chemicals including enzymes were purchased from Thermo

Scientific Laboratories Ltd. (Mumbai, India).

Antibiotic sensitivity of explants

Kanamycin tolerance was determined by culturing leaf

explants excised from 3 to 4 weeks old microshoots of

cultivar CS-1 on shoot regeneration medium (Kaur et al.

2017) (MS1 medium supplemented with BA; 10 lM and

GA3; 15 lM, referred to as MS2 medium) containing

kanamycin (0, 10, 30, 50, 70, 100 mg/l). The kanamycin

was added to the autoclaved medium after it has cooled

down to 40–45 �C. Observations were made after approx-

imately 4 weeks of culture.

Agrobacterium-mediated genetic transformation

For optimization of genetic transformation protocol for

potato cultivar CS-1, initially Agrobacterium tumefaciens

strains LBA4404 and EHA105 were used following the

previously optimized genetic transformation conditions for

Eucalyptus tereticornis (Aggarwal et al. 2011). Leaf and

internodal explants injured with a surgical blade were

infected with A. tumefaciens strains LBA4404 and

EHA105 harboring binary vector pBI121 (Chen et al.

2003). T-DNA region of pBI121 contains nos promoter

driven nptII (neomycin phosphotransferase) gene (kana-

mycin resistance) as the selectable marker and CaMV35S

promoter driven uidA gene as a reporter (Jefferson et al.

1987). Based on transient assay scores, A. tumefaciens

strain EHA105 was used for further all experiments.

A. tumefaciens cultures were grown overnight on incu-

bator shaker (250 rpm/28 �C) in 50 ml YEP medium

containing selection antibiotics rifampicin (15 mg/l) and

kanamycin (50 mg/l). The fresh culture was raised in the

same medium and grown till the O.D600 reaches about 0.6.

One hour prior to infection, acetosyringone (100 lM) was

added to the bacterial culture. Leaf and internodal explants

were excised from actively growing microshoots of culti-

var CS-1 and pre-cultured on MS2 medium for 1–5 days.

These were differently injured with a surgical blade,

hypodermic needle, glass beads or sandpaper. Injured

explants were infected with overnight growing suspensions

of A. tumefaciens strain EHA105 for different durations of

time (5–30 min) and co-cultivated on MS2 medium con-

taining different concentrations of acetosyringone

(0–100 lM) for varying periods (24–120 h). Incubation of

explants was carried out under 16/8 h light/dark cycle or

under complete dark conditions at 25 ± 1 �C.

Regeneration and multiplication of transgenic

shoots

For selection of the transformants, co-cultivated explants

were repeatedly washed with sterile distilled water con-

taining broad-spectrum antibiotic; cefotaxime (200 mg/l).

The explants were blotted dry to remove excess water

before transfer to MS2 medium containing 200 mg/l

cefotaxime and 100 mg/l kanamycin (selection medium).

Explants were sub-cultured after every 2 weeks on the

selection medium. Regenerated putative transformed shoot

clumps were further multiplied on MS1 medium (Kaur

et al. 2017) containing kanamycin (100 mg/l). The
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multiplied shoot clumps were used for confirmation of

transgene integration and to study the extent of expression

of reporter gene/selection marker gene using histochemical

analysis and real-time PCR.

Histochemical assay and selection of transgenic lines

Transient GUS expression was assayed after 2 days of cul-

ture on selection medium. Unless otherwise mentioned, 100

explants from each treatment were randomly collected and

assayed for transient GUS expression as described earlier

(Aggarwal et al. 2011). The explants were then washed with

70% (v/v) ethanol to remove chlorophyll. Explants showing

blue coloration were scored as GUS positive.

About 56 putatively transformed, kanamycin resistant

single shoots (excised from shoot clumps) were assayed for

GUS expression to establish chimeric or non-chimeric

nature of the microshoots. The shoots showing uniform

GUS expression (blue colour) in all the tissues were scored

as putative non-chimeric, while others showing intermittent

blue colouration in certain tissues were scored as chimeric.

Chimeric and putatively non-chimeric shoots were multi-

plied on MS1 medium containing kanamycin (100 mg/l)

and the lines were maintained separately. For further

analysis of chimerism, four transgenic lines were selected

on the basis of extent of GUS expression.

PCR screening of transgenic lines

DNA from transformed shoots and untransformed controls

was isolated as described by Doyle and Doyle (1990) and

integration of nptII and uidA genes was confirmed by PCR

amplification using gene-specific primers as described

earlier (Aggarwal et al. 2011). Further, PCR amplification

of Agrobacterium specific 16S rRNA fragment from

transformed and non-transformed shoots (Weisburg et al.

1991) was also carried out using similar amplification

conditions taking bacterial genomic DNA as a positive

control. Ethidium bromide stained, agarose gels (1% w/v)

with amplified fragments were visualized under UV tran-

silluminator (BioRad, USA).

Real time PCR for detection of chimeras

Total RNA was isolated using 100 mg of each transgenic

lines and non-transformed tissues according to the method

described by Chang et al. (1993). Tissue samples were

homogenised in buffer containing CTAB (2% w/v), Poly-

vinyl pyrollidone (2%), Tris hydrochloride (100 mM),

Ethylenetetraacetic acid (25 mM), Sodium chloride (2 M),

b-mercaptaethanol (0.2% v/v) and incubated for 20 min at

65 �C. Equal amount of chloroform isoamyl alcohol (24:1

v/v) was added to the slurry and the supernatant was

retained after centrifugation at 5000 rpm for 20 min at

4 �C. RNA was precipitated using lithium chloride (10 M)

and pelleted by centrifugation at 12000 rpm/30 min at

4 �C. The pellet was dissolved in RNase free water. The

cDNA was synthesized from total RNA by reverse tran-

scription using The RevertAid First Strand cDNA Syn-

thesis Kit (Fermentas Life Sciences, USA) as per

manufactures instructions. Quantitative real-time poly-

merase chain reaction (qRT-PCR) analysis of nptII gene

was conducted using the Real Master Mix SYBR ROX

Master Mix (5 prime, GmbH, Hamburg) using 100 times

diluted cDNA, 2x SYBR green and 5 lM each of forward/

reverse primers on Realplex 2.2 real-time PCR system

(Eppendorf AG, Hamburg) to determine critical thresholds

(Ct), using primers (Forward 50-GAATGAACTGCAG-

GACGAG-30 and Reverse 50-ATACTTTCTCGGCAG-

GAGCA-30). For assessment of relative expression of nptII

gene in transgenic lines; the housekeeping genes; b-actin

(Forward 50-AGGAGCATCCTGTCCTCCTAA-30 and

reverse 50-CACCATCACCAGAGTCCAACA-30) and

elongation factor (EF)1-a (forward 50-GATGGTCA-

GACCCGTGAACA-30 and reverse 50-CCTTGGAG-

TACTTCGGGGTG-30) were used as an endogenous

controls (Volkov et al. 2003, Tang et al. 2017). Conditions

for the qRT-PCR reactions were as follows: 95 �C for

2 min, followed by 40 cycles of 95 �C for 15 s, 60 �C for

1 min, and dissociation 68 �C for 20 s. Change in

expression was quantified by calculating the difference

between threshold cycle value of target gene and internal

controls. Data was analysed using Realplex 2.2 real time

PCR inbuilt software and change in gene expression was

calculated using DDCt.

Statistical analysis

Unless otherwise mentioned, for optimization of genetic

transformation protocol, each experiment was performed

three times using 100 explants each treatment. However to

test the chimerism, total number of transgenic shoots tested

was limited to 56 only. The data were analyzed by one way

ANOVA and means were compared with Duncan’s Mul-

tiple Range Test (DMRT). Real time analysis was per-

formed using three experimental replicates of three

biological replicates. All analyses and graphical represen-

tations were carried out with GraphPad Prism version 5.0.

Results

Antibiotic sensitivity

The tolerance limit of leaf explants of potato cultivar CS-1

to kanamycin was tested on MS2 medium containing
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different concentrations of the antibiotic. In the absence of

antibiotic, shoot organogenesis was observed from 35.66%

explants, whereas in the presence of kanamycin, organo-

genesis was not observed in any of the explant. Further, the

survival rate of explants drastically decreases with increase

in kanamycin concentration and all the explants on the

medium containing 100 mg/l kanamycin died (Fig. 1).

Therefore, pBI121 harboring nptII gene (imparting resis-

tance to kanamycin) was used as a binary vector and

100 mg/l of kanamycin was added in the selection medium.

Factors affecting Agrobacterium-mediated genetic

transformation

Factors affecting the genetic transformation of potato such

as bacterial strain, infection time, mode of injury, culture

density, etc. were investigated. Leaf and internodal

explants were infected with two strains of A. tumefaciens,

namely, EHA105 and LBA4404 (carrying binary vector

pBI121). A significantly higher transient GUS expression

was observed from both the explants when infected with

strain EHA105 (Fig. 2). Thus, for the optimization of

genetic transformation protocol, subsequent factors were

standardized using A. tumefaciens strain EHA105. The

present investigation revealed that internodal explants pre-

cultured for 2 days on MS2 medium before infection,

showed maximum transient GUS expression (Table 1), but

in case of leaf explants, no significant difference between

transient GUS expressions was observed after pre-culture

period of 1–4 days. It was noteworthy that transient GUS

expression significantly decreased in leaf explants pre-

cultured for more than 4 days, whereas, in the case of

internodal segments, a significant decrease was observed

after 3 days of pre-culture.

Leaf and internodal segments pre-cultured for 2 days

and injured using sandpaper, surgical blade, glass beads or

hypodermic needle before infection also showed varied

response (Table 1). Wounding the internodes with a scalpel

and hypodermic needle before infection resulted in highest

(73.83%) and lowest (19.22%) transient GUS expression

respectively. No significant effect of mode of injury was

observed in the case of leaf explants.

In order to determine the optimal density of bacterial

cultures for genetic transformation, both explants were

infected with A. tumefaciens strain EHA105 suspensions of

varied cell densities (O.D.600 0.2–1.0). In both the explants,

maximum transient GUS expression was observed in

explants infected with A. tumefaciens growing at O.D.600 of

0.6. Internodal explants showed a significant increase in

transient GUS expression with increasing bacterial density

from 0.2 to 0.6. But in case of the leaf explants, bacterial

culture densities (0.2, 0.4, 0.8 and 1.0) were not found to

have a significant effect on transient GUS expression

(Table 1).

The impact of infection time on transient GUS

expression in both types of explants (leaf and internodal)

was also observed. It was noted that both type of

explants infected for 15 min with A. tumefaciens strain

EHA105 resulted in maximum transient GUS expression

(Table 1). It was noteworthy that deviation from infec-

tion time of 15 min adversely impacted the transient

GUS expression.

A significant effect of co-cultivation periods and con-

ditions on transient GUS expression in leaf and internodal
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Fig. 1 The effect of kanamycin on the survival of leaf explants

excised from microshoots of potato cultivar ‘Kufri Chipsona 1’. Data

were recorded after 4 weeks of culture

Fig. 2 The efficiency of Agrobacterium tumefaciens strains

(EHA105 and LBA4404 carrying binary vector pBI121) for the

transfer of T-DNA to leaf and internodal segments of ‘Kufri Chipsona

1’. The transient GUS activity was assayed after two days of culture

on the selection medium. Data were analyzed using ANOVA and

means were compared with Duncan’s Multiple Range Test (DMRT)

at P\ 0.05. The bars with the same lowercase letter (between

explants) and uppercase letter (within explant) are not significant at

P\ 0.05
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explants of potato cultivar CS-1 was observed. Co-culti-

vation of explants with Agrobacterium for 2 days induced

maximum transient GUS expression in leaf (61.22%) and

internodal (75.58%) explants. Further increase in co-culti-

vation duration decreased percent explants showing tran-

sient GUS expression. However, this decrease was

significant in the case of leaf explants only (Table 1).

Incorporation of acetosyringone, was also found to signif-

icantly influence transient GUS expression of explants. It

was observed that the addition of 100 lM acetosyringone

increased transient GUS expression in both explants

(59–77.8% in leaf explants and from 68 to 82% in intern-

odal explants). Furthermore, explants co-cultivated in

complete dark conditions showed higher transient GUS

expression (Table 1).

Regeneration of transgenic shoots

Callus initiation was observed from midrib region and cut

ends of leaf and internodal explants of cultivar CS-1 cul-

tured on MS2 medium containing kanamycin (100 mg/l).

Although, callogenesis was observed from 46.64% of leaf

and 43.33% of internodal explants, yet, regeneration of

transformed shoots was observed from only 10.37% of leaf

and 15.97% of internodal explants (Table 2). The shoots

regenerated from the callus as clumps of about 2–4 shoots

(Fig. 3c, d; Table 2).

Molecular analyses could not differentiate chimeras

Shoots clumps regenerated from the explants were sub-

jected to GUS assay for confirmation of stable integration

of T-DNA. For this purpose, a small part of single

microshoot from the clump was excised for GUS assay

and rest part of the same shoot was multiplied using nodal

segments on MS1 medium. The microshoots were divided

into two categories i.e. microshoots with uniform GUS

expression and with intermittent GUS expression. Total

56 shoots were tested, out of which 67.85% showed

Table 1 Factors effecting transient GUS expression in leaf and

internodal explants of potato cultivar ‘Kufri Chipsona 1’ after

infection with Agrobacterium tumefaciens strain EHA105 harbouring

pBI121 as binary vector

Factors Transient GUS expression

Leaf Internode

Preculture period (days)

0 61.38a 71.94ab

1 64.44a* 73.89a*

2 65.19a 80.28a

3 65.55a* 74.83a*

4 62.33a* 66.24b*

5 53.50b* 51.49c*

6 44.49c* 51.39c*

7 42.49c* 45.22 cd*

Co-cultivation time (days)

1 51.04b* 56.91b*

2 61.22a 75.58a

3 48.11b 74.83a

4 51.05b 74.64a

5 47.25b 69.72a

Mode of injury

Sandpaper 44.99a* 47.78b*

Hypodermic needle 41.39a 19.22c

Glass Beads 42.36a* 50.00b*

Surgical blade 50.42a 73.83a

Infection time (min)

5 13.75c 28.88d

10 34.03b* 39.58c*

15 48.33a 63.88a

20 38.54b 50.97b

30 34.50b* 32.41c*

Bacterial density (O.D)

0.2 49.86b* 55.55d*

0.4 54.16b* 63.33c*

0.6 73.89a 89.29a

0.8 57.72b 77.22b

1.0 51.59b 65.28c

AcetosyringoneConc (lM)

0 59.72b* 68.05b*

50 63.88b* 65.64b*

100 77.77a* 81.94a*

Photoperiod (light/dark hrs)

24/0 56.94b 77.78a

0/24 70.83a 83.61a

Filter sterilised Acetosyringone solution was added to the autoclaved

co-cultivation medium for evaluating its effect. Each experiment was

repeated three times with hundered explants each experiment. Data

were analysed for each factor separately using ANOVA and means

were compared by Duncan’s Multiple Range Test (DMRT) at

P\ 0.05. Mean values followed by same lowercase letter (within

explant) and ‘*’ (between explants) are not significant at P\ 0.05

Table 2 Frequency of genetic transformation of potato cultivar

‘Kufri Chipsona 1’ genetically transformed with Agrobacterium

tumefaciens strain EHA105 harbouring binary vector pBI121

Explants Mean

explants

callusing (%)

Mean number of

shoots regenerated

per callus

% regeneration

of transformed

shoots

Leaf 46.64 ± 2.89a 1.67 ± 0.33b 10.37 ± 2.59b

Internode 43.33 ± 3.85a 4.00 ± 1.53a 15.97 ± 4.86a

The experiment was repeated three times using total 90 explants.

Mean values were compared using Newman’s Keul test at P\ 0.05.

The values followed by same lower case letters are not significantly

different
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uniform GUS expression and categorised as putative non-

chimeric (Table 3). For the further analysis, four trans-

genic lines were selected which includes one chimeric

(T1) and three putative non-chimeric transgenic (T2–T4)

lines. Although, the regeneration of kanamycin resistant

shoots (Fig. 3c, d) and appearance of blue coloration

following assay with 5-bromo-4-chloro-3-indolyl glu-

curonide (X-Gluc) (Fig. 4a) was an indicator of successful

delivery of nptII (kanamycin resistance) and uidA (b-

glucoronidase) gene, yet molecular analyses were carried

to establish stable integration of T-DNA. Amplification of

750 bp (Fig. 3e) and 1500 bp (Fig. 3g) fragments with

nptII and uidA gene-specific primers was observed in all

the transgenic lines. Further, no amplification of DNA

fragment specific to 16S rRNA from different tissue of

regenerated shoots (Fig. 3f) indicates the complete elim-

ination of bacteria from all the transgenic shoot cultures

lines.

Real time PCR confirms non-chimeric shoots

Chimeric and putative non-chimeric transgenic lines were

subjected to quantification of nptII gene expression using

qRT-PCR. A positive correlation between extent of trans-

formation and expression levels of nptII gene was

observed. It was observed that in chimeric transgenic line

(TI), nptII gene was expressed at lower level (Fig. 4b),

whereas the expression was higher in case of putatively

non-chimeric lines (T2–T4). It was noteworthy that more

intense was blue colouration the higher was the nptII gene

expression.

Table 3 Chimerism of potato cultivar ‘Kufri Chipsona 1’ genetically

transformed with Agrobacterium tumefaciens strain EHA105 har-

bouring binary vector pBI121

Number of shoots tested

from clumps (5th selection)

PCR

positive

shoots

non-

chimeric

shoots

Mean non-

chimerism

(%)

56 56 38 67.85

The data were recorded after complete removal of chlorophyll from

the shoots and shoots showing blue colour across the plant were

scored as non-chimeric

Fig. 3 Shoot organogenesis following A. tumefaciens infection and

testing of T-DNA integration; A, B leaf and internodal explants

excised from 3 week oldcultures of potato cultivar ‘Kufri Chipsona

1’; C, D shoot organogenesis from C internodal and D leaf explants

on selection medium containing kanamycin (100 mg/l) and

cefotaxime (200 mg/l); E Amplification of nptII gene (750 bp);

F 16S rRNA (1500 bp); G uidA gene (1500 bp) from genomic DNA

of transformed shoot(M 1 kb marker, N negative control, P positive

control, 1-4 lines of shoots transformed with Agrobacterium strain

EHA105 carrying binary vector pBI121)

372 Physiol Mol Biol Plants (February 2020) 26(2):367–377

123



Discussion

The era of early 1980s was marked with successful reports

on Agrobacterium-mediated gene delivery in plants

including potato (An et al. 1986; Stiekema et al. 1988;

Visser et al. 1989; De Block 1988). Since then numerous

studies on the development of genetic transformation pro-

tocols of potato has been reported in other cultivars (Feher

et al. 1991; Sidorov et al. 1999; Valkov et al. 2011; Wendt

et al. 2011, 2012). Among various methods, Agrobac-

terium-mediated gene delivery is considered highly effi-

cient and successful (Conner et al. 1997; Si et al. 2003). In

potato, Agrobacterium-mediated genetic transformation

protocol has been developed using various explants such as

tuber discs (Si et al. 2003; Stiekema et al. 1988), stem

segments (Beaujean et al. 1998; Han et al. 2015) and leaves

(Banerjee et al. 2006; Trujillo et al. 2001), but all these

protocols are highly genotype dependent (Chakravarty

et al. 2007; Han et al. 2015). Thus, there is a need to

optimise genetic transformation protocol for every cultivar

of potato. Although genetic transformation has been opti-

mised for many potato cultivars, but no definitive protocol

is available for one of the most important processing grade

Indian potato cultivar CS-1. Therefore, the present study

was focussed to optimize various factors involved in

genetic transformation of potato cultivar CS-1 and to

establish the nature of regenerated transgenic lines with

respect to the extent of transformation.

As an initial step of genetic transformation studies,

antibiotic tolerance levels in potato cultivar CS-1 was

investigated. The toxicity level of kanamycin in leaf

explants of this cultivar was found to be much higher

(100 mg/l). Earlier studies reported the toxicity of kana-

mycin to the potato and other plants at lower levels (Ag-

garwal et al. 2011; Trujillo et al. 2001; Si et al. 2003;

Banerjee et al. 2006; Alvarez and Ordas 2007; Jube and

Borthakur 2009). In many other plants, kanamycin toxicity

levels were found to be less than 50 mg/l (Molla et al.

2011; Aggarwal et al. 2011; Veale et al. 2012). However in

this study, about 55% of leaf explants were able to survive

on the medium containing 50 mg/l kanamycin and necrosis

of 100% explants was induced only on medium containing

100 mg/l kanamycin (Fig. 1). These results are in line with

previous reports indicating the requirement of higher

kanamycin levels in explants of potato cultivars ‘chubaek’,

‘Namjak’, ‘Jasim’, ‘Jopoong’, ‘Desiree’ and ‘Agria’ (Shin

et al. 2011; Kamrani et al. 2015). Toxicity of kanamycin,

(an antibiotic of aminoglycosides group) is due to inhibi-

tion of translational events in chloroplastic/mitochondrial

ribosomes (Keeling et al. 2001; Kurtz 1974) and changes in

the cytoplasmic membrane (Padilla and Burgos 2010).

Expression of neomycin phosphotransferase (nptII) can

detoxify aminoglycosides (Padilla and Burgos 2010), thus,

allowing the selection of transgenic plants on medium

containing kanamycin.

To improve genetic transformation efficiency, two

Agrobacterium tumefaciens strains, namely, LBA4404 and

EHA105 were tested for their efficacy for T-DNA delivery

to potato cultivar CS-1. Higher rate of transient GUS

expression was observed from the leaf (65.58%) and

internodal (79.99%) explants infected with A. tumefaciens

strain EHA105 (Fig. 2). The superiority of strain EHA105

over other strains has been previously reported in many

studies (Hood et al. 1986; Terakami et al. 2007; Aggarwal

et al. 2011). Although, it has also been reported that strain

EHA105 is difficult to eliminate from the cultures and

require higher levels (about 400 mg/l) of cefotaxime as

compared to strain LBA4404 (Terakami et al. 2007;

Maheswaran et al. 1992), yet in the present study cefo-

taxime at a concentration of 200 mg/l was sufficient to

eliminate the bacteria from cultures.

The genetic transformation is also reported to be influ-

enced by many other factors such as pre-culture period, co-

cultivation period, mode of infection, bacterial density,

etc., which play an important role in the delivery of T-DNA

(Aggarwal et al. 2011; Tournier et al. 2003; Yasmeen

2009; Yevtushenko and Misra 2010). It has been reported

that pre-culture of explants on medium containing auxins

Fig. 4 Detection of chimerism in four transgenic lines of potato

cultivar ‘Kufri Chipsona 1’ transformed with binary vector pBI121

carrying both uidA and nptII genes; A Histochemical GUS staining of

a untransformed shoots, b,c chimeric shoots and tuber, d non-chimeric

shoots and tuber; B Determination of relative amount of the nptII

transgenes, compared with non-transgenic control using RT-PCR
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or cytokinins increase T-DNA delivery and its stable inte-

gration into the genome (Gohlke and Deeken 2014; Cha-

teau et al. 2000). In the present study, it was observed that

both the types of explants pre-cultured on MS2 medium for

2 days before infection resulted maximum transient GUS

expression (Table 1).

The mode of injury was also observed to have an

important role and use of a surgical blade (soft cuts) for

injuring the explant induced maximum transient GUS

expression. It was important to note that the role of mode

of injury was important in case of internodal explants only

where the transient GUS expression increased from

19.22% (pricking with a hypodermic needle) to 73.33%

(injury with a scalpel) (Table 1). These results are in line

with previous observations, where variation in response of

leaf and internodal explants resulting from the mode of

injury has been reported in potato (Visser et al. 1989;

Beaujean et al. 1998).

The density of bacterial suspension used for infecting

explants was also found to affect the transient GUS

expression in potato cultivar CS-1 (Table 1). Higher den-

sities of A. tumefaciens cultures were reported to increase

the chances of tissue damage, thus reducing efficiency of

transformation (Zhong 2007). The genetic transformation

was further reported to be dependent upon infection time

and duration of the co-cultivation period (Aggarwal et al.

2011; Niu et al. 2000). In this study, the highest efficiency

was observed from leaf and internodal explants infected for

15 min with A. tumefaciens strain EHA105 at an O.D of

0.6 followed by co-cultivation for 2 days. These results are

in line with earlier findings in other plants (Aggarwal et al.

2011; Niu et al. 2000). It has also been observed that

medium composition and incubation conditions during co-

cultivation period influence T-DNA transfer (Zambre et al.

2003; Zuker et al. 1999; Godwin et al. 1991; Tournier et al.

2003). In the present study, the explants co-cultivated

under continuous dark were found to increase transient

GUS expression.

Phenolic compounds are important for activating vir

gene cascade during Agrobacterium-mediated T-DNA

transfer (Hess et al. 1991). Therefore, the addition of

acetosyringone (a phenol) during co-cultivation is reported

to improve T-DNA delivery (Subramoni et al. 2014). In the

present study, incorporation of 100 lM of acetosyringone

was found to result in maximum transient GUS expression

(Table 1), which is in line with earlier findings in Euca-

lyptus, Camellia sinenis and Glycine max (Lopez et al.

2014; Li et al. 2017; Tournier et al. 2003).

The optimized genetic transformation conditions during

the present study resulted in callus induction as well as

regeneration of shoots clumps from both leaf and intern-

odal explants (Table 2). The genetic transformation effi-

ciency in the present study was found as 10.37% and

15.97% from leaf and internodal explants respectively

(Table 2). It is noteworthy that in previous studies, genetic

transformation efficiency of potato was reported in the

range of 1–5% (De Vetten et al. 2003; Rakosy-Tican et al.

2007), which is about three times lower than the present

efficiency. It has been previously reported that the occur-

rence of chimeras is a major concern, which also affect the

pattern of expression in regenerants of subsequent sub-

culture cycles (Faize et al. 2010). This reduce the trans-

formation efficiencies significantly (Bhowmik et al. 2019).

Thus, in the present study attempts were made to test the

chimerism. To evaluate the occurrence of chimeras in

present study, the individual shoots from the regenerated

clumps were subjected to GUS assay and based on blue

colouration, transgenic shoots were classified as chimeric

and putative non-chimeric. One chimeric line (T1) and

three putative non-chimeric lines (T2–T4) were multiplied

and maintained on MS1 medium using nodal segments.

Amplification of uidA and nptII fragments along with the

absence of 16S rRNA fragment from T1 to T4 lines con-

firmed stable transformation and complete elimination of

bacteria from the plant tissue but was unable to differen-

tiate between chimeric and non-chimeric tissues (Fig. 3e–

g). Earlier, it has been demonstrated that quantification of

transgene expression can be used for identification of chi-

merism (Faize et al. 2010). In this report, RT-PCR was

used to confirm stable integration of nptII gene in tobacco

and apricot. Thus in the present study qRT-PCR was used

to quantify nptII gene in chimeric and putative non-chi-

meric transgenic lines (Fig. 4b). It was noteworthy that in

T1 (chimeric transgenic line), lower nptII gene expression

was observed whereas in other transgenic lines (T2–T4)

with uniform expression of GUS, nptII gene was expressed

to higher levels. It was also interesting to note that intensity

of blue colouration in GUS assay was directly proportional

to levels of the gene expression.

In conclusion, the methodology described in the present

study leads to improved genetic transformation efficiency

and provide a basic study to detect chimerism in Indian

potato cultivar ‘Kufri Chipsona 1’. The study can be used

as a platform for carrying out genetic manipulations of the

crop.
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