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Abstract Cotton (Gossypium hirsutum L.), a mercantile
crop plant, is grown worldwide for fiber and seed oil. As
with other economically important crops, cotton is bogged
down with many biotic and abiotic stress factors. Towards
this, genetic engineering offers numerous protocols to
engineer plants for better resilience. However, recalci-
trance of cotton to plant tissue culture has been the major
constraint for successful in vitro regeneration. Hence, al-
ternate methods that evade tissue culture regeneration have
been envisaged. Non tissue culture-based in planta trans-
formation strategies are in vogue due to amenability and
ease in the generation of transgenic plants. In the present
study, we demonstrate the utility of an in planta transfor-
mation protocol and establishment of a stringent selection
agent-based screening for the identification of transgenics.
The genotype independent nature of the protocol was val-
idated in cotton cv. Pusa 8-6 using GFP. Preliminary
transformation efficiency of 28% was achieved with a
screening efficiency of 20% in the presence of hygromycin.
The proof of T-DNA integration by various molecular and
expression analysis in T1 and T2 generations proved that
this technique can be employed to generate transgenic
cotton.
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Introduction

Cotton is an important crop globally and planted in an area
of 329.49 million hectares (Directorate of Cotton Devel-
opment Government of India 2017). Despite the use of
extra cultivable land, productivity of cotton is
severely affected by several biotic and abiotic factors
(Mohapatra and Saha 2019). Thus, cotton improvement by
introducing genes for superior traits is the need of the hour.
Transgenic technology has emerged as a very effective tool
for crop improvement, offering the feasibility to selectively
introduce one or more genes for mitigation of various
stresses (Birch 1997).

In vitro regeneration in cotton has been limited to non-
indigenous coker cultivars and its closely related genotypes
(Hussain et al. 2009; Zhu et al. 2011) and hence the major
obstacle for genetic transformation of cotton. Efforts to
improve regenerability in cotton (Aydin et al. 2004; Kumar
and Tuli 2004; Wu et al. 2008) were not successful as they
required intensive tissue culture skills. This necessitated
the need for the development of alternative methods that
totally avoided/minimised regeneration to target Agrobac-
terium into the plant genome. Such protocols were desig-
nated as, non-tissue culture-based or in planta
transformation approaches. Ability to produce a large
number of primary transformants is the major advantage of
these tissue culture-independent protocols.

Several research groups have adopted diverse in planta
transformation strategies for the generation of transgenic
cotton (Rajasekaran et al. 2005; Tian et al. 2010; Jin et al.
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2012; Mogali et al. 2013; Pathi and Tuteja. 2013; Vajhala
et al. 2013; Kalbande and Patil 2016; Guo et al. 2018).
Though apical meristem has been the preferred target in
most of these studies, the mode of infection has been dif-
ferent. However, the hypothesis of the standardized pro-
tocols have been the introduction of transgenes into
differentiating meristematic cells leading to concomitant
transgenic expression in the shoots, ultimately resulting in
their inheritance (Maher et al. 2020).

The present study also describes an in planta transfor-
mation strategy in cotton by targeting the shoot apical
meristematic tissues of actively differentiating embryos
(Keshamma et al. 2008). The genotype-independent nature
of this protocol was demonstrated in different crops like
capsicum (Kumar et al. 2009, 2011), pigeonpea (Kumar
et al. 2019), and groundnut (Entoori et al. 2008; Kesha-
vareddy et al. 2013). The strategy essentially involves in
planta targeting of T-DNA to the differentiating cells of
shoot apical meristem and allowing them to grow ex vitro.
Since the methodology directs the T-DNA to actively
dividing cells of the meristem, the primary transformants
(TO generation plants) produced after transformations are
chimeric. This necessitates the identification of transfor-
mants to be carried out in T1 generation thus requiring
stringent and high throughput screening assays.

We present an effort towards reiterating the genotype
independent nature of the previously reported methodology
(Keshamma et al. 2008) by examining the feasibility and
applicability of GFP as a high throughput screening option
for the selection of putative transformants. Additionally, an
improved selection agent-based screening for identification
of putative transformants has been demonstrated in the
present study. This transformation strategy can serve as a
credible alternative for the accommodation of genetic
modification in cotton for mitigation of varied stresses
through transgenesis and also overcome recalcitrance.

Materials and methods
Development of primary transformants

Agrobacterium strain EHA105 containing pPCAMBIA1302
harboring GFP (GenBank Accession No: AF234298) gene
driven by CaMV35s promoter and hptll as the plant
selectable marker was used for transformation. Seeds of
cotton cv. P8-6 were surface sterilised and allowed to
germinate at 32 °C for 2 days. The germinating seedlings
were used as explants for the transformation. The trans-
genes in the binary vector were directed to the shoot apical
meristem, allowed to grow and establish in the net house
(Rohini and Rao 2002; Keshamma et al. 2008; Kesiraju
and Sreevathsa 2017; Karthik et al. 2020).
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In the present study, we investigated two different con-
ditions for the recovery of primary transformants. Initially,
seedlings after infection were washed with distilled water,
transferred to soilrite and maintained under diffused light. In
the second situation, seedlings after infection were placed
back into Petri plates with wet filter paper discs, kept in dark
and transferred to soilrite on the next day of infection.

Epifluorescence based screening of cotton
seedlings for GFP expression

Primary transformants (TO plants), 36 h after transforma-
tion were taken for visualisation of GFP expression under a
fluorescence microscope (ZEISS SteREO Discovery V20
microscope) using a 488 nm excitation wavelength,
505-530 band-path filter (which permits visualization of
GFP by blue light) to separate GFP and a 560 long-pass
filter to determine chlorophyll fluorescence. The seedlings
expressing fluorescence were recovered under optimum
conditions of 16 h light and 8 h dark photoperiod in growth
chambers maintained at 28 °C and transferred into pots
filled with soil and maintained in a net house.

In T1 generation, pollen grains from opened flowers of
randomly selected plants were collected in 0.5 M phosphate
buffer saline (PBS) and observed under the microscope for
fluorescence to confirm the inheritance of the transgene.

Screening on hygromycin for the identification
of putative transformants

Hygromycin solution of different concentrations (10, 20, 25,
30, 40, 50, 55, 60, 70, 80 and 100 mg/L) was prepared in
double distilled water and poured into glass flasks. Over-
night-imbibed wild type seeds (in double distilled water)
were dropped into them and incubated at 50 rpm for 5 h at
32 °C. The seeds were later transferred to trays filled with
autoclaved soilrite and maintained under net house condi-
tions for 8-10 days. Equal number of seeds treated with
water were taken as untreated control and planted in a sep-
arate tray. The plants were later observed for necrotic
symptoms in different hygromycin concentrations. Based on
the standardization, the concentration of hygromycin lethal
to wild type cotton was used for the identification of putative
transformants. Well-established plants were further anal-
ysed for transgene integration and expression.

Molecular analysis of transgenic plants for T-DNA
integration

PCR analysis

The leaves of transgenic and wild type cotton plants were
ground for genomic DNA isolation following a modified
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cetyltrimethyl ammonium bromide (CTAB) method
(Porebski et al. 1997). The PCR reaction mixture (25 pl)
containing 1 U Taq DNA polymerase (GeNie, Banglore,
Karnataka, India), 1X assay buffer (10 mM pH 9.0 Tris—
HCI, 50 mM KCl, 1.5 mM MgCl,, 0.01% gelatin), 150 uM
of each dNTP, 0.5 pl of each forward and reverse primer at
a final concentration of 0.25 uM and 100 ng of template
DNA was used to amplify the transgene. PCR amplification
was carried out in a thermal cycler (Eppendorf, Hamburg,
Germany) programmed with a hot start of initial denatu-
ration at 95 °C for 5 min followed by 35 cycles of denat-
uration at 95 °C for 1 min, annealing at 65 °C for GFP and
55 °C for hptll for 1 min, extension at 72 °C for 1 min,
final extension at 72 °C for 10 min. Amplified gene prod-
ucts of size 571 bp (GFP) and 700 bp (hptll) were ana-
lyzed by electrophoresis (Table 1).

Southern blotting

About 15 pg of genomic DNA from transgenic and wild type
plants was digested with HindlIll, separated on 0.8% agarose
gel and transferred on to a positively charged nylon mem-
brane. The membrane was further hybridised with a DIG-
labelled GFP gene fragment as a probe. Hybridization and
washing was carried out according to manufacturer’s
instructions (Roche Holding AG, Basel, Switzerland). The
membrane was exposed to an X-ray film for 2 h in dark and
observed for bands to determine the T-DNA copy number in
the transgenic plants.

Analysis of transgenic plants for transcript
accumulation by RT-PCR

Total RNA was isolated from transgenic and wild type cotton
plants using total RNA isolation kit (Spectrum™, Sigma-
Aldrich, St. Louis, Missouri, United States) and quantified.
cDNA was synthesized from 2.5 pg total RNA according to
manufacturer’s instructions (SuperScript® VILO™!, Invitro-
gen, Carlsbad, California, United States) and used for tran-
script quantification. To evaluate transcript accumulation,
1 pl of diluted cDNA mix was used as a template for the

amplification of 155 bp ubiquitin and 124 bp GFP fragments
(Table 1). Real-time PCR was performed using Aria Mx Real-
time PCR system (Agilent Technologies, Santa Clara, Cali-
fornia, United States). For this, 1 pl of diluted cDNA template
of both transgenics and wild type plants was taken and
reaction was set according to the SYBR Green qPCR kit
(Agilent). PCR program of 5 min initial denaturation at 95 °C
followed by 40 cycles of denaturation at 95 °C for 20 s,
annealing at 60 °C for 20 s and extension at 72 °C for 15 s
was used. A final melting curve consisting of one cycle of
95 °Cfor 30 s, 65 °C for 30 sand 95 °C for 30 s was used for
ascertaining the variations of GFP expression among trans-
genic events vis-a-vis wild type. The Ct values of samples
were normalized with the Ct value of ubiquitin (internal
control) to calculate ACt value.

Results and discussion

Transgenic crops are an illustration of successful trait
modifications using an array of genes playing crucial roles
in crop improvement. Transgenic technology has emerged
as an influential tool in plant research globally with diverse
techniques and strategies being used in crop improvement
programs (Sivasupramaniam et al. 2014; Tian et al 2015;
Ma and Zhang 2019).

This study deals with the assessment of a standardized
genotype- independent transformation strategy using a non-
tissue culture-based Agrobacterium tumefiaciaens-mediated
transformation in cotton (Keshamma et al. 2008). Since the
use of a previously established protocol does not necessitate
success of an experiment, stringent modifications of the pro-
tocol in accordance to regional variations are a prerequisite.
We present variations in the methodology towards improve-
ment of transformation efficiency, identification and also
recovery of transformants using the selectable marker, GFP.

Development of primary transformants

Transgenic cotton plants were generated by apical meris-
tem-targeted = Agrobacterium  mediated in  planta

Table 1 List of primers used in

Pri ID
the study rimer

Primer sequence (5'-3')

GFP forward primer

GFP reverse primer

hptll forward primer

hptll reverse primer

qPCR GFP forward primer
qPCR GFP reverse primer
qPCR Ubigquitin forward primer
qPCR Ubiquitin reverse primer

TGGGCACAAATTTTCTGTCAGTGGA
ATGCCATGTGTAATCCCAGCAGCT
GCTCGATACAAGCCAACCAC
CGAAAAGTTCGACAGCGTCTC
TCCACACAATCTGCCCTTTC
CTATACAAAGCTAGCCACCACC
ACACGATCGACAACGTTAAGGCGA
TCAACGCTCCATCTTGTCCTTCGT
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(@)

(b)

Fig. 1 a Overview of the apical meristem-targeted in planta transfor-
mation strategy for the development of transgenics in cotton. (i) Imbibed
seeds allowed to germinate; (ii) Removal of seed coat in the imbibed
seeds; (iii) Exposure of the apical meristem in the germinating
seedlings; (iv) Pricking of the shoot apical meristem with an insulin

transformation strategy (Fig. la i—viii). Two day old ger-

minating seedlings (Fig. 1a i-iii) were pricked at the apical
meristem region using an insulin needle (Fig. 1a iv), and
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needle; (v) and (vi) Agrobacterium infection of seedlings; (vii) Planting
of the infected seedlings onto soilrite; (viii) Recovery of primary
transformants. b GFP expression-based identification of primary
transformants (TO generation). (i) and (ii) Absence of GFP expression
in wild type seedlings, (iii—xi) GFP expression in putative transformants

dropped into AB minimal media containing tobacco leaf
extract (Fig. la v, vi) and incubated at 28 °C.
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Table 2 Transformation efficiency in preliminary cotton transformants of different batches

Batch  No. of seeds taken for No. of plants recovered in 36 h  No. of plants selected after No. of selected plants that have
no transformation after transformation microscopic observation recovered and transferred to pots
B-1* 40 15 4 3

B-2#*% 50 42 18 13

B-3** 35 26 14 9

Total 125 83 36 25

“In this batch the transformed seeds were directly transferred to soilrite

““In this batch the transformed seeds were initially transferred to Petri plates and transferred to soilrite on the next day

After transformation, when the infected seedlings were
thoroughly washed with sterile water, transferred to auto-
claved soilrite and maintained under diffused light, retrie-
val of seedlings was hampered which resulted in reduced
number of recovered primary transformants (batch 1,
Table 2). On the other hand, when seedlings were trans-
ferred back to the Petri plates (containing filter paper discs
soaked with water) after transformation and left overnight
in dark, they showed speedy recovery with low embryo
mortality (batches 2 and 3 of Table 2). This modification in
the protocol resulted in the increased recovery of primary
transformants from 10 to 35% (Fig. la vii, viii, Table 2).

Primary transformants were initially subjected to
recovery for 2 weeks in growth chambers with 16 h light
and 8 h dark photoperiod, at 28 °C, supplemented with
1/8th strength of Hoagland solution. Recovered plants were
later transferred to pots in the net house.

Preliminary screening of transformants

Microscopic observations aided in the identification of
GFP expression in putatively transformed seedlings
(Fig. 1b iii—xi) when compared to its absence in wild type
seedlings (Fig. 1b i, ii). However, not all the infected
seedlings depicted expression of GFP at the infection site
which indicated that infection of Agrobacterium was
random in nature. The seedlings devoid of fluorescence
were discarded while those with the signal were allowed
to recover. Out of 125 infected seedlings, 36 showed the
presence of GFP and were selected as putative transfor-
mants (Table 2), of which 25 plants recovered and were
transferred to pots in the net house. Microscopic obser-
vations of preliminary transformants (TO plants) showed
that 28% of infected seedlings expressed GFP. The
recovered plants were healthy after transferring to soil,
developed and set seeds normally. Though the rate of
growth was slow in transgenics as compared to wild type
plants, the seed pool was uniform and viable. As TO
plants developed using in planta transformation protocol
are chimeric, identification of putative transformants and

molecular analysis for transgene integration was per-
formed in T1 generation.

Identification of putative transformants
by screening under selection pressure

Initial screening studies using hygromycin revealed that
wild type cotton seedlings could resist upto 30 mg/L
hygromycin and showed normal root and shoot growth
(Fig. 2a ii-v). However, 40-60 mg/L. hygromycin exhib-
ited variation in root and shoot growth (Fig. 2a vi—ix) with
necrotic spots on leaves and stunted growth. Root length
retardation was also noticed with increase in the concen-
tration of hygromycin. With further increase in the con-
centration of the selection agent, plants were unhealthy
(Fig. 2a x and xi) and at 100 mg/L hygromycin, there was
a stall in the growth (Fig. 2a xii). However, untreated
control devoid of hygromycin exhibited normal growth
(Fig. 2a i). Thus, 70 mg/L. hygromycin was considered for
screening and identification of putative transformants
(Fig. 2¢).

About 20 seeds each of six TO plants were subjected to
hygromycin selection pressure. While the plants exhibiting
necrotic symptoms were considered as non-transgenic and
discarded. healthy plants were grown in the net house.
About 32 plants i.e., 26.6% of seeds were able to resist
hygromycin (Fig. 2b iii and iv) which demonstrated that
soilrite-based screening strategy was efficient in the iden-
tification of putative transformants.

The major variation presented in this study has been the
stringent soilrite-based screening for identification of
putative transformants, compared to PCR-based screening
in the earlier study (Keshamma et al. 2008). Antibiotic-
based screening aids in the reduction of escapes with
increased stringency towards identification of putative
transformants. The plants that survived the hygromycin
selection pressure established normally and were at par
with the untreated control (Fig. 2 d). Selection of trans-
genic herbicide tolerant cotton plants developed through in
planta transformation strategy using soilrite-based
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Fig. 2 Hygromycin screening for the identification of putative
transformants. a Standardization of hygromycin concentration in cv.
P8-6. Variation in plant response to different hygromycin concen-
trations (i) Untreated control, (ii) 10 mg/L, (iii) 20 mg/L, (iv) 25 mg/
L, (v) 30 mg/L, (vi) 40 mg/L, (vii) 50 mg/L, (viii) 55 mg/L, (ix)
60 mg/L, (x) 70 mg/L, (xi) 80 mg/L, (xii) 100 mg/L. b Response of
T1 generation cotton seedlings to 70 mg/L of hygromycin (i) Un-
treated control, (ii) treated wild type, (iii, iv) Hygromycin-resistant T1
generation transgenic plants. ¢ Graph representing root and shoot
lengths of wild type cotton plants in response to different

glyphosate screening has also been demonstrated (Karthik

et al. 2020) depicting the authenticity and importance of
the selection agent in the identification of transformants.
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concentrations of hygromycin (UT1, UT2- untreated wild type
plants). d Graph representing root and shoot lengths of transgenic
T1 plants in response to 70 mg/L hygromycin (UT1, UT2- untreated
wild type plants; UTT- untreated wild type, G1-G6 are individual
transgenic plants). e and f Molecular analysis of transgenic plants in
T1 generation; PCR analysis for the amplification of hptll gene
(700 bp amplicon) and GFP gene (571 bp amplicon) fragments, Lane
M- 1 Kb marker, Lane B- water blank, Lane WT-wild type DNA
(100 pg), Lanes 1-24 DNA (100 pg) of different transgenic plants,
Lane P- binary vector DNA (25 ng)

Molecular characterisation of transgenics in T1
generation

As an initial evidence for T-DNA integration, PCR analysis
of 25 T1 generation transgenic plants showed the presence
of 700 bp hptIl and 571 bp GFP gene fragments (Fig. 2 e,
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Fig. 3 a Expression of GFP in pollen grains of T1 generation cotton
plants. (i, ii) Microscopic images of pollen grains from wild type
plants; (iii, iv, v, vi) Microscopic images of pollen grains from
transgenic plants (G3-2, G3-3, G6-6 andG6-8). Molecular analysis of
transgenic plants in T2 generation b (i, ii) and ¢ (i, ii). PCR analysis
for the amplification of hptll (700 bp) and GFP gene (571 bp)
fragments. Lanes 1-12 of (i) are progeny plants of G3-2 and G3-3;
Lanes 1-14 of (ii) are progeny plants of G6-6 and G6-8, Lane M-1 Kb
marker, Lane B- water blank, Lane WT- wild type DNA, Lane P-

f). Wild type plant DNA did not show any amplification in
PCR. Advantage of using screenable markers lies in
tracking the inheritance of transgenes (Keshamma et al.
2008; Kumar et al. 2009, 2011), which was ascertained in
the present study by the exploitation of GFP expression.
Pollen grains were collected randomly from flowers of
selected transgenic plants and observed under the micro-
scope. Fluorescence was observed in pollen of transgenic
plants (Fig. 3a iii—vi), while those from wild type did not
exhibit fluorescence (Fig. 3a i, ii). The presence of trans-
gene in pollen from opened flowers further precisely
reconfirmed its inheritance to the next filial generation.
Based on PCR analysis and GFP expression in pollen, four

()

11 12 13 14

11 12 13 14 P

WT G3-2 G3-3 G6-6 G6-8

WT G3-2 G3-3 G6-6 G6-8

[y
o

Normalised expression
O N » O ®

G3-2 G3-3
Transgenic events

G6-6 G6-8

plasmid (25 ng). d Genomic Southern analysis of transgenic plants,
probed with DIG-labelled 571 bp GFP gene; Lane M- Lambda
Hindlll DNA ladder, Lane P- linearized plasmid pCAMBIA 1302
(10 pg), Lane WT-wild type, Lanes G3-2-5, G3-3-3, G6-8-1, G6-
64 are T2 generation transgenic plants, e sqRT-PCR amplified
products of (i) 124 bp GFP and (ii) 155 bp ubiquitin in transgenic
plants. Lane M- 100 bp marker (Thermo scientific), Lane B- water
blank, Lane WT-wild type, Lane P- binary vector. f Expression
analysis of GFP in transgenic plants by qRT-PCR

T1 generation transgenic plants (G3-2, G3-3, G6-6 and G6-
8) were advanced to T2 generation.

Molecular characterisation of transgenics in T2
generation

About 10 seeds from each of the selected plants were sown
in pots containing soil under net house conditions. PCR
(hptll and GFP) analysis of 30 T2 generation plants con-
firmed the presence of both the transgenes in all the pro-
geny plants (Fig. 3b i, ii; c i, ii). Further, genomic Southern
analysis performed with 4 transgenic plants G3-2-6, G3-
3-3, G6-8-1, G6-6—4 demonstrated hybridisation signals in
three plants with single copy insertions of the transgene
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(Fig. 3 d). The absence of the signal in wild type confirmed
T-DNA integration in transgenic plants.

Four selected transgenic events G3-2, G3-3, G6-6, G6-8
showed the amplification of a 124 bp GFP fragment con-
firming its transcript accumulation (Fig. 3e i). The 155 bp
ubiquitin (internal control) fragment amplified in both
transgenic and wild type plants (Fig. 3e ii) authenticated
the PCR. Additionally, qPCR showed varied levels of GFP
expression in different events (Fig. 3f) with seven to ni-
ne fold increase in GFP transcripts implicating the trans-
genic integration and inheritance in selected cotton plants.

Establishment and validation of transgenics using
genotype-independent  transformation protocols have
always been pertinent among researchers (Rajasekaran
et al. 2005; Tian et al. 2010; Jin et al. 2012; Mogali et al.
2013; Pathi and Tuteja. 2013; Vajhala et al. 2013; Kal-
bande and Patil 2016; Guo et al. 2018). The present
modified in planta transformation strategy is best suited for
developing transgenics as evidenced by preliminary trans-
formation efficiency (using screenable marker GFP) of
28.6% which is laudable in a recalcitrant crop like cotton.
Further, modification of the earlier protocol increased
recovery efficiency by 20% in primary transformants.
Adoption of stringent screening procedures in the present
study decreased the chance of obtaining false positive
plants, as evidenced by 26.6% of T1 generation transgenic
plants that were able to withstand the stress of hygromycin
and contributed consistently in the rapid screening of the
chimeric seed pool. However, ~ 3.33% of the T1 gener-
ation plants were advanced to the next generation. Other
studies that utilized in planta transformation protocols,
demonstrated an efficiency of 0.46-0.93% by pistil drip
(Tian et al. 2010), 0.30% by pollen tube pathway (PTP)
mediated transformation (Mogali et al. 2013), 6.89% by
directing Agrobacterium inoculum to excised cotyledonary
leaves at their junction (Kalbande and Patil 2016) and
0.125% by shoot apex mediated transformation (Guo et al.
2018).

Therefore, the present apical meristem targeted in planta
strategy has not only proved the genotype independent
nature of the protocol but also its utility in producing large
number of transgenic plants from which best performing
events can be identified using stringent molecular and
efficacy analysis. The modifications suggested are of
immense importance for increased rate of transformation
efficiency in cotton. Incorporation of such high throughput
and established strategies in crop improvement pro-
grammes can pave way for long standing success of
transgenic technology.
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