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Abstract
Cenchrus ciliaris L. (buffel grass) is a popular tropical range grass known for its perenniality and high palatability. Owing to its apomictic mode of
reproduction, breeding this polymorphic grass is restricted to in vitro approaches of genetic manipulation. Apomixis facilitates genetic improvement by fixing
heterosis as well as the changes made to the genome through transgenesis. Towards its genetic improvement, a robust protocol of plant transformation is
desirable. Hence, first attempt to develop a rapid and efficient Agrobacterium– mediated transformation system for Cenchrus ciliaris genotype IG-3108 has
been made. In this study, direct multiple shoot induction protocol using shoot apex explants was found to be suitable for transformation. Several factors such
as inoculum of bacteria, co–culture time, co–cultivation duration, concentration of acetosyringone and effect of vacuum infiltration were optimized for
achieving high transformation frequency using shoot apex explants. The shoot apex explants were co-cultured with EHA 105 harbouring the binary vectors
pCAMBIA 1301 and 1305.1 containing the hptII gene as a selectable marker and GUSA as a reporter gene. The highest transformation frequency with
pCAMBIA 1301 vector was 1.42% while with pCAMBIA 1305.1 vector, it was 1.37% when the explants were co-cultured for 30 min with cells of Agrobacterium
at OD600 = 1.0 under vacuum (0.5 X 105 Pa) followed by co-cultivation for 3 days on MS with 3 mg/L TDZ and 400 µM acetosyringone. The status of
transgene and its integration in the genome of regenerated putative transformed plants of Cenchrus were confirmed by PCR and Southern blot analysis.

Key message
A novel, efficient and reproducible transformation protocol using Agrobacterium has been developed for Cenchrus using shoot apices as explant.

Introduction
In the next 30 years, the world's population is expected to increase by 2 billion and the current breeding practices will be insufficient to meet the global food
demands. Some of the approaches to accomplish this is through the use of novel biotechnological tools to accelerate breeding practices (Hojsgaard 2020) or
exploring flex crops with multiple uses as food, feed, fuel, fibre and industrial materials (Kline et al. 2017). To accelerate crop breeding, researchers around the
world are obsessed with the mechanism of apomixis, as it helps in fixing heterosis or hybrid vigor. To understand the genetic and molecular mechanisms
controlling apomixis, Cenchrus has been used as a model plant (Goel et al. 2003; 2006; Conner et al. 2008) and is also a potential flex crop. Cenchrus ciliaris L.
is an apomictic perennial semi–arid tropical and subtropical forage crop (Sanderson et al. 1999). It is tolerant to high temperature and drought conditions
(Ayerza 1981) but also a highly nutritious and palatable fodder. Due to its resilience to harsh environmental conditions, it is cultivated as one of the major
forage crops in India (Bhat et al. 2001; Griffa et al. 2006). It is predominantly cross-pollinated; the seed formation requires pollination known as pseudogamy.
Since sexual plants are very rare in nature, the genetic improvement of this forage grass is mostly limited to selection methodologies hence, introgression of
desirable genes from distant cultivars/ landraces has not been possible. Although Cenchrus is mostly resistant to biotic and abiotic stresses, improved
cultivars often show vulnerability to salinity, diseases (such as smut) and pests (such as mites). Furthermore, forage quality in terms of its digestibility
requires improvement which has not been possible till date.

Recent techniques of genetic manipulation has opened up new vistas for transferring desirable genes from alien lines and to overcome the limitations linked
with conventional plant propagation. Genetic transformation of crop plants using Agrobacterium helps to make specific changes in the genome by the
addition of one or some genes. A robust and efficient transformation protocol is also a pre-requisite for targeted genome editing to produce DNA-free lines
using TALENs (transcription activator-like effector nuclease) and CRISPR-Cas (clustered regularly interspaced short palindromic repeats –CRISPR associated
proteins) (Singh and Prasad 2016; Scheben and Hojsgaard 2020). Development of an efficient transformation system with Agrobacterium has been a main
limitation in many grasses including buffel grass. Genetic crop improvement through conventional breeding methods is tricky, time consuming and limited to
selection of genetic variants found in nature. The clones approach in apomictic species imposes a restriction on the genetic variability within a variety. A
diminished hereditary base of any extensively used crop epitomizes a threat, providing pests and pathogens a chance to infect with single mutation. Once the
pathogen becomes virulent, all other crops succumb to the infection, as they all are equally susceptible. This is evident from the epidemic outbreak of buffel
grass blight caused by Magnaporthe grisea in 1996 (Rodriguez et al. 1999). Contrastingly, in case of apomixis additional breeding steps to fix the transferred
character is not required, thus facilitating varietal change through DNA delivery system (Vielle Calzada et al. 1996). A proficient genetic transformation
protocol of this grass, for instance, genetic manipulation of lignification to increase forage digestibility, would be exceptionally valuable (Cherney et al. 1991).
Thus, a reliable transformation would be a potent tool to accelerate forward and reverse genetic studies for improvement of this meadow grass.

In buffel grass, few preliminary studies using biolistic particle delivery bombardment showing transient expression of a reporter gene have been published
(Ross et al. 1995; Bhat et al. 2001; Laishram et al. 2020) Although, in cereals and grasses, transformation with microprojectile bombardment has been
revolutionary, substantial differences have been observed in the stability, pattern of integration and expression of the introduced transgene (Kohli et al. 1999).
Thus, there is a need for an effective and alternate method such as Agrobacterium tumefaciens-mediated DNA–delivery for regenerating transgenic plants
with less copy number of transgenes. In addition, transgenic plants raised from Agrobacterium method are more stable over generations and express reduced
levels of gene silencing (Barkat et al. 1997; Shou et al. 2004). The main drawback of Agrobacterium–mediated transformation in grasses is monocots are not
their natural hosts, hence use of binary vectors with few varied host range virulent strains (AGL0 or 1, EHA101 or 105, LBA4404) is the only method for
achieving high transformation efficiency in Graminaceous plants. Another important determining factor for successful transformation is the source of target
plant tissue, growing medium and cellular and harvesting phase. The actively dividing cells of a tissue or organ are usually used as explant for regeneration of
transgenic plant. Transformation efficiency with the type of explant used, differs from species to species or even within same species with diverse genotypes.

In major cereal crops, genetic engineering–based transgenic technology was adapted for the improvement of various traits in forage, turf and bioenergy
grasses, including biomass yield and quality, ethanol production and abiotic and biotic stresses such as heavy metal tolerance and pathogen resistance.
Successful Agrobacterium tumefaciens–mediated transformation have been reported in forage grasses, such as Agrostis palustris (Yu et al. 2000), Panicum
virgatum (Somleva et al. 2002), Zoysia japonica (Toyama et al. 2003), Festuca arundinacea, Lolium multiforum (Bettany et al. 2003), Agrostis tenuis (Chai et
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al. 2004), Arostis stolonifera (Luo et al. 2004), Lolium perenne (Altpeter et al. 2004), Cynodon dactylon (Hu et al. 2005), Festuca arundinacea (Dong and Qu
2005), Poa pratensis (She et al. 2005) and Eragrostis curvula (Ncanana et al. 2005). Initial attempts to transform Cenchrus sp. using Agrobacterium
tumefaciens (Batra and Kumar 2002) were ineffective in terms of transformation efficiency due to the resistance to Agrobacterium. Till now, there have been
no reports of stable transgenic plant in Cenchrus. Thus, there is a dire need to develop an efficient method to transfer desirable genes into Cenchrus for its
genetic improvement.

The two most vital steps required for delivery of foreign DNA are entry into the plant cells and subsequent regeneration of plants from putative transformed
cells (Yookongkaew et al. 2007). Somaclonal variations and genetic mutations are low in plantlets regenerated from direct shoot apices or an apical
meristematic cell as compared to in vitro plantlet proliferated from induced calli (Bregitzer et al. 2002). The reason behind reduced somaclonal variation is
lack of tissue or cell de-differentiation phases, which are common within the induced–calli and initiation of somatic embryos (Hirochika 1993). Hence, the
direct shoot induction would be the popular method for Agrobacterium–mediated DNA–delivery protocol in order to reduce somaclonal variation and
genotype dependency otherwise found in callus–mediated plant regeneration methods. Genetic transformation using shoot apex was first reported by
McCabe and his group in 1988. Thereafter, various protocols have been optimised in other crop plants using shoot apex in combination with either
Agrobacterium–mediated transformation or biolistic particle delivery system (Gould and Magallanes-Cedeno 1998; Zapata et al. 1999; Cho et al. 2003;
Goldman et al. 2003; Yookongkaew et al. 2007; Zhang et al. 2010; Jha et al. 2011). Moreover, these transgenic plants showed identical genotypic and
phenotypic characteristics compared to their wild type. The present study is the first report on Agrobacterium–mediated transformation in Cenchrus ciliaris.
Multiple shoots were developed from shoot apices explant as previously described by Shashi and Bhat (2023) and various factors were optimised and
evaluated to achieve a successful and efficient transformation system.

Materials and methods

Plant material
Mature seeds of open pollinated inflorescence of Cenchrus ciliaris genotype IG-3108 was used. The seeds were harvested from the plants grown in botanical
garden, University campus area. Seeds were dried and stored for six months in room temperature. After seed dormancy period, seeds were used as
experimental material.

Pre–treatment of seeds and isolation of shoot apices
The seeds were manually dehisced and surface disinfected with for 1 min with 70% (v/v) ethanol, followed by 5 min in 0.1% (w/v) HgCl2. To eliminate the
traces of HgCl2 upon the surface of seeds were washed 4–5 times with sterile distilled water and then dipped overnight in 1 mg/L GA3 to break dormancy and
synchronize germination. The treated seeds were germinated on MS with 1 mg/L TDZ (Sigma, USA) media containing petri dish under aseptic conditions for 3
days at 25 ºC in light. Emerging 0.5 mm long shoots, comprising of shoot apical meristem with attached mesocotyl, were cut out from three-days old seedling
using a sterile scalpel blade and cultured horizontally on semi–solid MS with 3 mg/L TDZ for 1 day at 25 ºC under 16 h photoperiod (40 µmol–2s–1). Pre-
cultured shoot apices (0.7 mm- 1 cm) were used as explants for transformation.

Agrobacterium strain and binary vector used for foreign DNA–delivery

A supervirulent Agrobacterium tumefaciens strain EHA 105, containing binary vectors pCAMBIA 1301 and pCAMBIA 1305.1 were used in this study (Fig. 1).
The T–DNA of pCAMBIA 1301 and 1305.1 contains GUS gene with a modified castor bean catalase intron as a reporter and hptII gene conferring resistance to
Hygromycin as a selection marker driven by CaMV 35S promoter (Fig. 1). The Agrobacterium tumefactions strain was maintained on semi–solid LB agar
media with 10 mg/L of Rifampicin and 50 mg/L of Kanamycin (Duchefa Biochemie).

Minimum inhibitory concentration of Hygromycin B for selection
Hygromycin is the most accepted selectable marker gene used in plant transformation vectors. For successful selection, the non–transformed plant cells must
be susceptible to antibiotics. In this experiment Hygromycin sensitivity was tested to determine the threshold concentration of Hygromycin B required to be
used for the selection of the transformants. Sixty number of shoot apices were placed on MS with 3 mg/L TDZ containing Hygromycin B (0, 5, 10, 15, 20, 25,
30, 50 mg/L) and lethal dose was determined for 2 week of I selection followed by transfer to fresh medium as II selection for another 2 week. Then
subcultured into regeneration medium without Hygromycin B for shoot growth recovery for 1 week. Remaining shoots were counted to estimate survival rate.
The concentration of Hygromycin B lethal for the explants was used in ensuant transformation experiments.

Preparation of Agrobacterium suspension culture

A single colony of Agrobacterium cultures from freshly streaked plate carrying the plasmids were grown overnight (14– 16 h) in small culture 10 mL of liquid
YENB medium (7.5 mg/L yeast extract, 8 mg/L nutrient broth; pH 7.5) with 25 mg/L Rifampicin and 50 mg/L Kanamycin at 28°C on a thermo-rotatory
incubator shaker at 180 rpm. From overnight small culture, 1 mL was re–suspended in 50 mL medium containing 400 µM acetosyringone, specified OD600 of
0.1 and then bulk grown for 2– 3 hours under above conditions till an OD600 of 0.8– 1.0 was reached. The Agrobacterium cells were centrifuged at 6000 rpm
for 10 min at 4°C. The pellet was later re–suspended in liquid MS–infection medium to be used for co–culturing. Media composition used for Agrobacterium
tumefaciens–mediated transformation and shoot regeneration given in Table 1.
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Table 1
Tissue culture media composition used in the Agrobacterium-mediated transformation experiments

Medium Purpose Chemical composition

Seed sterilization Contamination free for
in vitro culturing

70% ethanol, 0.1% mercuric chloride, distilled water

Seed pre-
germination
treatment

Break dormancy and
synchronize
germination

1 mg/L Gibberellic acid solution

Seed
germination

Obtained shoot apex
explants

MS salts and vitamins + 1 mg/L TDZ + 30 g/L sucrose + 7 g/L agar (pH 5.8)

Shoot apices pre-
cultured medium

Shoot meristem growth MS salts and vitamins + 3 mg/L TDZ + 30 g/L sucrose + 8 g/L agar (pH 5.8)

MS-infection
medium

Agrobacterium
suspension and
infection

MS + 68.5 g/L sucrose + 36.04 g/L glucose + 1 g/L casamino acid + 0.1 g/L glycine, 1.5 g/L arginine, 3.2
g/L aspartic acid (pH 5.2) and 400 µM acetosyringone (modified from Ishida et al. 1996)

Co-cultivation
medium

Agrobacterium co-
cultivation

MS + 3 mg/L TDZ + 30 g/L sucrose + 0.5 g/L MES + 400 µM acetosyringone + 0.5 g/L + 8 g/L agar (pH
5.8) (modified from Ishida et al. 1996)

Recovery
medium

Shoot apices growth MS + 3 mg/L TDZ + 30 g/L sucrose + 8 g/L agar + 500 mg/L cefotaxime (pH 5.8)

Selection
medium

Hygromycin B-resistant
shoot apices

MS + 3 mg/L TDZ + 30 g/L sucrose + 8 g/L agar + 250 mg/L cefotaxime + 30 mg/L hygromycin B (pH 5.8)

Pre-regeneration
medium

Transformed shoot
apices growth

MS + 3 mg/L TDZ + 30 g/L sucrose + 8 g/L agar + 250 mg/L cefotaxime (pH 5.8)

Regeneration
medium

Transformed shoot
apices regeneration

MS + 3 mg/L TDZ + 30 g/L sucrose + 8 g/L agar + 30 mg/L hygromycin B (pH 5.8)

Rooting medium Transformed roots
development

MS + 2 mg/L IBA + 15 g/L sucrose + 8 g/L agar + 30 mg/L hygromycin B (pH 5.8)

Hardening Grown transgenics
plant in fields

Sterile vermiculite or soilrite with coconut peat in pots and nutrient provide Hoagland's solution (Hoagland
and Arnon 1950)

Infection, co–cultivation and selection of shoot apices with Agrobacterium tumefaciens

After one day incubation, shoot meristem explants were immersed in MS–infection medium for 30 min with gentle shaking (80 rpm at 25 ºC) on incubator
shaker. Before agro–infection, the OD600 of Agrobacterium strain was adjusted 1.0 in liquid MS–infection medium. For Agro–infection, petri dish with agro–

bacteria and shoot apices were placed in a vacuum chamber under negative pressure, (0.5 x 105 pa) by vacuum pump. The explants were taken out of
bacterial suspension and were blot dried using sterile blotting paper to get rid of excess Agrobacterium and then placed on co–cultivation medium with
400µM acetosyringone for 3 days. Co–cultivation was carried out at 25°C in 16 h light on semi–solid medium. After co–cultivation, shoot apices were washed
with sterile water thrice and then distilled water containing 250 mg/L Cefotaxime for 5 min, blot dried with sterile blotting paper and sub–cultured to recovery
medium for 1 week to reduce the growth of Agrobacterium. Subsequently, they were cultured onto the I selection medium for 30 days with sub–culturing every
15 days for the proliferation of transgenic multiple shoots. After Hygromycin selection, surviving shootlets were cultured onto pre–regeneration medium for 2
weeks. Finally, these multiple shootlets were regenerated on regeneration medium in 2 weeks and plantlet were rooted on rooting medium. After 20 days,
rooted plants were hardened and transferred to small cups with sterile vermiculite.

Optimization of parameters
The potential factors including Bacterial cell density (0.4–2.0 OD), under negative pressure (0.5 x 105 pa) using vacuum pump, duration of infection or co–
culturing (10–60 min), co–cultivation period (1–6 days), acetosyringone concentration (100–500 µM) affecting the transformation efficiency. These factor
were assessed by transient expression of reporter gene after the shoot apices were transformed as described above under heading. Shoot apices were
transferred to GUS staining solution after 3 days of co–cultivation.

Histochemical GUS assay
After transformation with Agrobacterium tumefaciens, GUS assay was accomplished according to the protocol developed by Jefferson (1987), in order to
observe transient GUS expression. For GUS assay, explants were immersed in 1 mM chromogenic substrate 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid (X-
Gluc) in falcon tubes and they were vacuum infiltrated at 600 mm Hg for 1–2 min for better absorption of substrate solution by the plant tissue. Then the
transformed plant parts (shoot meristem after co–cultivation and leaf fragment after selection) were incubated overnight at 37°C in dark. Subsequently, the
shoot apices or leaves were decoloured in 70% ethanol overnight at room temperature. At the end of the incubation period, the explants were examined under
Stereomicroscope and scored for the number of explants showing blue stain per treatment.

Statistical analysis
Each experiment was replicated 3 times and each set within a replicate consisted of at least 60 explants. The percentage of transformation efficiency was
calculated as the total number of shoot apices expressing GUS gene per total number of explants infected by Agrobacterium x 100. For all the experiment,
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statistical analyses were performed by SPSS 16.0 and using one way ANOVA and Duncan’s multiple range test were used to determine the statistical
significance differences among means at level P < 0.05.

Molecular analysis of putative transgenic

PCR-based confirmed transgenic plants
DNA was extracted from 1g young leaves of putative transformants and control (non–transformed) using method of Qiagen DNeasy Plant Maxi Kit. DNA was
checked by running on 0.8% agarose gel for determine the concentration and pureness of DNA. To confirm the presence of transgene, the control and the
putatively transformed plants were tested for the presence of hptII and GUS gene by PCR using specific primers and Southern blotting. The PCR reactions were
carried out in a 25 µl reaction mixture having DNA (500 ng), 1X Taq Buffer, 2.5 mM MgCl2, 0.2 mM dNTPs, 1U of Taq DNA Polymerase 1µM of each forward
and reverse primers specific to the nptII and hptII genes of both binary vector 1301 [(nptII; forward primer GCCATTTGAAGCCGATGTCACGCC; reverse primer
GTATCGGTGTGAGCGTCGCAGAAC), (hptII; forward primer 5’CTATCGGCGAGTACTTCTACAC; reverse primer GTGTCACGTTGCAAGACCTA)] and 1305.1, [(nptII;
forward primer TCATCAACAACAAACCGTTCTAC; reverse primer TCTTCCTCAGTCGCCGCCTCG), (hptII; forward primer GGCGTCGGTTTCCACTATCGG; reverse
primer ATTGACTGGAGCGAGGCGATGTTC)]. These primers specifically amplified the 1029 bp, 406 bp nptII and 694 bp, 355 bp hptII genes, respectively. The
PCR cycling conditions was programmed with initial denaturation of DNA at 94°C for 5 min, 30 cycles at 94°C for 30 sec, Annealing temperature (Ta) for 1 min,
72°C for 1 min/ Kb of fragment, a final extension at 72°C for 10 min. Plasmid of pCAMBIA 1301, pCAMBIA 1305.1 and control plant DNA was used as
negative control for confirmation of transgene.

Southern blot analysis
Southern Blot was performed to verify the stable integration and copy number of nptII and hptII gene in the Cenchrus genome. Thirty micrograms of DNA from
PCR–positive and control as negative plants were digested with restriction enzyme EcoR1 overnight at 37 ˚C and then purified using Qiagen PCR purification
kit. The digested DNA was electrophoresed on a 1% (w/v) agarose gel and the DNA from the gel was transferred onto a nylon membrane using the capillary
transfer method as described in Sambrook et al. (1989). Briefly, the gel was treated with Depurination solution (0.2 N HCl) for 15 min, Denaturation solution
(1.5 M NaCl, 0.5 N NaOH) for 30 min and Neutralizing solution (1M Tris-HCl, pH 7.4, 1.5 M NaCl) for 30 min. The DNA was transferred to nylon membrane
(Amersham Pharamacia Biotech, UK) by capillary transfer in 20X SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0) overnight and cross–linked by UV irradiation at
254 nm for 2 min. The membrane was pre–hybridised for 4 h at 45°C and DIG labeled full-length PCR-amplified GUS probe (1029 bp) and hptII probe (355 bp)
were prepared by random priming method using the Roche DIG High Prime DNA Labeling and Detection Starter kit II. The DIG labeled probes were denatured
and added to the fresh pre-hybridization solution for overnight incubation at 50–53°C. The membrane was washed sequentially in 2X SSC + 0.1% SDS; 0.5X
SSC + 0.1% SDS at 68°C for 15 min each 3 times, then washed with blocking solution and with Anti–Digoxigenin for 30 min each. Finally for detection,
detection buffer was used for 5 min and applied CSPD as substrate. The membrane was then wrapped in saran wrap and incubated for 2 h at 37°C. Detection
of the signals and images was recorded using Night OWL instrument.

Results and discussion
Various explants have been used for the genetic transformation of grass species, including Cenchrus. Shoot apical meristems have, by far, been the most
sustainable explants, due to ease of in vitro culturing and obtaining transgenics which are genetically identical to their parent (Sticklen and Oraby 2005). The
cells in shoot apical meristem undergo constant cell divisions, therefore, regeneration of plants after transformation is usually rapid. Two strategies are
typically used to develop transformants by transfer of foreign T–DNA into the shoot meristems. One is that transformed newly shoots developed directly from
the meristematic cells (i.e., shoot and floral meristem), wherein, putative transformants produced are usually chimeric. The other method primarily involves
multiplication of transgenic apical meristem cells using plant growth regulators (TDZ or BA or Kinetin), which re–programme the dividing cells under in vitro
environment (Zhong et al. 1996). Therefore, genetic manipulation supplemented with plant growth regulators to induce multiple shoot formation from shoot
meristem regenerate potentially more positive transformants (Yookongkaew et al. 2007). Therefore, in our study the instant pathway of shoot organogenesis
from shoot meristems was adopted for transformation (Shashi and Bhat 2023).

The delivery process of T–DNA into plant cells is influenced by numerous factors (Jones et al. 2005; Matthysse 2006). Standardization of these factors is
essential for the establishment of a successful Agrobacterium transformation system in monocot plants. In Cenchrus ciliaris, there has been no report of
Agrobacterium–mediated transformation, hence it was crucial to study the effects of numerous factors on T–DNA delivery. Several factors affecting gene
transfer were determined by assessing the expression of reporter GUS gene in the leaves of putatively transformed plants as reported in Sorghum bicolor,
Oryza sativa, Poa pratensis, Pennisetum glaucum (Sairam et al. 2003; Yookongkaew et al. 2007; Zhang et al. 2010; Jha et al. 2011).

Cenchrus seed was germinated on 1 mg/L TDZ rather than MS medium alone because it breaks dormancy and induces synchronous germination (Fig. 2a;
Chengalrayan and Gallo-Megher 2001; Sumlu et al. 2010). Pre-culturing shoot apices for 12–14 hours on MS media with 3 mg/L TDZ promotes cell division
(Fig. 2b). These induced cell division are in turn responsible for subsequent events of transformation such as T–DNA delivery and its integration (Sangwan et
al. 1992), inhibition of adverse effects of Agrobacteria and selection medium on cell differentiation (McHughen et al.1989). Similar reports in cereal crops
such as Hordeum vulgare, Triticum aesivum, Pennisetum glaucum, pre-culturing of explants has proven to be beneficial for increasing the transformation
efficiency (Trifonova et al. 2001; Wu et al. 2003; Jha et al. 2011).

Hygromycin B sensitivity in selection for transformants
During all transformation events, only a few cells are transformed and regenerating putative transgenic lines without selection marker is a monotonous
process. Hence, the selection marker has been essential for the regeneration of transformants, as this permits only the cells or tissues expressing the
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transgene to regenerate. Moreover, the selection marker also helps in subsequent screening and selection of the transgenic lines. A selectable marker such as
hygromycin phosphotransferase (hptII) gene is usually used, which provides resistance against antibiotic Hygromycin B (Song et al. 2012; Hwang et al. 2014)
and therefore allows screening of transgenic from non-transgenic tissues. A plasmid construct containing Hygromycin resistance gene in the T–DNA region
was used for transformation protocol. The present investigation used different levels (0, 5, 10, 15, 20, 25, 30, 50 mg/L) of Hygromycin B and 30 mg/L was
found to completely inhibit the growth of shoots whereas only 3% shoots survived at a concentration of 25 mg/L (Fig. 3a). Therefore, 30 mg/L Hygromycin B
was used as optimum concentration for selection of putative transformants. Our results are in accordance with study by Jha et al. (2011) in Pennisetum
glaucum and Padmanabhan and Sahi (2009) in Sesbania drummondii however, Li et al. (2011) found concentration of 20 mg/L was optimal for Saussurea
involucrata.

Optimizing factors influenced in T-DNA delivery system
Agrobacterium tumefaciens DNA-delivery has turn into the most frequently used technique for introducing foreign gene into plant cells and subsequent
regeneration of plantlets. Towards this, optimum conditions are required for conducting successful transformation experiments. Diverse factors such as
bacterial cell density, duration of co–culture and co–cultivation period, use of Acetosyringone and effect of vacuum infiltration were optimised for
Agrobacterium–mediated transformation in Cenchrus, based on transient GUS assay expression (Fig. 3). Standardization was performed using super–virulent
Agrobacterium strain EHA 105 containing construct pCAMBIA 1301 and 1305.1 in shoot apices of genotype IG-3108. Subsequently, transgenic shoots were
multiplied through direct shoot organogenesis.

Bacterial cell density
The first and most important factor for optimization of transformation efficiency is density of Agrobacterium cell suspension culture. To study the effect of
most suitable OD600 for Agrobacterium culture, six different levels were tested; 0.6, 0.8, 1.0, 1.2, 1.5, 2.0. When using Agrobacterium strain EHA 105 with
pCAMBIA 1301 and 1305.1, the highest number of GUS expressing shoot apices were observed with OD600 = 1.0 (Fig. 3b) similar to the findings in Oryza
sativa, Hordeum vulgare and Brachypodium distachyon (Kumar et al. 2005; Shrawat et al. 2007; Behpouri et al. 2018). The number of shoot apices expressing
GUS at OD600 = 1.0 was observed to be 15 ± 2.9 and 18 ± 3.7 for pCAMBIA 1301 and pCAMBIA 1305.1, respectively. The lowest number of GUS positive shoot
apices was recorded at OD600 = 2.0 (0.66 ± 1.0) indicating cell density had significant influence on transformation efficiency. Higher concentration of bacterial
cell density (OD600 > 1.0) is harmful to infected tissues leading to cell death, thereby decreasing the percentage of transformation. However, some workers
found high transformation efficiency even at OD600 > 1.0 such as Triticum aestivum and Pennisetum glaucum (Amoah et al. 2001; Jha et al. 2011), however, in
Paspalum vaginatum, Panicum virgatum and Setaria italica (Lin et al. 2017; Wu et al. 2018; Sood et al. 2020), OD600 < 1.0 was more effective. Optimization of
the Agrobacterium cell density is essential for the reason that at high OD levels, the plant tissues are almost entirely dense with bacterial colony and hence its
elimination becomes very challenging throughout the transformation process.

Duration of infection and co–culture
GUS expression frequency is influenced by the period of exposure of plant tissue with Agrobacterium cells hence the effect of changing the length of co–
culturing period (10, 20, 30, 40, 50, 60 min) was considered. The shoot apices co–cultured with Agrobacterium cells (OD600 = 1.0) for 30 minutes showed
highest efficiency of GUS expression compared to the one exposed to less than 20 min or over 40–60 minutes (Fig. 3c). The results obtained were similar to
the reports in Dactylis glomerata, Pennisetum glaucum, and Oryza sativa (Lee et al. 2006; Jha et al. 2011; Zhao et al. 2011). Prolonged co–culture period
negatively affected the plant tissues due to overgrowing cell density. However, few studies have indicated longer duration, i.e., 50 min in Oryza sativa (Sarker
and Biswas 2002) and some shorter duration, i.e., only 5 min in Zea mays and Sorghum bicolor (Howe et al. 2006; Ishida et al. 2007), yielded better results.

Co–cultivation period
The time of T– DNA transfer and integration into the genome through Agrobacterium tumefaciens is a prolonged time-consuming process and differs widely
from limited hours to few days depending upon the genotype, explants and culturing environment (Danilova and Dolgikh 2005). We conducted a transient
expression experiment after co–culturing for 30 min and assessed the duration of co–cultivation period. Co–cultivation was carried out in 16/8 h light/ dark
photoperiod at 25 ˚C from 0, 1, 2, 3, 4, 5 days. Initial co-cultivation period of 30 minutes did not yield any GUS blue spots, nonetheless, GUS expression was
prominent after 3 days of co-cultivation. Prolonged incubation up to 5 days, did not increase the GUS expression, instead caused necrosis and damage to the
tissues (similar to Li et al. 2015 report). Our results indicated that percentage of transient expression increased from 1 to 3 days (Fig. 3d). Co–cultivation
period for 3 days is mostly appropriate for DNA–delivery in Dichanthium annulatum, Zea mays, Paspalum vaginatum (Kumar et al. 2005; Chen et al. 2014; Wu
et al. 2018) whereas in Dactylis glomerata, highest efficiency was achieved after 2 days of co–cultivation (Ma et al. 2010).

Acetosyringone dosage on T–DNA insertion
Acetosyringone, a phenolic compound is well–known to enhance the virulence of Agrobacterium cells, to facilitate the T–DNA integration and also increase
the percentage of transformation (Stachel et al. 1985; Dalton 2020). In monocotyledonous plants, these compounds are not naturally synthesized, hence
addition of acetosyringone in the media during plant–bacterial interface supports the delivery of T–DNA (Cheng et al. 1997; Koichi et al. 2002). Using the
optimal conditions (i.e., OD600 = 1.0, incubation period of 30 min), for transient expression of GUS, varying concentration of acetosyringone (0, 100, 200, 300,
400, 500 µM) in co–cultivation medium was assessed, after co–culturing with bacterial cells. It was observed that GUS expression efficiency was higher with
increasing concentrations of acetosyringone (100 to 400 µM) and the maximum frequency of 23 ± 1.1 and 32.3 ± 1.4 for pCAMBIA 1301 and pCAMBIA 1305.1
respectively was obtained on co–cultivation medium with 400 µM acetosyringone (Fig. 3e). Addition of acetosyringone in co–cultivation medium significantly
influenced the expression of GUS and was vital for successful C. ciliaris transformation but, did not improve the transformation efficiency with or without 200
µM in MS–infection medium (data not shown; also reported by Wu et al. 2018). This phenolic compound has been described to be a crucial constituent of
transformation in Sorghum bicolor, Brachypodium distachyon, Setaria italica and Setaria viridis (Jeoung et al. 2002; Chen et al. 2019; Nguyen et al. 2020; Sood
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et al. 2020). The variation in the effect of acetosyringone on plant transformation of graminaceous plants may be due to the differences in the cell density
inoculum, co–cultivation period and the proficiency of target cells.

Infection under negative pressure using vacuum pump
Vacuum infiltration is one of the additional steps in Agrobacterium-mediated transformation to enhance transformation efficiency. In this experiment, shoot
apices were immersed in MS-infection liquid medium with Agrobacterium cells and placed in vacuum desiccator, a negative pressure of 0.5 x 105 Pa was
applied with vacuum pump for 30 minutes and incubated at 25 ºC and 80 rpm. This resulted in an increased GUS expression efficiency for Cenchrus
transformation. Similar studies using vacuum infiltration for transformation have been reported in other graminaceous species such as Festuca arundinacea
and Panicum virgatum (Wang and Ge 2005; Xi et al. 2009; Li and Qu 2011; Lin et al. 2017). Applying negative pressure to shoot apices immersed in
Agrobacterium cells for more than 30 min, results in explants entirely inhabited by Agrobacterium, making it harder to remove in the pre-regeneration medium,
which subsequently impairs shoots growth. In Cenchrus, the highest transformation percentage (17.3 ± 1.4) was obtained with a negative pressure of 0.5 x 105

Pa compared to 13.6 ± 1.3 without the pressure (Fig. 3f). Vacuum infiltration at 0.5 x 105Pa have been widely used by many workers (Quan et al. 2003; Yang et
al. 2005; Zhang et al. 2010; Jha et al. 2011) for maximising transformation efficiency. In Seashore paspalum, Wu et al. (2018) reported that vacuum infiltration
along with sonication helped increase the transformation rates.

Regenerate stable putative transformant by using Agrobacterium T–DNA delivery system

By using above optimal conditions, approx. 90 shoot apices for each plasmid were immersed in Agrobacterium MS- infection medium with OD600 = 1.0 for 30
min under vacuum with constant stirring at 80 rpm at 25ºC (Fig. 2c). Excess agrobacterial suspension was removed from surface of shoot apices by
absorbing on sterile Whatman™ filter paper and after that infected shoot apices were cultured for 3 days on co–cultivation medium with 400 µM
acetosyringone for 16/8 h light/dark photoperiod at 25 ˚C (Fig. 2d). If the infected shoot apices were transferred into first selection medium directly after co–
cultivation stage, these shoot apices suffered from the biotic stress caused by Agrobacterium cells on selection medium. To avoid this, shoot apices were
sub–cultured onto recovery medium after co-cultivation. In this medium, shoots meristem multiplied without selection agent but contained Cefotaxime to
remove excess Agrobacterium growth. Shoot apices were rinsed with 250 mg/L Cefotaxime for 10 min, washed thoroughly with sterile double distilled water
for 2–3 times, subsequently dry-blotted on filter paper and sub–cultured onto recovery medium for 1 week (Fig. 2e). After recovery stage, infected shoot apices
were sub–cultured to first selection medium with 30 mg/L Hygromycin B for 2 weeks (Fig. 2f) and after that again sub–cultured on II selection medium for 2
week to permit the better multiplication of transformed shoot meristem (Fig. 2g, h). Transformed shoot apices alive after II selection (Fig. 2i) were cultured on
pre–regeneration medium for 2 weeks to enhance the proliferation of putative transgenic shoots (Fig. 2j). Hygromycin B–resistant shoots and leaves was
tested with GUS stain and indicated strong GUS expression (indicated by blue colour in the tissues). Of the transformed shoots, 14 plants showed GUS
expression with pCAMBIA 1301 and 17 with pCAMBIA 1305.1 (Fig. 2s). On the other hand, leaves from non–transformed plantlets, used as control, did not
show any blue colour. GUS as a reporter gene has been extensively used by several worker for confirming regenerants using Agrobacterium transformation
(Luo et al. 2004; Li et al. 2005; Wang et al. 2011; Song et al. 2012). These transformed shoots were then multiplied on regeneration medium for 2 weeks
(Fig. 2k, l). Healthy grown elongated shoots with adventitious shoots were separated (Fig. 2m) and single shoots were transferred into rooting medium
(Fig. 2n, o). Surviving plantlets were hardened in pots filled with sterilized vermiculite and soilrite for 3 weeks (Fig. 2p). These transformed plants were covered
with autoclaved transparent polythene to retain humidity and nutrients were provided Hoagland's solution through capillary system (Hoagland and Arnon
1950; Fig. 2q, r).

Overall data from 10 independent experiments are summarised in Table 2. The data shows a total of 706 explants were co–cultivated with Agrobacterium and
47 transferred to II selection medium, 14 survived from selection and 6.34 ± 0.86% multiplied on regeneration medium (Table 2). Stable transformation
efficiency in these experiments for pCAMBIA 1301 averaged to 1.42 ± 0.34 and ranged between 1.3 to 2.8%. Similarly 699 shoot apices were co–cultured with
Agrobacterium containing pCAMBIA 1305.1 and 46 plants were transferred to II selection medium and 17 survived the selection and 6.97 ± 1.2% plants
regenerated on regeneration medium (Table 2). We obtained a transformation efficiency of 1.37 ± 0.54% with pCAMBIA 1305.1 and percentage ranged
between 1.2 to 4.3% (Table 2). This efficiency of Agrobacterium mediated transformation in comparable to the efficiencies attained in other lower grass
species such as Festuca arundinacea (8%), Festuca pratensis (2%), Poa pratensis (1.42%), Eleusine coracana (3.8%), Eremochloa ophiuroides (8%) and
Paspalum vaginatum (9%) (Dong and Qu 2005; Gao et al. 2009; Zhang et al 2010; Ceasar and Ignacimuthu 2011; Liu et al. 2012; Wu et al. 2018). Regenerated
plantlets were confirmed positive from screening by the transient expression of GUS assay (Fig. 2t) which were further used for PCR analysis.
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Table 2
Summary of Agrobacterium– mediated transformation of 3 days old shoot apex explants of Cenchrus ciliaris genotype IG-3108

Binary
Vector

Number of

Experiment

Number
of

shoot
apex
evaluated

After co-
cultivation
period

Recovery
medium

2 week
after I
selection

2 week

after II
selection

Percentage
of

regeneration

PCR analysis Southern

positive

plants

Transformat
frequency (%

GUS Hygromycin

pCAMBIA
1301

1 70 64 62 40 6 8.5 2 2 2 2.8

2 65 61 59 45 5 7.6 2 2 1 1.5

3 87 83 80 64 10 11.4 3 3 2 2.2

4 56 52 50 35 3 5.3 0 0 0 0

5 90 82 80 45 7 7.7 2 2 2 2.2

6 60 54 53 30 2 3.3 1 1 0 0

7 74 69 66 42 4 5.4 1 1 1 1.3

8 72 68 67 38 5 6.9 2 2 2 2.7

9 63 60 60 32 1 1.6 1 1 1 1.5

10 69 65 63 29 4 5.7 0 0 0 0

  Total 706 685 640 400 47 6.34 ± 0.86 14 14 11 1.42 ± 0.34

pCAMBIA
1305.1

1 65 63 60 31 7 10.7 1 1 0 0

2 55 50 49 35 9 16.3 1 1 0 0

3 83 78 76 30 4 6.0 6 6 3 3.6

4 72 67 65 25 5 6.9 1 1 1 1.3

5 69 65 63 27 3 4.3 3 3 3 4.3

6 90 81 79 15 4 4.4 0 0 0 0

7 60 56 52 20 2 3.3 2 2 2 3.3

8 85 80 76 17 4 4.7 2 2 1 1.2

9 50 48 45 12 3 6.0 0 0 0 0

10 70 66 63 22 5 7.1 1 1 0 0

  Total 699 654 628 234 46 6.97 ± 1.2 17 17 10 1.37 ± 0.54

Shoot apex were co–cultured with EHA 105 harbouring pCAMBIA 1301 and 1305.1 at OD600 = 1.0 and an infection time of 30 minutes with vaccum and co–
cultivated for 3 days on co–cultivation medium supplemented with 400µM acetosyringone

Molecular analysis of putatively transformants
The putatively transformed plants obtained after selection and regeneration were analyzed for the nptII (GUS) and hptII (Hygromycin) gene integration using
PCR (Fig. 4). Genomic DNA from leaves of putatively transformed and non–transformed (control) were extracted following the Qiagen Kit method. Expected
GUS PCR product (1029 bp for pCAMBIA1301 and 406 bp for pCAMBIA 1305.1) were amplified using DNA from 14 and 17 transformant lines while no
amplified PCR product was observed in non–transformed plant (Table 2), thus verifying successful transgenics. Out of 31 GUS positive transgenic plants, 14
(pCAMBIA 1301; Fig. 4a, only 11 lines shown) and 17 (pCAMBIA 1305.1; Fig. 4c shows only representative 10 lines) transgenic plants were again tested using
hptII gene primers and showed a fragment of size 694 bp (Fig. 4b shows only 9 lines) and 355 bp (Fig. 4d, shows only 8 lines) respectively. Contrastingly,
genomic DNA of non–transformed plant used as negative control indicated no amplification with hpt II gene-specific primers.

Stable T–DNA integration of the transgene in PCR–positive transgenic plants was also established by Southern blot analysis. Genomic DNA was digested
with EcoR1 restriction enzyme which knows a single site within the T–DNA region of the pCAMBIA 1301and hybridized to a 1029 bp probe specific to GUS
gene. Out of 14 plants identified through PCR, 11 plants contained single copy of GUS transgene in Southern Blot, thus confirming their stable transgenic
status (Table 2 Fig. 4e represents 6 out of the 11 transgenic lines). On the other hand, in case of pCAMBIA 1305.1, genomic DNA was digested with enzyme
EcoRI and 355 bp probe for hpt II gene coding region was used. No signals found in non–transformed plants after hybridization. However, out of 17 plants
identified through PCR, 10 plants of hptII transgenic lines (Table 2; Fig. 4e shows representative 6 out of 10 transgenic line), indicated integration of hptII gene
into the plant genome (Fig. 4e). This acquisition of low copy number is similar to the results obtained from other grasses transformed (Han et al. 2005; Bajaj
et al. 2006; Gao et al. 2008; Lee et al. 2010; Xu et al. 2011; Lin et al. 2017).

Abbreviations
hptII                       Hygromycin phosphotransferase
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nptII                       Neomycin phosphotransferase

MS                          Murashige and Skoog

TDZ                        Thidiazuron

GA3                                     Gibberellic acid

LB                          Luria Bertani

GUSA                     β–glucuronidase A

 

Conclusion
For the first time, we report a simple, efficient Agrobacterium–mediated T–DNA delivery system for highly recalcitrant Cenchrus ciliaris using shoot apices as
the main explants. Previous reports of transformants from mature embryos were obtained using biolistic method only in this grass species. The present study
evidently shows that optimisation of various factors such as concentration of growth regulators, phenolic compounds and duration of incubation strongly
influence the transformation efficiency in Cenchrus. This optimized protocol could be used for harnessing useful apomixis related genes in Cenchrus and
inducing apomixis in sexual plants through newer genetic engineering approaches such as CRISPR-Cas9 editing and sense-antisense transgenesis. Such
studies are currently being conducted in our lab to express apomixis responsive genes for the genetic improvement of cereals crops.
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Figures

Figure 1

Schematic diagram of T–DNA region of pCAMBIA 1301 and 1305.1. The region of probe selected for Southern Hybridization for pCAMBIA 1301 (GUS) and
pCAMBIA1305.1 (hygromycin) has also been indicated



Page 14/16

Figure 2

Agrobacterium–mediated transformation and plant regeneration in Cenchrus ciliaris. a seeds grown on MS medium with 1 mg/L TDZ, b three days old shoot
apices grown on pre-culture medium, c co-culturing Agrobacterium with shoot apices on MS-infection medium, d co-cultivation of shoot apices for 3 days; e
seven days old plants on recovery medium, f shoots growing on hygromycin B supplemented I selection medium, g, h transformed plants after II selection
medium, i regenerated transgenic plant; j transformed plants growing on regeneration medium, k, l shoot multiplication, m shoot elongation,  n, o transformed
plant on rooting medium, p-r hardening of transformed plants in green house, s No GUS expression of untransformed control shoot apices and transient GUS
expression (visible as blue spots) in transformed shoots apices after co-cultivation, t GUS expression showed in transgenic leaves of Cenchrus
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Figure 3

See image above for figure legend
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Figure 4

The prime screening for the presence of transgene in putative transgenic lines using genomic DNA PCR. aAmplification of detection of 1029 bp of the GUS
gene in pCAMBIA 1301, b Amplification of 694 bp of the hptII gene in pCAMBIA 1301, cAmplification of 406 bp GUS gene in pCAMBIA 1305.1, d Amplification
of 355 bp of hptII gene in pCAMBIA 1305.1 transformed transgenic Cenchrus plants. Confirmation to stable integration of transgene using southern blot
analysis, e hybridized with GUS probe (1029 bp) in pCAMBIA 1301 and hptII probe (355 bp) in pCAMBIA 1305.1 transformed transgenic buffel grass. Genomic
DNA was digested with EcoR1. c negative control


