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Abstract

Cenchrus ciliaris, commonly known as buffelgrass, is an apomictic perennial range grass usually grown in arid/semi-arid
regions. Because of the difficulties faced in conventional breeding of this polymorphic polyploid grass, the development
of an efficient protocol for genetic transformation is warranted. Such a protocol would enable functional genomic studies
needed to elucidate the mechanism of apomixis in this species. The embryogenic calli for genetic transformation experiments
were obtained by in vitro culture of the immature inflorescences of buffelgrass cv. IGFRI-3108. Four developmental stages
of immature inflorescences were compared for callus induction, and the most mature stage produced most callus. Embryo-
genic calli were bombarded at three distances, 6 cm (L1), 9 cm (L2), or 12 cm (L3) with a marker gene uid A present in
pCAMBIA1301, under the same vacuum (85 kPa) and at constant pressure (900 psi). The Agrobacterium-mediated genetic
transformation was also performed using the same construct. Transient and stable expression as well as PCR amplification
of the GUS gene was used for comparative analysis as well as for validation of the transformants. Transient GUS expression
was present in a significantly higher percentage of bombarded calli (56.33%) than of Agrobacterium treated calli (11.17%),
but the number of GUS positive cells per callus was similar. Among the three different bombardment distances, transient
GUS expression was highest at L2, but stable GUS expression was highest at L1. Shoot development from the bombarded
calli could be accomplished, which failed from the Agrobacterium-mediated transformed calli. Thus, the results indicate that
C. ciliaris cv. IGFRI-3108 can be successfully transformed through Biolistic particle bombardment, while Agrobacterium-
mediated transformation requires further optimization of transformation protocols.
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2,4-D  2,4-dichlorophenoxy acetic acid

BAP  6-Benzylaminopurine Cenchrus ciliaris L. (syn. Pennisetum ciliare), commonly
GUS  p-Glucuronidase known as buffelgrass, belongs to family Poaceae and repro-
psi Pound per square inch duces predominantly through apomixis [11, 24]. It is mainly
kPa Kilo pascal used as fodder with high biomass productivity [26, 29] and
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transformation protocol. Tissue culture followed by genetic
transformation constitutes one of the powerful techniques
for functional genomic studies as well as genetic improve-
ment of plants [19, 28]. Plant regeneration from embryo-
genic calli induced from immature inflorescence and other
explants of Cenchrus has been reported earlier [2, 16, 22,
23, 32, 35]; and the detailed analysis of somatic embryogen-
esis and shoot regeneration from different explants too was
demonstrated [35].

Among apomictic C. ciliaris genotypes, the highest shoot
induction frequency was found in buffelgrass cv. IGFRI-
3108 [32]. Production of plenty of embryogenic calli, an
efficient medium for long term maintenance of embryogenic
calli and plantlet regeneration are some of the prerequisites
for tissue culture mediated genetic transformation. The
response of the plant to the tissue culture medium is also
dependent on the genotype as well as the type of explant
used [17, 31, 35]. Although many research articles have
already been published on embryogenic callus induction,
plant regeneration and genetic transformation of Cenchrus
spp., it is still difficult to find a universal protocol or a com-
mon method for every explant or genotype. Therefore, this
study aimed at comparative evaluation of two genetic trans-
formation methods for buffelgrass cv. IGFRI-3108 in terms
of transient GUS expression and shoot development effi-
ciency of the transformed calli.

Materials and methods
Induction and maintenance of embryogenic calli

Immature inflorescences of buffelgrass cv. IGFRI-3108
were collected when the flag leaf was not fully emerged out
from the first subtending leaf and were classified as stages
I, II, 111, and IV depending on the developmental stage of
the immature inflorescences. Before removing them from
the leaf sheaths, immature inflorescence was surface steri-
lized with 70% ethanol for 3 min, rinsed with sterile dis-
tilled water 3 to 4 times and blot-dried using sterile tissue
papers. Later, the immature inflorescences were dissected
out carefully and cut into approximately 1 cm long pieces.
The pieces of immature inflorescences were inoculated on
MS medium [27] containing 3 mg/l 2, 4-D, 0.5 mg/l BAP,
3% sucrose, gelled with 0.2% Gelrite (pH adjusted to 5.8
before autoclaving at 121 °C for 21 min) for callus induction
[32] by slightly submerging the basal part of the explant into
the medium. Callus induction on immature inflorescences of
four stages was recorded for comparative analysis. Compact,
fragile embryogenic calli were selected and subcultured on
callus maintenance media by keeping them in the dark at
25 +2 °C. For maintaining the embryogenic nature of calli,
the medium was also supplemented with 300 mg/l casein
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hydrolysate, 400 mg/1 L-proline, 400 mg/l L-glutamine [32].
Subculturing of the calli was done at an interval of 21 days.
The regenerative response of the calli after every subsequent
subculture, up to four subculture cycles was examined dis-
cretely, before using them for genetic transformation experi-
ments. For inducing shoot regeneration, the calli were kept
in the regeneration medium for 16 h photoperiod under the
fluorescent lamp at 25 +2 °C. For genetic transformation
experiments, the calli growing at either second or third sub-
cultures were only used. The detail of the media used is
given in Table 2.

Plasmid isolation

Plasmid pCAMBIA1301 was isolated from E. coli DH5«
harboring the plasmid using QIAprep Spin Miniprep Kit
(Qiagen). GUS gene is cloned in this plasmid under the tran-
scriptional control of promoter CaMV35S, and the hygro-
mycin resistance (hptll) gene is present as a plant selection
marker.

Biolistic genetic transformation

Biolistic optimization kit (Bio-Rad) was used for the gene
gun-mediated genetic transformation of calli using a Helium-
driven particle delivery system (Bio-Rad, PDS-1000) with
plasmid DNA-coated gold particles (1.6 u) as microcarriers
[4, 10] and other physical parameters (Table 1). The embryo-
genic calli were arranged on MS media containing 1 mg/l
2,4-D, and 1 mg/l BAP and 0.2 M Mannitol as osmoticum
on 90 mm Petri plates a day before bombardment. Plasmid
DNA was coated on gold particles after sterilizing them
with absolute ethanol, followed by three washing with ster-
ile distilled water. For DNA coating, 60 mg sterilized gold
particles were re-suspended in 1 ml sterile distilled water, an
aliquot of 50 pl was added with 5 pl of plasmid DNA (1 pg/

Table 1 The physical parameters used for biolistic gene gun-mediated
transformation experiment

SI. No Physical parameter Description
Microcarrier Gold particles

2 Size of microcarrier 1.6 n

3 Distance of bombardment 6 cm (L1),9 cm (L2) or

12 cm (L3)

4 Osmoticum 0.2 M Mannitol

5 Plant material Embryogenic calli

6 Plasmid DNA pCAMBIA1301 (1 pg/ul)

7 Helium gas pressure 900 psi

8 Vacuum 85 pKa

9 Number of bombardment Two

10 Post-bombardment treatment Three days on osmotic

medium




Nucleus (2020) 63:303-312

305

Table 2 Different media used during the transformation of embryogenic calli

Sl.no Name of the medium pH Composition References

1 YEB medium 7.2 Beef extract (5 g/l), yeast extract (1 g/l), peptone (5 g/l), MgCl, Saha et al. [30]
0.5 g/

2 Liquid infection medium 7.2 MS medium, sucrose (68.46 g/l), glucose (36.04 g/), casamino  Modified from Ishida et al. [13]
acid (1 g/l)

3 Co-cultivation 5.8 MS medium, sucrose (20 g/1), glucose (10 g/1), proline (0.7 g/I), Modified from Ishida et al. [13]

MES (500 mg/l)

4 Selection 5.8 MS medium, 30 mg/l hygromycin, 2, 4-D (1 mg/l), BAP Shashi [32]
(1 mg/)
5 Callus induction 5.8 MS medium, 3 mg/1 2, 4-D, 0.5 mg/l BAP, 3% sucrose, gelled Shashi [32]

with 0.2% gelrite

6 Maintenance 5.8 MS medium, 2, 4-D (1 mg/l), BAP (1 mg/l), 300 mg/I casein

Modified from Shashi [32]

hydrolysate, 400 mg/l L-proline and 400 mg/l L-arginine
(maintained in dark at 25 +2 °C)

7 Regeneration (transformed calli) 5.8 MS medium, 2, 4-D (1 mg/l), BAP (1 mg/l), 300 mg/I casein
hydrolysate, 400 mg/l L-proline and 400 mg/] L-arginine

Modified from Yadav et al. [35]
and Shashi [32]

(maintained in light at 25 +2 °C)

ul) along with 20 ul of 2.5 M CaCl, and 20 ul of 0.1 M sper-
midine [4]. The mix was incubated in ice for 15 min, centri-
fuged to pellet down, and then, re-suspended in 50 pl sterile
distilled water. About 15 pl of this mixture was used for each
bombardment and each target was bombarded only once and
ten replicates were used per treatment (L1, L2 & L3).

Agrobacterium-mediated genetic transformation

Agrobacterium culture and liquid infection were performed
at pH 7.2, while co-cultivation of Agrobacterium and
embryogenic calli was carried out at pH 5.8 (Table 2). The
pCAMBIA1301 plasmid was mobilized into Agrobacterium
EHAI10S5 strain by the freeze—thaw method of transforma-
tion. The Agrobacterium harboring the pPCAMBIA1301 was
grown in YEB medium containing 50 pg/ml Kanamycin
(Table 2) for primary culture; and 1 ml of primary culture
was used as an inoculum to prepare 25 ml of secondary cul-
ture in YEB medium containing 50 pg/ml kanamycin grown
at 28 °C, 200 rpm until ODg, of the culture reached 0.8.
Embryogenic calli were co-cultivated in the liquid infection
medium containing 400 uM acetosyringone [32] and 0.05%
silwet-77 for 30 min under 50 kPa vacuum at 28 °C. Follow-
ing the Agroinfection, the excess of bacteria was removed by
blotting on dry sterile filter paper. The calli were then trans-
ferred to a freshly prepared co-cultivation medium for 3 days
under dark at 28 °C. After three days, the co-cultivated calli
were submerged while swirling in 500 mg/I cefotaxime solu-
tion for 10 min and then washed with sterile distilled water.
After blot-drying the calli they were incubated for 3 days for
post-transformation culture and were then used to check for
the frequency of transient GUS expression and the number
of GUS spots per callus by using histochemical GUS assay.

The transformation event was repeated ten times for the sta-
tistical analysis.

Transient GUS expression analysis

For the bombardment, each treatment was replicated ten
times and ~ 30 calli were randomly sampled from each bom-
barded event and ten such events were considered from each
treatment, whereas in the case of Agrobacterium-mediated
method, the transformation event was repeated ten times.
Transient GUS expression analysis was carried out for the
transformed calli from both the methods by randomly select-
ing ~30 calli after 3 days of post-transformation incubation.
The standard method of GUS histochemical assay [14]
was used to determine the transformation efficiency for the
transformation methods [4, 21] in terms of the percentage
of transient GUS expression and the GUS spots per callus.
The selected calli were submerged in enough GUS assay
solution and incubated at 37 °C for 24 h. The number of
GUS positive calli per treatment and the number of blue
spots per positive callus were counted for both the methods
for comparative analysis. For bombarded calli, stable GUS
expression analysis was also performed after 30 days of the
transformation event.

Selection of transformed calli and shoot
development

The putatively transformed calli were cultured on the selec-
tion medium and kept in the dark at 25 +2 °C for further
multiplication of transformed calli. The selected calli were
transferred to maintenance medium and multiplied further
to use for shoot induction. For shoot induction, the positive
calli were cultured on freshly prepared regeneration medium
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and incubated in 16 h photoperiod under the fluorescent
lamps at 25 +2 °C. Shoot development from the selected
calli was observed after 21-28 days of inoculation. One sub-
culture was made after 21 days, and for shoot elongation the
emerged shoots (2—4 cm long) were transferred to the half-
MS medium. The leaves from the putative transgenic plants
were incubated in GUS assay solution for 48 h at 37 °C,
washed properly in 70% ethanol for de-pigmentation, and
observed under a stereo zoom microscope.

PCR confirmation of transformants

For PCR analysis of the regenerated putative transgenic
plants, genomic DNA was isolated from the leaves using
DNeasy Plant Mini Kit (Qiagen). The genomic DNA was
used as a template for PCR amplification of the GUS gene
using forward 5" CATGAAGATGCGGACTTACG 3’ and
reverse 5" ATCCACGCCGTATTCGG 3’ primers designed
for the gene.

Data analysis

The experiments or transformation events were replicated
ten times. For callus induction, ten explants of each stage
(four stages) were inoculated in a flask and cumulative
results of 3 flasks (10x 3 =30 explants) were considered as
one replicate, for shoot regeneration, ~ 100 mg of embryo-
genic calli were cultured as one unit and five to seven units
of calli were incubated in one flask. One set of readings was
taken from five flasks and the cumulative response was taken
as one replicate. For the gene gun experiment, one plate was
bombarded once and each treatment (L1, L2, and L3) were
repeated ten times. Similarly, for Agrobacterium-mediated
transformation, data was collected from ten different events/
replicates for statistical analysis. One way analysis of vari-
ance (ANOVA) was performed using IBM SPSS Statistics
21 offline software.

Results
Induction and maintenance of embryogenic calli

Callus induction was observed from different parts of the
floret explants after 10—13 days of inoculation. The induc-
tion of the calli was not uniform from the different parts of
the floret. Out of the four developmental stages (stages I, 11,
IIT and IV) of immature inflorescences, stage IV showed an
optimal level of callus induction (86.00 +0.83%) (Table 3,
Fig. 1). Initially, both embryogenic and non-embryogenic
calli were generated on the explant, the embryogenic calli
were compact, fragile, and white but the non-embryogenic
calli were soft and sticky (Fig. 2). Only embryogenic calli
were selected and cultured on maintenance media containing
a lower concentration of 2,4-D (1 mg/l) for further multipli-
cation and subcultured after every 21 days. Before perform-
ing the genetic transformation experiments, the regenerative
response of the calli in the subsequent subculture cycles was
tested and found to be declining in the subsequent subcul-
tures (Fig. 3). Accordingly, for genetic transformation, the
calli were used from second and third subcultures when their
regeneration response was very high. The regeneration fre-
quency (%) was calculated from the number of regenerated
calli and the total number of embryogenic calli inoculated.

Biolistic genetic transformation

Examination of bombarded calli for transient and stable
GUS expression after three and thirty days, respectively
(Fig. 4), indicated the distance of bombardment to be an
important parameter. Among the three different distances of
bombardment, L1 showed least (46.00+2.15) frequency (%)
of transient GUS expression but the highest (69.33 +£2.93)
stable expression. Bombardment from L2 showed the maxi-
mum frequency (%) in transient expression; however, stable
GUS expression decreased (Fig. 5).

Table 3 Percentage callus induction from the different developmental stages of immature inflorescences

Sl. no Stage of immature inflo- Length (mm) Types of calli induced % Callus
rescence induction
(+SE)
1 Stage I 1-2 Almost nil, became completely brown 3.00+0.92*
2 Stage 11 2-5 Mixture of both non-embryogenic and embryogenic 16.33+1.05°
3 Stage 11 5-10 Mixture of both non-embryogenic and embryogenic 65.00+1.43¢
4 Stage IV 10-30 Mixture of both non-embryogenic and embryogenic, highly ~ 86.00 +0.83¢

brown

Callus induced from explants (four different stages of immature inflorescences) were studied. Callus induction was observed after 10—13 days
from the explants. Callus induction frequency (%) was calculated as ratio of number of calli generated explants to total number of explants inoc-
ulated (~ 1 cm in length) onto the induction media. Different lowercase letters on the SE (Standard Error) denote significant differences (p <0.05)
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Fig. 1 Different developmental
stages of immature inflores-
cence. a stage I, b stage II, ¢
stage III, d stage IV, e shoot tip
containing immature inflores-
cence, the flag leaf is marked
with white arrow, and first
subtending leaf marked with
black arrow

Fig.2 Different steps in the induction of embryogenic calli. a pieces
of immature inflorescence inoculated on the callus induction medium,
b initiation of calli formation on the explant after 10-13 days of

The bombarded calli were selected on hygromycin
containing MS medium, and the surviving calli were sub-
cultured for multiplication. About 25% (625 out of 2500)
of the calli survived on the selection medium which was
transferred to maintenance medium containing hygro-
mycin for the second round of selection and ultimately
100 positive calli had survived. Supplementing the main-
tenance medium with adjuvants like casein hydrolysate
(300 mg/l), two amino acids: L-proline (400 mg/l) and
L-arginine (400 mg/l) showed a better multiplication of
embryogenic calli and subsequent development of somatic
embryos which was also reported by Shashi [32]. Trans-
formation efficiency (%), as evaluated in terms of transient
(after 3 days) and stable (30 days after bombardment) GUS
expression of the bombarded calli (average of the three
different lengths), was observed to be 56.33 +2.36 and
4.96 +0.21 respectively. The selected 100 GUS positive

inoculation, ¢ embryogenic (EC, black arrow) and non-embryogenic
(NEC, white arrow) calli induced from the explant at second subcul-
ture (6 weeks)

calli were used for plantlet regeneration. Initially, dur-
ing shoot development, the selected calli formed globular
somatic embryo-like structures just after a week of cul-
ture on the regeneration medium (Fig. 6a). Leaflets started
emerging from the calli after 21 days (Fig. 6b) and grown
further into fully grown shoots (Fig. 6¢). A total of 40
plants could be regenerated from the 100 selected positive
calli, which were further screened for stable integration of
the GUS gene by PCR using GUS-specific primers. Among
the 40 regenerated plants, only 6 could be confirmed to
be PCR positive for the GUS gene (Fig. 7a). Leaves from
the PCR positive plants were also analyzed through his-
tochemical GUS assay, and all of them were found to be
GUS positive (Fig. 7b). Thus, in our study, six transgenic
shoots could be regenerated and validated using histo-
chemical GUS assay as well as by PCR analysis.
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90 1 a Comparative analysis of the transformation
80 = b methods
°\E 20 B272 7312 7 ;
§ 60 - ' 69.04 For both the methods (biolistic- and Agrobacterium-medi-
% £ o . ated), the frequency (%) of transformation was calculated by
2 Lo counting the total number of calli with GUS stain per total
s 107 43.49 number of calli selected for analysis by selecting randomly
® 30 1 from the transformed calli for each transformation event.
% 20 4 The GUS spot per callus was calculated by counting the
E 10 - number of GUS spots present in one positive callus to the
0 - : total number of GUS positive calli. Comparative analysis of
1st sub 2nd sub 3rd sub 4th sub two transformation methods of embryogenic calli of C. cili-

Subculture cycle(s)

Fig.3 Effect of the age of embryogenic calli on shoot regeneration
frequency (%). The X axis represents the subculture cycles with st
sub (3 weeks), 2nd sub (6 weeks), 3rd sub (9 weeks) and 4th sub
(12 weeks). The regeneration frequency (%) was calculated using the
number of calli showing shoot regeneration to the total number of
calli inoculated on the regeneration medium. Different lowercase let-
ter on the bar indicate the significant difference (p <0.05)

Agrobacterium-mediated transformation

Co-cultivation was continued for three days on maintenance
medium after transformation. Transformation efficiency
was estimated after three days of co-cultivation in terms of
the % transient GUS expressing calli by counting the num-
ber of GUS positive calli out of the total number of calli
selected for the assay (Fig. 8). Agrobacterium-mediated
transient GUS expression frequency (%) was observed to be
11.16 +1.41. The average number of GUS spots per callus
was 3.21 +0.17. When we transferred the co-cultivated calli
on the selection medium (MS containing 30 mg/l hygromy-
cin, 1 mg/12,4-D and 1 mg/l BAP; Table 2) the calli failed
to multiply indicating the need for optimizing the conditions
required for selection and regeneration of transgenic plants.
Therefore, only transient GUS expression (%) and GUS spots
per callus were evaluated in this case.

aris using pPCAMBIA 1301 binary vector revealed that tran-
sient GUS expression frequency (%) is significantly higher
in the case of biolistic gun-mediated transformation. The
transformation efficiency in terms of the mean percentage
of GUS expressing calli was observed to be 56.33 +2.36 in
gene gun as compared to merely 11.17 +1.41 in the case of
the Agrobacterium-mediated transformation method. How-
ever, the frequency of GUS spots per callus for both the
transformation method was comparable (Fig. 9).

80 M Transient GUS expression Stable GUS expression
= a a
S 70 1
o
% 60 69.33 b
4 b b
g %0 b s 1
) 50.33 50.00
o 40
2
O 30
-
5]
* 20 -
c
S 10
=

0 -

L1 L2 L3
Distance(s)

Fig.5 Comparative analysis of mean GUS expressing frequency
(% +SD) in calli bombarded by keeping at different distance [L1
(6 cm), L2 (9 cm), L3 (12 cm)] in terms of transient (blue) and stable
(grey) GUS expression. Different lowercase letter on the bar indicates
the significant difference (p <0.05)

Fig.4 GUS expression in the biolistic transformed calli. Transient expression GUS spots as observed under compound microscope a 10xand b
20x, ¢ stable GUS expression in the calli, d no GUS spot on the untransformed calli (negative control)
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Fig.6 Steps involved in the regeneration of transgenic C. ciliaris plants. a embryogenic calli on the regeneration medium, b shoot organogenesis
from the transformed calli ¢ regeneration of shoot from the transformed calli

Fig.7 Molecular and histo-
chemical analyses of the regen-
erated plants. a PCR amplifica-
tion of GUS gene in regenerated
plants (1-6), a positive (P CAM-
BIA1301 DNA) control, and
negative (non-transgenic) plant
using GUS-specific primers, b
GUS expression in leaf of the
regenerated negative (non-trans-
genic) and positive (transgenic)
control plants

kb 1

2 3 4 5 6 +ve -ve

Fig.8 Steps involved in the Agrobacterium-mediated genetic transformation of calli. a co-culturing the embryogenic calli with EHA105 strain in
liquid infection medium, b co-cultivation of the calli, ¢ transient GUS expression in the calli

Discussion

Many researchers have reported immature inflorescence
to be an excellent explant for embryogenic callus induc-
tion [2, 16, 22, 23, 32, 35] however; no mention was made
about the stage of its collection for better response in terms
of induction of embryogenic calli. The failure of callus

induction at early stages (I and II) of inflorescence devel-
opment (Fig. 1a, b) might be attributed to the negative
impact of phytohormones on younger tissues, change in
the environmental condition from in vivo to in vitro con-
ditions. Browning of explants or cultured tissues is one
of the major problems in tissue culture, which is mainly
caused by phenolic compounds and might also depend on
the sampling season [8, 9]. The age-dependent response of
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70
a u % transient GUS expression

60 56.33
GUS spots/callus
50
40
30
20

b 1117
10 c 4.96
K
0

Biolistic Agrobacterium

Mean % transient GUS expression/

GUS spots per callus

Transformation methods (s)

Fig.9 Comparative analysis of the transformation methods in terms
of the mean percentage of the calli showing transient GUS expression
(olive) and the number of GUS spots per callus (grey). Different low-
ercase letter on the bar indicates significant difference (p <0.05)

immature inflorescence was also reported in pearl millet
[15]. At a lower concentration of 2,4-D, the embryogenic
calli could be maintained for a longer period through sub-
culturing which was also reported in other grass species
[15, 35]. Another limitation in tissue culture is the loss
of regenerability in calli over repeated subculturing. For
tissue culture mediated genetic transformation, a larger
quantity of calli with high regenerable capacity is obliga-
tory which also requires a repeated cycle of subculturing.
Therefore, the regeneration ability of the embryogenic
calli was tested after every subculture till the fourth at
21 days interval and found to be declined in repeated sub-
cultures. Tissue culture studies on cereal crop plants dem-
onstrated the negative impact of prolonging the culture of
calli on 2,4-D containing medium on their regeneration
potential [5, 12, 36].

Biolistic transformation is a steady and efficient method
of genetic transformation regardless of the plant species,
genotype, or tissues compared to the Agrobacterium-medi-
ated genetic transformation which is a cost-effective method
for selected plant species. The Agrobacterium-mediated
method, being a biological process of transformation, has
many limitations but the gene gun method, being a physical
process, can be applied, at least theoretically, to any plant
tissue or species [7, 33]. Irrespective of its efficiency, many
physical and biological parameters such as the concentration
of DNA, velocity of bombardment, osmoticum, precipita-
tion procedure, and type of explant used for transforma-
tion are critical for enhancing transformation efficiency in
biolistic transformation [10, 31]. In addition to these fac-
tors, our study indicates the importance of the distance of
bombardment for better transformation frequency in buffel-
grass. Maximum transient GUS expression was observed at
9 cm distance which did not indicate completely integrated
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DNA into the cells. Accomplishment of maximum transient
expression from a medium distance due to the lesser dam-
age to the bombarded cells as well as GUS expression from
the introduced, non-integrated DNA fragments/gene cas-
settes was reported in the earlier studies [20]. Our results
are corroborated by Bhat et al. [4] who compared similar
distances with similar results so that bombardment at 10 cm
distance gave the highest transient expression, albeit with
a different explant, promoters and osmotic medium. But,
in the present study, the stable GUS expression was higher
when the calli were bombarded at a shorter distance (6 cm)
which could be ascribed to the greater force at 6 cm that
delivered DNA more deeply into the callus, resulting in
higher stable expression. A higher stable expression is one
of the prerequisites for a successful genetic transformation
of any plant. As the biolistic gene gun directly delivers the
foreign gene into the target cells/tissues, its transformation
efficiency in terms of transient GUS expression was higher
compared to that of the Agrobacterium-mediated method.
For efficient Agrobacterium-mediated transformation,
embryogenic calli were co-infected for 30 min [3] with the
application of vacuum, acetosyringone [32], and a surfactant
(Silwet-77 0.05%). Although Agrobacterium-mediated tran-
sient GUS expression in buffelgrass was first reported by
Batra and Kumar [3], till now, there is no evidence of any
stable transformation using Agrobacterium which appears
to be a problem with the transformation protocol or callus
development under selection rather than with regeneration.
The transient expression results observed in our study were
not as high as that achieved by Batra and Kumar [3] using
the same construct and genotype, but a different explant,
Agrobacterium strain and the protocol and stronger selec-
tion. Variation in the level of transient GUS expression
between these two studies could be ascribed to the age of
the callus used in our study, the high pH used during infec-
tion, and the prolonged period under the vacuum which may
also have affected the results. Shoot development could be
induced from the bombarded embryogenic calli but not from
the calli transformed by Agrobacterium-mediated method,
which indicated the requirement of further optimization of
transformation protocol using the later method. Validation
of six transgenic shoots using histochemical GUS assay
and PCR analysis confirmed the establishment of a proper
genetic transformation method for C. ciliaris. However, the
copy number of inserted fragments in six transgenic plants
could not be determined due to technical limitations. Still,
generally Cenchrus ciliaris is difficult to regenerate via
somatic embryogenesis which is further complicated by
genotype specificity. Hence, our new results represent the
“fine tuning” of the regeneration protocol while optimiz-
ing a transformation protocol, to be regarded as the major
incremental advancement. A large number of regenerated
plants were observed to be GUS negative probably because
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of fragmentation of GUS gene cassette from the hygromy-
cin gene cassette present in the selected calli or the calli
somehow escaped selection pressure and survived on the
hygromycin containing MS medium. Regeneration of escape
plants has been reported with a significantly higher (13%)
frequency earlier in rice [19].

Conclusion

This study presents a critical staging of the immature inflo-
rescences as explant for the induction of embryogenic calli
in buffelgrass. Comparative analysis of the biolistic- and
Agrobacterium-mediated transformation methods indicated a
significantly higher transformation efficiency of the biolistic
method compared to that of the Agrobacterium-mediated
method. However, the average number of GUS spots per
callus was observed to be the same by both the methods.
Transgenic shoots were regenerated from the bombarded
calli which is a significant advancement towards genetic
transformation of C. ciliaris, however, further optimization
of protocol for plantlet regeneration from the Agrobacte-
rium-mediated transformed calli is required.
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