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Abstract The increasing interest in renewable energy has
attracted more research attention on biofuels. In order to
generate sustainable amount of biomass feedstock from
dedicated biofuel crops such as switchgrass they need to be
genetically improved. Genetic transformation is one of the
techniques to achieve this goal. The aim of our study was to
devise a simplified protocol for switchgrass genetic trans-
formation. We have used NB, as the basal medium and
mature seeds of the cultivar Alamo as the starting material.
The nutrient medium used and scutellum-derived callus are
fashioned after rice genetic transformation protocols. We
obtained friable calluses, which were similar to the type II
calluses in other monocotyledonous species. Calluses were
amenable for Agrobacterium-mediated genetic transfor-
mation with at least 6 % transformation efficiency. The
concentration of hygromycin was optimized for successful
selection of transgenic calluses. The Green Fluorescent
Protein gene was used to monitor and demonstrate suc-
cessful genetic transformation. Compared to the previously
published methods for genetic transformation of switch-
grass, our protocol is simpler and equally efficient.

Key message An efficient, simplified switchgrass genetic
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Abbreviations
2,4-D  2.,4-Dichlorophenoxyacetic acid
BA N8-Benzyladenine

sGFP  Synthetic green fluorescent protein
HPT  Hygromycin phosphotransferase
KOH Potassium hydroxide

MS Murashige and Skoog

Introduction

Biofuels are becoming an essential alternative for fossil
fuels due to their renewable nature and reduced emission of
greenhouse gases. The first generation biofuels were pro-
duced mainly from corn starch, sugarcane and sugar beet.
Since these food crops are cultivated in arable land, it led to
socioeconomic conflicts of “food versus fuel” use of crops.
Currently, the second generation biofuels from cellulosic
biomass have become a vital source of alternative fuel,
which are produced from agricultural waste and non-food
cellulosic biofuel crops such as Miscanthus and switchgrass
(Panicum virgatum L.). Among them switchgrass has been
identified as a dedicated biofuel crop by US Department of
Energy (Vogel and Jung 2001), which is a North American
warm-season C4 perennial grass. Switchgrass grows in
marginal land and gives high perennial productivity with
low maintenance cost, which makes it a desirable biomass
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source for biofuel production (Young et al. 2010). It was
reported that farm-scale production of switchgrass biomass
would cost $50 per ton, which translates to $0.13 17! of
ethanol (Perrin et al. 2008). It is important to increase the
yield per unit land area in order to generate sustainable
amounts of biomass and keep the biofuel production cost
low. Breeding is the traditional way of improving crop
plants for agronomic traits such as high yield, biotic and
abiotic stress resistance. In the case of switchgrass, which is
a wind-pollinated polyploid grass species with high level of
self-incompatibility, it may be difficult to introduce desir-
able traits through the conventional breeding approach.
Genetic improvement of switchgrass through biotechno-
logical approaches may be the choice technique. Plant tis-
sue culture and genetic transformation methods are
important to genetically improve any plant species (Kumar
and Loh 2012). There are numerous reports of successful
genetic transformation of dicotyledonous and monocotyle-
donous species. More than 120 plant species from at least 35
different families were genetically modified, which
includes major crops, vegetables, fruits, medicinal, orna-
mental and pasture plants using different transformation
methods such as Agrobacterium-mediated genetic trans-
formation, direct gene transfer to protoplast and particle
bombardment (Birch 1997; Abalaka and Mohammed 2011).
A few genetic transformation methods have been described
for switchgrass (Burris et al. 2009; Li and Qu 2011;
Somleva et al. 2002; Xi et al. 2009). Each protocol has its
merits and demerits, with consistency of yielding transgenic
plants in a reproducible manner in different laboratories as
the main issue. Also, different protocols recommend the
same media component in different amounts, for example
Burris et al. (2009) recommended to use 100 mg 1!
L-proline in the medium, while Li and Qu (2011) recom-
mended to use 2 g 17" L-proline in the medium. Likewise
different concentrations of hygromycin (50-200 mg 17"
were recommended in different protocols (Burris et al.
2009; Li and Qu 2011; Somleva et al. 2002; Xi et al. 2009).
Furthermore, some protocols require multiple handling
steps such as vacuum infiltration and desiccation treat-
ments, which are not only time consuming but also may
introduce contaminants to the culture. Hence, there is a need
to simplify the transformation protocol for switchgrass that
may be used in laboratory-scale transformation efforts.
Here, we describe a simplified method for switchgrass
genetic transformation adapted from rice transformation
protocol. In our protocol we use NB( mineral formulation
(Li et al. 1993; Yin and Wang 2000) as the basal medium,
which includes N6 major salts (Chu et al. 1978), BS minor
salts and vitamins (Gamborg et al. 1968), 300 mg 1~ casein
enzymatic hydrolysate, 500 mg 1~' L-proline, 100 mg 17"
myo-inositol, 30 g 17! sucrose, 3 g 17! Phytagel™, pH 5.8
for all stages of culture including callus initiation and
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maintenance, co-cultivation, selection of transgenic calluses
and regeneration of shoots. Besides the use of a single basal
medium and readily available mature seeds as inoculum,
this simplified protocol does not involve any vacuum or
desiccation treatments. The appropriate hormones, antibi-
otics and selection agents to be used are described.

Materials and methods
Plant materials

Mature dry seeds of switchgrass, Panicum virgatum L. cv.
Alamo (accession 422006) obtained from US Department
of Agriculture, National Plant Material Center Beltsville,
MD, USA, were used in our experiments.

Experimental procedure
Induction and maintenance of callus from mature dry seeds

The mature dry seeds were scarified and surface sterilized as
described by Somleva et al. (2002). The seeds were scarified
with 60 % sulfuric acid (H,SO,) for 30 min in a glass flask
on a shaker and the H,SO, carefully discarded. The scarified
seeds were rinsed with water and surface sterilized with
50 % (vIv) Clorox® containing 0.1 % Tirton X-100 for
30 min. The seeds were washed about ten times with sterile
distilled water for complete removal of the chemicals. The
aseptic seeds were blotted on sterile tissue paper and placed
on NB basal medium (Li et al. 1993; Yin and Wang 2000)
which consists of N6 major salts (Chu et al. 1978), B5S minor
salts and vitamins (Gamborg et al. 1968), 300 mg 1~' casein
enzymatic hydrolysate (Sigma Cat. No. C7290), 500 mg 17"
L-proline (Sigma Cat. No. P0380), 100 mg 1~ myo-inositol
(Sigma Cat. No. 13011), 30 g 17" sucrose, 3 g 17! Phyta-
gel™. The pH was adjusted to 5.8 with 0.1 M KOH prior to
autoclaving. This NB( basal medium was used for callus
induction, selection and regeneration with appropriate plant
growth hormones. The hormones were filter sterilized
and added after autoclaving. Different concentrations of
2,4-dichlorophenoxyacetic acid (2,4-D) at 2, 3, 4, 5 and
6 mg1~! plus 0.2 mg1~' NC-benzyladenine (BA) were
tested. Ten to 12 seeds were placed per plate and at least 10
plates were used per experiment, which was repeated twice.
The culture plates were sealed with 3 M Micropore™ tape
(3 M Health Care, Ref. No. 1530-0) and incubated in the
dark at 26 °C. Calluses arising from the zygotic embryo
region were subcultured after 8 weeks on NBy medium with
3 mg 17'2,4-D plus 0.2 mg 1~ BA. These were maintained
by subculturing onto fresh plates containing callus induction
medium (25 callus pieces per plate, each callus piece was
3-5 mm across) at 2- to 3-week intervals.
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Regeneration of switchgrass plantlets from calluses

The subcultured calluses were transferred to regeneration
medium consisting of NB, basal medium with 2 mg 17"
BA, 1 mg 17! indole-3-acetic acid (IAA), 1 mg 1~! kinetin
and 1 mg 17" a-naphthaleneacetic acid (NAA) and incu-
bated at 26 °C under 16-h light (about 2,000 1x) and 8-h
dark period for 3—4 weeks. Subsequently, the regenerated
shoots were transferred to %2 Murashige and Skoog (MS)
medium for rooting (Murashige and Skoog 1962). Once
roots developed in 1-2 weeks, the plantlets were accli-
matized (by gradual opening of the lids) and transferred to
the greenhouse with natural light. Three petri dishes, each
with five callus pieces as the inoculum, were used per
experiment and the experiment was repeated once.

Hygromycin sensitivity of switchgrass callus

We determined the hygromycin sensitivity of switchgrass
cv. Alamo callus by growing callus pieces on medium
containing hygromycin (the selection agent) at various
concentrations 0, 25, 50, 75, 100 and 200 mg 1~L. The fresh
weights of the callus pieces at the start of culture and at the
end of 2 weeks were recorded. Subsequently, the increase in
fresh weight was calculated to serve as an indication of the
concentration of hygromycin that can effectively block cell
proliferation. Three petri dishes, each with 16 callus pieces
as the inoculum, were used per experiment and the experi-
ment was repeated twice. Mean & SD values from three
independent experiments are presented. The data were
subjected to Student’s ¢ test to determine the mean values
that were significantly different from each otherat P > 0.05.

Agrobacterium-mediated genetic transformation

Agrobacterium-mediated transformation protocol was
modified from that described for rice by Hiei et al. (1994).
Actively growing calluses were used as explants for trans-
formation with Agrobacterium tumefaciens (strain AGL1)
harboring the synthetic Green Fluorescent Protein gene
(sGFP as the reporter gene) driven by maize UBIQUITIN
promoter in binary vector pPCAMBIA1300 (Chiu et al. 1996;
Kolesnik et al. 2004). Agrobacterium harboring sGFP
construct was grown in 3 ml of LB medium with appro-
priate antibiotics for 48 h at 28 °C with rotary shaking
(250 rpm) then transferred to 50 ml of LB medium and
grown under the same conditions as the 3 ml culture for
5-6 h. This Agrobacterium culture was centrifuged at
4,000 rpm for 15 min at 28 °C. The pellet was washed and
resuspended in 25 ml of liquid NBy medium and induced
with 100 uM acetosyringone (3’,5'-dimethoxy-4’-hydroxy-
acetophenone, Sigma Cat. No. D134406) for 15 min. The
calluses were immersed in the induced Agrobacterium

suspension for 15 min and excess bacteria were removed
by blotting with sterile tissue paper then transferred onto
the co-cultivation medium (NB, with 3 mg 17! 2.4-D,
0.2 mg 1~' BA and 100 uM acetosyringone) in the dark at
26 °C for 3 days. Co-cultivation was carried out with two
independent experiments with 150 and 300 callus pieces in
the first and second round, respectively. After co-cultiva-
tion, the calluses were washed with sterile water to remove
the surface-dwelling Agrobacterium (during this process
there were losses of a few callus pieces) and blotted dry on
sterile tissue paper. Subsequently, callus pieces were
transferred (25 pieces per petri dish) onto selection medium
[NB, with 3mg1~" 2,4-D, 0.2 mg1~' BA, 400 mg 1"
cefotaxime and 75 mg 17! hygromycin B (A. G. Scientific,
San Diego, CA, USA, CAS 31282-04-9)]. The plates were
incubated in the dark at 26 °C. Calluses were transferred
onto fresh selection plates every 2 weeks or earlier if
Agrobacterium growth was seen. Once hygromycin resis-
tant calluses (putative transgenic) were obtained, they were
transferred to fresh selection plates. Calluses from 10
independent transformation events were inoculated per petri
dish for another round of selection. After the final round of
selection, they were transferred (5 calluses per plate) to
regeneration medium (NB, basal medium with 2 mg 17"
BA, 1 mg 171 1AA, 1 mg 17! kinetin, 1 mg 1! NAA and
75 mg 17" hygromycin) and placed at 26 °C under 16-h
light (about 2,000 1x) and 8-h dark period for 3—4 weeks.
Developed shoots were then rooted in %2 MS medium with
50 mg 17" hygromycin. The rooted plantlets were accli-
matized and transferred to pots filled with Ready Mixed
Potting Medium (GREEN & SCENE, Jakarta, Indonesia)
and grown in the greenhouse.

Visualization of GFP expression

The GFP fluorescence was visualized using OLYMPUS
SZX12 microscope and photographed using either Nikon
Coolpix 4500 camera attached to the microscope or a
Nikon Digital camera connected to a computer with Nikon
ACT-1 software.

We observed masking of the green fluorescence in the
green plantlets by the chlorophyll in the early trials. In order
to avoid the interference, we subjected the plantlets to etio-
lation by incubating them in the dark. Putative transgenic
plantlets were transferred to > MS medium for rooting and
kept in a cardboard box and covered with black polyethylene
bag for 2 weeks. Subsequently, the green fluorescence was
readily viewable under the fluorescence microscope.

Genomic Southern blot analysis of the transgenic plants

Southern blot analysis was performed to confirm stable
integration of the transgene and to check the copy number
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of T-DNA insertion in the transgenic plants. Genomic
DNA (5 pg per lane) was digested with HindIII restriction
enzyme, fractionated on 1 % (w/v) agarose gel and trans-
ferred onto a Hybond-N* membrane (Amersham). The
DNA blot was hybridized with digoxigenin-labeled (DIG)
HPT fragment (745 bp) as the probe, which was synthe-
sized using PCR DIG Probe Synthesis Kit (Roche Cat. No.
11636090910) with primers HPT-F: CAACCAAGCTCTG
ATAGAGT, HPT-R: GAAGAATCTCGTGCTTTCA in
DIG Easy Hyb solution (Roche Cat. No. 116035580 01) at
42 °C. After hybridization, the membrane was washed
twice with 2x SSC and 0.1 % SDS for 15 min, then twice
with 0.5x SSC and 0.1 % SDS for 15 min at 68 °C.
Detection was carried out according to the manufacturer’s
protocol using DIG Wash and Block Buffer Set and
chemiluminescent substrate CDP-Star™ (Roche Cat. No.
11685627001).

Gene expression analysis by real-time quantitative
polymerase chain reaction (RT-gPCR)

Total RNA was extracted using Qiagen RNeasy Mini Kit
(Cat. No. 74904) from leaves according to the manufac-
turer’s instructions. First strand cDNA synthesis was car-
ried out from 2 pg of total RNA using Maxima® First
Strand cDNA Synthesis Kit (Fermentas, Cat. No. K1641)
as per the manufacturer’s protocol.

RT-qPCR analyses were performed to check the expres-
sion of sGFP using Applied Biosystems (ABI) StepOne™
Real-Time PCR System with denaturation at 95 °C for
10 min, followed by 40 cycles of denaturation at 95 °C for
15 s and annealing/extension at 60 °C for 1 min. Triplicate
quantitative assays were performed on 1 pl (~20 ng) of
each cDNA dilution using the Fast SYBR® Green Master
Mix (ABI, P/N 4385612) with primers sGFP-F: GCCACAA
GTTCAGCGTGTCC, sGFP-R: CCAGCAGGACCATGTG
ATCG according to the manufacturer’s protocol. The
threshold cycle (Cr) value was automatically calculated
based on the changes in fluorescence of SYBR® Green in
every cycle monitored by the StepOne™ Real-Time PCR
Software v2.0. The amplification of switchgrass 18S ribo-
somal RNA gene (PvI8S rRNA) with primers PvI8SrRNA-F:
CATGATAACTCGATGGATCGCA and PvI8sRNA-R: TC
CTTGGATGTAGTAGCCGTTT was used as an endoge-
nous control. The expression values were calculated as relative
quantity (RQ) using the StepOne™ Real-Time PCR System.

Results and discussion

Optimization of callus induction and regeneration

We routinely use NB, basal medium with 2 mg 17" of
2,4-D to initiate rice callus in our laboratory. Also, previous

Fig. 1 Different stages of switchgrass callus induction and regener-
ation of wild-type plantlets. a Induction of friable calluses from
mature seeds at the end of 8 weeks of culture. b Early stages of shoot
initiation after 1-week incubation of the callus on regeneration
medium. Shoot buds were visible initially as purple spots and later as
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green buds. c¢ Plantlets produced at the end of 4 weeks on the
regeneration medium. d Rooted plantlets 4 weeks after transfer of the
shoots to 2 MS medium. e Rooted plantlets were acclimatized and
transferred to the greenhouse. Two-month-old plants in pots of 23 cm
internal diameter
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Fig. 2 Growth inhibition
analysis of wild-type callus on
medium containing different
concentrations of hygromycin.
a0,b25 c50andd 75 mg 17"
of hygromycin. Wild-type
calluses were able to proliferate
when the hygromycin
concentration was lower than
75 mg 17", e Increase in fresh
weight of wild-type callus cells
after 2 weeks of culture on
medium containing various
concentrations of hygromycin.
Data are mean + SD of one
experiment (n = 48), and Mean
values are significantly different
(*P < 0.05) according to
Student’s 7 test

reports of switchgrass transformation mostly used MS
basal medium with 5 mg 17! of 2,4-D with or without BA.
Based on these information, scarified and surface sterilized
switchgrass seeds were cultured on NB, basal medium
containing 2, 3, 4, 5 or 6 mg 1~ of 2,4-D with 0.2 mg 17!
of BA for callus induction screen. Friable calluses were
seen in all concentrations above 3 mg 17! of 2,4-D with
0.2 mg 1”! of BA (Fig. 1a). These were morphologically
similar to type II calluses described earlier (Burris et al.
2009). Based on this observation, NB, basal medium
containing 3 mg 1™ of 2,4-D with 0.2 mg 1" of BA was
selected for further use. Only 57-66 % of the inoculated
seeds responded by germination, which reflects the per-
centage viability of the batch of seeds used. Up to 90 % of
the germinated seeds produced calluses, out of which about
60 % were type Il friable calluses. Calluses were competent
to regenerate shoots on regeneration medium (Fig. 1b, c).
All calluses tested for regeneration produced shoots, but up
to 10 % of them were albino shoots. Green shoots were
successfully rooted on /2 MS medium and plantlets were
acclimatized and planted in pots as mentioned in the
methods and grown in the greenhouse. All the acclimatized
plantlets survived (Fig. 1d, e).
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Optimization of hygromycin concentration for selection
of transgenic calluses

The desirable hygromycin concentration for efficient
selection of transgenic plants was optimized by growing
callus pieces on medium supplemented with hygromycin
ranging from 0 to 200 mg 17" (Fig. 2). Cell proliferation
was observed in the media with low hygromycin concen-
trations such as 25 and 50 mg 1" compared to the control
with no hygromycin (Fig. 2a—c) and inhibition of callus
growth was observed from 75 mg 17! onwards (Fig. 2d).
Hence, 75-100 mg 1~" will be ideal concentration for
selection of switchgrass (Alamo) transgenic calluses.
Based on this, we used 75 mg 17! of hygromycin for our
selections.

Agrobacterium-mediated genetic transformation

We carried out two independent rounds of transformation
experiments. In the first round of transformation 10 inde-
pendent (putative) transgenic events were obtained
from 100 callus pieces infected with Agrobacterium har-
boring the sGFP gene. Six of the ten independent events
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regenerated transgenic plants. The calculated transforma-
tion efficiency for callus formation is 10 %, but if we
consider regenerated plants the efficiency is 6 %, which is
better than that of the earlier reports of 3.4 % (Somleva
et al. 2002) and 4.4 % (Burris et al. 2009) transformation
efficiencies. In the second round of transformation exper-
iment, 30 independent (putative) transgenic calluses were
obtained from 250 calluses infected. From these, 18 events
yielded transgenic plants, and among them 3 lines exhib-
ited albino phenotype. Such regeneration of albino shoots
was also reported earlier in switchgrass cv. Alamo (Li and
Qu 2011).

Selection of transgenic calluses using GFP fluorescence
and regeneration of shoots

The stable transgene expression was monitored using the
reporter gene sGFP. After 1 week of selection, the co-cul-
tivated calluses were observed under fluorescence micro-
scope. A 2-week-old transgenic callus on selection medium

2mm

Fig. 3 Transgenic calluses and plantlets expressing green fluorescent
protein (GFP). Two-week-old transgenic calluses on selection
medium a under white light and b under blue light. ¢ Four-week-
old transgenic callus under blue light. Plantlets expressing GFP
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showing GFP fluorescence is shown in Fig. 3 under white
(Fig. 3a) and blue lights (Fig. 3b). These GFP fluorescing
calluses were subcultured onto fresh selection medium for
further growth. After 2 weeks, actively growing calluses
with GFP fluorescence throughout the callus mass were
obtained (Fig. 3c). These calluses were then transferred to
regeneration medium for shoot induction. The regenerated
shoots were examined under white (Fig. 3d, f, h) and blue
lights (Fig. 3e, g, i) for GFP fluorescence. The green fluo-
rescence observed in the developing shoots was not as
bright as that seen in the calluses (Fig. 3c). Masking of GFP
fluorescence was observed in the developed shoots due to
the accumulation of chlorophyll as shown in Fig. 3, under
white (Fig. 3j) and blue lights (Fig. 3k). To avoid the
masking of GFP by chlorophyll, we etiolated the plantlets
during rooting. After 2 weeks of etiolation, higher levels
of GFP fluorescence were observed in the plantlets
(Fig. 4a—d). Plantlets were then grown under 16 h/8 h light/
dark cycle for 2 more weeks before acclimatization and
potting. Green fluorescence was also observed in the roots

protein observed d, f, h under white light and e, g, i under blue light.
Masking of the GFP fluorescence at the base of a plantlet due to the
presence of chlorophyll j under white light and k blue light
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Fig. 4 Etiolated transgenic shoots with GFP fluorescence a, ¢ under white light, b, d under blue light. Rooted plantlet e showing GFP

fluorescence in the roots, f under white light and g under blue light

of plantlets (Fig. 4e—g), indicating that the transgene was
stably integrated.

We used genomic Southern blot analysis to confirm the
stable integration of the transgene into 11 independent
lines. Hybridization data showed that different lines had
one to four copies of transgene integrated (Fig. 5a). Fur-
thermore, the expression of sGFP was analyzed at the
transcript level by RT-qPCR. The sGFP transcripts were
detected and quantified over the endogenous control PvI8S
rRNA transcripts (Fig. 5b). Our transgene integration and
expression analyses confirmed stable integration of sGFP
demonstrating the effectiveness of the transformation pro-
tocol described.

Switchgrass is a desirable bioethanol species mainly
because of the relatively high growth rate and also due to
the fact that the net energy derived from its biomass is
about 13 times higher than input energy resulting in 94 %
lower net emission of greenhouse gases (Schmer et al.
2008). Consideration of switchgrass as a dedicated biomass
crop for bioethanol production by US Department of
Energy (Vogel and Jung 2001) and due to its high perennial
productivity with low maintenance cost (Young et al. 2010)
have drawn more attention towards improving the crop.
These include introduction of desirable traits such as biotic
and abiotic stress tolerance, modification of cell wall
content with less lignin, which leads to easy release of
cellulose for ethanol production and biomass increase (Fu
et al. 2011, 2012; Mann et al. 2011; Shen et al. 2012). This
species had not received adequate attention from plant
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Fig. 5 Integration and expression of transgene in switchgrass plants.
a Genomic Southern blot showing stable integration of the transgene
in 11 independent lines. b Expression of sGFP in transgenic lines P1
to P6 estimated by RT-qPCR

@ Springer



1930

Plant Cell Rep (2012) 31:1923-1931

Callus induction (~8 to 9 weeks)
Callus subculturing (~2 weeks)
Co-cultivation with Agrobacterium (3 days)
Selection of transgenic calluses (~4 to 6 weeks)

Regeneration (~4 to 5 weeks)

|

Rooting (~2 to 3 weeks)

Acclimatization and potting (~3 to 4 days)

Fig. 6 Overview of the simplified protocol for genetic transformation
of switchgrass

breeders in the past. The traditional plant breeding
approaches are lengthy processes that are well established
for the improvement of food crops such as rice and wheat
(Peng et al. 1999). Thus far, there have been only limited
efforts to improve switchgrass through breeding, such as
for its forage nutritional quality (McLaughlin et al. 1999;
Vogel et al. 1989). Also, there are other issues like self-
incompatibility in switchgrass (Martinez-Reyna and Vogel
2002) which makes cross hybridization difficult to achieve.
Hence, biotechnological approaches such as those descri-
bed here will significantly speed up the process of
improvement of biofuel crops such as switchgrass.

A few genetic transformation protocols have been
reported for switchgrass with differing results (Burris et al.
2009; Li and Qu 2011; Somleva et al. 2002; Xi et al. 2009).
Also, the protocols require additional handling steps,
making them more involved procedures. Therefore, we
have established a simplified genetic transformation pro-
tocol based on rice transformation experience, which uti-
lizes NB, (Li et al. 1993; Yin and Wang 2000) as the basal
medium. The overview of the genetic transformation pro-
tocol is shown as a flow chart (Fig. 6). The efficiency for
transgenic callus production was 10-12 % when calculated
as putative transgenic calluses obtained versus the number
of co-cultivated calluses in the first and second rounds,
respectively. The transformation efficiency is 7.2 % when
calculated for recovery of all transgenic plants including
the albino plantlets. However, when the albino plantlets are
excluded the efficiency is 6 %, which is significantly
higher than the earlier reported transformation efficiencies.
Meanwhile, one of the recent reports of a high throughput
Agrobacterium-mediated transformation of switchgrass
cv. Alamo (Li and Qu 2011) claimed up to 50 %
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transformation efficiency. However, their method used
several additional steps such as vacuum application and
desiccation during the Agrobacterium co-cultivation. The
simplified protocol presented here is ideal to generate
transgenic plants in routine laboratory-scale experiments.
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