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Abstract Miscanthus species are tall perennial rhizomatous

grasses with C4 photosynthesis originating from East Asia,

and they are considered as important bioenergy crops for

biomass production. In this study, Agrobacterium-mediated

transformation system for M. sinensis was developed using

embryogenic calli derived from mature seeds. In order to

establish a stable system, optimum conditions to obtain highly

regenerable and transformation-competent embryogenic calli

were investigated, and embryogenic calli were efficiently

induced with callus induction medium containing 3 mg L-1

2,4-dichlorophenoxyacetic acid and 25 mM L-proline, at pH

5.7 with an induction temperature of 28 �C. In addition, the

embryogenic callus induction and regeneration potentials

were compared between seven M. sinensis germplasms col-

lected from several sites in Korea, which revealed that the

germplasm SNU-M-045 had superior embryogenic callus

induction and regeneration potentials. With this germplasm,

the genetic transformation of M. sinensis was performed using

Agrobacterium tumefaciens EHA105 carrying pCAM-

BIA1300 with a green fluorescence protein gene as a reporter.

After putative transgenic plants were obtained, the genomic

integration of transgenes was confirmed by genomic PCR,

transgene expression was validated by Northern blot analysis,

and the number of transgene integration was confirmed by

DNA gel blot analysis. Furthermore, the Agrobacterium-

mediated transformation of M. sinensis was also performed

with pCAMBIA3301 which contains an herbicide resistance

gene (BAR), and we obtained transgenic M. sinensis plants

whose herbicide resistance was confirmed by spraying with

BASTA�. Therefore, we have established a stable Agrobac-

terium-mediated transformation system for M. sinensis, and

also successfully produced herbicide-resistant Miscanthus

plants by introducing BAR gene via the established method.
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Abbreviations

BA 6-Benzyl-adenine

BAR A phosphinotricin acetyltransferase gene

bialaphos Phosphinotricyl-alanyl-alanine

CIM Callus induction medium

2,4-D 2,4-Dichlorophenoxyacetic acid

egfp Enhanced green fluorescence protein gene

HYG Hygromycin phosphotransferase II gene

PPT Phosphinotricin

Introduction

The production of biofuel from plant carbohydrates

depends on the solar energy stored in plant biomass in the
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form of soluble sugars, starch and structural polysaccha-

rides through photosynthesis (Gomez et al. 2008; Zhu et al.

2008). So far, bioethanol has mainly been produced from

soluble sugars and starch, since they are more easily pro-

cessed into biofuel than structural lignocellulose polysac-

charides (Naik et al. 2010). However, this type of

production appears unsustainable because of the potential

competition with food and feed production. Therefore,

there is extensive interest in lignocellulosic ethanol,

because lignocellulosic biomass is an abundant, domestic,

renewable source that can be converted to liquid trans-

portation fuels (Yuan et al. 2008; Carroll and Somerville

2009; Balat 2011; Engler and Jakob 2013). Lignocellulosic

feedstock for biofuel production is mostly C4 grasses that

are characterized by high productivity and resource use

efficiency, which includes Miscanthus species (van der

Weijde et al. 2013).

Miscanthus species are tall perennial rhizomatous

grasses with C4 photosynthesis, which typically reach

heights of *4 m and tend to give high biomass yields

annually (Heaton et al. 2008, 2010). Although Miscanthus

is a genus comprising more than 20 species originating

East-Asia, the triploid hybrid Miscanthus 9 giganteus

(2n = 3x = 57) between the diploid M. sinensis

(2n = 2x = 38) and the tetraploid M. sacchariflorus

(2n = 4x = 76) is currently the species in the genus that is

commercially grown (Lewandowski et al. 2000, 2003; Zub

and Brancourt-Hulmel 2010). However, since this hybrid is

sterile and lacks genetic variation, methods that can

broaden the genetic base of the germplasm are necessary to

advance Miscanthus species for further biotechnological

applications. To broaden the genetic variation, attempts can

be made to resynthesize this interspecific hybrid by making

new crosses between its parental species (i.e., M. sinensis

and M. sacchariflorus) and by searching for more natural

hybrids. However, breeding goals of these approaches are

difficult to meet if the end products of the breeding process

are sterile. One way to address this problem is to focus on

breeding efforts for the development of seed-propagated

varieties in genetically stable and fertile species, such as M.

sinensis (Christian et al. 2005). This is economically

attractive, as it will likely lower the cost of planting with a

better establishment and speed up the development of

Miscanthus as a dedicated biomass crop.

The genetic improvement by conventional breeding has

been used to improve traits of many species, but its success

has been limited by barriers to sexual reproduction and the

relatively long time periods required for breeding pro-

grams. More recently, genetic engineering methods with

the help of transformation technologies have been used to

improve many species more efficiently, whereby useful

traits have been introduced from a broader range of sources

within an economically viable time frame (Jakob et al.

2009; Takahashi and Takamizo 2012). Transformation is

an important tool for improving the performance of crop

species and effective transformation techniques should

allow for the incorporation of foreign genes that improve

crop traits efficiently. In the case of Miscanthus species,

there have been several reports related to tissue culture

conditions for callus induction and plant regeneration

(Głowacka and Je _zowski 2009; Park et al. 2009; Głowacka

et al. 2010; Kim et al. 2010; Pła _zek and Dubert 2010;

Zhang et al. 2012), but there has been only one recent

report on success of genetic transformation of M. sinensis

using particle bombardment (Wang et al. 2011). However,

particle bombardment-mediated transformation method has

demonstrated certain disadvantages, including a low fre-

quency of success and the insertion of multiple gene cop-

ies, which is thought to correlate with gene silencing, while

the Agrobacterium-mediated transformation method can

overcome some of these disadvantages, such as transgene

copy number and cost (Dai et al. 2001). Therefore, it is

highly necessary to develop an Agrobacterium-mediated

transformation method for Miscanthus species.

The objective of this study was to develop an Agro-

bacterium-mediated genetic transformation system for M.

sinensis, and to produce herbicide-resistant Miscanthus

plants using the method. Here, a method for the stable

Agrobacterium-mediated transformation of M. sinensis

was established using a hygromycin resistance gene

(HYG) as a selectable marker and an enhanced green

fluorescence protein gene (egfp) as a reporter, which

delivers transgenes that are stably integrated and expres-

sed. Then, we applied the transformation system with a

vector containing an herbicide resistance gene (BAR) as a

selectable marker, and successfully obtained transgenic

plants with herbicide resistance. This approach will be

useful for the development of genetically engineered

Miscanthus species with enhanced agricultural

performance.

Materials and methods

Plant materials

Commercial seeds of M. sinensis were purchased from

Geumo Landscape Development Co. Ltd. and used for the

optimization of conditions for tissue culture and plant

regeneration. Seeds of seven M. sinensis germplasms

maintained at Seoul National University (SNU) were used

for the development of the genetic transformation system.

These germplasms were collected from several places in

Korea (Table 1 and Supplementary Table 1). Prior to use,

the seeds were stored at 4 �C.
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Induction of embryogenic calli and plant regeneration

Mature seeds were used for the induction of embryogenic

calli. For sterilization of the seeds, de-husked seeds were

first soaked in 0.1 % Benlate (Syngenta Korea, Seoul) for

5 h, and the Benlate-treated seeds were sterilized in 70 %

(v/v) ethanol for 5 min, followed by 2 % (w/v) sodium

hypochlorite for 20 min with shaking. The seeds were then

rinsed more than five times in sterile distilled water and

placed on callus induction medium (CIM) containing MS

salts and vitamins, 30 g L-1 sucrose, 750 mg L-1

MgCl2�6H2O, 2 g L-1 Gelrite, and other factors to be

examined. To optimize the conditions for embryogenic

callus induction, CIM with various combinations of phy-

tohormones [1, 2 or 3 mg L-1 2,4-dichlorophenoxyacetic

acid (2,4-D) and 0, 0.01, 0.05 or 0.1 mg L-1 6-benzyl-

adenine (BA)] and pH (5.5, 5.7, or 5.9) were tested for

callus induction at different temperatures (25, 28, or

30 �C), and the embryogenic calli were visually investi-

gated. The pH of the medium was adjusted prior to auto-

claving at 121 �C for 15 min. Approximately 200 seeds

were placed on eight petri dishes in each condition and

tested for the callus induction with three replicates. Cul-

tures were maintained in the dark, and subcultured at

2-week intervals for 8 weeks. The percentage of callus

induction was examined after 4 weeks in culture using the

number of induced calli from seeds, and the percentage of

embryogenic calli was calculated after 8 weeks in culture

using the number of embryogenic calli from all induced

calli.

In addition, the effect of L-proline on the production of

embryogenic calli and callus growth was investigated using

various concentrations of L-proline in CIM containing

3 mg L-1 2,4-D. For this test, the pH of the medium was

adjusted to 5.7, and cultures were maintained at 28 �C in

the dark with subculture at 2-week intervals. For the

investigation of the production of embryogenic calli, the

percentages of callus induction and embryogenic calli were

examined after 4 and 6 weeks in culture, respectively. For

the investigation of callus growth, twenty pieces (3–4 mm

diameter) of 8-week-old embryogenic callus per plate

(three plates per treatment) were weighed before and

2 weeks after culture in the dark at 28 �C. The growth

index was calculated as the final fresh weight minus the

initial fresh weight, and divided by the initial fresh weight.

To test the plant regeneration potentials of the induced

calli, 8-week-old calli (3–4 mm diameter) were transferred

onto plant regeneration medium [MS salts and vitamins,

2 mg L-1 kinetin, 30 g L-1 sucrose, 750 mg L-1

MgCl2�6H2O, and 2 g L-1 Gelrite (pH 5.7)]. 2 mg L-1 ki-

netin was included in the regeneration medium, based on a

previous report for the regeneration of M. sinensis (Park et al.

2009). The percentage of regeneration was calculated using

the number of embryogenic calli with shoot formation on

regeneration medium after 4 weeks. In addition, plantlets

with developed roots were counted after 8 weeks in culture

to examine the number of plantlets per callus.

Agrobacterium strain and plasmids used for genetic

transformation

A gene cassette consisting of an enhanced green fluorescence

protein gene (egfp) under the control of maize ubiquitin

promoter (Pubi) and Agrobacterium tumefaciens nos gene

terminator was subcloned into the binary vector pCAM-

BIA1300 using HindIII and SmaI. For the gene cassette,

ubiquitin promoter was subcloned from pCAMBIA3301

harboring Pubi::Lc in our previous report (Han et al. 2009)

into pCAMBIA1300 using HindIII and BamHI. Then, the

egfp gene and nos gene terminator was subcloned from

pCSVMV-eGFP-N-999 (Kim et al. 2008) into downstream

of the ubiquitin promoter using BamHI and SmaI. The vector

carries a hygromycin phosphotransferase II gene (HPTII or

HYG) under the control of the cauliflower mosaic virus 35S

promoter (P35S) for hygromycin resistance as a selectable

marker, and the egfp gene in the vector was used as a reporter

(Supplementary Fig. 1a). The binary vector DNA was then

used to introduce into A. tumefaciens strain EHA105 by the

freeze–thaw method (Chen et al. 1994). Therefore, A. tum-

efaciens EHA105 containing the binary vector pCAM-

BIA1300 with egfp gene was used for the development of

genetic transformation system for M. sinensis.

For the production of herbicide-resistant M. sinensis,

pCAMBIA3301 carrying the BAR gene for herbicide

resistance was used (Supplementary Fig. 1b). The BAR

gene encodes a phosphinotricin acetyltransferase that

confers resistance to the herbicides phosphinotricin (PPT)

and bialaphos (phosphinotricyl-alanyl-alanine or glufosi-

nate) by inhibiting glutamine synthase, and thus interfering

with amino acid biosynthesis. This BAR gene was also used

as a selectable marker during the transformation.

Table 1 Origin of seven germplasms of M. sinensis used in the

present study

Germplasm

code

Latitude Longitude Altitude

(m)

Collecting site

SNU-M-022 N38�040 E127�200 655 Mt. Myung-Seong,

Korea

SNU-M-025 N38�040 E127�200 579 Mt. Myung-Seong,

Korea

SNU-M-032 N33�170 E126�320 404 Jeju, Korea

SNU-M-034 N33�190 E126�360 359 Jeju, Korea

SNU-M-037 N33�260 E126�330 430 Jeju, Korea

SNU-M-045 N37�310 E126�320 5 Incheon, Korea

SNU-M-107 N35�310 E128�530 86 Milyang, Korea
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Agrobacterium-mediated transformation

To develop the Agrobacterium-mediated genetic transfor-

mation system of M. sinensis, embryogenic calli of the

germplasm SNU-M-045 were induced and cultured at

28 �C on optimized CIM [MS salts and vitamins,

3 mg L-1 2,4-D, 30 g L-1 sucrose, 750 mg L-1 MgCl2�
6H2O, 25 mM L-proline, and 2 g L-1 Gelrite (pH 5.7)] for

8–10 weeks. A. tumefaciens EHA105 harboring pCAM-

BIA1300 with egfp gene were grown at 28 �C in liquid

Luria–Bertani (LB) medium (Difco, USA). At OD600 =

0.8, cells were harvested by centrifugation at 3,000 rpm for

15 min, and then re-suspended in an equal volume of

inoculation media for 4 h. The inoculation media with

different pH (5.2, 5.5 or 5.7) and acetosyringone concen-

trations (200 or 400 lM) were used to find the optimum

conditions for the inoculation. The embryogenic calli were

then immersed in Agrobacterium suspensions and incu-

bated for 15 min with gentle shaking, followed by the

removal of excess bacteria and air-drying on filter paper.

The inoculated calli were then transferred onto co-culti-

vation medium [MS salts and vitamins, 3 mg L-1 2,4-D,

20 g L-1 sucrose, 10 g L-1 glucose, 400 lM acetosyrin-

gone, and 3 g L-1 Gelrite (pH 5.7)] and incubated in the

dark at 25 �C for 3 or 5 days. After co-cultivation, the calli

were then transferred onto selection medium (CIM with

250 mg L-1 cefotaxime and 50 mg L-1 hygromycin), and

cultured for 6 weeks in the dark. For shoot induction,

surviving calli on the selection medium were transferred

onto regeneration medium [MS salts and vitamins,

2 mg L-1 kinetin, 30 g L-1 sucrose, 750 mg L-1 MgCl2�
6H2O, 25 mM L-proline, 250 mg L-1 cefotaxime,

30 mg L-1 hygromycin, and 2 g L-1 Gelrite (pH 5.7)] for

8–16 weeks under cool-white fluorescent lamps at 25 �C in

a culture room. Regenerated shoots from calli were finally

transferred on root induction medium [1/2MS salts and

vitamins, 20 g L-1 sucrose, 750 mg L-1 MgCl2�6H2O,

125 mg L-1 cefotaxime, and 2 g L-1 Gelrite (pH 5.7)],

and plantlets with well-developed roots were then placed in

soil and grown under greenhouse conditions.

During the transformation process, GFP expression was

examined to determine if the embryogenic calli were

transformed. The plates with transgenic calli were placed

under a UV lamp in a dark room, and the GFP signals were

detected by an Illumatool LT-9000 Bright Light system

(Lightools Research, CA, USA).

Molecular analyses of transgenic M. sinensis plants

Genomic PCR, DNA gel blot, and Northern blot analyses

of transgenic plants were performed as previously descri-

bed (Han et al. 2009, 2012). For genomic PCR analysis,

total genomic DNA was isolated from the leaves of

greenhouse-grown plants, and the coding region for the

egfp, HYG or BAR transgene was amplified by PCR from

either genomic DNA or a positive-control vector, using the

following sets of oligonucleotide primers: 50-CCTACGG

CGTGCAGTGCTTCAGC-30 (forward) and 50-CGGCGA

GCTGCACGCTGC GTCCTC-30 (reverse) for egfp, 50-CT

CCTCCATACAAGCCAACCAC-30 (forward) and 50-GC

GAAGAATCTCGTGCTTTCAG-30 (reverse) for HYG,

and 50-CTACCATGAGCCCAGAACGACG-30 (forward)

and 50-CTGCCAGAAACCCACGTCATGCCAGTTC-30

(reverse) for BAR. The actin gene (ACT) of M. sinensis was

also amplified using the same template and the primers

50-AACTGGGATGATATGGAGAA-30 (forward) and

50-CCTCCAATCCAGACACTGTA-30 (reverse), and then

run as a loading control of genomic DNA. The PCR pro-

ducts of egfp, HYG, BAR, and ACT were expected to be

356, 641, 421, and 1,046 bp, respectively.

For the DNA gel blot analysis, 15 lg of genomic DNA

was digested with either HindIII or BamHI, and hybrid-

izations were carried out with the HYG gene probe that was

labeled with [a32P] dCTP using the RadiprimeTM II Ran-

dom Prime Labeling System (Amersham Biosciences,

UK). For Northern blot analysis, total RNA was extracted

from leaves using Trizol reagent (Invitrogen, CA, USA),

and hybridizations were carried out with [a32P] dCTP-

labeled HYG or BAR probe.

Generation of herbicide-resistant M. sinensis plants

For the development of herbicide-resistant M. sinensis

plants, mature seed-derived embryogenic calli and A.

tumefaciens EHA105 harboring pCAMBIA3301 were used

for the genetic transformation. Basically, transformation

conditions optimized in the transformation with the hy-

gromycin resistance selection marker were applied (see

Supplemantary Table S3 for the optimized transformation

conditions for M. sinensis). After transformation, trans-

genic calli were selected on the selection medium con-

taining 5 mg L-1 PPT in the dark for 3 weeks and also in

the light for additional 3 weeks. Then, transgenic shoots

were induced on the regeneration medium with 3 mg L-1

PPT. Plantlets with well-developed roots were established

in soil and grown for 2 weeks, prior to herbicide treatment.

Herbicide resistance assay was performed by spraying

0.4 % (v/v) BASTA� (which contains 18 % glufosinate

ammonium), and the herbicide resistance of plants was

determined after 7 or 14 days.

Statistical analysis

The data of callus induction experiments were analyzed

using ANOVA with IBM SPSS statistics 20 software.

Significant differences from the control values were
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determined at P \ 0.05. All of the data were represented as

the mean ± SD or SE of at least three independent

experiments.

Results

Induction of embryogenic calli for plant regeneration

and genetic transformation

Establishing an efficient regeneration system is funda-

mental for the genetic manipulation of any species, and

callus quality is important for the successful regeneration

and genetic transformation of plants (Kim et al. 2007; Li

and Qu 2011). Embryogenic callus tissue derived from

mature seeds has previously been used for Agrobacterium-

mediated transformation of several monocotyledons, and is

considered to be the best target tissue for genetic trans-

formation as it is actively dividing (Cheng et al. 2004). In

this study, we first investigated the callus induction from

mature seeds of M. sinensis, which were purchased from

Geumo Landscape Development Co., Ltd. For the opti-

mization of embryogenic callus induction conditions, var-

ious combinations of phytohormones [1, 2 or 3 mg L-1

2,4-D and 0, 0.01, 0.05 or 0.1 mg L-1 BA], pH (5.5, 5.7 or

5.9), and temperature (25, 28 or 30 �C) were applied to the

callus induction step, and the percentages of callus induc-

tion were calculated using the number of induced calli from

seeds. In addition, since the formation of embryogenic calli

within the induced calli is important for further plant

regeneration and genetic transformation steps, we also

calculated the percentages of embryogenic calli using the

number of embryogenic calli (i.e., those with regeneration

potential) from all induced calli. In the case of callus

induction, the results showed that no significant difference

was detected at different pH and temperatures except a

slight decrease in pH 5.9 (Fig. 1a, b and Supplementary

Fig. 2). On the other hand, when the percentages of

embryogenic calli were compared, the use of pH 5.7 was

better than pH 5.5 or 5.9, and 28 �C was better than 25 or

30 �C. It is notable that increases in callus browning and

percentages of non-embryogenic transparent calli were

observed in higher pH and temperature, which might

decrease the percentages of embryogenic calli. The results

also showed that the addition of BA reduced the percent-

ages of callus induction and embryogenic calli (Supple-

mentary Fig. 2 and Fig. 1c). The percentages of callus

induction ranged from 52.5 to 71.1 % in the absence of

BA, but the addition of BA reduced the percentages in all

tested conditions. More importantly, the percentages of

embryogenic calli were also reduced in the presence of BA.

Among the tested conditions, the conditions of 3 mg L-1

2,4-D and pH 5.7 at 28 �C were the most effective in

embryogenic callus induction (approximately 30 %) com-

pared with other induction conditions (Fig. 1c). Therefore,

optimized CIM containing MS salts and vitamins,

3 mg L-1 2,4-D, 30 g L-1 sucrose, 750 mg L-1 MgCl2�
6H2O, 2 g L-1 Gelrite (pH 5.7), and induction temperature

of 28 �C were used for further experiments.

There have been previous reports that the addition of L-

proline increases the induction and growth of embryogenic

calli (Holme et al. 1997; Kim et al. 2010; Li and Qu 2011).
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Fig. 1 Effects of pH, temperature, and combinations of 2,4-dichlo-

rophenoxyacetic acid (2,4-D) and 6-benzyl-adenine (BA) on callus

induction or embryogenic callus induction. a Effects of pH. Callus

was induced from mature seeds on CIM containing 3 mg L-1 2,4-

D and different pH at 28 �C. b Effects of temperature. Callus was

induced on CIM containing 3 mg L-1 2,4-D with pH 5.7 at different

temperatures. c Effects of 2,4-D: BA combinations. Callus was

induced on CIM containing various hormone combinations with pH

5.7 at 28 �C. Error bars indicate standard deviations of three

replicates. Means with different letters are significantly different at

P \ 0.05, using Duncan

Plant Cell Tiss Organ Cult (2014) 117:51–63 55

123



Thus, the effects of L-proline on the callus induction and the

growth of embryogenic calli were investigated using various

concentrations of L-proline. Results showed that the addition

of L-proline had little effect on callus induction, but signifi-

cant effect on the induction of embryogenic calli (Fig. 2a).

When the embryogenic callus induction was evaluated

6 weeks after callus induction, the addition of 12.5 or 25 mM

L-proline significantly increased the percentages of

embryogenic calli compared to when none was added, or

when more than 25 mM L-proline was added. Furthermore,

when the growth of callus was investigated in various con-

centrations of L-proline, the supplement of 25 or 50 mM L-

proline showed higher callus growth than that of none or

12.5 mM L-proline (Fig. 2b). Based on the results of the

induction and growth of embryogenic calli, we added

25 mM L-proline to the callus induction medium afterwards.

During the callus induction, different types of embryo-

genic calli were observed. It is known that an embryogenic

callus is compact and friable, whereas soft and watery calli

are not embryogenic (Wang et al. 2011). Thus, we checked

the types of induced calli, and found three embryogenic

callus types: yellowish compact, whitish friable, and

whitish compact types (Fig. 3). They showed different

regeneration potentials, with the yellowish compact type

having the highest potential (73.53 %, 25 calli with shoot

formation of 34 calli), followed by the whitish friable type

with moderate potential (43.48 %, 20 calli with shoots

from 46 calli), and the whitish compact type with the

lowest potential (33.33 %, 12 calli with shoots from 36

calli). In addition, the yellowish compact type calli showed

superior formation of multiple shoots during the regener-

ation. When the number of plantlets per callus was

observed, averages of 13.0, 5.7 and 4.3 plantlets per callus

were obtained from the three embryogenic callus types,

respectively. Based on the results that the yellowish com-

pact type calli showed the highest regeneration potentials

with multiple shoot formation, they were used to investi-

gate the conditions for genetic transformation.

Comparisons of embryogenic callus induction

and regeneration potentials among seven germplasms

of M. sinensis

Miscanthus sinensis is an outbreeding and self-incompati-

ble species. The commercial seeds purchased from Geumo

Landscape Development Co., Ltd. (Hereafter, Geumo

seeds) were known to be collected from different places in

Korea, so they were kinds of mixed seeds obtained from

different M. sinensis varieties. Although we tried to

develop a genetic transformation system of M. sinensis

using the Geumo seeds, we failed to obtain transgenic

plants with these seeds, probably due to genetic heteroge-

neity of the Geumo seeds. Previous reports also suggested

the importance of genotypes in callus induction, plant

regeneration and genetic transformation (Somleva et al.

2008; Głowacka et al. 2010; Wang et al. 2011). Thus, we

obtained seven germplasms of M. sinensis which were

maintained at Seoul National University (SNU), and

investigated the induction of embryogenic calli and their

regeneration to find a good candidate for the genetic

transformation. The germplasms were collected in Korea

within the latitudinal range of N33� (Jeju) to N38� (Mt.

Myung-Seong) and the altitudinal range of 5–655 m

(Table 1). Compared with Geumo seeds, the results of

embryogenic callus induction showed that two germplasms

(SNU-M-025 and SNU-M-045) had significantly higher

induction percentages of embryogenic calli (Table 2).

Their embryogenic callus percentages were more than

50 %, which was much higher than that of Geumo seeds

(34.33 %). When the regeneration potentials were com-

pared, SNU-M-022 and SNU-M-045 germplasms showed
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Fig. 2 Effects of L-proline on embryogenic callus induction and

callus growth. a Effect of L-proline on the induction of embryogenic

callus. The percentages of callus induction (open bars) and embryo-

genic callus (filled bars) were calculated after 6 weeks in culture.

b Effect of L-proline on callus growth. The growth index is calculated

from increased fresh weight of callus divided by initial fresh weight.

Error bars indicate standard deviations of three replicates. Means

with different letters are significantly different at P \ 0.05, using

Duncan
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82.64 and 86.11 %, respectively, which were much better

than Geumo seeds (53.09 %) (Table 2 and Supplementary

Fig. 3). Collectively, the results of embryogenic callus

induction and plant regeneration showed that the SNU-M-

045 germplasm was the superior candidate for the devel-

opment of a genetic transformation method for M. sinensis,

because this germplasm showed a much higher combina-

tion ratio of embryogenic callus induction and regeneration

potential than other germplasms (Table 2). In addition, this

germplasm showed the ability to form multiple shoots from

embryogenic calli during regeneration (Supplementary

Fig. 3). Therefore, the genetic transformation system of

M. sinensis was developed with the SNU-M-045

germplasm.

Establishment of Agrobacterium-mediated

transformation system for M. sinensis

For the genetic transformation of M. sinensis, embryogenic

calli were induced from the optimized CIM [MS salts and

vitamins, 3 mg L-1 2,4-D, 30 g L-1 sucrose, 750 mg L-1

MgCl2�6H2O, 25 mM L-proline, and 2 g L-1 Gelrite (pH

5.7)] at 28 �C, and yellowish compact type calli were

selected visually, followed by Agrobacterium inoculation.

Based on our previous experiences on the establishment of

Agrobacterium-mediated transformation system for a grass,

creeping bentgrass (Kim et al. 2007; Han et al. 2009, 2012;

Cho et al. 2011), the Agrobacterium-mediated transfor-

mation conditions of creeping bentgrass were basically

applied to M. sinensis transformation, with some modifi-

cations. In this study, GFP signals were investigated on

transformed calli during the selection step to investigate

factors that could influence the transformation (Supple-

mentary Fig. 4). We checked the effects of medium pH and

acetosyringone concentration during Agrobacterium inoc-

ulation, and also the periods of co-cultivation on transfor-

mation. The results showed that conditions with a medium

pH of 5.2, 400 lM acetosyringone, and 5 days of co-cul-

tivation generated more transformed calli with GFP signals

(Supplementary Table 2). Thus, we applied these condi-

tions for further establishing the genetic transformation

system of M. sinensis.

Using the optimum conditions for embryogenic callus

induction and Agrobacterium inoculation, we then per-

formed Agrobacterium-mediated genetic transformation

with the SNU-M-045 germplasm seeds (Fig. 4 and Sup-

plementary Table 3). Since we used pCAMBIA1300

a b

d e

c

f

Fig. 3 Comparison of plant regeneration from different callus types.

Three types of embryogenic calli were identified by color and texture:

yellowish compact type (a), whitish friable type (b), and whitish

compact type (c). d–f Shoot formation from regeneration of yellowish

compact, whitish friable, and whitish compact types of calli,

respectively. Bar 1 mm (a–c) or 1 cm (d–f). (Color figure online)

Table 2 Comparisons of embryogenic callus induction and plant

regeneration among seven germplasms of M. sinensis used in the

present study

Germplasm code Embryogenic callus

induction (%)�
Regeneration (%)�

Geumo 34.33 ± 1.25b 53.09 ± 11.20b

SNU-M-022 31.00 ± 4.08b 82.64 ± 0.98a

SNU-M-025 55.33 ± 3.68a 23.96 ± 5.31d

SNU-M-032 13.33 ± 3.09c 28.82 ± 5.40 cd

SNU-M-034 15.91 ± 4.92c 38.89 ± 6.38c

SNU-M-037 8.30 ± 0.94c 5.21 ± 1.70e

SNU-M-045 52.67 ± 5.31a 86.11 ± 8.56a

SNU-M-107 29.00 ± 1.63b 22.20 ± 2.14d

� All of the data represent the mean ± SD of three independent

experiments. The data with different letters in each column are sig-

nificantly different at P \ 0.05, using Duncan
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containing the hygromycin phosphotransferase II gene

(HYG) as a selectable marker, we initially examined the

minimum concentrations of hygromycin that prevent plant

regeneration of non-transformed calli, and found that the

addition of 30–50 mg L-1 hygromycin inhibited the

regeneration. Thus, transgenic calli were selected with

50 mg L-1 hygromycin. During the incubation of Agro-

bacterium-inoculated calli on selection media, only hy-

gromycin-resistant calli grew and generated green shoots

(Fig. 4e). In contrast, hygromycin-sensitive calli died and

usually became dark brown in color. On shoot induction

media containing 30 mg L-1 hygromycin, multiple shoots

usually emerged from hygromycin-resistant calli (Fig. 4e–

f), and after being transferred onto root induction media,

the growth of plantlets with roots were observed (Fig. 4g).

Plantlets with well-developed roots were then transferred

to soil and grown under greenhouse conditions before

further analysis (Fig. 4h). The putative transgenic plants

appeared normal under greenhouse conditions, and were

morphologically indistinguishable from non-transformed

control plants.

To confirm whether the obtained plants were transgenic,

genomic PCR analysis was initially performed on DNA

extracted from the leaves of putative transgenic plants

using egfp and HYG primers to test for the presence of the

transgenes (Fig. 5a). All the plants obtained from the

transformation procedures contained both egfp and HYG

transgenes, which confirmed that they were transgenic

plants. Next, Northern blot analysis was performed to

confirm the expression of HYG gene in the transgenic

plants (Fig. 5b). The results showed that all the transgenic

plants exhibited similar levels of HYG expression, whereas

no hybridization was detected in the control samples (NT).

Finally, DNA gel blot analysis was performed to assess the

stable integration of the HYG gene in transgenic plants

(Fig. 5c). Results showed that all the transgenic plants

contained one genomic copy of HYG, whereas no hybrid-

ization signal was detected from the control plant (NT).

Since transgenic events #2 and #3 showed the same band

patterns, and transgenic events #5 and #6 showed the same

band patterns as event #4 (data not shown), we obtained

three independent transgenic events of M. sinensis SNU-

M-045 germplasm from the transformation. When the

Agrobacterium-mediated transformation efficiency was

calculated as a percentage of independent transgenic events

obtained from all inoculated calli (three independent

transgenic events using 347 calli), a transformation effi-

ciency of 0.86 % was obtained. These results proved that

we established the Agrobacterium-mediated transformation

system for M. sinensis and successfully obtained the

transgenic plants of M. sinensis.

Production of herbicide-resistant M. sinensis plants

With the established genetic transformation system of M.

sinensis germplasm SNU-M-045, we also tried to generate

herbicide-resistant M. sinensis plants. To this end, pCAM-

BIA3301 vector harboring the BAR gene was introduced into

M. sinensis and the BAR gene was also used as a selectable

marker. Since the minimum concentrations of phosphino-

tricin (PPT) that inhibit plant regeneration of non-trans-

formed calli were shown to be 3–5 mg L-1 PPT, transgenic

calli were selected with 5 mg L-1 PPT and PPT-resistant

shoots were induced on shoot induction media containing

3 mg L-1 PPT. Phosphinotricin is the active component of

bialaphos (phosphinotricyl-alanyl-alanine), which is a non-

a hgb

d e f

c

Fig. 4 Production of transgenic M. sinensis plants by Agrobacterium-

mediated transformation. The SNU-M-045 germplasm of M. sinensis

was used for this transformation. a Calli induced from mature seeds

on callus induction medium. b Selection and propagation of

embryogenic calli. c Co-cultivation of selected embryogenic calli

with Agrobacterium suspensions. d GFP expression on transformed

calli. e Shoot induction from transformed calli. f Amplified picture of

induced shoots. g Root induction from hygromycin-resistant shoots.

h Putative transgenic plant grown in greenhouse. Bar 1 cm
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selective and broad-spectrum contact herbicide also known

as glufosinate (Wehrmann et al. 1996). During the selection

of transgenic plants, it is notable that PPT-resistant shoots

were grown slowly compared with hygromycin-resistant

shoots (Supplementary Fig. 5). Thus, it took more time to

obtain herbicide-resistant transgenic shoots ([9 weeks) than

hygromycin-resistant transgenic shoots ([6 weeks). After

root induction, the putative transgenic plantlets with roots

were transferred to soil and grown under greenhouse con-

ditions before herbicide resistance analysis. From this

transformation, we obtained seven transgenic plants from

four independent events. When the Agrobacterium-mediated

transformation efficiency was calculated as a percentage of

independent transgenic events obtained from all inoculated

calli, the efficiency was 0.58 % (four out of 687), which was

lower than that from transformation using the hygromycin

resistance selection (0.86 %).

Next, we performed the molecular analysis of putative

transgenic plants obtained from the transformation with

BAR. First, genomic PCR analysis was performed using

BAR primers to test for the presence of the transgene, and

the results confirmed that all seven putative transgenic

plants contained the BAR transgene (Fig. 6a). Second, the

expression of the BAR transgene in four independent

transgenic events was confirmed by Northern blot analysis

(Fig. 6b). These results confirmed that the putative trans-

genic plants are all real transgenic plants. Finally, herbicide

resistance assays were conducted by spraying with 0.4 %

BASTA�, which is a commercial herbicide containing

18 % glufosinate. The results showed that all the transgenic

plants exhibited herbicide resistance, while control plants

died within 14 days (Fig. 6c). All the transgenic plants

were morphologically indistinguishable from the control

plant, with the exception of herbicide resistance. Therefore,

we have successfully produced herbicide-resistant M. sin-

ensis plants using the transformation system established in

this study. To our knowledge, this is the first report to

obtain genetically engineered Miscanthus plants with her-

bicide resistance using an Agrobacterium-mediated trans-

formation method.

To evaluate the Agrobacterium-mediated transformation

efficiency more reliably, we performed three more trans-

formations with hygromycin resistance selection and two

more transformations with herbicide resistance selection

(in total, four experiments with HYG as the selectable

marker and three experiments with BAR as the selectable

marker). The efficiencies with the accumulated numbers of

transformation were then calculated. The results showed

approximately 1.06 % efficiency with the hygromycin

resistance selectable marker and 0.52 % with the herbicide

resistance selectable marker, based on the percentages of

independent transgenic events obtained from all inoculated

calli (Table 3). Overall, we could repeatedly obtain trans-

genic plants of M. sinensis by using the Agrobacterium-

mediated transformation system established in this study,

suggesting that the developed transformation method can

be used stably for the introduction of other useful

gene(s) into M. sinensis.

a HindIII BamHI

2
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Fig. 5 Molecular analyses of transgenic M. sinensis plants. a Geno-

mic PCR analysis of putative transgenic plants. The coding regions of

egfp and HYG genes were amplified by PCR from genomic DNA. The

actin gene (ACT) was shown as a loading control of the genomic

DNA. V, pCAMBIA1300 vector harboring egfp gene that was used

for transformation; NT non-transformed M. sinensis control plant.

Numbers in lanes represent transgenic plants used for analysis.

b Northern blot analysis. Total RNA was isolated from the leaves of

transgenic plants and the HYG gene was used as a probe. Total RNA

was also shown as a loading control. c DNA gel blot analysis.

Genomic DNA from each transgenic plant was digested with either

HindIII or BamHI, and then probed with the HYG gene
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Discussion

The important steps for Agrobacterium-mediated transfor-

mation of crops include the induction of regenerable

embryogenic calli, DNA delivery into the embryogenic

calli by the inoculation and co-cultivation of Agrobacte-

rium cells harboring a vector with target gene(s), and the

selection of transformed calli and regeneration of trans-

genic plants (Kim et al. 2007; Engler and Jakob 2013).

Thus, the first critical step for the success of the genetic

transformation might be the step to obtain embryogenic

calli which has high regeneration potentials. In the case of

Miscanthus species, the production of regenerable

embryogenic calli has been reported from inflorescences

(Głowacka et al. 2010; Kim et al. 2010) or mature seeds

(Wang et al. 2011). Although the use of inflorescences was

reported to be efficient for micropropagation of Miscanthus

species, it might not be effective for the genetic transfor-

mation because of limited availability of the materials.

Therefore, we used mature seeds-derived embryogenic

calli to develop Agrobacterium-mediated transformation

system for M. sinensis, as the embryogenic callus tissue

derived from mature seeds has been successfully used for

Agrobacterium-mediated transformation of several mono-

cotyledons (Cheng et al. 2004). Our results showed that

regenerable embryogenic calli were efficiently induced

with the optimized CIM containing 3 mg L-1 2,4-D and

25 mM L-proline, at pH 5.7 with an induction temperature

of 28 �C (Figs. 1, 2 and Supplementary Fig. 2). The pre-

ferred temperature of 28 �C for embryogenic callus

induction of M. sinensis is consistent with the reports that

incubating temperatures of 26–28 �C are suitable for
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c

Fig. 6 Production of transgenic M. sinensis plants with herbicide

resistance. a Genomic PCR analysis of putative transgenic plants. The

coding region of the BAR gene was amplified by PCR from genomic

DNA. The actin gene (ACT) was shown as a loading control. V (?),

pCAMBIA3301 vector included as a positive control; NT non-

transformed control plant. Numbers in lanes represent transgenic

plants used for analysis. b Northern blot analysis. Total RNA was

isolated from the leaves of independent transgenic events and the BAR

gene was used as a probe. Total RNA was shown as a loading control.

c Herbicide resistance assay. 0.4 % BASTA� was sprayed onto non-

transformed control plant (NT) and transgenic plants, and the

herbicide resistance of the plants was determined 7 or 14 days later

Table 3 Transformation efficiencies of Agrobacterium-mediated transformation for M. sinensis

No. of experiments Vector (selection marker) No. of inoculated

calli

No. of transgenic

events (plants)a
Transformation

efficiency (%)b

4 pCAMBIA1300

(HYG)

1,316 14 (29) 1.06 ± 0.19

3 pCAMBIA3301

(BAR)

1,542 8 (36) 0.52 ± 0.32

a Transgenic events represent transformed calli which produce hygromycin- or herbicide-resistant plants
b Transformation efficiency was calculated using the number of transgenic events from all inoculated calli. The data represent the mean ± SD of

three or four independent experiments
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embryogenic callus induction for warm season grasses

(Smith et al. 2002; Toyama et al. 2003; Wang et al. 2011).

Compared with previous reports that addition of BA

showed the improved frequency of embryogenic callus

induction (Petersen 1997; Wang et al. 2011), the

improvement by the BA addition was not observed in our

experimental conditions (Supplementary Fig. 2 and

Fig. 1c). The differences in our and previous results might

be due to the use of different materials (shoot apices vs.

mature seeds) or the use of different concentrations of 2,4-

D (5 mg L-1 in the previous report vs. 3 mg L-1 in the

present study). Rather, we found that the inclusion of L-

proline in callus induction and shoot induction media was

helpful to increase the percentages of embryogenic calli

and the regeneration potentials in M. sinensis (Fig. 2;

Table 2). These results were consistent with previous

reports that the addition of L-proline increases the induction

of embryogenic calli (Holme et al. 1997; Li and Qu 2011).

More importantly, the use of M. sinensis germplasm

seeds was critical for the success of Agrobacterium-medi-

ated transformation. The commercially purchased seeds

(i.e., Geumo seeds) were not adequate for genetic trans-

formation, probably because they were harvested from

different M. sinensis varieties. Thus, we planned to select

germplasm seeds which have higher embryogenic callus

induction and regeneration potentials than the Geumo

seeds. In this study, we tested seven germplasms from

Seoul National University, and selected the germplasm

SNU-M-045 from Incheon in Korea for the transformation,

as it showed a high ratio of embryogenic callus induction

and superior regeneration potentials (Table 2 and Supple-

mentary Fig. 3). Similarly, Wang et al. (2011) also repor-

ted the importance of genotypes in embryogenic callus

induction and genetic transformation of M. sinensis, and

used a germplasm from Tanegashima Island in Japan for

the development of particle bombardment-mediated trans-

formation system. In the present study, we could establish a

stable Agrobacterium-mediated genetic transformation

system for M. sinensis with the SNU-M-045 germplasm

seeds (Fig. 4 and Supplementary Table 3).

For the inoculation and co-cultivation of Agrobacterium

cells to deliver transgenes into embryogenic calli of M. sin-

ensis, conditions with relatively high concentration of aceto-

syringone (400 lM) and relatively long co-cultivation period

(5 days) were shown to be effective (Supplementary Table 2),

when compared with the conditions for other monocotyledons

(Kim et al. 2007; Alves et al. 2009; Li and Qu 2011; Kim et al.

2013). As an example, 200 lM acetosyringone and 3 days of

co-cultivation were used in a recent report for Agrobacterium-

mediated transformation of reed (Phragmites communis Tri-

nius) using mature seeds-derived embryogenic calli (Kim

et al. 2013). For the selection of transformed calli and trans-

genic plants, we initially used hygromycin antibiotics for the

selection of transgenic plants following the transformation

with pCAMBIA1301 vector. Miscanthus species was known

to be susceptible to many of antibiotics and herbicides

including hygromycin and BASTA, but not kanamycin (En-

gler and Jakob 2013). The results of molecular analyses

showed that all the putative transgenic plants obtained from

the hygromycin resistance selection were transgenic plants

with transgenes (Fig. 5). Since the transgenic plants obtained

in this study contained one genomic copy of transgene with

similar mRNA expression, our results reinforced that the

Agrobacterium-mediated method of transformation is better

than the biolistic method which frequently produces trans-

genic plants with multiple copies of transgene (Dai et al. 2001;

Travella et al. 2005).

Using the number of independent transgenic events,

approximately 1.06 or 0.52 % transformation efficiency was

obtained with hygromycin resistance or herbicide resistance

selection, respectively (Table 3). The transformation effi-

ciency with the herbicide resistance selection was lower than

that with the hygromycin resistance selection, probably

because PPT might have a negative effect on tissue growth

and thus shoot development was not effective in PPT-con-

taining media compared with hygromycin-containing media

(Alves et al. 2009). Overall, the transformation efficiency of

M. sinensis obtained in this study was relatively lower than

that of other monocotyledonous grasses (Kim et al. 2007;

Somleva et al. 2008). Therefore, further improvement of the

transformation system for Miscanthus species will be nec-

essary in the future.

For successful establishment of new Miscanthus plan-

tations, there is a significant concern for weed control in

the planting year, because young Miscanthus plants can

easily be overgrown by weeds causing substantial plant

loss. Thus, herbicide control during the establishment

would be desirable, and herbicide-resistant Miscanthus

plants can be produced by genetic engineering methods

using transformation technologies. In this study, we have

successfully produced herbicide-resistant M. sinensis plants

by introducing the BAR gene (Fig. 6). Thus, the herbicide-

resistant M. sinensis plants developed in this study would

provide a useful tool for controlling unwanted weeds, and

allow easier maintenance of Miscanthus growth in fields, as

well as reduce the number and amount of pollution-gen-

erating agrochemicals required. Moreover, the developed

Agrobacterium-mediated transformation system of M. sin-

ensis will help to introduce useful traits from a broad range

of sources into the Miscanthus plants and also to develop

the genetic transformation system for other Miscanthus

species, which may provide a method to produce new

bioenergy crop varieties with high value in the future.
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