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The objective of this study was to develop an efficient regeneration protocol in big bluestem, a potential 
feedstock that produces huge biomass. Embryogenic calli were induced from the seeds of cultivars, 
Kaw and Earl, on Murashige and Skoog (MS) medium with different concentrations of 2,4-
dichlorophenoxyacetic acid (2,4-D) (0.2, 0.5, 1.0, 2.0, 3.0 and 5.0 mg l

-1
) alone or in combination with 6-

benzylaminopurine (BA) (0.5 mg l
-1

) or L-proline (2.0 g l
-1

). In Kaw, the highest number of embryogenic 
calli (39.1%) was induced on MS + 0.5 mg l

-1
 2,4-D and L-proline, whereas in Earl, the highest number of 

embryogenic calli (39.8%) was obtained on MS medium containing 1.0 mg l
-1

 2,4-D and L-proline. The 
embryogenic calli were then transferred to regeneration media (MS medium supplemented with kinetin, 
0.2, 0.5, 1.0, 3.0 and 5.0 mg l

-1
 or BA, 0.2, 0.5, 1.0, 3.0 and 5.0 mg l

-1
). Shoots were regenerated on all of 

the concentrations tested and the regeneration percentage and number of shoots per calli increased 
with the increase in BA or kinetin concentration. Regenerated shoots were transferred to half strength 
MS medium for rooting. The fully developed plantlets were established in the greenhouse. The 
regeneration protocol established in this study may be used for the application of genetic engineering 
technologies in big bluestem. 
 
Key words: Big bluestem, biomass, embryogenic calli, L-proline, regeneration. 

 
 
INTRODUCTION 
 
Big bluestem (Andropogon gerardii Vitman) is a warm-
season (C4) perennial grass native to North America (Boe 
et al., 2004). It is adapted to most native prairie 
ecosystems and comprises as much as 80% of plant 
biomass in prairies in the North American Mid-western 
grassland (Gould and Shaw, 1983; Knapp et al., 1998). 
Compared  to  switchgrass  (Panicum  virgatum   L.)   and 

Indiangrass (Sorghastrum nutans (L.) Nash), big bluestem 
produces twice the biomass due to its efficient nutrient 
utilization (Johnson and Matchett, 2001). Currently, big 
bluestem is considered a potential biomass feedstock for 
lignocellulosic ethanol production (Zhang et al., 2012). 
However, the biggest limiting factor in the efficient 
utilization of  plant  biomass for  cellulosic  bio-fuel  is  the 

 

*Corresponding author. E-mail: manoharanm@uapb.edu. Tel: +01-870-575-8543. Fax: +01-870-575-4676. 

 

Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution 

License 4.0 International License 

 

 

 

http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US


 
 
 
 
presence of the ligno-hemicellulose complex that prevent 
the enzyme cellulase from effective conversion of 
biomass to biofuel (Sticklen, 2008). While approaches 
such as acid or heat pre-treatment are being used to 
break the ligno-hemicellulosic complex, genetic 
engineering technology holds great promise for reducing 
lignin content in biomass through down-regulation of 
lignin pathway genes (Hisano et al., 2009). Such an 
approach requires an efficient plant regeneration system, 
which is not available for a number of important cultivars 
in big bluestem. 

Despite its importance as a potential bioenergy grass, 
very few studies have been carried out on in vitro 
regeneration of big bluestem (Chen et al., 1977; Chen 
and Boe, 1988; Li et al., 2009a). Chen et al. (1977) and 
Chen and Boe (1988) regenerated plants from calli that 
were induced from young inflorescence on Linsmaier and 
Skoog (LS) medium supplemented with 5.0 mg l

-1
 of 2,4-

dichlorophenoxyacetic acid (2,4-D) and 0.2 mg l
-1

 kinetin. 
Li et al. (2009a) obtained embryogenic calli from mature 
seeds on LS medium containing 2.0 to 4.0 mg l

-1
 2,4-D 

for big bluestem cultivars Bison and Bonilla. Cultivars 
such as Bison and Bonilla are well adapted to US 
Midwest and Western states; however, a regeneration 
system is not available for cultivars that are adapted to 
US Southern states such as Arkansas and Texas.  

The objective of this study was, therefore, to establish 
an efficient regeneration system from the calli of mature 
seeds in big bluestem cultivars, Kaw and Earl, that are 
well adapted to the southern US. Mature seeds are 
considered an important source of explants, as they are 
readily available and used frequently for in vitro 
regeneration (Li et al., 2009a; Lee et al., 2006, 2008). 
 
 
MATERIALS AND METHODS 
 
Plant materials 
 
Mature seeds of big bluestem grass cultivars, Kaw and Earl, were 
obtained from Turner Seeds, Breckenridge, TX, USA. The seeds 
were sterilized with 70% ethanol for 30 s, followed by 20% 
commercial bleach (sodium hypochlorite, 5.25%) containing two 
drops of Tween 20 (MP Biomedicals, LLC, Aurora, Ohio, USA) for 
45 min, and then washed three times with sterile distilled water for 5 
min each. 
 
 
Callus induction 
 
Sterilized seeds were cultured for callus induction on petri plates 
containing MS (Murashige and Skoog, 1962) medium supplemented 
with 2,4-dichlorophenoxyacetic acid (2,4-D) (0.2, 0.5, 1.0, 2.0, 3.0 
and 5.0 mg l-1) alone or in combination with 6-benzylaminopurine 
(BA) (0.5 mg l-1) or L-proline (2.0 g l-1). The components of MS 
medium as well as growth regulators, 2,4-D and BA were obtained 
from Sigma-Aldrich (St. Louis, MO, USA). L-Proline was obtained 
from Caisson Labs (Logan, UT, USA). Media were supplemented 
with 30 g l-1 of sucrose (PhytoTechnology Laboratory, Shawnee 
Mission, KS, USA); pH was adjusted to 5.7 with 1 N NaOH before 
sterilizing at 121°C (120 kPa for 20 min) and the media were 
solidified  with   4.0 g l-1   Gelzan   (Phyto  Technology   Laboratory).   
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Callus induction was performed under dark at 28°C (Isotemp 
Incubator, Fisher Scientific, Hanover Park, IL, USA). Primary shoots 
from seed were removed 10 days after inoculation and subculture 
was done 3 weeks after inoculation on the same medium. Overall 
18 treatments were tested for embryogenic callus induction in each 
cultivar. The frequency of embryogenic calli was calculated by: [the 

number of seeds producing embryogenic calli/the number of seeds 
germinated on callus induction medium] × 100.  

 
 
Shoot regeneration, rooting, and plant establishment 

 
Embryogenic calli were transferred to regeneration medium for 
shoot regeneration. Regeneration media contained MS medium 
supplemented with kinetin (0.2, 0.5, 1.0, 3.0 and 5.0 mg l-1; Sigma-
Aldrich) or BA (0.2, 0.5, 1.0, 3.0 and 5.0 mg l-1) and 30 g l-1 of 
sucrose); pH was adjusted to 5.7 with 1 N NaOH before sterilization 
and the media were solidified with 4.0 g l-1 Gelzan. The cultures 
were incubated in a plant tissue culture chamber at 25°C under 16 
h photoperiod (Percival Scientific, Perry, IA, USA).  

After 4 weeks, the regenerated plants were transferred to rooting 
medium. Rooting medium contained half-strength MS medium with 
30 g l-1 of sucrose; pH was adjusted to 5.7 with 1 N NaOH before 
sterilizing and the medium was solidified with 4.0 g l-1 Gelzan. The 
rooting was carried out in a plant tissue culture chamber under a 16 
h photoperiod at 25°C (Percival Scientific, Perry, IA, USA). Rooted 
plants, after 2 to 3 weeks, were transferred to peat pellets for 1 
week for hardening and then to the greenhouse for further growth.  

 
 
Experimental design and statistical analysis 

 
The experiment was conducted in six replicates with 25 seeds per 
treatment and data presented here represent an average of six 
experiments. The experiment was performed as a completely 
randomized design. To assess the treatment effects, the 
percentages of primary calli, embryogenic calli and shoot 
regeneration were subjected to Analysis of Variance (ANOVA) and 
mean separation was performed using least significant difference 
(LSD) with SAS software, version 9.2 (SAS Institute Inc., 2008).  
 
 
RESULTS AND DISCUSSION 
 
Seed germination 
 
Germination of mature seeds started 3 days after 
inoculation in both Kaw and Earl. Germination percentage 
ranged from 80.0 to 82.7 for Kaw and 60.3 to 75.3 for 
Earl (Table 1). Germination data were recorded 10 days 
after seed inoculation. 
 
 
Effect of 2,4-D on embryogenic calli induction 
 
Callus was initiated 7 days after inoculation of Kaw and 
10 days after inoculation of Earl on MS medium 
containing different concentrations of 2,4-D. The callus 
thus formed was white and non-nodular (Figure 1a). After 
3 weeks, callus was sub-cultured onto the same medium. 
After 1 week of subculture, nodular structures, which 
were smaller in size, light yellow, friable and fast-growing, 
started  appearing  on  the  outer  surface of the calli. The  
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Table 1. Effect of 2,4-dichlorophenoxyacetic acid (2,4-D), L-proline and 6-benzylaminopurine (BA) on embryogenic callus induction in 
big bluestem cv. Kaw and Earl. 
 

2,4-D (mg l
-1

) Proline (g l
-1

) BA (mg l
-1

) 
% of seeds germinated

1
 % of embryogenic calli

2
 

Kaw Earl Kaw Earl 

0.2 - - 82.0 ± 6.1 60.8 ± 16.3 9.8 ± 3.4
h*

 10.1 ± 3.9
i*
 

0.5 - - 81.3 ± 9.7 61.2 ± 15.4 13.2 ± 4.3
g,h

 14.6 ± 2.7
g,h,i

 

1.0 - - 80.0 ± 14.1 68.8 ± 14.5 14.2 ± 2.8
g,h

 17.8 ± 5.5
e,f,g,h,i

 

2.0 - - 80.1 ± 12.8 60.3 ± 11.3 18.6 ± 5.6
d,e,f,g

 24.5 ± 8.9
c,d,e,f

 

3.0 - - 81.3 ± 12.7 64.8 ± 10.9 23.8 ± 1.9
c,d,e

 18.3 ± 3.8
e,f,g,h,i

 

5.0 - - 80.7 ± 11.1 66.8 ± 12.5 18.8 ± 2.7
d,e,f,g

 14.1 ± 6.8
h,i

 

0.2 2.0 - 80.7 ± 9.9 67.3 ± 8.5 21.4 ± 7.3
c,d,e,f,

 15.1 ± 6.6
g,h,i

 

0.5 2.0 - 82.7 ± 9.7 68.0 ± 13.6 39.1 ± 7.4
a
 30.7 ± 9.9

b,c
 

1.0 2.0 - 82.0 ± 9.7 66.0 ± 7.5 31.0 ± 8.6
b
 39.8 ± 7.6

a
 

2.0 2.0 - 81.3 ± 7.0 72.0 ± 9.1 24.7 ± 8.4
b,c,d

 37.8 ± 5.6
a,b

 

3.0 2.0 - 80.7 ± 10.6 73.3 ± 6.5 21.8 ± 5.2
c,d,e,f

 26.0 ± 7.4
c,d,e

 

5.0 2.0 - 80.0 ± 10.4 71.3 ± 15.1 15.3 ± 8.6
f,g,h

 16.9 ± 7.6
f,g,h,i

 

0.2 - 0.5 81.3 ± 7.4 68.7 ± 6.9 12.3 ± 2.8
g,h

 13.8 ± 7.1
h,i

 

0.5 - 0.5 80.0 ± 6.7 71.3 ± 5.9 15.9 ± 6.6
f,g,h

 20.7 ± 4.6
d,e,f,g,h

 

1.0 - 0.5 80.0 ± 8.4 75.3 ± 7.3 17.4 ± 1.4
e,f,g

 27.7 ± 13.8
c,d

 

2.0 - 0.5 80.7 ± 5.9 72.0 ± 5.1 21.6 ± 5.2
c,d,e,f

 23.0 ± 6.4
c,d,e,f,g

 

3.0 - 0.5 80.0 ± 4.4 70.6 ± 5.5 26.6 ± 3.4
b,c

 20.9 ± 8.6
d,e,f,g,h

 

5.0 - 0.5 81.3 ± 4.1 70.0 ± 6.1 17.4 ± 7.9
e,f,g

 16.5 ± 7.8
f,g,h,i

 
 
1
Seed germination percentage was calculated based on the number of seeds germinated and the number of seeds  inoculated. 

2
 Percentage of 

embryogenic calli was determined based on the number of embryogenic calli formed and the number of seeds germinated. *Percentages 
followed by different superscript letters within a column are significantly different at P≤0.05. Each value represents the mean ±SD from six 
replicates. 

 
 
 

fast growing nodular calli were recognized as embryo-
genic (Figure 1b), while the larger, white, slow growing 
non-nodular calli were identified as non-embryogenic 
(Figure 1a). The formation of two distinct calli, 
embryogenic and non-embryogenic, with different 
regeneration potential is an important characteristic of 
cereals and grasses (Pola et al., 2008). The auxin 2,4-D 
has been successfully used to induce embryogenic calli 
in grasses such as big bluestem (Chen et al., 1977; Chen 
and Boe, 1988; Li et al., 2009a), Indiangrass (Chen et al., 
1979; Li et al., 2009b), Brachypodium (Zombori et al., 
2011) and little bluestem (Schizachyrium scoparium 
(Michs.) Nash) (Songstad et al., 1986; Li et al., 2009a). In 
our study, 23.8% of germinated seed produced 
embryogenic calli on MS medium containing 3.0 mg l

-1
 

2,4-D in Kaw and 24.5% of germinated seed produced 
embryogenic calli on MS medium with 2.0 mg l

-1
 2,4-D in 

Earl (Table 1). The percentage of embryogenic calli 
induced in our study is comparable to the percentage of 
embryogenic calli (23.1%) obtained with the 
supplementation of 2,4-D in other big bluestem cultivars, 
Bison and Bonilla (Li et al., 2009a).  
 
 
Effect of L-proline on embryogenic calli induction 
 
The use of L-proline in the medium has  a  positive  effect 

on the frequency of callus induction in rice (Oryza sativa 
L.), a member of grass family (Chowdhry et al., 1993; Ge 
et al., 2006). In this study, we have tested the 
effectiveness of L-proline (2.0 g l

-1
) on embryogenic calli 

induction in Kaw and Earl (Table 1). With the addition of 
L-proline, the frequency of embryogenic calli was 
significantly increased to 39.1% on MS medium 
supplemented with 0.5 mg l

-1
 2,4-D in Kaw and 39.8% on 

MS medium containing 1.0 mg l
-1 

2,4-D in Earl. The 
percentage of germinated seed that produced 
embryogenic calli in this study (39.1% in Kaw and 39.8% 
in Earl) was significantly higher (69 to 72%) than the 
percentage of embryogenic calli obtained in big bluestem 
cultivars, Bison and Bonila (23.1%) (Li et al., 2009a). 
Clearly, the increase in embryogenic calli frequency 
obtained in this study can be attributed to the 
supplementation of L-proline in callus induction medium. 
In switchgrass cv. Alamo, addition of L-proline increased 
the embryogenic calli formation efficiency by 30% (Li and 
Qu, 2010). The effectiveness of L-proline for the initiation 
and maintenance of embryogenic calli has also been 
reported in rice (Datta et al., 1992; Kishor et al., 1999) 
and alfalfa (Medicago sativa L.) (Shetty and McKersie, 
1993). L-Proline also promoted embryogenesis in 
somatic tissue cultures of Zea mays (Armstrong and 
Green, 1985; Vasil and Vasil, 1986) and wheat (Triticum 
aestivum L.) (Gill and Gosal, 2015).  
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Figure 1. In vitro plant regeneration in big bluestem cv. Kaw: a. Non-embryogenic callus induced 
on MS + 3.0 mg l-1 2,4-D under dark at 28°C; b. Embryogenic callus obtained on MS + 0.5 mg l-1 
2,4-D + 2.0 g l-1 L-proline under dark. Arrow indicates nodal embryogenic structures; c. Shoots 
regenerated from embryogenic calli 25 days after culture on regeneration medium (MS + 5.0 mg 
l-1 kinetin) under light (16/8 h photoperiod); d. Rooting of regenerated shoots on half strength MS 
medium under light (16/8 h photoperiod).  

 
 
 
Effect of BA on embryogenic calli induction 
 
In general, the addition of 0.5 mg l

-1
 BA on MS medium 

supplemented with 2,4-D did not significantly increase 
embryogenic calli formation in Kaw and Earl (Table 1). In 
Kaw, the maximum of 26.6% embryogenic calli was 
obtained on MS medium containing 3.0 mg l

-1
 2,4-D and 

0.5 mg l
-1

 BA, while in Earl, the maximum of 27.7% 
embryogenic calli was formed on MS medium containing 
1.0 mg l

-1
 2,4-D and 0.5 mg l

-1
 BA. It has been reported 

that BA in combination with auxins such as 2,4-D has a 
positive effect on callus induction in grasses (Altpeter and 
Posselt, 2000; Chaudhury and Qu, 2000; Bai and Qu, 
2001). However, BA in combination with 2,4-D did not 
have a positive effect on callus induction in seashore 
paspalum turfgrass (Paspalum vaginatum Swartz) 
(Neibaur et al., 2008). The BA requirement may be 
species-specific (Chaudhury and Qu, 2000) and depends 
on the specific endogenous  hormone  levels  (Bhaskaran  

and Smith, 1990).  
 
 
Shoot regeneration 
 
The actively growing embryogenic calli were transferred 
to MS medium with different concentrations of kinetin or 
BA for shoot induction. Addition of cytokinin in the 
regeneration medium can significantly increase plant 
regeneration in grasses (Songstad et al., 1986; Fei et al., 
1997). In the present study, the percentage of the shoot 
regeneration and number of shoots per calli increased 
with the increasing concentrations of kinetin or BA in both 
Kaw and Earl (Table 2). However, compared to BA, 
kinetin was better with 100% regeneration achieved in 
both Kaw and Earl on MS medium containing 5.0 mg l

-1
 

kinetin (Table 2) Similar high percentage of regeneration 
was observed with the addition of 5.0 mg l

-1
 kinetin in the 

regeneration  medium  for  big  bluestem  cultivars,  Bison  

 

A 
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Table 2. Effect of different concentrations of Kinetin or 6-benzylaminopurine (BA) on shoot 
regeneration from the embryogenic callus induced on MS medium in Kaw and Earl cultivars of big 
bluestem. 
 

Kinetin (mg l
-1

) BA  (mg l
-1

) 
% of callus forming shoots Number of shoots per calli 

Kaw Earl Kaw Earl 

0.2 - 41.7 ± 12.6
e,f*

 45.8 ± 11.7
e,f

 2.9 ± 0.5
e,f

 3.1 ± 0.4
e,f

 

0.5 - 50.8 ± 12.6
d,e

 60.0 ± 14.1
c,d

 4.2 ± 1.5
c,d

 4.6 ± 0.7
d
 

1.0 - 60.0 ± 14.1
c,d

 69.1 ± 14.2
c
 5.2 ± 2.4

b,c
 5.1 ± 0.7

c,d
 

3.0 - 78.3 ± 15.8
b
 82.5 ± 13.7

b
 7.0 ± 1.1

a
 6.6 ± 1.5

b
 

5.0 - 100.0 ± 0.0
a
 100.0 ± 0.0

a
 7.4 ± 0.9

a
 8.2 ± 0.9

a
 

- 0.2 23.4 ± 11.2
g
 23.3 ± 11.2

g
 2.6 ± 0.5

f
 2.4 ± 0.5

f
 

- 0.5 32.5 ± 11.0
e,f,g

 36.7 ± 3.9
f
 3.5 ± 1.1

d,e,f
 4.1 ± 1.4

d,e
 

- 1.0 41.7 ± 12.6
e,f

 50.8 ± 12.6
d,e

 4.0 ± 0.9
d,e

 5.2 ± 0.8
c,d

 

- 3.0 60.8 ± 23.2
c,d

 69.2 ± 14.2
c
 5.5 ± 1.4

b
 5.9 ± 0.9

b,c
 

- 5.0 70.0 ± 24.5
b,c

 83.4 ± 19.2
b
 5.7 ± 1.2

b
 6.6 ± 1.3

b
 

 
2
Percentages and means with a different superscript letters within a column are significantly different at 

P≤0.05. Each value represents the percentages and means±SD from four replicates. 

 
 
 
and Bonila (Li et al., 2009a). Interestingly, only 70.0 and 
83.4% shoot regeneration was observed in Kaw and Earl, 
respectively, on MS medium containing 5.0 mg l

-1
 BA. An 

average of 7.4 shoots in Kaw and 8.2 shoots in Earl were 
regenerated on regeneration medium containing 5.0 mg l

-

1
 kinetin, while an average of 5.7 shoots in Kaw and 6.6 

shoots in Earl were regenerated on MS with 5.0 mg l
-1

 
BA.  
 
 
Rooting and plant establishment in greenhouse 
 
More than 90% of the regenerated shoots were success-
fully rooted on half strength MS without the addition of 
growth hormones. A similar percentage of rooting was 
achieved in big bluestem cultivars, Bison and Bonila (Li et 
al., 2009a). Fully rooted plants were transferred initially to 
peat pellets for hardening for one week and then to the 
greenhouse for further growth and development.  

In conclusion, we have successfully established an 
improved regeneration system in two cultivars of big 
bluestem, Kaw and Earl, which are grown in the southern 
US. Both the cultivars showed enhanced embryogenic 
calli formation (39.1% in Kaw and 39.8% in Earl) on MS 
medium containing 2,4-D and L-proline. In addition, 
shoots were successfully regenerated (100% in Kaw and 
Earl) on MS medium containing kinetin (5.0 mg l

-1
). 

Because of high-frequency embryogenic calli formation 
and efficient plant regeneration, this protocol may be used 

for the application of genetic engineering technologies in 
big bluestem cultivars, Kaw and Earl.  
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