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a b s t r a c t
Switchgrass (Panicum virgatum L.) is a warm-season perennial grass that has received considerable attention as a potential dedicated biofuel and bioproduct feedstock. Genetic improvement of switchgrass is
needed for better cellulosic ethanol production, especially to improve cellulose-to-lignin ratios. Cell suspension cultures offer an in vitro system for mutant selection, mass propagation, gene transfer, and cell
biology. Toward this end, switchgrass cell suspension cultures were initiated from embryogenic callus
obtained from genotype Alamo 2. They have been established and characterized with different cell type
morphologies: sandy, ﬁne milky, and ultraﬁne cultures. Characterization includes histological analysis
using scanning electron microscopy, and utility using protoplast isolation. A high protoplast isolation
rate of up to 106 protoplasts/1.0 g of cells was achieved for the ﬁne milky culture, whereas only a few
protoplasts were isolated for the sandy and ultraﬁne cultures. These results indicate that switchgrass
cell suspension type sizably impacts the efﬁciency of protoplast isolation, suggesting its signiﬁcance in
other applications. The establishment of different switchgrass suspension culture cell types provides the
opportunity to gain insights into the versatility of the system that would further augment switchgrass
biology research.
© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Switchgrass (Panicum virgatum L.) is a warm-season perennial grass that is native to the prairies of North America and
grown in monoculture for hay, grazing, and erosion control. It
has received considerable interest for its potential as a bioenergy
crop owing to its high biomass production and wide adaptation [1–4]. Genetic manipulation of switchgrass is needed for
the development of improved switchgrass for better cellulosic
ethanol production [5–8]. Recently, in vitro techniques have been
developed and advanced as of great potential for assaying the
target genes in switchgrass [9–15]. Yet, stable transformation is
time-consuming because of low efﬁciency inherent in the current
system; switchgrass is considered to be recalcitrant toward genetic
transformation.
Cell suspension cultures offer an in vitro system that can be used
as a tool for various studies in switchgrass. They can be used in
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experiments involving mutant selection, mass propagation, protoplast isolation, gene transfer, and cell biology to study cell wall
traits. It is now accepted that plants and cultured cells metabolize
foreign compounds in qualitatively similar ways [16,17], but with
qualiﬁcations.
Here, we report the development of three novel switchgrass cell
suspension cultures, each with distinct morphological features. Our
initial evaluation indicated the signiﬁcance of the cell type in effectiveness of protoplast isolation. The different cell types among the
switchgrass suspension cultures provide an opportunity to gain further insights into their potential applications in cell wall biology
and biotechnology.

2. Materials and methods
2.1. Production of switchgrass cell suspension cultures
2.1.1. Initiation
Initial cell suspension culture was generated essentially as
described [18] with some variations. Embryogenic callus was
formed from in vitro-developed inﬂorescences of nodal segments
of genotype Alamo 2 [19]. Approximately 1.0 g fresh weight
of callus was transferred to 125-ml ﬂasks containing 30 ml
Murashige and Skoog [20] medium supplemented with 9 M 2,4-
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Fig. 1. Switchgrass cell suspension types sandy, ﬁne milky, and ultraﬁne in the exponential growth phase, 5 days after subculture.

dichlorophenoxyacetic acid (2,4-D), 4.4 M 6-benzylaminopurine
(BAP) (both from Sigma, St. Louis, MO, USA), and 3% maltose (Fisher,
Fair Lawn, NJ, USA). Flasks were incubated on a rotary shaker at
120 rpm and maintained at 22–24 ◦ C in the dark. Feeding of the cultures with fresh medium was done at 10–14 days intervals, at which
the suspensions were allowed to settle and 6–8 ml of supernatant
were removed and replaced by 12–14 ml of fresh medium. This
procedure was repeated for about 7 weeks. The supernatant was
then ﬁltered through a 210-m mesh (Spectrum Laboratories Inc.,
Rancho Dominguez, CA, USA). The resultant suspension derived
from the ﬁltrate was used as primary source for the subsequent
establishment of different types of cell suspension cultures.
2.1.2. Establishment
Different cell types were established using the original source
suspension culture. Subsequent ﬁltrations of the suspension
through a 210-m mesh at 2-week intervals maintained the suspension in a dilute stage, which resulted in an ultraﬁne type culture.
Whereas feeding the suspension, as described above, for about
2 months transformed the suspension into a sandy type culture.
Occasionally, over time, the sandy type cultures tended to aggregate into cell clusters. Eventually, these aggregated pieces began to
release ﬁne cells into the medium giving the supernatant a milky
appearance, which we termed ﬁne milky type culture.
2.2. Histology
Cells were collected by centrifugation and the supernatant was
replaced with 3% glutaraldehyde (Sigma) in 0.1 M cacodylate buffer
(Electron Microscopy Sciences, Hatﬁeld, PA, USA). After 45 min,
the glutaraldehyde was removed and the cells were washed with
cacodylate buffer three times for 10 min each. The cells were postﬁxed in 2% osmium tetroxide (Electron Microscopy Sciences) for
45 min and subsequently dehydrated in an acetone series (25%,
50%, 75%, 90%, 100%, and dry 100%). Following acetone dehydration, the cells were critical point dried with liquid carbon dioxide.
The samples were sprinkled onto two-sided carbon tape on a stub
and sputtered with gold (SPI sputter coater) prior to viewing with
a LEO (Zeiss) 1525 FE-scanning electron microscope (SEM).
2.3. Protoplast isolation
Details of protoplasts isolation were essentially the same as
described in our previous work [21] with several modiﬁcations.
Protoplasts were isolated from suspension cultures in the exponential growth phase, 4–5 days after subculture. Approximately
1.0 g fresh weight suspension cells were used per 7 ml enzyme solution (0.6 M mannitol, 10 mM MES [pH 5.7], 6% cellulase (Onozuka
RS) (Serva/Crescent Chemicals, Islandia, NY, USA), 1% macerozyme
R-10 (PlantMedia, Dublin, OH, USA), 1% driselase (Sigma), 0.5% pectolyase Y-23 (MP Biomedicals LLC, OH, USA), 0.1% BSA, 70 mM
CaCl2 ). Prior to addition of the cells, the enzyme solution was

dissolved by incubating at 55 ◦ C for 10 min, cooled to room temperature, and ﬁltered through a 0.45 m microﬁlter (Millipore,
Billerica, MA, USA). The digestion was carried out in the dark
under gentle shaking at 50 rpm for 3–4 h at room temperature.
After incubation, the solution was ﬁltered sequentially through 70
and 40 m Falcon cell strainer (BD Biosciences, Bedford, MA, USA)
placed in Petri-dish. One volume of W5 washing solution (154 mM
NaCl, 125 mM CaCl2 , 5 mM KCl, 2 mM MES) was added and protoplasts were collected by centrifugation at 1300 rpm for 7 min and
re-suspended in 500 l of Mmg solution (0.6 M mannitol, 15 mM
MgCl2 , 4 mM MES [pH 5.7]). Protoplasts were observed under bright
ﬁeld light using an Olympus BX51 microscope and quantiﬁed by
a hemocytometer. Viability of the protoplasts was examined by
Evans blue staining assay as described in our previous work [21].
3. Results and discussion
Switchgrass cell suspension cultures were initiated from
embryogenic callus derived from inﬂorescences of nodal segments.
Different types of cell suspension cultures were developed from the
primary source culture. The sandy cell type culture was dense in
texture and precipitated rapidly, whereas the ﬁne milky and ultraﬁne types had a tendency to remain suspended in the media (Fig. 1).
The growth color and texture of the sandy type culture to a certain
extent depended on duration of feeding the cells. They became thick
and pale yellow in color when fed more than 2 weeks. The sandy
type culture grew at much higher rate than others. After approximately 5–6 weeks, culling of sandy type cells was required during
feeding to keep them from becoming overpopulated. Large quantities of homogenous cells could be obtained after 3 months feeding
(Fig. 2). On the contrary, the ﬁne milky type cells grew slowly, yet
despite their low cell density, viscosity of the culture increased
within one week of establishment. It was visually apparent that the
ﬁne milky type culture became markedly viscous after two weeks
of feeding the cells. Viscosity of cell suspension culture of some
certain monocots has shown to be related to secreted polysaccharide pectinaceous substances from cells [22]. Interestingly, in the
present study, only the ﬁne milky type culture resulted in viscosity,
which differentiated this cell type from other switchgrass cultures.
Histological analysis using scanning electron microscopy (SEM)
demonstrated distinct morphological features between the types of
the cell cultures—the sandy type consisted of large and often elongated cells; the ﬁne milky type contained small, generally rounded
cells; and the ultraﬁne type included various intermediate stages
of the enlarged and small rounded cells (Fig. 3). The cells were
generally present in compact small groups and only occasionally
as single cells. The proportion of the two intermediate stages of
cells in the ultraﬁne type culture depended on duration of ﬁltration. Usually in durations longer than 2-week ﬁltration intervals,
the number of elongated cells in the suspension culture increased.
Extracellular matrix (ECM)-like layer was observed on the surface
of the ﬁne milky cells (Fig. 3). Presence of ECM has been linked to
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Fig. 2. Switchgrass cell suspension sandy type after 3 months feeding. (A) Dense suspension cells grown in ﬂask and (B) cells ﬁltrated through Whatman ﬁlter paper.

Fig. 3. Scanning electron micrograph of switchgrass cell suspension types sandy, ﬁne milky, and ultraﬁne. Asterisks indicate extracellular matrix-like layer on the surface of
the ﬁne milky cells.

the formation of pro-embryogenic cells or the shift of embryogenic
competence [23–25].
To evaluate the usefulness of the cell cultures in one application, isolation of protoplasts was performed on each type of
culture. A high protoplast isolation rate, up to 106 protoplasts/1.0 g
of cells, was obtained for the ﬁne milky type culture (Fig. 4). The
viability of these protoplasts was up to 90%. These results are consistent with our previous work on leaf and root-derived protoplasts
where an efﬁcient protoplast isolation and transient gene expression was demonstrated [21]. However, only a few protoplasts were
isolated for the sandy and ultraﬁne type cultures, which were associated with a considerable amount of the undigested cells (data not
shown). Increasing the enzymatic incubation period time over a

time course up to 28 h did not improve disassociation of the undigested cells (Fig. 5). Although the majority of the cells appeared to
be plasmolized, protoplasts in these cells often failed to be released
because of unbroken cell walls (Fig. 5). These observations suggest
that the difference between these cell type cultures is likely related
to cell wall properties, which suggests an obvious application in cell
biology for cell wall research.
Moreover, only ﬁne milky cell type culture led to efﬁcient protoplast isolation. This may be because of the unique viscous texture of
this cell type culture that facilitates the digestion of the cells. Protoplasts can be used in several studies, such as somatic hybridization,
transient gene expression, and genetic transformation and subsequent regeneration of transgenic plants. A protoplast-to-plant

Fig. 4. Protoplasts isolated from switchgrass cell suspension ﬁne milky type culture. (A) Suspension culture showing groups of tightly packed cells before the digestion (10×)
and (B) protoplasts isolated after 4 h digestion (20×).
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Fig. 5. Switchgrass cell suspension sandy type culture incubated in the enzyme solution throughout a time course. After 4 h (A), 7 h (B), 17 h (C), and 28 h (D) incubation
(20×). Arrows indicate plasmolyzed cells containing protoplasts which failed to get released due to the unbroken cell walls.

regeneration system would facilitate genetic manipulation techniques. It is known that protoplasts from leaf or other plant tissues
of grass species do not generally divide and protoplasts only regenerate into plants when they have been isolated from embryogenic
cell suspensions [26,27]. Consistently, cell suspension-derived protoplasts have been shown to be competent for plant regeneration
in a number of gramineous monocots [28,29]. Given our efﬁcient
protoplast isolation from the ﬁne milky culture, it may be a potential value of this cell type for such application. The implication
of such system would be an alternative route for the recalcitrant
genetic transformation and regeneration of genetically modiﬁed
switchgrass.
Additionally, it is of interest that whether these type cultures differ in the frequency of plant regeneration. Plant regeneration has
been reported from switchgrass embryogenic ultraﬁne suspension
cultures [18], given that our developed cell type cultures were initiated from embryogenic callus, they may have potential that can
be used for such application.
In summary, the present study demonstrates the development
of three different types of switchgrass cell suspension cultures with
distinct morphological features that could be useful to the research
community for various downstream studies, such as plant regeneration, mutant selection, mass propagation, gene transfer, and cell
biology.
Acknowledgements
We gratefully acknowledge funding by BioEnergy Science Center (BESC). BESC is a US Department of Energy Bioenergy Research
Center supported by the Ofﬁce of Biological and Environmental
Research in the DOE Ofﬁce of Science.
References
[1] S.B. McLaughlin, L.A. Kszos, Development of switchgrass (Panicum virgatum)
as a bioenergy feedstock in the United States, Biomass Bioenerg. 28 (2005)
515–535.
[2] D.J. Parrish, J.H. Fike, The biology and agronomy of switchgrass for biofuels, Crit.
Rev. Plant Sci. 24 (2005) 423–459.
[3] C.N. Stewart Jr., L. Shugart, G.-S. Liu, J. Zhuang, Y. Ma, G.A. Tuskan, R. Meilan,
R.W. Gentry, G.S. Sayler, China–U.S. workshop on biotechnology of bioenergy
plants, Ecotoxicology 19 (2010) (2010) 1–3.
[4] J.P. van Wyk, Biotechnology and the utilization of biowaste as a resource for
bioproduct development, Trends Biotechnol. 19 (2001) 172–177.
[5] M.E. Himmel, S.-Y. Ding, D.K. Johnson, W.S. Adney, M.R. Nimlos, J.W. Brady,
T.D. Foust, Biomass recalcitrance: engineering plants and enzymes for biofuels
production, Science 315 (2007) 804–807.
[6] A.P. Kausch, J. Hague, M. Oliver, Y. Li, H. Daniell, P. Maschia, L.S. Watrud, C.N.
Stewart Jr., Transgenic biofuel feedstocks and strategies for bioconﬁnement,
Biofuels 1 (2010) 163–176.

[7] E.D. Rubin, Genomics of cellulosic biofuels, Nature 454 (2008) 841–845.
[8] M.R. Schmer, K.P. Vogel, R.B. Mitchell, R.K. Perrin, Net energy of cellulosic ethanol from switchgrass, Proc. Natl. Acad. Sci. U.S.A. 105 (2008)
464–469.
[9] J.N. Burris, D.J.G. Mann, B.L. Joyce, C.N. Stewart Jr., An improved tissue culture
system for embryogenic callus production and plant regeneration in switchgrass (Panicum virgatum L.), Bioenerg. Res. 2 (2009) 267–274.
[10] X. Chen, R. Equi, H. Baxter, K. Berk, J. Han, S. Agarwal, J. Zale, A high-throughput
transient gene expression system for switchgrass (Panicum virgatum L.)
seedlings, Biotechnol. Biofuels 3 (2010) 9.
[11] H.A. Richards, V.A. Rudas, H. Sun, J.K. McDaniel, Z. Tomaszewski, B.V. Conger,
Construction of a GFP-BAR plasmid and its use for switchgrass transformation,
Plant Cell Rep. 20 (2001) 48–54.
[12] M.N. Somleva, Switchgrass (Panicum virgatum L.), in: K. Wang (Ed.), Methods
in Molecular Biology, Agrobacterium Protocols, Humana Press Inc., Totowa, NJ,
2007, pp. 65–73.
[13] M.N. Somleva, K.D. Snell, J.J. Beaulieu, O.P. Peoples, B.R. Garrison, N.A. Patterson,
Production of polyhydroxybutyrate in switchgrass, a value-added co-product
in an important lignocellulosic biomass crop, Plant Biotechnol. J. 6 (2008)
663–678.
[14] M.N. Somleva, Z. Tomaszewski, B.V. Conger, Agrobacterium mediated genetic
transformation of switchgrass, Crop Sci. 42 (2002) 2080–2087.
[15] J.S. VanderGheynst, H.-Y. Guo, C.W. Simmons, Response surface studies that
elucidate the role of inﬁltration conditions on Agrobacterium tumefaciensmediated transient transgene expression in harvested switchgrass (Panicum
virgatum), Biomass Bioenergy 32 (2008) 372–379.
[16] S. Hellwig, J. Drossard, R.M. Twyman, R. Fischer, Plant cell cultures for the
production of recombinant proteins, Nat. Biotechnol. 22 (2004) 1415–1422.
[17] P.M. Kieran, P.F. MacLoughlin, D.M. Malone, Plant cell suspension cultures:
some engineering considerations, J. Biotechnol. 59 (1997) 39–52.
[18] S.D. Dutta Gupta, B.V. Conger, Somatic embryogenesis and plant regeneration
from suspension cultures of switchgrass, Crop Sci. 39 (1999) 243–247.
[19] K.S. Alexandrova, P.D. Denchev, B.V. Conger, In vitro development of inﬂorescences from switchgrass nodal segments, Crop Sci. 36 (1996) 175–178.
[20] T. Murashige, F. Skoog, A revised medium for rapid growth and bioassays with
tobacco tissue cultures, Physiol. Plant. 15 (1962) 473–497.
[21] M. Mazarei, H. Al-Ahmad, M.R. Rudis, C.N. Stewart Jr., Protoplast isolation and
transient gene expression in switchgrass, Panicum virgatum L., Biotechnol. J. 3
(2008) 354–359.
[22] P.A. Conrad, L.L.W. Binari, R.H. Racusen, Rapidly-secreting, cultured oat cells
serve as a model system for the study of cellular exocytosis, characterization
of cells and isolated secretory vesicles, Protoplasma 112 (1982) 196–204.
[23] P Namasivayam, Acquisition of embryogenic competence during somatic
embryogenesis, Plant Cell Tiss. Organ Cult. 90 (2007) 1–8.
[24] M. Popielarska-Konieczna, M. Kozieradzka-Kiszkurno, J. Swierczynska, G.
Goralski, H. Slesak, J. Bohdanowicz, Ultrastructure and histochemical analysis
of extracellular matrix surface network in kiwifruit endosperm-derived callus
culture, Plant Cell Rep. 27 (2008) 1137–1145.
[25] J. Samaj, F. Baluska, M. Bobaki, D. Volkmann, Extracellular matrix surface
network of embryogenic units of friable maize callus contains arabinogalactanproteins recognized by monoclonal antibody JIM4, Plant Cell Rep. 18 (1999)
369–374.
[26] E.E. Hansen, J.F. Hubstenberger, G.C. Phillips, Regeneration of shoots from cell
suspension-derived protoplasts of Allium cepa, Plant Cell Rep. 15 (1995) 8–11.
[27] I. Potrykus, M.W. Saul, J. Petruska, J. Paszkowski, R.D. Shillito, Direct gene transfer to cells of a graminaceous monocot, Mol. Gen. Genet. 199 (1985) 183–188.
[28] M.R. Davey, P. Anthony, J.B. Power, K.C. Lowe, Plant protoplast technology:
current status, Acta Physiol. Plant. 27 (2005) 117–130.
[29] P. Ozias-Akins, I.K. Vasil, In vitro regeneration and genetic manipulation of
grasses, Physiol. Plant. 73 (1988) 565–569.

