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Abstract Plant defense responses can lead to altered
metabolism and even cell death at the sites of Agrobacterium
infection, and thus lower transformation frequencies. In this
report, we demonstrate that the utilization of culture conditions associated with an attenuation of defense responses in
monocot plant cells led to highly improved Agrobacteriummediated transformation efficiencies in perennial ryegrass
(Lolium perenne L.). The removal of myo-inositol from the
callus culture media in combination with a cold shock pretreatment and the addition of L-Gln prior to and during
Agrobacterium-infection resulted in about 84 % of the
treated calluses being stably transformed. The omission of
myo-inositol from the callus culture media was associated
with the failure of certain pathogenesis related genes to be
induced after Agrobacterium infection. The addition of a
cold shock and supplemental Gln appeared to have synergistic effects on infection and transformation efficiencies.
Nearly 60 % of the stably transformed calluses regenerated
into green plantlets. Calluses cultured on media lacking myoinositol also displayed profound physiological and
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biochemical changes compared to ones cultured on standard
growth media, such as reduced lignin within the cell walls,
increased starch and inositol hexaphosphate accumulation,
enhanced Agrobacterium binding to the cell surface, and less
H2O2 production after Agrobacterium infection. Furthermore, the cold treatment greatly reduced callus browning
after infection. The simple modifications described in this
report may have broad application for improving genetic
transformation of recalcitrant monocot species.
Keywords Cold shock  Glutamine  myo-inositol 
Plant defense response  Transformation

Introduction
Agrobacterium tumefaciens is a gram-negative, soil-borne
bacterium that naturally has a broad host range in plants,
primarily dicot species. In nature, wild type A. tumefaciens
causes a crown gall disease on host species, facilitated by
the import and integration of a transfer DNA (T-DNA)
from a tumor-inducing (Ti) plasmid from A. tumefaciens to
the host cells (Gelvin 2003, 2005, 2010; Dafny-Yelin et al.
2008). This feature of A. tumefaciens has been widely
exploited to introduce transgenes to plant, fungi, and even
mammalian cells under laboratory conditions (Gelvin
2005; Dafny-Yelin et al. 2008). However, as a bacterium
that is pathogenic to plants, Agrobacterium elicits a wide
spectrum of defense responses within infected plant cells
(Ditt et al. 2006; Torres et al. 2006; Zipfel et al. 2006). The
recognition of pathogen-associated molecular patterns
(PAMPs) (Torres et al. 2006; Zipfel et al. 2006; DafnyYelin et al. 2008) by the plant’s innate immune system
represents the first layer of defense against pathogenic
bacterial attack. The recognition of PAMPs and the
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subsequent plant defense responses are also referred to as
PAMP-triggered immunity (PTI) (Jones and Dangl 2006;
Zipfel 2008). The cellular responses associated with PTI
include rapid ion fluxes across the plasma membrane, the
generation of reactive-oxygen-species, activation of mitogen-activated protein kinases and rapid changes in gene
expression, such as the induced expression of pathogenesis
related genes (PRs) (Asai et al. 2002; Djamei et al. 2007;
Dafny-Yelin et al. 2008; Zipfel 2008; Gelvin 2010).
Clearly, by using Agrobacterium as a vehicle for genetic
transformation, an array of plant defense responses will be
elicited during the course of infection.
In Arabidopsis it has been shown that susceptibility to
Agrobacterium infection can be increased in plants possessing a mutant receptor kinase gene that is essential for
perception of the bacterial PAMP factor EF-Tu (Zipfel
et al. 2006). Dampening plant immunity by the expression
of a Pseudomonas syringae type III effector that targets
multiple pattern-recognition receptors also enhanced
Agrobacterium-mediated transient expression of foreign
genes in Arabidopsis (Tsuda et al. 2012). Alleviating
defense responses of plants in vitro as a means of
improving Agrobacterium-mediated transformation, however, remains a challenge.
Myo-inositol has numerous functions in eukaryotes,
affecting a variety of developmental and physiological
processes (Boss et al. 2006; York 2006; Michell 2008;
Munnik and Nielsen 2011). It has been shown to be an
important intermediate for plant cell wall polysaccharide
synthesis in intact plants and detached plant tissues
(Loewus 1965), as well as in cultured cells (Roberts and
Loewus 1966; Loewus and Murthy 2000). Despite the fact
that it can be synthesized de novo from glucose in plant
cells (Thorpe et al. 2008), myo-inositol is a common constituent in standard plant culture media, as its addition is
believed to improve plant regeneration (Murashige and
Skoog 1962; Gamborg et al. 1968; Schenk and Hildebrandt
1972; Loewus 1990). Recently, a link between inositol
metabolism and plant programmed cell death was revealed
(Murphy et al. 2008; Meng et al. 2009; Chaouch and
Noctor 2010), suggesting a direct role of myo-inositol and/
or its derivatives in plant defense responses.
The metabolism of glutamine has also been implicated
in the plant response to pathogen infection (Pageau et al.
2006; Liu et al. 2010). The Arabidopsis amino acid transporter mutant lth1 showed enhanced disease resistance to a
broad spectrum of pathogens, a response that was suppressed by L-glutamine (L-Gln) (Liu et al. 2010). L-Gln was
also found to inhibit beta-aminobutyric acid (BABA)induced plant resistance to a bacterial pathogen of
Arabidopsis (Wu et al. 2010). Although the molecular
mechanisms underlying how glutamine metabolism affects
plant defense responses are poorly understood, these results
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suggested that L-Gln could play a role in mitigating plant
defense responses and thus potentially could be modulated
toward improving the efficiency of Agrobacterium-mediated plant transformation.
One of the long term goals of our research program is to
utilize transformation technologies as a means of improving
perennial ryegrass, a monocot plant species. Agrobacteriummediated transformation of perennial ryegrass has been
reported by several groups. Wu et al. (2005) reported a whole
plant stable transformation efficiency of 14 % for perennial
ryegrass after optimizing the timing of acetosyringone
exposure and including an osmotic treatment. Cao et al.
(2006) reported perennial ryegrass transformations efficiencies as high as 23 % after testing the effects of a variety
of light, temperature and antioxidant conditions at different
steps. Bajaj et al. (2006) established a transformation system
with embryogenic cell lines, and the highest transformation
efficiency obtained was 12 %. Other publications describing
perennial ryegrass transformation reported efficiencies of
16 % or less (Altpeter 2006; Sato and Takamizo 2006; Wu
et al. 2007). Because our initial efforts to obtain high efficiency transformation of perennial ryegrass by repeating
conditions reported by other labs were not successful, there
was a need to optimize the procedure. After comparing and
testing an array of parameters, we established a protocol that
was convenient for callus induction and proliferation, and
enhanced Agrobacterium-mediated transformation. During
this process we discovered that the removal of myo-inositol
from the callus culture media, combined with the addition of
L-Gln and a cold treatment during the transformation process
dramatically improved the overall transformation efficiency.
This enhancement in transformation efficiency was likely
attributable to suppression of the plant defense response, as
attenuation in the expression of certain PRs, increased
Agrobacterium binding, and a reduction in H2O2 production
was observed as a result of the modified treatment conditions. Similar results were observed when the same protocol
was applied to transformation of rice suspension culture
cells.

Results
Enhanced perennial ryegrass transformation using
a combined treatment
Calluses of perennial ryegrass (cv. Monterey II) were
transformed with Agrobacterium tumefaciens strain
EHA105 harboring the binary vector pTJN33-gfp. Among
the various factors investigated to improve perennial ryegrass transformation efficiency, the following were found
to increase both transient and stable expression of the gfp
reporter gene: (1) removal of myo-inositol from the callus
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Fig. 1 Enhanced callus transformation of perennial ryegrass by
combined treatments. a Cold-shock treatment prevents calluses from
browning after Agrobacterium infection. The calluses were cultured
on media containing myo-inositol (MI?). Photos were taken after
4 days of co-cultivation. b Factors that affect perennial ryegrass
transformation. Four-month-old calluses cultured on media supplied
with or without 100 mg l-1 myo-inositol (MI? or MI-) were either
incubated on ice for 20 min (Cold?) or at room temperature (Cold-).
Addition of 100 lM L-Gln to the cold shock solution and bacterial
suspension media (Gln?) was also tested. The columns and bars
represent means and standard errors from three independent experiments using a total of 135 pieces of callus per treatment. Different

letters indicate significant differences between treatments in a twotailed student’s t test (p \ 0.05). c Means and standard errors are
shown for the number of GFP spots per GFP positive callus from (b).
Different letters indicate significant differences between treatments in
a two-tailed student’s t test (p \ 0.05). d Removal of myo-inositol
from the culture media enhances perennial ryegrass transformation
under conditions of cold shock and L-Gln treatments. The calluses
pre-cultured on media without myo-inositol showed faster recovery
and more vigorous growth under selection of 5.0 mg l-1 PPT. Typical
GFP expression in calluses 2 weeks and 2 months after selection on
media either containing (IGC) or lacking (GC) supplemental myoinositol is also shown. Scale bar = 1 mm

pre-culture media (MI-); (2) application of a cold shock
prior to Agrobacterium-infection (C?); and (3) addition of
100 lM L-Gln (Gln?) to the solution prior to and during
the infection (Fig. 1). The effects of these specific treatments on perennial ryegrass transformation, both alone and
in combination, are presented below.
During perennial ryegrass transformation, we observed
that the calluses were prone to turn brown after Agrobacterium infection, especially for those maintained on media
supplied with 100 mg l-1 myo-inositol. Callus browning
was significantly reduced, however, when a cold shock
treatment was applied by immersing the calluses in 3 %
maltose and placing the samples on ice for 20 min prior to
infection (Fig. 1a). Moreover, it was observed that the
addition of L-Gln to both the maltose solution and the

Agrobacterium suspension media also had a positive effect
on transformation frequencies. In preliminary experiments,
several concentrations of L-Gln were tested and 100 lM
L-Gln was found to be optimal for enhancing Agrobacterium-mediated transformation (data not shown); therefore
this concentration was adopted in our standard protocol. As
shown in Fig. 1b, although each of the three factors had a
positive effect on transformation frequency, the combination of all three (labeled as GC) appeared to be synergistic,
dramatically improving the transformation efficiency of
perennial ryegrass.
It was clear from these studies that myo-inositol played a
particularly key role among the three factors tested. The
addition of myo-inositol to callus culture media seemed to
have an inhibitory effect on transformation. In its presence,
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minimal improvement in transformation efficiency was
observed even when the L-Gln and cold treatments were
applied (IGC in Fig. 1b). The efficiency of stably transformed calluses increased from 0 % in myo-inositol containing media (MI?), to 12 % for materials in media lacking
myo-inositol (MI-), based on the number of calluses containing clusters of GFP-positive cells 1 month after selection
was initiated. The efficiency was improved to about 20 %
when the cold shock (C) or L-Gln (G) treatments were added
individually. The combination of the three treatments (GC)
resulted in a much higher transformation efficiency of 84 %.
A similar trend was observed when the number of GFP spots
per GFP positive callus was counted. The GC treatment
yielded an average of about eight GFP spots per callus, in
contrast to other treatments which averaged two or less GFP
spots per callus (Fig. 1c). During the callus culture stage and
immediately after infection, callus morphology looked
similar whether the callus was cultured on media containing
or lacking myo-inositol. However, when transferred to
selection media containing 5.0 mg l-1 phosphinothricin
(PPT), calluses from the GC treatment showed faster
recovery and more vigorous growth. Significant differences
in callus size between GC versus IGC treatments were very
apparent by 4 weeks after selection (Fig. 1d). Even just
2 weeks after selection, multiple GFP spots were observed in
the GC treated callus without myo-inositol, whereas the
callus maintained on media with myo-inositol (IGC) showed
sluggish growth, more cell death and fewer GFP spots per
callus (Fig. 1d). Two months after selection, the GFP positive calluses from the GC treatment showed robust growth
and obvious embryogenesis (Fig. 1d, 2 months GC), while
those from the IGC treatment were much less vigorous and
plant regeneration took about 2 months longer (data not
shown).
Removal of myo-inositol from culture media does
not negatively affect plant regeneration
In transformation experiments using plasmid pTJN33-gfp
(Fig. 2a), we observed that the age of the starting callus
also impacted transformation efficiency. When the three
factors that define the GC treatment were applied to 2-, 3-,
and 4-month-old calluses (corresponding to one, two and
three subcultures), stable transformation efficiencies of 27,
72, and 84 % were observed, respectively. Longer culture
periods were avoided as they had a tendency to reduce the
capacity for subsequent plant regeneration, with or without
supplemental myo-inositol (data not shown). Thus, calluses
that had undergone three rounds of subculture (about
4-month-old) were selected for most of our transformation
experiments.
To investigate whether removal of myo-inositol from
callus culture media had a detrimental effect on the
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subsequent regeneration of whole plantlets, calluses
showing GFP expression that were generated using the GC
treatment that lacks myo-inositol were picked randomly
and tested for regeneration competency. As shown in
Figs. 2c, d and Table 1, the GFP positive calluses generated from transformation of 4-month-old calluses regenerated well. An average regeneration rate of 59 % was
achieved in three independent transformation experiments,
which suggests that removal of myo-inositol is not detrimental to plant regeneration per se. The transgenic plants
rooted well on media containing 10 mg l-1 PPT (Fig. 2c),
and grew normally in the greenhouse. Using a leaf painting
assay, the transgenic plants showed resistance to a
15 mg l-1 PPT solution applied to the leaves (Fig. 2e). The
presence of the transgene was verified by DNA Southern
blot analysis using the bar coding sequence as a hybridization probe (Fig. 2f). When the same genomic DNAs
were digested with HindIII, a restriction enzyme that cuts
just once within the vector sequence (Fig. 2a), and
hybridized to a gfp probe, any array of banding patterns
was observed indicating that these transgenic plants were
derived from independent transformation events (data not
shown).
Myo-inositol supplementation has profound effects
on cell wall lignin content, starch accumulation,
Agrobacterium binding and inositol hexaphosphate
(InsP6) content
Although plant cells autonomously synthesize myo-inositol
from glucose (Loewus and Murthy 2000), our experiments
indicated that supplementation of myo-inositol to the culture media mediates multiple effects on callus metabolism.
As shown in Fig. 3a, lignin was readily detected in cell
walls of 4-month-old callus grown on media containing
myo-inositol, whereas comparable callus growing on media
without myo-inositol supplementation did not show
appreciable lignin accumulation. This result suggests that
the addition of myo-inositol to the culture media promotes
the development of secondary cell walls. Moreover, starch
metabolism within the callus was strongly affected. Calluses grown on media containing myo-inositol showed no
obvious starch accumulation (as determined by iodine
staining), while those maintained on media without myoinositol showed intense staining for starch (Fig. 3a), indicating that supplementation of myo-inositol had a great
effect on carbohydrate partitioning in the cultured callus
cells. Additional studies also revealed that myo-inositol
affects the binding of Agrobacterium to the perennial
ryegrass cells. About four times the number of tightly
bound Agrobacterium were observed on calluses when
myo-inositol was removed from the culture media
(Fig. 3b), suggesting that the metabolic changes caused by
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Fig. 2 Removal of myo-inositol from culture media does not prevent
plant regeneration. a Schematic map of T-DNA region of plasmid
pTJN33-gfp. LB, left border; 35S, CaMV 35S promoter; bar,
herbicide resistance gene; rubP, rice rubi3 gene promoter; N,
nopaline synthase terminator; RB, right border; The regions corresponding to the probes used in Southern blots are also shown. b Stable
expression of a foreign gene (gfp) in perennial ryegrass callus as a
function of callus age. Transformation was conducted using the GC
treatment. Calluses were sub-cultured onto fresh media once a month.
The columns and bars represent means and standard errors from three
independent experiments using a total of approximately 180 pieces of
callus. Different letters above the columns indicate significant
differences under a two-tailed student’s t test, p \ 0.05.

c Fluorescence microscopy of GFP-expressing calluses. d Transgenic
plants rooting on MS medium containing 10 mg l-1 PPT. e Results of
leaf painting with 15 mg l-1 PPT. Leaves of wild type plants (left)
and transgenic plants (right) are shown 2 weeks after PPT application. f Southern blot analysis of transgenic perennial ryegrass plants.
Ten randomly selected GFP positive plants were tested using a bar
PCR product as a probe. P, 10 pg of non-digested pTJN33-gfp
plasmid DNA (positive control); ck-: Digested genomic DNA of a
non-transgenic plant (negative control); 1–10, Plant DNA was
digested with BamHI. A photograph of the molecular markers from
the corresponding gel prior to transfer of the digested plant genomic
DNAs is shown on the right of the panel. A 2.5 kb band is expected
for transgenic plants containing an intact bar gene

Table 1 Plant regeneration efficiencies of randomly selected GFP
positive calluses from three independent transformation experiments
using 4-month-old calluses sub-cultured on myo-inositol free media

Considering the key role of myo-inositol in the biosynthesis of various inositol phosphates, including InsP6 (Loewus and Murthy 2000), and the various functions of
inositol phosphates in signal transduction, chromatin
remodeling, RNA export and DNA repair (Boss et al. 2006;
York 2006; Gillaspy 2010), it is possible that the altered
metabolism of inositol phosphates could affect the genetic
transformation frequency. As an initial attempt to begin
investigating possible mechanisms underlying the effects
of myo-inositol on transformation efficiency, we measured
InsP6 concentrations within the callus after each subculture. As shown in Fig. 3c, we observed that the InsP6
accumulation in the cultured callus increased with time in
culture. Removal of myo-inositol from the culture media
further increased InsP6 and resulted in a more than

Exp.

No. of callus
lines (A)

No. of callus
lines that generated
GFP plants (B)

Efficiency
(B/A, %)

1

48

25

52.1

2

38

22

57.9

3

38

26

68.4

124

73

58.9

Total

the removal of myo-inositol may favor the processes
involved in Agrobacterium binding to plant cells, and thus
its potential infectivity.
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Fig. 3 Effects of myo-inositol on perennial ryegrass callus. a Lignin
and starch staining of 4-month-old calluses cultured on media with
(MI?) or without (MI-) 100 mg l-1 myo-inositol supplementation.
Lignin deposits stain red, and starch accumulation shows a dark-blue
coloration after staining with a saturated solution of phloroglucinol in
20 % HCl, and I2-KI, respectively. The picture inset represents a
magnification of crushed callus after staining, which shows the
stained lignin located in cell walls. b Quantification of Agrobacterium
tightly bound to calluses cultured on media with (MI?) or without

(MI-) 100 mg l-1 myo-inositol. Columns and bars represent the
means and standard errors of colony counts from three independent
experiments. The double asterisks indicate significant differences
using a one way ANOVA test (p \ 0.01). c Comparison of inositol
hexaphosphate (InsP6) accumulation in callus (lg/g fresh weight) of
various age maintained on media containing (MI?) or lacking myoinositol (MI-). Different letters above the columns indicate significant differences under a two-tailed student’s t test, p \ 0.05. Data
presented are mean ± SE (n = 3)

doubling of the InsP6 levels in callus across all ages tested,
indicating that both time in culture and supplementation
with myo-inositol had major effects on inositol phosphate
metabolism.

treatments (MI?) showed pronounced DAB staining, suggesting high levels of H2O2. Those calluses exposed to the
cold and L-Gln treatments (IGC), and calluses grown on
inositol-free media but without the cold and L-Gln treatments
(MI-), stained less intensely with DAB. For the calluses
exposed to all three treatments (GC), very little H2O2 was
detected. Given that H2O2 production is a hallmark of plant
defense responses (Wu et al. 1997), these results are supportive of the premise that the treatments used to enhance
transformation efficiency mitigate the plant defense system
triggered by Agrobacterium-infection.
As a more direct means of evaluating whether the
observed improvement of Agrobacterium-mediated transformation involves altering the plant defense response,
transcripts of some perennial ryegrass PRs, namely, LP-PR1,
2, 3, 4, 5 and 10 (Tanaka et al. 2006; Zhang et al. 2011), were
analyzed by semi-quantitative RT-PCR both before and
8 days after Agrobacterium infection (Fig. 4b). The results
showed that the expression of LP-PR1, LP-PR2, LP-PR3,
LP-PR4 and LP-PR5 were induced after Agrobacteriuminfection, whereas LP-PR10 expression was constant and

Removal of myo-inositol and the combined L-Gln
and cold treatments reduce callus H2O2 generation
and attenuate the plant defense response
after Agrobacterium infection
Prior to our optimization of the perennial ryegrass transformation protocol, we frequently noticed browning and
necrosis of the callus after Agrobacterium infection and
observed that the browned calluses were slower to recover
after co-cultivation. We speculated that the browning
might be caused by H2O2 generation as part of the plant
cell defense response. H2O2 generation in callus, 10 days
after Agrobacterium infection, was tested using 3,30 -diaminobenzidine (DAB) staining (Thordal-Christensen et al.
1997). As shown in Fig. 4a, most of the callus tissue grown
on myo-inositol-containing media without cold and L-Gln
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Fig. 4 Attenuated defense responses of perennial ryegrass callus
using treatments associated with enhanced transformation efficiency.
a H2O2 generation in calluses 10 days after Agrobacterium infection
detected by staining with 1 mg l-1 DAB. Calluses with high levels of
H2O2 stain brown. Similar results were obtained from three

independent experiments. b Transcript analysis of perennial ryegrass
PRs before and 8 days after Agrobacterium infection using semiquantitative RT-PCR. Expression of the LP-Actin1 gene was used as a
template loading control

Fig. 5 Enhanced rice callus transformation. a Removal of myoinositol from the culture media enhances rice (cv. Nipponbare) callus
transformation. At 4 days after Agrobacterium infection (4 DPI) the
calluses looked similar under both treatment conditions. After
3 weeks of selection on media containing 5.0 mg l-1 PPT, the
calluses generated from the media without myo-inositol showed
multiple GFP spots and robust growth, whereas calluses generated

from media containing myo-inositol had fewer GFP spots and grew
more slowly. Scale bar = 1 mm. b The combined treatment improves
rice callus transformation efficiency. Data presented are the
mean ± SE (n = 3) of three independent experiments using a total
of approximately 180 pieces of callus. Different letters above the
columns indicate significant differences under a two-tailed student’s
t test, p \ 0.05

unaffected by the infection. Among the six PRs investigated,
both LP-PR1 and LP-PR3 appeared to have two isoforms,
and their expression was clearly influenced by the presence
or absence of myo-inositol in the media. Agrobacteriummediated induction of both LP-PR1 and LP-PR3 was much
reduced in the treatments lacking myo-inositol (MI- and
GC) when compared to the treatments containing myo-inositol in media (MI? and IGC), and the relative expression
patterns of the two isoforms were also altered. The expression pattern of LP-PR5 was not affected by removal of myoinositol alone (MI-) or by the cold and L-Gln treatments in
the presence of inositol (IGC). However, LP-PR5 induction
was dramatically suppressed by the combined treatment
without myo-inositol (GC), suggesting a synergistically
negative effect of these treatments on LP-PR5 induction.
These results indicate that the treatments shown to enhance
transformation efficiency do affect the plant defense
response to Agrobacterium infection.

Enhanced rice callus transformation using
the combined treatments
To test whether the combined treatments can also promote
transformation in other monocot species, a rice (Oryza
sativa) suspension cell line of cv. Nipponbare (Sivamani
and Qu 2006) was cultured on the same media used for
perennial ryegrass callus maintenance. No obvious morphological differences were observed among the calluses
grown on media supplied with or without myo-inositol
before or immediately after infection with Agrobacterium.
However, 3 weeks after selection, calluses that were cultured on media lacking myo-inositol had multiple GFP
spots and showed vigorous growth, whereas calluses generated from the media with myo-inositol had fewer GFP
spots and grew more slowly (Fig. 5a). Stable callus transformation was determined 1 month after selection based on
GFP expression. Statistical analysis of three independent
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experiments showed that the GC treatment resulted in an
average efficiency of 12 %, a rate that was significantly
greater than that observed with other treatments (Fig. 5b).
The treatment where myo-inositol was simply removed
from callus culture media (MI-) had an efficiency of 4 %
and the IGC treatment had an efficiency of approximately
2 %. No stably transformed calluses were observed when
the rice cells were cultured using inositol-containing media
and not provided with the L-Gln and cold treatments
(MI?). These results suggest that the transformation
response in rice is similar to that of perennial ryegrass in
that removal of myo-inositol from the media improved
transformation efficiency, and cold shock and L-Gln treatments further enhanced this process. As shown in Supplementary Fig. 1, 3-month-old rice calluses that were
cultured on media supplied with or without myo-inositol
for two subcultures showed similar patterns in lignin and
starch accumulation as perennial ryegrass calluses.
Arabidopsis responds differently to supplementary
myo-inositol in Agrobacterium-mediated root
transformation
To investigate whether the treatments used to enhance
transformation efficiencies in perennial ryegrass and rice
would have a similar effect when applied to a dicot species,
additional experiments were conducted in Arabidopsis
thaliana using the wild-type Agrobacterium strain A208
(Fig. 6a). Root fragments of 1-month-old seedlings that
had been germinated on media either with or without myoinositol (MI? or MI-) were infected in the presence or
absence of the L-Gln and cold shock treatments and evaluated for crown gall formation. These results showed that
the combination of the cold shock and 100 lM L-Gln
treatments (GC and IGC, respectively) significantly promoted crown gall formation (Fig. 6a; Supplementary
Fig. 2a). Compared to the MI- and MI? treatments, the
transformation efficiencies of the corresponding GC and
IGC treatments increased by about 60 %. Although the
L-Gln and cold treatments significantly enhanced transformation efficiency, supplementation with myo-inositol,
whether alone or in addition to the L-Gln and cold treatments, had no effect on Arabidopsis root fragment transformation and crown gall formation, suggesting that the
presence or absence of myo-inositol in the media had no
obvious effect on these processes in Arabidopsis. Moreover, no differences in staining for lignin or starch accumulation were observed in the roots of Arabidopsis
seedlings grown in the presence or absence of supplemental myo-inositol (Supplementary Fig. 2b).
To evaluate whether the plant defense response of
Arabidopsis was altered due to the unique set of treatments
in Agrobacterium-mediated transformation, the expression
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of Arabidopsis PRs, AtPR1, 2, 3 and 4 (Doczi et al. 2007)
was analyzed, before and 2 days after Agrobacterium
infection, using semi-quantitative RT-PCR (Fig. 6b). The
expression/induction patterns of these PRs in response to
the applied treatments were quite different in Arabidopsis
from that observed in perennial ryegrass. For example, in
the absence of myo-inositol (MI- and GC), AtPR1
expression was already high prior to infection and was not
further induced by the infection. In the presence of myoinositol (MI? and IGC), however, its basal expression was
low, but then strongly induced 2 days after infection.
Expression of AtPR2 and AtPR4 was induced under all of
the tested treatments, except that the induction of AtPR2
using the GC treatment appeared to be weaker when
compared to IGC. In contrast, the expression of AtPR3 was
constant and unaffected by either supplementary myo-inositol or Agrobacterium infection. The remarkable differences in the expression patterns of PRs with respect to the
various treatments emphasizes the point that plant defense
reactions to Agrobacterium infection and other cultural
factors can differ substantially between monocots and
dicots, and that these differences may contribute toward the
variations in the transformation results observed in our
studies.

Discussion
Agrobacterium-mediated perennial ryegrass transformation
has been previously reported, but the transformation efficiencies were highly variable. The great complexity of
genotypes that is characteristic of perennial ryegrass,
together with differences in choice of explant selection are
among the contributing factors leading to the development
of numerous protocols by different laboratories. None of
the reported protocols, however, appeared to be sufficiently
robust to enable high throughput functional genomics
research. To facilitate our long-term project goals, we
designed numerous experiments to optimize the Agrobacterium-mediated transformation of perennial ryegrass. Of
the many parameters tested, the removal of myo-inositol,
the addition of glutamine, and a cold treatment appeared to
be particularly beneficial in enhancing transformation
efficiency. Using this optimized protocol, several functional genes have been delivered to the perennial ryegrass
genome with high efficiency, and transgenic plants have
been obtained in less than 3 months (unpublished results).
Myo-inositol, a common ingredient in plant culture
media, is an important growth factor that plays a central
role in plant growth and development (Loewus 1990; Loewus and Murthy 2000). In this report, we observed that
removal of myo-inositol from culture media resulted in a
series of physiological changes within the calluses, and
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Fig. 6 Arabidopsis responds differently to myo-inositol in Agrobacterium-mediated root transformation. a L-Gln and cold shock
treatments facilitated Arabidopsis root fragment transformation and
crown gall formation, but myo-inositol had no obvious effect. Data
presented are mean ± SE (n = 3) of gall formation from three
independent experiments using a total of about 720 root fragments.

Different letters indicate significant differences in a two-tailed
student’s t test (p \ 0.05). b Transcript analysis of Arabidopsis PRs
by semi-quantitative RT-PCR before and 2 days after Agrobacterium
infection in response to the treatments shown in a. AtUBQ4 was used
as a template loading control

enhanced Agrobacterium-mediated genetic transformation
of perennial ryegrass and rice, two monocot species. The
concept of using myo-inositol as a constituent in culture
media stemmed from early observations that certain natural
complex supplements used in media formulations to promote growth, such as coconut milk, contained high levels
of this compound (Loewus 1990). It has subsequently
become one of the most common constituents found in
media used today. Due to the near ubiquitous inclusion of
myo-inositol in plant growth media, our observations of
enhanced transformation efficiency through the omission of
this compound in monocots is certainly the most surprising
of the results presented in this study, especially considering
the fact that a plethora of plant transformation protocols
have been already established in which this compound is
included as a component of the media. Our inability to
recover stably transformed calluses from perennial ryegrass
and rice in our experiments when myo-inositol was included in the culture medium was unexpected, particularly
give that others have reported relatively high transformation efficiencies in perennial ryegrass with this constituent
included in the media (Wu et al. 2005; Nishimura et al.
2006; Cao et al. 2006). It is clear that the plant transformation process is complex, and that there are multiple
ways by which transformation efficiencies in monocot
species may be enhanced, with or without modulating the
inositol. Given the results of this study, however, it will be
of interest to determine the extent with which existing
monocot transformation protocols may be enhanced even
further simply through the removal of this constituent.
In addition to its role in cell wall synthesis, extensive
research has revealed that myo-inositol and/or its large
family of derivatives are involved in signaling pathways in
eukaryotes, being associated with ABA (Xiong et al. 2001),
salt stress (Takahashi et al. 2001), gravity (Perera et al.
2006) and plant defense responses (Ortega and Perez 2001;

Murphy et al. 2008; Meng et al. 2009). Our data strongly
support the notion that myo-inositol can have profound
effects on plant cellular metabolism, cell wall structure,
and plant defense reactions to pathogen infection. In this
report, we demonstrate that removal of myo-inositol from
the culture media of perennial ryegrass callus directly
affects the expression of PRs. The most straightforward
interpretation is that the plant defense response has been
attenuated under these conditions, leading to an enhancement in genetic transformation efficiency. To our knowledge, this is the first direct link between exogenous supply
of myo-inositol, the expression of PRs and plant defense
reactions. Our observations did not apply to the dicot plant
Arabidopsis, however, indicating that there may be fundamental differences in the roles of exogenously added
myo-inositol in regulating metabolism and gene expression
between the two major plant classifications. These findings
may lead to new approaches in mitigating plant defense
pathways toward enhancing Agrobacterium-mediated plant
transformation across an array of monocot plants, as well
as providing new insights into the mechanisms of pathogen
infection in plants.
Our results also demonstrated alterations in cell wall
lignin content and Agrobacterium binding capacity resulting from the addition of myo-inositol to the culture media.
Since monocot plants generally are not native hosts of
Agrobacterium, they normally have fewer bacteria tightly
bound to their cell walls after infection (DeCleene 1985).
The cell walls of monocot grasses and dicot plants differ
considerably in chemical composition. For example, the
primary cell wall of grasses contains much higher levels of
arabinoxylan, and much less pectin and xyloglucan than
that of dicot plants (Fry 1988). Mutations that affected cell
wall synthesis and structure, and resulted in altered transformation efficiency, have been isolated in Arabidopsis,
suggesting the importance of cell wall structure and
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Agrobacterium binding to the cell surface in the transformation of plants (Gelvin 2009).
In our study, the content of InsP6, a product of inositol
metabolism, steadily increased with the callus age during
the 4 month culture period tested, and the content of InsP6
was significantly higher when the media was free of myoinositol, correlating positively with transformation efficiency. This trend is in contrast with some studies where a
reduction, not increase, in InsP6 content was reported to be
associated with reduced plant basal immunity, and thus
enhanced pathogen susceptibility (Murphy et al. 2008;
Meng et al. 2009; Donahue et al. 2010). Each of these
studies, however, was conducted using Arabidopsis, a
species in which we observed the metabolism of exogenous
inositol to be fundamentally different than perennial ryegrass or rice. In plants, InsP6 represents an important
phosphate reserve in seed tissue, which can subsequently
be used to assist plant growth and development during
germination. Recently, however, a wide range of important
functions associated with cellular signaling have been
characterized for InsP6 in both plants and mammals (York
2006; Meng et al. 2009; Chaouch and Noctor 2010; Gillaspy 2010; Stevenson-Paulik and Phillippy 2010). For
example, there are reports documenting that InsP6 can
regulate transcription (Shen et al. 2003), mRNA export
from the nucleus (York et al. 1999), DNA repair (Hanakahi
et al. 2000), calcium signaling (Lemtiri-Chlieh et al. 2003),
programmed cell death (Meng et al. 2009), and basal
immunity (Murphy et al. 2008). Any of these functions
have the potential to affect the process of transgene integration and expression. Moreover, InsP6 itself can act as a
powerful antioxidant (Murphy et al. 2008), inhibiting
reactive oxygen species generation and the browning of
explants. Thus, the increase of InsP6 within callus tissue
that results from the removal of myo-inositol from the
media could have multiple effects in promoting transformation. Studies on the role of inositol and its derivatives on
plant defense are just emerging and further research will be
needed to define the specific mechanism(s) the underlying
the observations we report here.
Browning-rendered cell death or necrosis is a major
obstacle in developing high efficiency Agrobacteriummediated transformation protocols (Parrott et al. 2002).
The obvious browning of callus, when maintained on
media containing myo-inositol, was noticed during perennial ryegrass transformation. In comparison, the calluses
grown on media lacking myo-inositol showed little or no
obvious browning. In our experiments, cold shock treatment alone could substantially reduce callus browning after
infection even in myo-inositol-containing media (Fig. 1a).
The use of a cold pretreatment to reduce browning was
previously reported in Agrobacterium-mediated sorghum
transformation of immature seeds (Nguyen et al. 2007),
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and a cold treatment also enhanced somatic embryo formation in Arabidopsis (Márton and Browse 1991).
Assays for hydrogen peroxide (H2O2) generated by
Agrobacterium-infected perennial ryegrass callus revealed
that cold shock and L-Gln treatment of the callus cultured on
media lacking myo-inositol generated much less H2O2,
indicating an interaction between these treatments that correlated positively with enhanced genetic transformation.
Cold shock has been reported to trigger calcium signaling
(Knight et al. 1991), which, in turn, could directly affect
plant defense responses to pathogen infection (Kudla et al.
2010). Moreover, callus treatment with L-Gln may also
involve the attenuation of plant defense responses. Although
L-Gln serves as a primary metabolite in plant growth, cellular
Gln homeostasis was also recently linked with plant defense
reactions. As the pathogen competes for host nitrogen
reserves during infection, the depletion of Gln in infected
tissues was shown to activate plant defense responses. In
addition, the direct application of Gln onto leaves strongly
inhibited H2O2 production and could thereby suppress cell
death during pathogen infection (Liu et al. 2010). In another
report, L-Gln was found to inhibit plant resistance to pathogens induced by a non-protein amino acid, beta-aminobutyric acid (BABA) (Wu et al. 2010). In our study, we
demonstrated that L-Gln treatment of callus enhances
Agrobacterium transformation in perennial ryegrass. Given
the findings in the reports cited above, it is reasonable to
speculate that this enhancement is being mediated through
the mitigation of the plant defense response. Nevertheless, it
should be noted that tissue culture and Agrobacteriummediated transformation are very complicated systems and
that numerous physical, chemical, and biological factors
could have impacts. While our approaches showed a strong
association between the attenuation of plant defense
responses and improved transformation efficiency, alternative explanations may exist, and there are clearly ways to
improve transformation efficiency that don’t necessarily
involve modification of the plant defense response per se.
Transformation efficiency of rice callus generated from
suspension cells was also increased using the same procedure optimized for perennial ryegrass transformation,
although the overall transformation efficiency of rice suspension cells in our experiments was not as high as that
previously reported by others (Nishimura et al. 2006). One
explanation for this discrepancy may lie in the fact that the
rice cell line we used was more than 5 years old. The
similar trend that we observed in both the perennial ryegrass and rice systems, however, suggests that mechanistically the interactions between Agrobacterium and
monocot host cells may be similar in response to the
exogenously supplied myo-inositol, L-Gln and cold treatments. With respect to the supplemental myo-inositol,
however, the response between dicots and monocots
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appears to be fundamentally different. The expression/
induction patterns of the PRs investigated were quite different in Arabidopsis from the patterns observed for the
corresponding genes in perennial ryegrass in response to
myo-inositol. Furthermore, myo-inositol had no appreciable
effect on Arabidopsis root cell lignin, starch metabolism or
transformation efficiency, although we cannot exclude the
possible effects of tissue type and/or age amongst the
respective experiments.
In summary, we identified three novel, yet simple treatments for improvement of Agrobacterium-mediated transformation for monocot species, which in general are
recalcitrant to this process. The specific combination of these
treatments has synergistic effects and remarkably enhanced
transformation frequencies for both perennial ryegrass and
rice. The cold shock and L-Gln treatments also facilitated
Agrobacterium infection of Arabidopsis, a dicot plant.
Cumulatively, our results suggested that the observed
enhancement in transformation efficiencies could be attributable to an attenuation of the plant defense response.

Experimental procedures
Explants and tissue culture
Callus of perennial ryegrass and rice, and root fragments of
Arabidopsis were used for transformation. The callus of
perennial ryegrass (Lolium perenne cv. MontereyII, seeds
purchased from National Seed Co., Lisle, IL, USA) was
initiated from wounded mature seeds on callus induction
medium NPC [N6 salts (Chu et al. 1975) ? 1.0 g l-1 proline ? 1.0 g l-1 casein hydrolysate ? 9.9 mg l-1 thiamine ? 9.5 mg l-1 pyridoxine hydrochloride ? 4.5 mg l-1
nicotinic acid ? 30 g l-1maltose ? 3.0 g l-1 phytagel
? 7.0 mg l-1 2,4-D ? 0.05 mg l-1 BAP, pH 5.8] with or
without 100 mg l-1 myo-inositol. Briefly, the embryos of
mature seeds were sliced longitudinally, and plated on callus
induction media for callus initiation. The callus was subcultured in monthly intervals on NPC1 medium by reducing
2,4-D to 5.0 mg l-1 and increasing BAP to 0.1 mg l-1 in the
NPC medium. The rice (Oryza sativa cv. Nipponbare) callus
was propagated on NPC1 medium with or without
100 mg l-1 myo-inositol from suspension cells that were
generated in our lab (Sivamani and Qu 2006). The rice calluses were sub-cultured two times (one subculture per
month) before transformation. Arabidopsis thaliana (Col-0)
seeds were germinated on B5 medium (Gamborg et al. 1968)
with or without myo-inositol, and the root fragments
(*0.5 cm) were collected from 1-month-old seedlings as
described by Gelvin (2006). All the chemicals, unless
otherwise specified, were purchased from Sigma-Aldrich
(St. Louis, MO, USA).
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Agrobacterium and plasmid
Agrobacterium strain EHA105, harboring binary vector
pTJN33-gfp, was used in perennial ryegrass and rice callus
transformation. The T-DNA region of pTJN33-gfp
(Fig. 2a) contains a bar gene driven by the CaMV 35S
promoter and a Prubi3::gfp construct from plasmid
pJLU11 (Lu et al. 2008).
Overnight cultures of Agrobacterium (OD600 about 0.8)
in YEP medium (citation) were pretreated with 200 lM
acetosyringone for 2 h in an incubator shaker at 250 rpm,
28 °C. The bacteria were then collected by centrifugation
at 3270g for 15 min, and resuspended in Agrobacterium
suspension medium (NPC1 liquid medium lacking casein
hydrolysate, with 200 lM acetosyringone, and with or
without 100 lM L-Gln, pH 5.4) to an OD600 of about 0.8.
The bacterial suspension was kept in an incubator shaker at
80 rpm, 28 °C, for about 30 min prior to use.
Plant transformation
For cold shock treatment, perennial ryegrass or rice calluses were immersed in a 3 % maltose solution on ice for
20 min prior to Agrobacterium infection. Calluses
immersed in 3 % maltose and kept at room temperature
were used as a control. For L-Gln treatment, 100 lM of
L-Gln were added to the maltose solution and to Agrobacterium suspension cultures. The calluses were then
incubated with Agrobacterium suspensions under vacuum
(about -0.08 MPa, 10 min) to facilitate infection. After
breaking the vacuum, the calluses were further incubated in
the Agrobacterium suspension with slight agitation
(80 rpm) for 20 min and then blotted dry with three layers
of sterile filter paper for 30 min to remove excess Agrobacterium. Co-cultivation was performed by placing the
calluses on two layers of filter paper soaked with 1 ml
liquid NPC1 medium containing 200 lM acetosyringone in
petri dishes sealed with micropore surgical tape, in a 25 °C
growth chamber for 4 days. The efficiencies of stable
callus transformation (the number of calluses with GFP/
number of calluses infected 9 100 %) and the number of
GFP spots per callus were recorded a month after selection
on media containing 5 mg l-1 phosphinothricin (PPT).
Resistant callus of perennial ryegrass was induced for
embryogenesis and shoot formation on MS medium (Murashige and Skoog 1962) containing 2.0 mg l-1 2,4-D,
0.1 mg l-1 BAP and 5 mg l-1 PPT. The shoots were
rooted on MS basal medium containing 10 mg l-1 PPT.
For Arabidopsis transformation, seeds were germinated
on B5 medium supplemented with or without myo-inositol.
Root fragments of 1-month-old Arabidopsis seedlings were
infected by wild type Agrobacterium strain A208 following
the procedure of Gelvin (2006). Successful transformation
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of root fragments was assessed according to crown gall
formation on the hormone-free medium. The cold shock
and L-Gln treatments were as described above. Transformation efficiency (the number of root fragments with
crown galls/number of root fragments infected 9 100 %)
was calculated after culturing the infected root fragments
on basal B5 medium with 150 mg l-1 timentin for
1 month.
Analysis of perennial ryegrass callus
To determine whether the removal of, or supplementation
with, myo-inositol in culture media results in metabolic
changes in lignin content, starch accumulation and Agrobacterium binding of perennial ryegrass callus, multiple
assays were conducted. Lignin in callus cell walls was
assayed by staining with a saturated solution of phloroglucinol in 20 % HCl solution (Stange et al. 2002). Starch
accumulation was tested by staining with an I2-KI solution,
which contains 0.15 % [w/v] I2 and 0.45 % [w/v] KI
(Takahashi et al. 2003).
The binding of Agrobacterium was evaluated 2 days
after infection as described previously (Matthysse 1987,
Matthysse and Mcmahan 2001). Briefly, 20 mg of infected
calluses were mixed with 1 ml Agrobacterium in its suspension media. After vortexing for 1 min, the non-bound
and loosely-bound Agrobacterium were removed by
pipetting. This operation was repeated 3 times with fresh
media. Subsequently, calluses were homogenized by
grinding with 20 ll glass beads (450–600 lm in diameter)
in 1 ml of Agrobacterium suspension media and vortexed
for 3 min to release the bacteria tightly bound to callus cell
walls. Thereafter, 10 ll of the supernatant was diluted
10,0009 to facilitate counting of the bacteria after plating.
Ten ll of the final dilution was mixed with 50 ll sterilized
water and spread on YEP solid media containing antibiotics. Two days later, the colonies were counted, with each
colony assumed to be derived from a single bacterium
tightly bound to the callus cell wall.
Analysis of InsP6 in perennial ryegrass callus
Accumulation of inositol hexaphosphate (InsP6) was analyzed with high-performance liquid chromatography
(Phillippy et al. 2003). An InsP6 standard was purchased
from Sigma-Aldrich (P8801) as a reference. Briefly, 2 g of
callus was ground to a fine powder in liquid nitrogen using
a mortar and pestle, transferred to a 15 ml tube, followed
by addition of 3 ml 0.75 M HCl. The mixture was boiled
for 15 min and centrifuged at 3700g for 5 min. Two ml of
supernatant were centrifuged again at 16,000g for 10 min,
and the resulting supernatant was passed through a C18
Sep-pak column (Waters Co., Milford, MA, USA) that was
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pre-eluted with 2 ml methanol and 5 ml H2O. The elution
was collected, filtered through a 0.45 lm filter, and analyzed by isocratic ion chromatography.
Histochemical staining for H2O2
The generation of H2O2 was analyzed by DAB (3,30 -diaminobenzidine) staining as described by Thordal-Christensen et al. (1997). Four-month-old calluses from GC,
IGC, MI? and MI- treatments were sampled 10 days after
Agrobacterium infection and placed in a solution of
1 mg ml-1 DAB for 15 h. To develop the reddish-brown
coloration indicative of DAB polymers, the stained materials were immersed in 95 % ethanol and bathed in boiling
water for 10 min.
RT-PCR and Southern blot analyses
The expression of pathogenesis-related genes (PRs) was
analyzed using semi-quantitative RT-PCR. Total RNA of
perennial ryegrass callus, before and 8 days after Agrobacterium infection, was isolated using TRIzol reagent as
described by Invitrogen (Carlsbad, CA, USA). Total RNA
of Arabidopsis root fragments, before and 2 days after
Agrobacterium-infection was purified using the same protocol. RT-PCR was performed with the SuperscriptÒ OneStep RT-PCR system according to the manufacturer’s
instruction (Invitrogen). Gene specific primers were used in
a 10 ll reaction, with annealing temperatures of 53, 55 or
60 °C for 20 s, based on their respective Tms (Suppl.
Table 1). One hundred ng of total RNA, and 25 reaction
cycles were used in each assay. The LP-Actin1 and
AtUBQ4 genes were used as internal controls for equal
RNA sample loading for perennial ryegrass and Arabidopsis, respectively. Each RT-PCR experiment consisted of
three technical replications in addition to two biological
replications. The amplified DNA products were separated
on 1.2 % (w/v) agarose gels.
For Southern blotting assays, total genomic DNA was
extracted from individual plants using the CTAB method
(Gao et al. 1989). Twenty lg of plant genomic DNA was
digested with BamHI or HindIII, using gfp or bar PCR
products as the hybridization probes, respectively (Fig. 2a).
The enzyme digestion products were separated in a 0.9 %
(w/v) agarose gel and blotted onto Hybond-N? nylon
membrane (Amersham Pharmacia Biotech, Piscataway,
NJ, USA). The primers used for gfp amplification (probe 1)
were 50 -TGACCCTGAAGTTCATCTGCACCA-30 (forward) and 50 -TGTGGCGGATCTTGAAGTTCACCT-30
(reverse). The primers used for bar (probe 2) amplification
were 50 -TGCACCATCGTCAACCACTA-30 (forward) and
50 -TGAAGTCCAGCTGCCAGAAA-30 (reverse). The probes
were labeled with [a-32P]-dCTP using a random primer
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labeling kit (Promega, Madison, WI, USA). The blotted
membrane was hybridized using the MiracleHybTM solution (Stratagene) according to the manufacturer’s instructions. The hybridized membranes were exposed to CL-X
PosureTM X-ray film (Thermo, Rockford, IL, USA) for
autoradiography.
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