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Abstract Including lipoic acid (LA) in culture media
during Agrobacterium transformation processes of four
crop species has significantly improved the transformation
methods of the crops, even for previously recalcitrant
genotypes. Plant transformation efficiency of soybean was
significantly increased from 0.6% to 3.7% and tomato from
29.8% to 87.0%. Transformation efficiency was doubled
from 2.8% to 5.7% in wheat. The frequency of glyphosate-
resistant embryos had a significant increase from 41.4% to

61.2% in cotton. Regeneration of non-transgenic shoots
under selection (“shoot escapes”) was significantly re-
duced in tomato from 91.5% to 46.2% while in soybean
from 92.0% to 72.0% under optimal conditions. This
study also demonstrated that the increase of transforma-
tion efficiency in tomato was accompanied by as much as
a significant 2-fold reduction in severity of browning of
Agrobacterium-infected plant tissues and up to a significant
3-fold increase in the percentage of explants with a high
level of transient gene expression. LA application in plant
transformation has enabled the resolution of three common
problems in plant transformation: browning or necrosis of
the transformed cells or tissues, difficulty in regenerating
transformed cells or tissues, and shoot escapes, which
severely limit the number of transgenic plants that can be
regenerated.
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Introduction

Plant transformation plays a critical role in agricultural
biotechnology and the application of genomic sciences to
plant biology. Genetically modified crops have been in use
commercially around the world for over a decade to
improve agricultural, nutritional, and food processing traits,
such as insect, herbicide, and virus resistance, vitamin
enrichment, and controlled fruit ripening (James 2006).
Functional genomics in plants involves the use of high-
throughput methods for functional analysis of many genes
(Jeon et al. 2000, Pereira 2000, Lagudah et al. 2001, Lee et
al. 2004, Ostergaard and Yanofsky 2004). With genome
sequences for plant species becoming rapidly available,

In Vitro Cell.Dev.Biol.—Plant (2009) 45:630–638
DOI 10.1007/s11627-009-9227-5

Y. Dan :C. L. Armstrong : J. Dong :X. Feng : J. E. Fry :
G. E. Keithly : L. J. Tan :D. R. Duncan
Monsanto Company,
700 Chesterfield Parkway,
St. Louis, MO 63017, USA

B. J. Martinell :G. A. Roberts : L. A. Smith
Monsanto Company,
8520 University Green, P.O. Box 620999, Middleton,
WI 53562, USA

Y. Dan (*)
Institute for Sustainable and Renewable Resources,
Institute for Advanced Learning and Research,
150 Slayton Avenue,
Danville, VA 24540, USA
e-mail: Yinghui.dan@ialr.org

Y. Dan
Department of Horticulture,
Virginia Polytechnic Institute & State University,
Blacksburg, VA 24061, USA

Y. Dan
Department of Forestry,
Virginia Polytechnic Institute & State University,
Blacksburg, VA 24061, USA



efficient plant transformation systems are essential for the
application of genomic sciences to understand physiologi-
cal, biochemical, and molecular mechanisms of metabolic
pathways (Tyagi and Mohanty 2000, Olhoft et al. 2003,
Yang et al. 2004). The technology of plant transformation is
only moderately or marginally successful in many impor-
tant cultivars of crops, which can be a major limiting factor
for the biotechnological exploitation of economically
important plant species and the wider application of
genomic science. Therefore, more efficient and reliable
transformation methodology applicable to a wide range of
species and cultivars could greatly exploit biotechnology
and improve the application of genomic technologies.

The production of transgenic plants requires that some of
the cells residing within an explant or tissue be transformed
with a gene of interest and then induced to regenerate into a
whole plant. With the exception of in planta Agrobacte-
rium-mediated plant transformation, which has only been
successfully applied to a few species, the most effective
current method for transforming plants requires that cells or
tissues be inoculated with Agrobacterium tumefaciens, then
maintained on culture media for several weeks or months
for co-cultivation, selection of transformed cells or tissues,
and regeneration of transgenic plants. Many plants, partic-
ularly commercially important ones, suffer necrosis or
recalcitrance during Agrobacterium-mediated transforma-
tion process (Perl et al. 1996, Olhoft et al. 2003, Zheng et
al. 2005). Also, numerous crop transformation methods that
use neonmycin phosphotransferase II selection have a
common problem of regenerating non-transgenic shoots
even under stringent selection conditions. Regeneration of
shoot escapes from approximately 40% to 95% have been
reported for apple (James et al. 1989), orange (Moore et al.
1992, Pena et al. 1995a), banana (May et al., 1995), pear
(Mourgues et al. 1996), grapevine (Perl et al. 1996), sweet
orange (Pena et al. 1995b, Cervera et al. 1998), lime (Pena
et al. 1997), and cauliflower (Stipic et al. 2000). High
frequency of the shoot escapes demands greater efforts in
screening putative transgenic shoots. These three common
problems of tissue browning or necrosis, recalcitrance, and
shoot escapes severely limit the number of transgenic plants
that can be regenerated. One possibility for the degenera-
tion of plant tissue in culture media is that the tissues or
cells are stressed when excised and inoculated with A.
tumefaciens, thus, limiting their growth potential in tissue
culture media. Potential stressors include production of free
radicals or reactive oxygen species, which damage cells or
activation or alteration of metabolic pathways. Oxidative
stress, free radicals, or reactive oxygen species can
dramatically influence the outcome of plant cell culture
and transformation. Perl et al. (1996) reported that very
short exposures of embryogenic calluses of Vitis vinifera cv.

Superior seedless grape plants to diluted cultures of Agro-
bacterium resulted in plant tissue necrosis and subsequent
cell death. The cell death seemed to be oxygen-dependent
and correlated with elevated levels of peroxides. Therefore,
the effects on necrosis of various combinations of antiox-
idants during and after grape-Agrobacterium co-cultivation
were studied. The combination of polyvinylpolypyrrolidone
and dithiothreitol was found to improve plant viability.
Tissue necrosis was completely inhibited by these antiox-
idants, while Agrobacterium virulence was not affected.
These antioxidants enabled the recovery of stable transgen-
ic grape plants resistant to hygromycin. The antioxidant,
glutathione (GSH), promoted callus growth and shoot
development in a shoot tip culture of apple (Nomura et al.
1998). The effect of ascorbic acid and cysteine were
evaluated on the viability of rice stem sections taken from
in vitro rice plantlets and on their interaction with A.
tumefaciens. Both ascorbic acid and cysteine significantly
decreased necrosis with respect to controls after 6 h of
treatment and improved rice transformation (Enríquez-
Obregón et al. 1999). Glutathione increased plant regener-
ation and Agrobacterium-mediated transformation of a
desiccation-tolerant plant, Craterostigma plantagineum
(Toldi et al. 2002). L-cysteine, dithiothreitol, and sodium
thiosulfate were reported to improve soybean transforma-
tion (Olhoft et al. 2003). Antioxidants such as ascorbic acid
(Ostergaard and Yanofsky 2004), sodium selenite (Se), DL-
α-tocopherol (TOC), and GSH were used during the peanut
regeneration and co-cultivation with A. tumefaciens. GSH,
TOC, and Se not only eliminated the formation of H2O2

produced in wound tissue during preparation of leaflets and
the co-cultivation with A. tumefaciens but also decreased
malondialdehyde formation and enhanced superoxide dis-
mutase and catalase activities. Therefore, GSH, TOC, or Se
increased the frequency of plant regeneration and transfor-
mation efficiency of peanut explants by A. tumefaciens
(Zheng et al. 2005).

Lipoic acid (LA) is a sulfur-containing compound
involved in several multienzyme complexes such as
pyruvate dehydrogenase, α-ketoglutarate dehydrogenase,
branched-chain keto acid dehydrogenase, and glycine
decarboxylase complex. In animals, free LA and dihydro-
lipoic acid are metabolic antioxidants that are able to
scavenge reactive oxygen species to recycle other antiox-
idants such as vitamin C, glutathione, and vitamin B and to
increase the expression of genes involved in the regulation
of normal growth and metabolism as well as redox
regulation of gene transcription (Packer et al. 1995, Packer
and Tritschler 1996, 1997). We hypothesize that (1) LA
reduces browning of Agrobacterium-transformed cells or
tissues and subsequently the death of the cells or tissues, (2)
LA increases the survivability of Agrobacterium-trans-
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formed cells or tissues, resulting in an increased transient
expression level and plan transformation efficiency, and (3)
LA reduces escapes through promoting the differentiation,
proliferation and regeneration of the transformed cells or
tissues and overcoming the growth of non-transformed cells
or tissues under selective pressure.

In this paper, we report the first successful application of
LA to plant tissue culture and transformation and demon-
strate its utility and efficacy in plant transformation across
four different plant species: soybean, tomato, cotton, and
wheat.

Materials and Methods

Terminology. A transgenic plant regenerated from a single
poked wound of a cotyledon was considered to be from a
single independent transformation event. Only one regen-
erated transgenic plant from a single poked wound was
counted as an independent transgenic event to ensure that
each regenerate represented an independent transgenic
event. Transformation efficiency (TE) was determined as
the percentage of independent plant transgenic events
produced per explant. Transformation frequency (TF) was
determined as the percentage of transgenic plants produced
per explant. An independent plant transgenic event refers to
a particular genomic insertion of the desired gene into a
specific plant. A shoot escape refers to a shoot that survives
the selection process without having the gene encoding for
resistance to the selectable marker stably transformed into
the plant genome.

MicroTom transformation. Concentrations of 0, 5, 10, 50,
and 100 µM of LA were examined in the selection stage of
an Agrobaterium-mediated MicroTom transformation pro-
tocol (Dan et al. 2006) using plasmid pMON15715
(Table 1). The plasmid pMON15715 contains a β-
glucuronidase gene (GUS)-intron (ST-LS1) chimeric gene
(Dan et al. 2006). No GUS activity is detected in
agrobacteria containing this intron gene due to the lack of
a eukaryotic splicing apparatus in prokaryotes (Vancanneyt
et al. 1990). LAwas dissolved in ethanol to make 100 mg/ml
stock. Three independent experiments were conducted with
approximately 150 explants tested per treatment. Data were
statistically analyzed for ANOVA using Statistix 9 (Analytical
Software, Tallahassee, FL 32317–2185).

About 5 d after selection, 39 to 43 explants were
randomly selected from each treatment of the three
independent experiments to measure their severity of
browning within and around the poked wounds (usually
six poked wounds made on each cotyledon) under a
dissecting microscope. Low severity of browning was

determined as less than 30% of the poked wounds made
on each cotyledon explant that were browning. The high
severity of browning or necrosis was determined as more
than 30% of the poked wounds on each explant that were
browning. At the same time, the severity of browning
was measured and transient expression of GUS of the
same explants was scored. High transient GUS expres-
sion was defined as an explant having more than 30% of
the poked wounds producing blue spots. Low transient
expression was defined as an explant having less than
30% of the poked wounds producing blue spots. Non-
transient expression was determined as an explant having
no blue spot. TE and TF were calculated from 43 to 49
explants of each treatment of the three independent
experiments.

Table 1. Constructs used for transformation of MicroTom
(pMON15715), wheat (pMON42072, pMON42071, and pMON66350),
soybean (pMON15737), and cotton (pMON40507, pMON45373, and
pMON52061)

Construct Promoter Intron Targeting
sequence

Selective/
marker
gene

Terminator

pMON15715 Nos ST-LS1 nptII

FMV uidA

pMON42072 Ca35S nptII nos

Os.Act Os.Act CPT2 cp4 nos

Ca35S Os.Act Gfp Hsp17

Os.Act Os.Act uidA Hsp17

pMON42071 Ca35S nptII nos

Os.Act Os.Act CPT2 cp4 nos

Ca35S Os.Act gfp Hsp17

Os.Act Os.Act uidA Hsp17

pMON66350 ZM.70 Os.Act CPT2 cp4 nos

pMON15737 FMV CPT2 cp4

FMV uidA

pMON40507 ATEF1B ATEF1B CPT2 cp4 Rbcs2-E9

pMON45373 P40 CPT2 cp4 Rbcs2-E9

pMON52061 FMV Ph.
DnaK

CPT2 cp4 Rbcs2-E9

nos nopaline synthase, ST-LS1 potato gene comprising typical plant
intron features, nptII neomycin phosphtransferase II gene which
confers resistance to kanamycin, FMV Figwort mosaic virus promoter
(Rogers 1990), uidA β-glucuronidase gene, C35S cauliflower mosaic
virus 35S promoter, Os.Act rice actin, CTP2 Arabidopsis chloroplast
transit peptide, cp4 = 5-enolpyruvylshikimate-3-phosphate synthase
gene from Agrobacterium strain, CP4 (Barry et al. 1992), which
confers resistance to glyphosate, gfp green fluorescent protein gene,
Hsp17 heat-shock protein 17.1, ZM.70 Zea mays heat-shock protein
70, ATEF1B Arabidopsis initiation factor 1 beta, Rbcs2-E9 Rubisco
small subunit terminator, P40 Arabidopsis P40, Ph.DnaK Petunia
heat-shock protein 70.
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To determine the effect of LA on shoot escape
production at the shoot stage, shoots were screened
using root screening assay by culturing them at the
stages of shoot length more than 1 cm on a selection
medium with 40 mg/l kanamycin (Dan et al. 2006). The
shoots that did not root on the selection medium were
determined as shoot escapes. The shoots, which rooted on
the selection medium and the rooted shoots were con-
firmed by GUS staining, were determined as transgenic
shoots (Dan et al. 2006). According to Dan et al. (2006),
95% of shoots that passed the rooting screening assay
were transgenic plants, which were confirmed by GUS
staining, Southern blot analysis, and R1 phenotype
segregation.

Wheat transformation. Immature embryos of wheat (Triticum
aestivum L) cv. Bobwhite were isolated from the immature
caryopsis 13–15 d after pollination and cultured on M7 media
(Dan et al. 2004) for 3–4 d in the dark at 25°C. Embryos
without embryogenic callus were selected for Agrobacterium
inoculation. Plasmids pMON42071, pMON42072, and
pMON66350 were used for transformation (Table 1). LA at
the concentrations of 0, 5, 10, 30, 50, and 100 µM each was
investigated in all stages of delay, selection, and the first
regeneration media using an Agrobacterium-based wheat
transformation protocol (Dan et al. 2004). Two different
concentrations of 25 and 50 µM LA were also tested in
combinations at the stages of delay, selection, and the
first regeneration media, respectively. LA was dissolved
in ethanol to make 100 mg/ml stock. Two independent
experiments were conducted and approximately 308 to
599 explants were tested for each treatment. Data were
statistically analyzed for ANOVA using Statistix 9
(Analytical Software, Tallahassee, FL 32317–2185).
Transgenic plants were confirmed by a routine rooting
screening assay that was used to produce transgenic
wheat (Dan et al. 2004).

Soybean transformation. LA at the concentrations of 0, 5,
10, 50, 100, 250, and 500 µM was applied in the co-culture
medium of an Agrobacterium-mediated soybean transfor-
mation protocol (Dan et al. 2004) using plasmid
pMON15737 (Table 1). Soybean genotype of A3244 was
used. LA was dissolved in either ethanol or potassium
hydroxide to make a 100 mg/ml stock. The reason to
dissolve LA in potassium hydroxide vs. in ethanol was to
test any possible ethanol effect on soybean transformation
when ethanol was used as a solvent. Explants were
incubated in the co-culture media at 23°C in the dark for
3 d, and then transgenic plants were generated following
the Agrobacterium-mediated soybean transformation proto-
col (Dan et al. 2004). Each concentration was tested on
170–490 explants, and data were statistically analyzed

using Statistix 9 (Analytical Software, Tallahassee, FL
32317–2185). Transgenic plants were confirmed by a
routine rooting screening assay that was used to produce
transgenic soybean and GUS staining assay.

Cotton transformation. For cotton transformation, LA at
the concentrations of 0, 5, 10, 50, and 100 µM was
applied in the selection medium UMSEL according to an
Agrobacterium-mediated cotton transformation protocol
(Dan et al. 2004) using plasmids pMON40507,
pMON45373, and pMON52061 (Table 1). Cotton cultivar
of C312 was used. Three independent experiments were
conducted with 190 to 292 explants for each concentration
tested, and data were statistically analyzed for ANOVA
using Statistix 9 (Analytical Software, Tallahassee, FL
32317–2185).

GUS assay. Transgenic tissue materials were assayed for
histochemical GUS expression according to Jefferson
(1987) but using half strength of the reagents. The tissues
were incubated at 37°C overnight.

Results and Discussions

Effect of LA on browning of Agrobacterium-transformed
cells or tissues in MicroTom transformation. MicroTom
explants treated at concentrations of 0, 5, 10, 50, and
100 µM LA had 38.5%, 72.1%, 65.9%, 63.2.0%, and
45.2% of explants having low severity of tissue browning,
respectively (Table 2 and Fig. 1) while they had 61.5%,
27.9%, 34.2%, 36.8%, and 54.8% of explants having high
severity of tissue browning, respectively. LA at 5 µM
significantly reduced 2.2-fold of the explants having high
severity of tissue browning while it significantly increased

Table 2. Effect of lipoic acid on tissue browning 5 d after selection in
MicroTom transformation using

Lipoic acid
concentration
(µM)

% of explants having
low severity of browningx

(mean±SE)

% of explants having
high severity of
browningx

(mean±SE)

0 38.5±7.8 b 61.5±7.8 a

5 72.1±7.4 a 27.9±7.4 b

10 65.9±7.6 ab 34.2±7.6 ab

50 63.2±7.9 ab 36.8±7.9 ab

100 45.2±7.5 ab 54.8±7.5 ab

x Data were collected from 39 to 43 explants which were randomly
selected from each treatment of the three independent experiments.
The means with the different letter represent significantly (P<0.05)
different using Tukey HSD.
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1.9-fold of explants having low severity of tissue browning
compared with the treatment without LA when the explants
were cultured 5 d after on selection medium (Table 2).
Previous studies showed that other antioxidants of ascorbic
ac id , cys te ine , polyvinylpolypyr ro l idone , and
Dithiothreitol-reduced tissue browning in sugarcane, rice,
and grape Agrobacterium-mediated transformation (Perl et
al. 1996; Enriquez et al. 1997, 1999; Mozsar et al. 1998).

Effect of LA on transient GUS expression in MicroTom
transformation.The treatments with LA at concentrations of
0, 5, 10, 50, and 100 µM produced 17.1%, 44.1%, 51.4%,
43.2%, and 36.8% of explants having high transient expres-
sion, respectively, and they generated 82.9%, 55.9%, 48.7%,
56.8%, and 63.2% of explants having low transient expres-
sion, respectively (Table 3 and Fig. 1). LA at the concen-
trations of 10 µM significantly increased 3-fold of the explants
having high level of transient expression compared with the
treatment without LA when it was used in the selection stage
of the transformation (Table 3). The increase of transient GUS
expression seemed to concur with the reduction of browning
of Agrobacterium-transformed cells or tissues (Tables 2, 3).
This result suggested that transient GUS expression enhanced
by LA was due to the prevention of Agrobacterium-
transformed cells or tissues from browning by LA.

Effect of LA on transgenic plant production in MicroTom
transformation. The LA at the concentrations of 5 and
10 µM significantly increased TE from 29.8% (without LA)
to 80.0% and 87%, respectively, while LA at 10 µM had
significantly increased TF from 42.6% (without LA) to
165.2% (Table 4). TF and TE increased with the reduction
of browning and the increase of transient GUS expression
by using LA (Table 2, 3, 4). These results seemed similar to
reports of other antioxidants, including sodium selenite,
DL-α-tocopherol, glutathione, cysteine, sodium thiosulfate,
polyvinylpolypyrrolidone, and dithiothreitol, which en-

hanced plant transformation in peanut, corn, soybean,
grape, Craterostigma planntagineum, and Ramonda myconi
Agrobacterium-mediated transformation (Perl et al. 1996,
Toldi et al. 2002, Olhoft et al. 2003, Zheng et al. 2005).

To determine if LA had any negative effect on transgenic
plant production, a total of 83 transgenic plants derived
from the LA treatments at all the concentrations tested were
assayed by GUS staining of whole plants. One hundred
percent of the plants derived from the LA treatments were
GUS-positive, and 95.6% of 163 transgenic plants derived
from the treatment without LA (standard MircoTom
transformation protocol) were GUS-positive. This demon-
strated that LA had no negative effect on transgenic plant
production after it was used during the selection stage of
MicroTom transformation. LA at the concentrations of 5,
10, 50, and 100 µM significantly reduced the frequency of
shoot escapes from 91.5% (without LA) to 59.7%, 65.1%,
65.6%, and 46.2%, respectively (Table 4).

Effect of LA on non-transgenic and transgenic shoot
development in MicroTom transformation. To determine
the effect of LA on the number of non-transgenic and
transgenic shoot developed under selection pressure, the
shoot growth at the stage of shoot length more than 1 cm
was measured. Number of total shoots produced per explant
at the concentrations of 0, 5, 10, 50, and 100 µM LA were
not significantly different (Table 5). However, the percen-
tages of transgenic shoots among the total shoots produced
at the concentrations of 5, 10, 50, and 100 µM LA had
significant 4.7-, 4.0-, 4.1-, and 6.3-fold increases, respec-
tively, compared with the treatment without LA (Table 5).
Also, LA at 5, 10, 50, and 100 µM significantly reduced the
percentage of non-transgenic shoots produced among the
total shoots from 91.5% (without LA) to 59.7%, 65.1%,
65.6%, and 46.2%, respectively. These results indicated that
LA had no significant effect on total shoot development at
all concentrations tested, and it significantly increased TE
and TF by significantly increasing transgenic shoot pro-
duction and decreasing non-transgenic shoot production.
These results suggested that within a population of Agro-
bacterium-transformed and non-transformed cells or tis-
sues, LA promoted the differentiation, proliferation, and
regeneration of the transformed cells or tissues under
appropriate selection pressure by preventing the trans-
formed cells or tissues, which were stressed by Agro-
bacterium and any unfavorable in vitro culture conditions,
from browning and dying at an early stage of development
and subsequently enhanced its transient GUS expression.
Therefore, the growth of non-transformed cells or tissues
was overwhelmed by the promoted growth of the trans-
formed cells or tissues by LA under the selective
competition, resulting in a significant decrease of shoot
escapes and subsequent increase of TF and TE in Micro-

Table 3. Effect of lipoic acid on transient GUS expression 5 d after
selection in MicroTom transformation

Lipoic acid
concentration
(µM)

% of explants having
high transient
expressionx (mean±SE)

% of explants having
low and no transient
expressionx (mean±SE)

0 17.1±8.1 b 82.9±8.1 a

5 44.1±8.2 ab 55.9±8.2 ab

10 51.4±7.9 a 48.7±7.9 b

50 43.2±7.9 ab 56.8±7.9 ab

100 36.8±7.8 ab 63.2±7.8 ab

x Data were collected from 39 to 43 explants which were randomly
selected from each treatment of the 3 independent experiments. The
means with the different letter represent significantly (P<0.05)
different using Tukey HSD.
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Tom transformation. Zheng et al. (2005) reported a similar
result with the antioxidants, sodium selenite, DL-α-
tocopherol, and glutathione, increasing the percentage of
GUS-positive shoots without altering the total number of

shoots regenerated in peanut Agrobacterium-mediated
transformation.

This study demonstrated that using LA in MicroTom
transformation resulted in a significant 2-fold reduction of

Table 4. Effect of lipoic acid on transformation efficiency, transfor-
mation frequency, and shoot escape in MicroTom transformation

Lipoic acid
concentration (µM)

TE (%,
mean±SE)x

TF
(%, mean±SE)x

Shoot escape
(%, mean±SE)x

0 29.8±12.9 b 42.6±30.4 b 91.5±4.7 a

5 80.0±13.2 a 153.3±31.1 ab 59.7±5.0 b

10 87.0±13.0 a 165.2±30.8 a 65.1±5.0 b

50 69.4±12.6 ab 126.5±29.8 ab 65.6±5.0 b

100 46.5±13.5 ab 116.3±31.8 ab 46.2±6.8 b

x Data were collected from 43 to 49 explants which were randomly
selected from each treatment of the three independent experiments.
The means with the different letter represent significantly (P<0.05)
different using Tukey HSD. Transformation efficiency (TE) was
determined as the percentage of independent plant transgenic events
produced per explant. Transformation frequency (TF) was determined
as the percentage of transgenic plants produced per explant.

0 µM 5 µM 10 µM 100 µM50 µM

0 µM

5 µM

10 µM

50 µM

100 µM

5 µM

0 µM

a

b c

Figure 1. Effect of LA on
tissue browning, transient
expression and stable expression
during MicroTom transforma-
tion. (a) GUS transient expres-
sion of the explants from LA
treatments at the concentrations
of 0, 5, 10, 50, and 100 µM 5 d
after selection on 100 mg/l kana-
mycin. (b) Browning or death on
the explant poked regions, which
were required for Agrobacterium
infection and from which trans-
genic plants were derived, 5 d
after selection on 100 mg/l
kanamycin. (c) GUS stable
expression of shoots/buds
derived from explants treated
with LA at the concentrations of
0, 5, 10, 50, and 100 µM 5 d
after selection on 100 mg/l
kanamycin.

Table 5. Effect of lipoic acid on total shoot, transgenic shoot and
non-transgenic shoot production in MicroTom transformation

Lipoic acid
concentration
(µM)

No. of total
shoots produced/
explantx

(mean±SE)

% of
transgenic
shootsx

(mean±SE)

% of non-
transgenic
shootsx

(mean±SE)

0 4.0±0.6 a 8.5±4.7 b 91.5±4.7 a

5 3.9±0.6 a 39.9±5.2 a 59.7±5.0 b

10 4.1±0.6 a 33.8±4.9 a 65.1±5.0 b

50 3.0±0.6 a 34.4±5.0 a 65.6±5.0 b

100 2.2±0.6 a 53.8±6.9 a 46.2±6.8 b

x All the data in this table were collected from 43 to 49 explants of each
treatment from the three independent experiments. Shoots with their
length >1 cm were counted. Shoots at the stage of shoot length >1 cm
that rooted and did not root on selection medium were determined as
transgenic shoots and non-transgenic shoots (shoot escapes), respec-
tively. The means with the different letter represent significantly
(P<0.05) different using Tukey HSD.
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browning of Agrobacterium-transformed cells or tissues
and a significant 3-fold increase of the percentage of the
explants having a high transient GUS expression. Subse-
quently, LA enabled significant 2.9- and 3.8-fold increases
in TE (from 29.8% to 87.0%) and TF (from 42.6% to
165.2%), respectively, compared with the treatment without
LA. The frequency of shoot escapes was significantly
reduced from 91.5% without LA to 46.2% when LA was
used. Utilizing LA in the standard MicroTom transforma-
tion protocol resulted in the highest TF across all the
previous transformation methods for the cultivars of
tomato, Lycopersicon esculentum species, based on pub-
lished literatures.

Wheat transformation. Among the LA concentrations each
tested through the delay, selection, and first regeneration
media, the best concentration was 50 µM, which increased
the percentage of responding embryogenic calluses from

53.5% (without LA) to 83.5% and TE from 2.8% (without
LA) to 5.7% (Table 6). Among the levels tested at each
stage, 25 µM in the delay medium, 50 µM in the selection
medium, and 50 µM in the regeneration were the most
effective with a TE of 6.4% compared to 3.2% without LA
(Table 7). Practically, these increases of TE were important
for a commercial transgenic production to reduce the
production cost and time although they were not statisti-
cally significant (P>0.05).

Soybean transformation. LA at the concentration of
250 µM significantly increased 6-fold TE (3.7% versus
0.6% without LA, Table 8). The low levels of LA (5 to
100 µM), which were effective in MicroTom transforma-
tion, were not particularly effective with the soybean
transformation protocol used in these experiments (Table 8).
No significant effect on TE was observed whether the LA
was dissolved in ethanol or potassium hydroxide at the

Table 6. Effect of five different concentrations of lipoic acid each
used through delay, selection, and the first regeneration media on
transformation efficiency (TE) using pMON42071 and pMON42072
in wheat transformation

Lipoic acid
concentration
(µM)

No. of
explant

% of explants
producing
embryogenic callus

TE
(%, mean±SE)x

0 326 53.5 2.8±1.1 a

5 328 52.0 4.3±1.1 a

10 308 68.7 4.2±1.1 a

30 330 77.0 3.6±1.1 a

50 350 83.5 5.7±1.0 a

100 332 46.1 1.8±1.0 a

x TE was determined as the percentage of independent plant transgenic
events produced per explant from two independent experiments. The
means with the same letter represent not significantly (P>0.05)
different using Tukey HSD.

Table 7. Effect of two different concentrations of lipoic acid each used in
delay, selection and the first regeneration media, respectively, on
transformation efficiency (TE) using pMON66350 in wheat transformation

Lipoic acid concentration
(µM)

No. of
explant

% of explants
producing
embryogenic callus

TE (%,
mean±SE)

Delay Selection First
regeneration

0 0 0 408 41.1 3.2±1.0 a

25 25 25 413 46.4 3.2±1.0 a

25 50 25 392 55.9 6.4±1.1 a

50 50 50 410 53.7 5.4±1.0 a

TE was determined as the percentage of independent plant transgenic
events produced per explant from two independent experiments. The
means with the same letter represent not significantly (P>0.05)
different using Tukey HSD.

Table 8. Effect of lipoic acid used in co-culture medium on
transformation efficiency (TE) in soybean transformation

Lipoic acid concentration (µM) No. of explant TE (%)x (mean±SE)

0 490 0.6±0.4 b

5, alcohol 244 1.2±0.6 ab

5, KOH 248 0.8±0.6 b

10, alcohol 247 0.0±0.6 b

10, KOH 240 0.0±0.6 b

50, alcohol 242 0.4±0.6 b

50, KOH 246 0.4±0.6 b

100, alcohol 396 0.8±0.5 b

100, KOH 246 0.8±0.6 b

250, alcohol 246 3.7±0.6 a

500, alcohol 171 2.9±0.7 ab

x TE was determined as the percentage of independent plant transgenic
events produced per explant. The means with the different letter
represent significantly (P<0.05) different using Tukey HSD.

Table 9. Effect of lipoic acid used in UMSEL medium for 8 wk on
frequency of glyphosate resistant embryos from pMON40507,
pMON45373, and pMON52061 in cotton transformation

Lipoic acid
concentration
(µM)

Number of
explants

% of explants producing
glyphosate resistant
embryos (mean±SE)x

0 292 41.4±2.9 bc

5 267 49.4±3.0 ab

10 280 31.4±2.9 c

50 196 61.2±3.5 a

100 189 56.8±3.5 a

x Data were collected from three independent experiments. The means
with the different letter represent significantly (P<0.05) different
using Tukey HSD.
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concentrations of 5, 10, 50, and 100 µM (Table 8). In
addition, the frequencies of shoot escapes were reduced in
soybean from 92% to 72% under the optimal conditions
(data not shown). Similar results were reported using
antioxidants, cysteine, to enhance transformation frequency
in soybean Agrobacterium-mediated transformation (Olhoft
et al. 2003).

Cotton transformation. LA at a concentration of 50 or
100 µM in UMSEL medium at the selection stage of cotton
transformation significantly increased the frequency of
explants producing glyphosate-resistant embryogenic callus
formation from 41.4% (without LA) to 61.2% and 56.6%,
respectively (Table 9).

Suitable LA concentrations for plant transformation. The
amount of LA to include in plant transformation media
varied from plant species and transformation system being
employed. In our Agrobacterium-mediated MicroTom
transformation, LA was most beneficial in the shoot
induction media at the selection stage of the transformation
at the concentrations of 5 or 10 µM. However, a higher LA
concentration of 500 µM was significantly effective when
included in the co-culture media using our Agrobacterium-
mediated soybean transformation. With our Agrobacterium-
mediated wheat transformation system, LA at the concen-
trations of either 50 µM or 25, 50, and 50 µM in the delay,
selection, and first regeneration media, respectively, were
most effective. The inclusion of LA at the concentrations of
50 or 100 µM in the selection media for our Agro-
bacterium-based cotton transformation system significantly
increased the frequency of glyphosate-resistant embryogen-
ic callus production. LA was added to media at various
stages of the plant transformation in four different plant
species to optimize its use for the particular plant species.
Although the same effect was not seen for each plant
species and its particular transformation process, an overall
dramatically positive result was seen for each species in
terms of improving plant transformation efficiency. The
inclusion of LA in plant transformation medium seemed to
be most beneficial during the stages of co-cultivation and
selection where the plant tissues were exposed to plant
stress conditions such as explant excision or Agrobacterium
inoculation.

The use of LA in plant transformation has dramatically
resolved the three common problems in plant transforma-
tion: browning or possible necrosis of the transformed cells
or tissues, difficulty to regenerate transformed cells or
tissues and shoot escapes, which severely limit the number
of transgenic plants that can be regenerated. LA has some
unique features compared with other antioxidants reported
in plant transformation. It enhanced plant transformation
efficiency across four different crop species and functioned

in all four terms such as reducing tissue browning,
increasing transient gene expression, increasing plant
transformation efficiency, and reducing shoot escapes. It
has not been reported that any other antioxidant has its all
functions in plant transformation.
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