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Abstract We have developed a high-throughput
Agrobacterium-mediated transformation model system us-
ing both nptII and the 5-enolpyruvylshikimate-3-phosphate
synthase gene from Agrobacterium tumefaciens strain CP4
(cp4) based selections in MicroTom, a miniature rapid-
cycling cherry tomato variety. With the NPTII selection
system, transformation frequency calculated as indepen-
dent transgenic events per inoculated explant ranged from
24 to 80% with an average of 56%, in industrial pro-
duction scale transformation experiments. For CP4, with
glyphosate selection, the average transformation frequency
was 57%. Stable transformation frequency was positively
correlated with transient expression (R=0.85), and variable
with the genes of interest. DNA integration and germline
transformation were confirmed by biological assay, South-
ern Blot analysis, and R1 phenotype segregation. Transgene
expression was observed in leaf, root, stem, flower, and
fruit tissues of the transgenic plants. Ninety-five percent of
transgenic events coexpressed two introduced genes based
on β-glucuronidase (GUS) and neonmycin phosphotrans-
ferase II (NPTII) expression. Seventy-five percent of trans-
genic events contained one to two copies of the introduced
uidA (GUS) gene based on Southern analysis. Transgenic
plants from the cotyledon explants to the transgenic plants
transferred to soil were produced within about 2–3 months
depending on the genes of interest. The utility of this Micro-
Tom model transformation system for functional genomic
studies, such as identification of genes related to important
agricultural traits and gene function, is discussed.
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Introduction

Although the global market value of transgenic crops
exceeded $4.7 billion in 2004, and the demand for efficient
plant transformation methods for functional genomics
increases as genome sequences for plant species become
rapidly available, 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 it can also impair the wider
application of genomic science. 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). Therefore, efficient plant transformation
systems are essential for the application of genomic
sciences to understand physiological, biochemical, and
molecular mechanisms of metabolic pathways (Tyagi and
Mohanty 2000; Olhoft et al. 2004; Yang et al. 2004) and
agricultural biotechnology.

Tomato (Lycopersicon esculentum) is a major vegetable
crop throughout the world, with an annual production
of approximately 108 million metric tons in 2002
(Atherton and Rudich 1986; FAS/USDA, 2003). Due to
its importance as a human food source and its biological
features like relatively small genome and transformability,
tomato has long served as a model system for plant ge-
netics, development, pathology, and physiology, resulting
in the accumulation of substantial information regarding
its biology. Tomato has been used as a good system to
isolate mutants using chemical or physical agents and
isolate genes by map-based cloning procedures from
YAC/BAC libraries (Pereira 2000). Currently a total of
182,765 high-quality BAC end sequences of tomato are
available from the International Tomato Sequencing Project
(http://www.sgn.cornell.edu/help/about/tomato sequencing
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.html, Shibata 2005). In addition, there are other sources of
tomato sequence information available in public databases
such as approximately 150,000 tomato expressed se-
quence tag (ESTs) collections (Sol Genomic Network:
http://sgn.cornell.edu/); and Japanese tomato EST and
full-length cDNA sequences (http://www.jspcmb.jp/
pbcontents/pb22-2.html, Takahashi et al. 2005; Tsug-
ane et al. 2005; Yamamoto et al. 2005). High quality
tomato microarrays are now commercially available
(http://www.affymetrix.com/community/research/ consor-
tia.affx). Agrobacterium-mediated transformation has been
developed (Koornneef et al. 1986; McCormick et al. 1986)
and improved in tomato (Fillatti et al. 1987; Hinchee et al.
1994; Krasnyanski et al. 2001). Agrobacterium-mediated
T-DNA insertional mutagenesis for gene identification has
been effectively demonstrated in tomato, with targeted
tagging yielding mutants at the high rate of about 1/1000
(Jones et al. 1994). However, high-throughput transfor-
mation technology, which possesses the five criteria of
(1) large scale production capability (high transformation
frequency), (2) rapid production cycle, (3) minimal
production complexity, (4) inexpensive DNA delivery-
method, and (5) high quality (high co-expression and low
copy number), in an appropriate genotype of tomato has
been lacking for functional genomic applications.

Plant model systems have played an important role in
understanding plant biology. The most highly developed
plant model system is Arabidopsis because of its small
size, rapid life cycle, small genome, and transformability
(Meyerowitz and Sommerville 1994; Meinke et al. 1998).
MicroTom is a miniature dwarf determinate tomato
cultivar, originally bred for home gardening purposes
(Scott and Harbaugh 1989). It differs from standard tomato
cultivars primarily by two recessive genes, which confer
the dwarf phenotype (Meissner et al. 1997). MicroTom
shares some features with Arabidopsis that make it
successful as model system, such as small size (up to
1,357 plants/m2), short life cycle (70–90 days from sowing
to fruit-ripening), and small genome (950 Mb). In addition,
MicroTom possesses some unique and useful features.
Tomato is susceptible to a wide range of pathogens (Webb
et al. 1973). For example, MicroTom is susceptible to
Phytophthora infestans, but Arabidopsis is not (Rommens
2000; Dan et al. 2001). Therefore, MicroTom has unique
potential as a susceptible model system to study plant
disease resistance. MicroTom responds to glyphosate in
a similar manner as cotton, particularly with respect to
reproductive tolerance, and therefore has been used as a
model plant to study glyphosate tolerance (Sidorova et al.
2001). Because of reasonable size of MicroTom’s fruits
compared with the very tiny size of Arabidopsis seeds,
MicroTom has an advantage to be a model system to study
yield trait. MicroTom has been used as a model system
to dissect tomato molecular genetics through techniques
such as mutagenesis, and gene tagging, trapping, and
knockouts (Meissner et al. 1997; Mathews et al. 2003).
Agrobacterium-mediated transformation methods for
MicroTom were described in the same papers, but no
details on the transformation experiments were reported

by Meissner et al. (1997). Mathews et al. (2003) reported
an Agrobacterium-mediated MicroTom transformation
method with transformation rates of 40–60% using leaf,
stem, hypocotyl, and shoot tip as starting explants and
kanamycin selection. However, there were no details on the
transformation protocol development, which are important
information for advancing transformation technology
in Microtom, and no information on the three of the
five high-throughput transformation criteria such as (1)
production cycle, (2) minimal production complexity, (3)
quality of transgenic plants (high co-expression and low
copy number), which are critical for functional genomic
applications. In addition, there was no determination of the
transformation frequency whether it was counted based on
the number of independent transgenic events or the number
of transgenic plants in both publications. Our transforma-
tion frequency was determined as independent transgenic
plant events divided by total cotyledons inoculated, then
multiplied by 100%. The transformation frequency based
on the number of the transgenic plants was approximately
two times higher than that based on the number of the
independent transgenic plant events in our study.

In this paper, we report systematically a high through-
put transformation system development in MicroTom us-
ing cotyledon as starting explant and using both kanamycin
and glyphosate selection systems. Transformation system
using glyphosate selection has not been reported in Mi-
croTom to date, which is essential for studying herbicide
tolerance in crops because MicroTom responds similarly to
glyphosate as cotton, especially with respect to reproduc-
tive tolerance, and therefore has been used as a model plant
to study glyphosate tolerance (Sidorova et al. 2001). In ad-
dition, we provide the details of experimental data on the
cell biology of MicroTom transformation, which has not
been reported before. The application of the high through-
put transformation system for functional genomic studies
is also discussed in this paper.

Materials and methods

Plant materials and transformation vectors

MicroTom seeds (Ball Seed Co., Chicago, Illinois, USA)
were surface-sterilized with a two-step process: (1) soaking
for 10 min in sterile water, followed by 1 min in 70%
alcohol, and then two rinses with sterile water; and (2)
soaking in 25% Clorox r© with Tween 20 for 10 min, and
then rinsing four times with sterile water. The seeds were
germinated in Phytatrays r© (Sigma Chemical Co., St. Louis,
MO, USA) containing a germination medium (Fillatti et al.
1987). Approximately 80 seeds were plated per container.
The cultures were placed at 27±1◦C in the dark for 5 days,
and then grown at 23±1◦C under 16 h photoperiod (cool
white fluorescent lamps) for 2 days to obtain more uniform
germination.

Plasmid pMON15715 was used to develop the trans-
formation system with kanamycin selection. It con-
tains a β-glucuronidase (uidA) gene driven by the FMV
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promoter (Rogers 1990) and a neomycin phospho-
transferase II (nptII) gene, which confers resistance
to kanamycin, driven by the nos promoter. Plasmid
pMON10125 was used to develop a transformation sys-
tem with glyphosate selection. Plasmid pMON10125 con-
tains a cp4 gene, the 5-enolpyruvylshikimate-3-phosphate
synthase gene (EPSPS) from Agrobacterium strain CP4
(Barry et al. 1992), which confers resistance to glyphosate,
driven by the FMV promoter and a uidA gene driven by
the cauliflower mosaic virus-enhanced 35S promoter (Kay
et al. 1987). Plasmid pMON31892 was used to determine
optical density of Agrobacterium for the transformation. It
contains a jellyfish gene encoding the green fluorescent pro-
tein (GFP) driven by the cauliflower mosaic virus-enhanced
35S promoter and a nptII gene driven by the nos promoter.
Plasmid pMON30656 was used to construct all disease
resistance gene vectors and as the control vector for trans-
formation experiments. Plasmid pMON30656 contains the
nptII gene driven by the nos promoter. All disease resistant
gene vectors had the same genetic elements as pMON30656
with the addition of the genes of interest.

Agrobacterium preparation

A. tumefaciens strain ABI was grown on Luria-Bertani (LB)
medium (Sambrook et al. 1989) supplemented with 50 mg/l
each of spectinomycin, streptomycin, and kanamycin, and
25 mg/l chloramphenicol at 28◦C for approximately 3 days
in the dark. One day before inoculation, a loopful of the
bacterial cells from the plate was inoculated into 2 ml
of the same LB liquid medium in 17×100 Falcon tube,
and the tube was shaken at the speed of approximately
230 rpm and at 28±2◦C overnight. The next morning,
0.2 ml of the overnight culture was inoculated into 2 ml
of LB plus 0.2 mM acetosyringone in 17×100 mm Fal-
con tube, and the tube was shaken at the speed of ap-
proximately 230 rpm and at 28±2◦C for about 4 h. The
bacterial culture was diluted to the appropriate concen-
tration using the optical density at 660 nm to determine
concentration.

Explanting and Agrobacterium inoculation

Cotyledon explants were isolated from seedlings 7 days af-
ter sowing seeds on the germination medium. Cotyledons
were harvested into MS liquid medium containing 4 mg/l
para-chloro phenoxy acetic acid and 0.5 mg/l kinetin to pre-
vent desiccation and then both ends were trimmed using a
scalpel blade. Cotyledons growing in a fairly tight “V” con-
figuration were chosen for use due to higher frequency of
transformation based on the frequency of standard tomato
transformation (personal communication). The cotyledons
were co-cultivated with A. tumefaciens using a modified to-
bacco feeder layer method (Horsch et al. 1985; Fillatti et al.
1987). The cotyledons were first placed adaxial side down
on 100×15 mm “feeder plates” (Fillatti et al. 1987) imme-

diately after isolation and then gently poked using a sharp
forceps. Usually six to 10 pokes were made depending on
the size of the cotyledons. Three ml of Agrobacterium so-
lution adjusted to the appropriate concentration was then
added on top of the cotyledons. The plates were incubated
for 10 min at room temperature and the Agrobacterium so-
lution was removed with a sterile pipette. The cotyledons
were then co-cultured for 2 days at 23±1◦C under 16 h pho-
toperiod (cool white fluorescent lamps). The culture plates
were placed in clear plastic boxes and covered by clear
plastic bags to maintain humidity, which was preferable
for tomato growth.

Transformation and regeneration of transgenic plants

Two days after co-cultivation cotyledons were transferred
to various shoot induction media to determine the best
medium for shoot organogenesis under different selective
pressures. Forty-eight different shoot induction media were
screened. These shoot induction media were formulated
based on a modified MS medium (Murashige and Skoog
1962), and contained 4.3 g/l MS salts (Sigma Chemical
Co., St. Louis, MO, USA), 30 g/l sucrose, B5 vitamins
(Gamborg et al. 1968), 10 g/l TC agar (Sigma Chemical
Co., St. Louis, MO, USA), pH 5.7; supplemented with var-
ious combinations and concentrations of zeatin riboside,
IAA, and kanamycin. The standard tomato medium (SI-1)
for shoot induction was used as a control, which contains
the MS basal medium with 2 mg/l zeatin riboside (Fil-
latti et al. 1987). After 48 media were examined, the best
medium, SI-2, was selected based on the shoot organo-
genesis response. SI-2 medium contained the MS basal
medium supplemented with 2 mg/l zeatin riboside, 0.1 mg/l
indole-3-acetic acid (IAA), and 100 mg/l kanamycin.
The SI-2 medium was further compared with the con-
trol medium SI-1 under 100 mg/l kanamycin selective
pressure.

Two to 4 weeks after shoot induction, cotyledons formed
buds or shoots, which were separated as putative individual
events and transferred to shoot elongation medium. Three
shoot elongation media were preliminarily evaluated, and
they contained the MS basal medium supplemented with 2,
1, and 0.5 mg/l zeatin riboside, and 100 mg/l kanamycin,
respectively.

Three rooting media were first tested using wild-type Mi-
croTom. Three rooting media MR1, MR2, and MR3 were
formulated based on MS basal medium supplemented with
0, 1, and 2 mg/l indole-3-butyric acid (IBA), respectively.
MR2 medium was selected due to good response to rooting.
After shoots elongated to about 2–3 cm in length, they were
excised from cotyledons, and transferred to MR2 medium
supplemented with 40 mg/l kanamycin.

All plates were placed in clear plastic boxes and cov-
ered by clear plastic bags. The cultures were maintained
at 23±1◦C under a 16 h photoperiod for 3–4, 2–3, and 3–
4 weeks for the shoot induction, elongation, and rooting
steps, respectively. All the experiments were conducted at
least three times.
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Plant transformation terminology

All plants regenerated from a single poked area of a cotyle-
don were considered to be from a single independent trans-
formation event. Only one regenerated plant from a single
poke was counted as an independent transgenic event to en-
sure that each regenerate represented an independent trans-
genic event. Transformation frequency was measured as
independent transgenic plant events divided by total cotyle-
dons inoculated, then multiplied by 100%. The transgenic
plants were allowed to self-pollinate by open pollination.

Histochemical β-glucuronidase (GUS) X-gluc assay

Transgenic tissue materials were assayed for histochemical
GUS expression using a modified method (half strength)
according to Jefferson (1987). The tissues were incubated
at 37◦C overnight. A cotyledon was considered to have
high level of transient expression if more than 30% of the
pokes exhibited GUS expression.

PCR and ELISA analysis of transgenic plants

Leaf materials from greenhouse grown MicroTom plants
were sampled directly into 96-well plates using leaf
punches. The samples were mechanically disrupted and
then used for DNA isolation or qualitative ELISA. DNA
was isolated using the Qiagen DNeasy 96 Plant Kit (Qi-
agen, Valencia, CA, USA) following the manufacturer’s
recommendations. Two µl of DNA was used in 50 µl PCR
reactions containing 0.25 mM dNTPs, 2 mM MgCl2, 1 U
Taq DNA polymerase, and 0.5 µM final concentration of
each of the primers NPTIIF (5′TGT GCT CGA CGT TGT
CAC TGA A 3′) and NPTIIR (5′CAC CAT GAT ATT CGG
CAA GCA G 3′) made against the neomycin phosphotran-
ferase II gene.

ELISA analysis was carried out using the Agdia NPTII
ELISA protocol (Agdia, Elkhart, Indiana USA) following
the manufacturer’s recommendations. Leaf samples were
ground in a 1:5 tissue weight:buffer volume and subse-
quently 100 µl of diluted sample was used per test well.
The samples were measured in triplicate using a microplate
reader (Biorad Hercules, CA, USA) at 450 nm.

Southern Blot

Genomic DNA from leaves of transgenic MicroTom plants
was isolated with a SDS extraction buffer containing 0.1 M
Tris, pH 8.0, 0.05 M EDTA, 0.5 M NaCl, and 1% SDS. The
DNA was digested with BamHI and transferred from 0.8%
agarose gel to blotting membrane (Zeta-Probe GT Genomic
Tested Blotting Membranes, BioRad, Catalog 162-0197).
The membrane was prehybridized in 15 ml of hybridization
buffer, which contained 0.5 M Na phosphate pH 7.2, 7%
SDS, tRNA 100 µg/ml, for 1 h at 65◦C, and hybridized with
P32 labeled GUS probe, which was labeled using Prime

Table 1 Effect of Agrobacterium titer on transient expression and
stable transformation using cotyledon explants

O.D. reading
at 660 nm

Bacterium
concentration
(c.f.u./ml)

Levela of
transient GFP
expression

% of explants
having GFP
positive shoots

0.01 1×106 + 5
0.1 1×107 + + 20
0.5 3×108 + + + + 20
1.0 5×1010 + + + + + 0

a+ = the lowest expression and the level + + + + +=the highest
expression

It RMT Random Primer Labeling Kit (Stratagene Cat#
300392). The membrane was washed twice at 65◦ with the
solution containing 40 mM Na phosphate pH 7.2, 1% SDS,
0.5×SSC, and exposed with BioMax film (Kodak, catalog
829 4985).

Results and discussion

Effect of Agrobacterium titer on transient GUS
expression and stable transformation

Among the optical densities (O.D.) of Agrobacterium from
0.01 to 1.00 tested using the vector of pMON31892, higher
Agrobacterium concentrations produced higher transient
expression (Table 1). However, the percentage of explants
with stable GFP positive shoots was highest at the interme-
diate O.D. readings of 0.1 and 0.5 (Table 1). When using the
O.D. of 1.0, overgrowth of Agrobacterium occurred, which
caused the death of explants. When using an O.D. of 0.01,
both transient expression and stable transformation were
low (Table 1). Since there was no difference between the
percentages of explants having stable GFP positive shoots
at O.D. readings of 0.1 and 0.5, the O.D. reading of 0.1 was
selected for use in subsequent experiments. Others have re-
ported an effect of Agrobacterium titer on the survival and
vigor of explants, and overall transformation frequency in
L. esculetum (McCormick et al. 1986), while Agrobac-
terium titer made little or no difference in tobacco and
petunia (Horsch et al. 1987).

Effect of explant status on transient expression

Based on the protocol for standard tomato cultivar
(Fillatti et al. 1987), cotyledon explants were pre-cultured
on “feeder plates” containing a modified MS medium
supplemented with 0.1 mg/l kinetin, 0.2 mg/l 2,4-D,
200 µM acetosyringone and 1 mM galacturonic acid for 1
day before inoculation. When MicroTom cotyledons were
cultured on the medium for 1 day and then inoculated
with Agrobacterium, transient expression of gus gene
was poor and some tissue browning occurred around
the poking area. Therefore, freshly isolated cotyledons
were tested in an attempt to improve Agrobacterium
infection. 91.7% of freshly isolated cotyledon explants
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Fig. 1 MicroTom transformation. a Effect of freshly cut (FC) and
pre-cultured (PC) explants on transient expression 2 days after inoc-
ulation, b GUS expression of a transgenic MiroTom plant, c GUS
expression of a flower of a transgenic MiroTom plant, d GUS ex-
pression of a fruit of a transgenic MiroTom plant, e R1 gus gene

segregation of a MicroTom transgenic plant, f Noninoculated cotyle-
dons cultured on SI-2 medium with 100 mg/l kanamycin for 4 weeks,
and g Shoot regeneration 4 weeks after cotyledons cultured on SI-2
medium with 100 mg/l kanamycin from transformed cotyledons

produced a high level of transient expression compared
to only 24.4% for the pre-cultured cotyledons (Fig. 1a;
statistically significant difference, p<0.05).

Correlation of transient expression and stable
transformation frequency

By using freshly isolated cotyledon explants, transient ex-
pression was significantly increased. To understand if in-
creasing transient expression can also increase stable trans-
formation frequency, a correlation study between transient
expression and stable transformation was conducted. Three
random samples of 30–45 cotyledons were examined for
GUS transient expression after 1 day of co-culture each

from three independent transformation experiments us-
ing the vector of pMON15715. Stable transformation fre-
quency was assessed from the same three experiments after
a rooting screen for transgenic events. There was a strong
positive correlation between transient expression and sta-
ble transformation frequency (R=0.85, Fig. 2). The results
indicated that optimal initial Agrobacterium infection is
critical for high frequency stable transformation with Mi-
croTom when a uidA gene is driven by the FMV promoter
and nptII gene is driven by the nos promoter in the cas-
sette of pMON15715. In the contrast with the transient
expression using the vector of pMON31892, there was no
positive correlation between transient expression and sta-
ble transformation frequency (Table 1). This might be due
to the effect of the different promoters used for gus and gfp
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Fig. 2 Correlation between transient expression and stable transfor-
mation frequency (T.F.). Transient expression level was determined
as a percentage of cotyledon explants, of which more than 30% of
pokes had GUS expression

genes in pMON15715 and pMON31892 because both the
vectors had the same nos promoter, which drove the npt
II gene.

Effect of cytokinin, auxin, and vector on stable
transformation frequency

The medium SI-2, which contained 2 mg/l of zeatin ribo-
side, 0.1 mg/l IAA, and 100 mg/l kanamycin, produced the
highest percentage of explants responding to bud and/or
shoot formation among 48 media tested (data not shown).
The medium SI-2 along with the control SI-1 medium
was further tested using freshly isolated and pre-cultured
cotyledon explants. Freshly isolated explants produced sig-
nificantly higher transformation frequency (T.F.) of 87.7
and 55.2% than pre-cultured explants for both media tested
(19.1 and 11.1%) (Table 2). Transformation frequency from
the medium SI-2 was 1.6 and 1.7-fold higher than that from
SI-1 for freshly isolated and pre-cultured explants, respec-
tively (Table 2). The best treatment, freshly isolated ex-
plants cultured on SI-2 medium, generated a T.F. of 87.7%
(Table 2).

The ultimate objective of this study was the develop-
ment of a high-throughput transformation system to screen
a large number of disease resistance genes. In preliminary
experiments, we noted a possible interaction between con-
structs and shoot induction media on T.F. (Fig. 3). Media
SI-1 and SI-2 against 33 disease resistance constructs using
freshly isolated explants were further screened, and the T.F.
of each medium was measured. Among the 33 constructs,
23 produced a higher T.F. on SI-2 medium than on SI-1

Table 2 Effect of explant status and induction medium on trans-
formation frequency

Treatment Transformation efficiencya

Medium SI-1 Medium SI-2

Freshly cut cotyledons 55.2 A 87.7 A
Pre-cultured cotyledons 11.1 B 19.1 B

aNumber with different letters within a column is highly significant
(p<0.01)
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Fig. 3 Effects of two types of explant and two shoot induction media
on transformation frequency (T.F.) using two different constructs
(constructs 1 and 2 have the same genetic elements as pMON30656
each except the addition of a gene of interest). PC: pre-cultured
explant and FC: freshly cut explant

medium, 8 generated higher T.F. on SI-1 medium than on
SI-2 medium, and 2 had the same T.F. in both SI-2 and
SI-1 media (Fig. 4). This indicated that T.F. varied with
the genes of interest and a large number of constructs pro-
duced higher T.F. when using SI-2 medium. SI-2 medium,
which produced higher T.F. than SI-1 medium for the most
constructs, contained 2 mg/l zeatin riboside and 0.1 mg/l
IAA and SI-1 medium only had 2 mg/l zeatin riboside.
Zeatin combined with IAA has also been shown to pro-
mote shoot formation in standard tomato regeneration and
transformation (Chen and Adachi 1994; Shen et al. 1998).

By testing the standard tomato protocol for MicroTom,
shoots elongated first on MS basal medium containing
2 mg/l, then 1 mg/l, and finally 0.5 mg/l zeatin ribo-
side for 1, 2, and 3 weeks, respectively. Shoot elonga-
tion took a total of 6 weeks. To reduce shoot elongation
time, shoots were directly transferred to MS basal medium
supplemented with 2, 1, and 0.5 mg/l zeatin riboside, re-
spectively, instead of using the stepwise approach. Shoot
elongation appeared several days faster on MS medium
with 0.5 mg/l zeatin riboside than with 2 and 1 mg/l zeatin
riboside (data not shown), and therefore 0.5 mg/l zeatin ri-
boside was used for further experiments. Shoots elongated
2–3 weeks faster using this direct 0.5 mg/l zeatin riboside
approach than the stepwise approach in the standard tomato
protocol.

Of the three rooting media (MR1, MR2, and MR3) tested,
rooting media MR2 and MR3 generated higher frequency
of shoots producing roots than MR1 medium (Table 3).
Roots also formed more rapidly on MR2 and MR3 media
than on MR1 medium (Table 3). MR2 medium was selected
for all further experiments since there was no difference in
the frequency or time of rooting between MR2 and MR3
media.
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Fig. 4 Effects of constructs
and shoot induction media (SI-1
and SI-2) on transformation
frequency (T.F.)

Table 3 Effect of IBA on rooting percentage and time period to
form roots

Treatment % of shoots rooted Time period to form
roots

MS basal medium
(MR1)

75 7–21 days

MS basal medium +
1 mg/l IBA (MR2)

90 5–10 days

MS basal medium +
2 mg/l IBA (MR3)

90 5–10 days

Selective agents and improvement of transformation
system

Transformation systems were developed using both the
nptII (kanamycin) and cp4 (glyphosate) selectable markers.
With kanamycin selection using the plasmid pMON15715,
T.F. ranged from 24 to 80% with an average of 56%, in large
production-scale transformation experiments, which gen-
erated approximately above 1000 transgenic plants. With
glyphosate selection using the plasmid pMON10125, T.F.
ranged from 54.5 to 60.8%, with an average of 57%. For
the glyphosate selection system, the same media were
used at the shoot induction and elongation stages as for
the kanamycin selection system, but 0.03 mM glyphosate
was included. After a rooting screen with kanamycin se-
lection, 95.6% of plants generated were transgenic based
on PCR, ELISA, and GUS expression tests, while 4.4%
were either low expressors or escapes. With glyphosate
selection, 97.4% of plants generated were transgenic, and
2.6% were either low expressors or escapes. Cotyledons,
which were not inoculated by Agrobacterium, did not form
any buds under 100 mg/l kanamycin (Fig. 1f) or 0.03 mM
glyphosate. Typically shoot regeneration occurred directly
from the poked and trimmed area of cotyledons without an
obvious callus phase (Fig. 1g). Ninety-five percent of R0
plants generated after the rooting screen were confirmed
to be transgenic by GUS expression (Fig. 1b), and 90%
of them were transgenic confirmed by PCR and South-
ern analysis (Fig. 5). This inconsistency of the percentages

Fig. 5 Map of the gene construct of pMON15715, which was used
for the development of the high throughput MicroTom transformation
system with kanamycin selection. The full length of gus gene is
approximately 2 kb

(95% vs. 90%) from GUS assay, and PCR and Southern
analysis (Fig. 6) might be due to experimental deviation
because approximately 300 samples were tested for GUS
assay, and approximately 50 and 20 samples were exam-
ined for PCR and Southern analysis, respectively. Germline
transformation was confirmed by R1 GUS phenotype seg-
regation (Fig. 1e).

To date, the majority of tomato transformation fre-
quencies ranging from 0.72 to 25% have been reported
(Jiang et al. 1999; Wei and Phillips 2001) although up to
80% of transformation frequencies were reported without
the details on the transformation experiments (Meissner
et al. 1997). Also, a transformation rate of 40–60% for
MicroTom was published without the details on the trans-
formation protocol development (Mathews et al. 2003). In
addition there was no determination of the transformation
frequency whether it was counted based on the number of
independent transgenic events or the number of transgenic
plants in both the publications. Our transformation
frequency was determined as independent transgenic plant
events divided by total cotyledons inoculated, then multi-
plied by 100%. All plants regenerated from a single poked
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Fig. 6 Southern analysis of the transgenic MicroTom plants from
pMON15715. The gus gene was used as a probe. Expected size
of the transgene was approximately 3,045 bp (the right border se-
quences + the promoter + gus gene + the sequences to the first

BamHI site in plant). The smaller bands than 3,045 bp might rep-
resent truncated gus gene. CK: non-transgenic plant and T1 to T20:
transgenic plants

area of a cotyledon were considered to be from a single
independent transformation event. Only one regenerated
plant from a single poke was counted as an independent
transgenic event to ensure that each regenerate represented
an independent transgenic event although there were
frequently more than one regenerated plant from a single
poke. The transformation frequency based on the number
of the transgenic plants obtained was approximately two
times higher than that based on the number of the indepen-
dent transgenic plant events in our study, indicating that our
transformation frequency ranged from approximately 48 to
160% if it was counted based on the number of the trans-
genic plants. Our transformation system had significant
improvements over previously published tomato transfor-
mation methods in terms of transformation frequency and
time frame of transgenic plant production. For example,
we compared our new MicroTom transformation protocol

Table 4 Comparison of the transformation frequency at each stage
of our MicroTom transformation protocol versus the previous stan-
dard tomato transformation protocol

Stages of protocol Standard tomato
protocol frequency

MicroTom protocol
frequency

Agrobacterium
infectiona

24.4% 88.0%

Shooting 44.6% 89.3%
Rooting 13.2% 29.3%
T.E 11.0% 56.7%
Productivity ∼600 events/person/year ∼2000

events/person/year

aAgrobacterium infection was measured by the percentage of ex-
plants with high level of GUS expression

with standard tomato transformation protocol in terms of
frequency at each stage of the protocol and time frame of
the entire transformation cycle. By using freshly isolated
cotyledon explants instead of pre-cultured cotyledon ex-
plants, the average of percentage of explants with high level
of GUS transient expression (Agrobacterium infection)
was increased from 24.4 to 88.0% (Table 4). By increasing
GUS transient expression (Agrobacterium infection), and
determining an optimized shoot induction medium SI-2,
the average of frequency of explants forming buds and/or
shoots was increased from 44.6 to 89.3% (Table 4), and
the time frame for shoot induction was reduced from 4–5
weeks to 3–4 weeks (Table 5). By eliminating the stepwise
reduction of zeatin riboside approach in the standard
tomato protocol, the time frame for shoot elongation was
reduced from 4–6 weeks to 2–3 weeks (Table 5). Therefore,
the shoot selection, including both shoot induction and
elongation selection steps before rooting, took 5–7 weeks
depending on the constructs when using our cotyledon pro-
tocol. In addition, there was no sub-culture transfer to fresh
medium in each step of our transformation protocol. In
contrast with the hypocotyl protocol (Mathews et al. 2003),
MicroTom shoot selection took over 8 weeks, and explants
were required to be sub-transferred to fresh medium every 2
weeks and the selection level was increased gradually over
an 8-week period to 90 mg/l kanamycin. This suggests that
our cotyledon protocol is faster, simpler, and more efficient
in terms of saving labor and material, and productivity of
transgenic plant production than the hypocotyl protocol.
Through improvements in shoot induction and rooting,
the average of percentage of shoots producing roots was
increased from 13.2 to 29.3% (Table 4). This enabled
us to achieve an overall increase in T.F. of independent
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Table 5 Comparison of the transformation time frame at each
stage of our MicroTom transformation protocol versus the previous
standard tomato transformation protocol

Stages of protocol Standard tomato
protocol time frame
(day)

MicroTom protocol
time frame (day)

Germination 6 7
Pre-culture 1 0
Co-cultivation 2 2
Shoot induction 28–35 21–28
Shoot elongation 28–42 14–21
Rooting 21–28 21–28
Transformation cycle ∼3 to 4 months ∼2 to 3 months

transgenic events from 11 to 57% in MicroTom, and
reduce the transformation time frame from approximately
3–4 months to 2–3 months. Subsequently this led us to
accomplish an increase in our productivity from 600–700
independent transgenic events to 1500–2000 independent
transgenic events per person per year (Table 4).

Transgene expression, quality of transgenic plants, and
transgene phenotype

Eighty-five percent of R0 transgenic plants expressed the
gus gene in whole plants including leaf, stem, and root tis-
sues (Fig. 1b). Eighty-four percent of R0 transgenic plants
expressed the gus gene in flower tissue including petal, fil-
ament, anther, and ovary, and 91% of them expressed the
gus gene in fruit tissue (Fig. 1c and d). Eighty-three percent
of R1 seedlings expressed the gus gene (Fig. 1e). There-
fore, MicroTom has a potential as a model plant to study
gene function such as broader plant diseases including leaf,
stem, root, and fruit diseases as well as other important
agriculture traits like yield trait because of its ubiquitous
GUS expression in MicroTom plant when a constitutive
35S promoter was used.

Based on gus and nptII gene expression of R0 transgenic
events, 95% of transgenic events co-expressed both genes.
Seventy-five percent of transgenic events had one to two
copies of the introduced gus gene, as determined by South-
ern analysis. This indicated that high quality as measured of
transgenic events was generated using this transformation
system. All tested transgenic plants derived from the con-
trol vector appeared phenotypically normal and produced
fruit and viable seeds. Some genes of interest changed plant
morphology such as shape of the plant. Some altered fruit
color and fruit shape.

In conclusion, the MicroTom transformation system de-
scribed in this study possesses five elements of a high
throughput transformation system: (1) large-scale produc-
tion capability with an average transformation frequency
of 56% for both kanamycin and glyphosate selections,
(2) rapid production cycle, which took 2–3 months from
cotyledon explants to transgenic plants which were ready
to soil depending on the gene constructs, (3) minimal
production complexity, which had a simple protocol with

three single steps (shoot induction, shoot elongation, and
rooting) and no sub-culture transfer to fresh medium in
each step, (4) inexpensive DNA delivery-method, which
was Agrobacterium-mediated transformation, and (5) high
quality of transgenic plants with high co-expression and
low copy number. This high-throughput transformation
system has enabled us to use MicroTom in a functional
genomics platform to accelerate gene discovery for disease
control such as late blight in potato (Dan et al. 2001) and
for specific traits such as genes conferring glyphosate tol-
erance (Sidorova et al. 2001). The same attribute of this
system should make it useful for studying many other traits
of economic or academic interest as well.
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