Chapter 22
Genetic Transformation Using Maize Immature
Zygotic Embryos
Bronwyn Frame, Marcy Main, Rosemarie Schick, and Kan Wang
Abstract
Epidermal and subepidermal cells in the abaxial, basal region of the maize (Zea mays L.) immature
zygotic embryo (IZE) scutellum can be induced by exogenous auxin to proliferate and undergo somatic
embryogenesis. Successful genetic transformation of IZEs depends not only on optimizing transformation parameters for these totipotent cells, but also on achieving high embryogenic callus induction frequency (ECIF) in a population of targeted explants. In maize, ECIF is strongly influenced by genotype,
the tissue culture media used, and the interaction of these two factors. Altering tissue culture media
components to increase ECIF and/or transformation frequency (TF) has been one approach used to
expand the range of maize genotypes amenable to genetic transformation using the IZE. This chapter
outlines such an approach – an Agrobacterium-mediated transformation protocol is used for directtargeting IZEs of the hybrid Hi Type II and inbred B104 lines. Two different media regimes are used for
successful culture and transformation of two distinct genotypes.
Key words: Agrobacterium tumefaciens, B104, Callus induction frequency, Embryogenic callus,
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1. Introduction
Evidence that scutellar cells of the maize (Zea mays L.) immature
zygotic embryo (IZE) can be induced to produce embryogenic
callus in the presence of exogenous auxin was first reported over
30 years ago (1). Regeneration of fertile plants from this callus
(2) demonstrated the totipotent nature of these epidermal and
subepidermal meristematic cells found in the abaxial, basal region
of the IZE scutellum (3). Both compact Type I and friable Type
II embryogenic callus phenotypes (4) were observed to originate
from these scutellar cells (3).
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In the last two decades, numerous studies have shown that
callus and cell suspensions derived from these totipotent cells are
also transformation competent (5, 6). Of particular impact were
reports demonstrating that the IZE scutellum can itself be directly
targeted for genetic transformation using electroporation (7), the
biolistic gun (8, 9) and Agrobacterium-mediated methods (10–12).
Expected progeny segregation ratios for the inherited transgene
provided evidence that, whether targeted embryos formed Type I
(7, 10, 13) or Type II (9, 12, 14) callus, transformation occurred in
a single cell in this meristematic region of the embryo scutellum.
A major benefit of direct-targeting the IZE for genetic
transformation is a reduction in the in vitro culture period
required to recover transgenic plants (8). This not only reduces
the amount of labor required for routine maintenance of cell
cultures, it also minimizes aberrant plant phenotypes caused by
culture-induced somaclonal variation thereby favoring transgenic plant fertility (9). A practical drawback to using immature embryos for transformation is the dependency on
year-round, high quality greenhouse space for growing embryo
donor plants. Perhaps the greatest hurdle to using maize IZEs
for transformation is achieving an adequate Type I or Type II
embryogenic callus induction frequency (ECIF) in a targeted
explant population (9, 13, 15, 16). While high ECIF does not
guarantee success (13, 17) it is a necessary prerequisite for
achieving a robust transformation protocol using the IZE. In
maize, the frequency of embryogenic callus induction is genotype specific (18–20) and influenced by factors such as tissue
culture media components (4, 19, 21, 22), embryo size (23),
and environmental conditions of the embryo donor plants (23).
Transformation and cocultivation parameters can themselves
affect ECIF and need to be optimized while maintaining adequate ECIF after transgene delivery (9, 12, 15, 16, 24). Maize
genotypes which exhibit high ECIF (~100% Type I or Type II
callus phenotype) in culture such as the hybrid genotype Hi
Type II or Hi II (25), and inbred lines A188 or H99 (20) have
been successfully transformed using super-binary (10, 14, 16)
or standard-binary (12, 26) Agrobacterium vectors to directtarget IZEs. Efforts to extend these routine transformation
protocols to elite or diverse inbred lines have focused on breeding
responsiveness into the genotype of choice (27), optimizing an
array of transformation parameters (14, 28, 29), or altering
culture media components to improve ECIF (13,17) or transformation frequency (TF) (12–14, 16, 26).
This chapter describes side by side protocols for using a standard-binary Agrobacterium vector and two media regimes to
transform IZEs from two distinct maize genotypes: the Hi II
hybrid line (25) and inbred line B104 (30).
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2. Materials
2.1. Plant Materials

1. Hi II. F1 seed of the hybrid Hi II line (25) is produced in the
field (Ames, IA) each summer by pollinating Hi II parent A silks
with Hi II parent B pollen (Hi II pA x Hi II pB, see Note 1).
These two parent seed germplasms were obtained from the
Maize Genetics Coop (https://maizecoop.cropsci.uiuc.edu/
request/). F2 IZEs used for all Hi II transformation experiments are produced from sib-pollinated F1 plants grown year
round in the ISU Plant Transformation Facility greenhouse in
Ames, Iowa as described in our greenhouse protocol at: http://
www.agron.iastate.edu/ptf/protocol/Greenhouse%20
Protocol.pdf. Nine (in summer) to eleven (in winter) day-old
ears are harvested when embryo size is between 1.2 and 1.8 mm.
After harvest, maize ears (in their husks and inside their pollination bag) are stored in the refrigerator (4°C) in a loosely sealed
dark plastic bag. Ears are stored for at least 1 and at most 4 days
before being used for Agrobacterium-mediated genetic transformation experiments (see Notes 2 and 3).
2. B104. Greenhouse or field grown (see Note 4) embryo donor
ears of maize inbred line B104 (30) are harvested 10 (from
summer greenhouse) to 13 (from summer field) days after
cross pollination when IZEs are 1.5–2 mm long (see Note 5).
B104 seed can be obtained from the Iowa State University
Committee for Agriculture Development (http://www.ag.
iastate.edu/centers/cad/corn.html). Greenhouse care of
B104 plants and storage of ears after harvest are identical to
that described for Hi II (see Note 6).

2.2. Plasmids
and A. tumefaciens
Strains Used for Hi II
and B104 Genetic
Transformation

The cloning vector used routinely for Hi II and B104
Agrobacterium-mediated transformation of IZEs is pTF101.1
(31) – a derivative of the pPZP binary vector with a broad host
range pVS1 origin of replication (32). pTF101.1 is an 11.6 kb
standard binary vector in A. tumefaciens strain EHA101 (33) and
contains a spectinomycin-resistant marker gene (aadA) for bacterial selection. In this vector, the herbicide resistant bar selectable
marker gene (34) is driven by the cauliflower mosaic virus (CaMV)
double 35S promoter (2 × P35S). The tobacco etch virus (TEV)
translational enhancer (35) was inserted at the 5′ end of the bar
gene and the soybean vegetative storage protein terminator (36)
was cloned to its 3′ end. A multiple cloning site for introducing
any gene of interest (GOI) into pTF101.1 between the right
border region and the plant selectable marker gene carries unique
restriction sites for BamH I, EcoR I, Hind III, Sac I, Sma I, and
Xba I (see Note 7). The stock solutions and culture media for A.
tumefaciens are as follows.
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1. Spectinomycin sulfate (Sigma, St. Louis, MO, USA): 100 mg/
mL stock in ddH2O. Sterilize by filtration through a 0.2 mm
membrane (Fisher Scientific Inc, Pittsburgh, PA, USA),
aliquot (0.05 mL) and store at −20°C for up to 6 months (see
Note 8).
2. Kanamycin sulfate (Sigma): 10 mg/mL stock in ddH2O.
Sterilize by filtration. Dispense in 0.25 mL aliquots in eppendorf tubes and store at −20°C for up to 6 months.
3. YEP medium (37): 5 g/L yeast extract, 10 g/L peptone,
5 g/L NaCl, pH 6.8. For solid medium, add 15 g/L Bacto
agar. Appropriate antibiotics are added to autoclaved medium
after it cools to 50°C. For the strain EHA101 containing
pTF101.1, the final antibiotic concentrations are: 50 mg/L
kanamycin (for maintaining of the disarmed Ti plasmid
pEHA101), 100 mg/L spectinomycin (for maintaining the
binary vector plasmid pTF101.1).
2.3. Culture Media
for Maize
Transformation
2.3.1. Stock Solutions
for Transformation
of Hi II and B104

1. N6 vitamin stock (38): 1.0 g glycine, 0.5 g thiamine HCl,
0.25 g pyridoxine HCl, and 0.25 g nicotinic acid are dissolved in 500 mL ddH2O. This stock solution (1,000×) is
filter sterilized, and stored at −20°C in 40 mL aliquots, which
are thawed and used over a period of weeks as needed.
2. MS vitamin stock (39) (modified, see Note 9): 1.0 g glycine,
0.25 g thiamine HCl, 0.25 g pyridoxine HCl, and 0.025 g
nicotinic acid are dissolved in 500 mL ddH2O. This stock
solution (1,000×) is filter sterilized, and stored at −20°C in
40 mL aliquots which are thawed and used over a period of
weeks.
3. 2,4-D: 200 mg of powdered 2,4-dichlorophenoxyacetic acid
(2,4-D) is dissolved in 5 mL of 1 N KOH on low heat and
brought up to a final volume of 200 mL with ddH2O. The
stock solution (1 mg/mL) is stored at 4°C (see Note 10).
4. Dicamba: 0.0663 g of Dicamba (3,6,dichloro-o-anisic acid) is
dissolved in 1 mL 1 N KOH on low heat and brought up to
a final volume of 10 mL with ddH2O. The stock solution
(30 mM) is stored at 4°C.
5. Bialaphos: 100 mg of Bialaphos (Gold Biotechnology,
Duchefa, St. Louis, USA) is dissolved in 100 mL of ddH2O.
The stock solution (1 mg/mL) is filter sterilized and stored at
4°C for up to 6 months.
6. Glufosinate: 100 mg of glufosinate ammonia is dissolved in
100 mL of ddH2O. The stock solution (1 mg/mL) is filter
sterilized and stored at 4°C for up to 6 months.
7. Acetosyringone (AS): 0.392 g of AS is dissolved in 10 mL of
dimethyl sulfoxide (DMSO). This solution is diluted 1:1 with
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ddH2O and filter-sterilized. Aliquots (0.5 mL) of stock
s olution (100 mM) are stored at −20°C for up to 6 months
(see Note 11).
8. Cysteine: 500 mg of L-cysteine (Sigma) is dissolved in 5 mL
of ddH2O. The stock solution (100 mg/mL) is filter sterilized and added the same day to autoclaved, cooled co-
cultivation medium for a final concentration of 300 mg/L.
Any unused stock solution is discarded.
9. Silver Nitrate: 0.85 g of silver nitrate is dissolved in 100 mL
of ddH2O. The stock solution (50 mM) is filter sterilized and
stored in a foil-wrapped duran at 4°C for up to 1 year.
10. Cefotaxime: 1.0 g of cefotaxime (Phytotechnology Labora
tories, Overland Park, KS, USA) is dissolved in 5 mL ddH2O.
The stock solution (200 mg/mL) is filter sterilized, aliquoted
(0.250 mL) and stored at −20°C for up to 1 month.
11. Vancomycin: 1.0 g of vancomycin hydrochloride
(Phytotechnology Laboratories) is dissolved in 5 mL ddH2O.
The stock solution (200 mg/mL) is filter sterilized, aliquoted
(0.250 mL), and stored at −20°C for up to 1 month.
12. Carbenicillin: 1.0 g of carbenicillin (Phytotechnology
Laboratories) is dissolved in 10 mL ddH2O. The stock solution (100 mg/mL) is filter sterilized, aliquoted (1.25 mL)
and stored at −20°C for up to 3 months (see Note 12).
2.3.2. Media
for AgrobacteriumMediated Transformation
of Hi II

Media 1–5 are after Zhao et al. (14) with the addition of cysteine
(300 mg/L) to cocultivation medium and the use of cefotaxime
and vancomycin instead of carbenicillin for counter-selection of
Agrobacterium after cocultivation. Solid media (Media 2–5) use
100 × 25 mL Petri plates and are stored at room temperature.
1. Infection (liquid): 4 g/L N6 salts (38), 1 mL/L N6 vitamin
stock, 1.5 mg/L 2,4-D, 0.7 g/L L-proline, 68.4 g/L sucrose,
and 36 g/L glucose, pH 5.2. This medium is filter sterilized
and stored at 4°C. AS (100 mM) is added prior to use.
2. Cocultivation (see Note 13): 4 g/L N6 salts, 1.5 mg/L 2,
4-D, 0.7 g/L L-proline, 30 g/L sucrose, and 3 g/L Gelrite
(bioWorld PlantMedia, Dublin, OH, USA), pH 5.8. Filter
sterilized N6 vitamin stock (1 mL/L), silver nitrate (5 mM),
AS (100 mM), and L-cysteine (300 mg/L) are added after
autoclaving.
3. Resting: 4 g/L N6 salts, 1.5 mg/L 2,4-D, 0.7 g/L L-proline,
30 g/L sucrose, 0.5 g/L 2-(4-morpholino)-ethanesulfonic
acid (MES), and 8 g/L purified agar (Sigma), pH 5.8. Filter
sterilized N6 vitamin stock (1 mL/L), cefotaxime (100 mg/L),
vancomycin (100 mg/L), and silver nitrate (5 mM) are added
after autoclaving (see Notes 14 and 15).
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4. Selection I: 4 g/L N6 salts, 1.5 mg/L 2,4-D, 0.7 g/L L-proline,
30 g/L sucrose, 0.5 g/L MES, and 8 g/L purified agar, pH
5.8. Filter sterilized N6 vitamin stock (1 mL/L), cefotaxime
(100 mg/L), vancomycin (100 mg/L), silver nitrate (5 mM),
and bialaphos (1.5 mg/L) are added after autoclaving.
5. Selection II: The same as Selection I except that bialaphos
concentration is increased to 3 mg/L.
6. Pre-regeneration medium (see Note 16): 4.3 g/L MS Salts
(39), 1 mL/L (1,000×) MS vitamin stock (modified),
100 mg/L myo-inositol, 0.25 mL/L 2,4-D, 30 g/L sucrose,
3 g/L gelrite, pH 5.8. Filter-sterilized bialaphos (2 mg/L)
and cefotaxime (100 mg/L) are added after autoclaving. Use
100 × 15 Petri plates.
2.3.3. Media
for AgrobacteriumMediated Transformation
of B104 Inbred Line

All solid media described below use 100 × 25-mm Petri plates and
are stored at room temperature. Media is modified from Carvalho
et al. (22) and L-cysteine (300 mg/L) is added to the cocultivation medium.
1. Infection (liquid): 4.3 g/L MS salts, 1 mL/L modified MS
vitamin stock, 0.5 mL/L dicamba, 0.7 g/L L-proline,
68.4 g/L sucrose, and 36 g/L glucose, pH 5.2. This medium
is filter sterilized and stored at 4°C. AS (100 mM) is added
prior to use (see Note 17).
2. Cocultivation: 4.3 g/L MS salts, 0.5 mL/L dicamba, 0.7 g/L
L-proline, 100 mg/L casein hydrolysate, 100 mg/L myoinositol, 30 g/L sucrose, and 2.3 g/L Gelrite, pH 5.8. Filter
sterilized modified MS vitamin stock (1 mL/L), silver nitrate
(88 mM), AS (100 mM), and L-cysteine (300 mg/L) are
added after autoclaving (see Note 18).
3. Resting: 4.3 g/L MS salts, 0.5 mL/L dicamba, 0.7 g/L
L-proline, 0.5 g/L MES, 100 mg/L casein hydrolysate,
100 mg/L myo-inositol, 30 g/L sucrose, and 2.3 g/L
Gelrite, pH 5.8. Filter sterilized modified MS vitamin stock
(1 mL/L), silver nitrate (88 mM), and carbenicillin
(250 mg/L) are added after autoclaving.
4. B104 Selection I: 4.3 g/L MS salts, 0.5 mL/L dicamba,
0.7 g/L L-proline, 0.5 g/L MES, 100 mg/L casein hydrolysate, 100 mg/L myo-inositol, 30 g/L sucrose, and 2.3 g/L
Gelrite, pH 5.8. Filter sterilized modified MS vitamin stock
(1 mL/L), silver nitrate (88 mM), bialaphos (2 mg/L), and
carbenicillin (250 mg/L) are added after autoclaving (see
Note 19).
5. B104 Selection II: The same as B104 Selection I medium
except that the bialaphos concentration is increased to
6 mg/L.
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Regeneration media, after McCain et al. (40), uses 100 × 25 mL
Petri plates and is stored at room temperature.
1. Regeneration I: 4.3 g/L MS salts, 1 mL/L modified MS
vitamin stock, 100 mg/L myo-inositol, 60 g/L sucrose,
3 g/L Gelrite, pH 5.8. Filter-sterilized glufosinate ammonia
(6 mg/L) and cefotaxime (100 mg/L) are added after
autoclaving.
2. Regeneration II: The same as Regeneration I with the sucrose
concentration reduced to 30 g/L and no glufosinate or cefotaxime is added.

2.5. Equipment

1. Horizontal laminar flow benches (The Baker Company,
Sanford, ME, USA)
2. Dark biological incubator (I36NL, Percival Scientific, Perry,
IA, USA)
3. Light biological incubator (Cu36L5, Percival Scientific)
4. Steriguard 350 bead sterilizers (Inotech Biosystems International,
Rockville, MD, USA).
5. Vortex Genie (Fisher Scientific, USA)

3. Methods
3.1. AgrobacteriumMediated
Transformation of
Immature Zygotic
Embryos

1. The vector system, pTF101.1 in strain EHA101, is stored as
a glycerol stock at −80°C.

3.1.1. Agrobacterium
Preparation

3. The “mother” plate is then kept in the refrigerator (4°C) and
used as a source plate for plating Agrobacteria cells (at 19°C
for 3 days) in preparation for twice-weekly experiments
(see Note 20).

3.1.2. Embryo Dissection

1. Dehusk the ear, break off the tip of the cob and insert a pair
of numbered forceps. This labels the ear while acting as a
“handle” for aseptic manipulation during dissection. In a
laminar flow bench, place up to 15 prepared ears in a sterile,
4 L beaker. Do not use any ears exhibiting extreme tip rot or
discolored kernels (see Note 21).

2. Every 4 weeks, a “mother” plate is re-initiated from this longterm glycerol stock by streaking the bacteria to YEP (with
antibiotics) and growing it for 2 days at 28°C.

2. Add ~2 L of sterilizing solution (50% commercial bleach (6%
hypochlorite) in ddH2O + 1 drop of surfactant Tween 20 per
liter) to completely submerge the ears while leaving the forceps handles protruding (see Note 22).
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3. During the 20-min disinfection, occasionally grasp forceps
and swirl the ears in an effort to dislodge air bubbles. Pour off
the bleach solution and rinse the ears three times using at
least 2 L of sterile ddH2O at each rinse. The final rinse is
drained off and the beaker of ears is left (covered) in the
bench until dissections begin.
4. Using aseptic technique, and working in a laminar flow bench,
hold onto the end of the forceps, prop the surface-sterilized
ear on a large (150 × 15 mm) sterile Petri-plate, and cut off
the top 1–2 mm of the kernel crowns with a sharp scalpel
blade. Steriguard 350 bead sterilizers are used for sterilization
of utensils throughout this protocol.
5. To excise an embryo, insert the end of a sharpened spatula
between the endosperm and pericarp at the basipetal side of
the kernel and pop the endosperm out of the seed coat. The
embryo axis side of the untouched embryo will be visible and
the scutellum side will be nested in the endosperm. Gently
coax the IZE onto the spatula tip and transfer it directly to
liquid infection medium (see Note 23).
3.1.3. Agrobacterium
Infection

1. Grow Agrobacterium cultures for 3 days at 19°C (or 2 days at
28°C) on solid YEP medium amended with antibiotics.
2. To begin an experiment, scrape one full loop (3 mm) of bacteria
culture from the plate and suspend it in 5 mL infection medium
supplemented with 100 mM AS in a 50 mL Falcon tube. Affix
the tube horizontally to a Vortex Genie (Fisher) platform head
using lab tape and shake on lowest setting for 2 h at room temperature. Using liquid infection medium (with AS), adjust to
between OD550 = 0.30 and 0.40 just prior to use.
3. Once this 2 h Agrobacterium pre-culture step is complete,
dissect up to 100 IZEs directly into a 2-mL Eppendorf tube
filled with Agrobacterium-free infection medium (with
100 mM AS). These wash tubes are prepared 2 h ahead of
time and stored at 4°C until dissection begins.
4. Remove this first wash then wash the embryos a second time
with 1 mL of the same medium. After removing the final wash,
add 1 mL of Agrobacterium suspension (OD550 = 0.30–0.40).
5. To infect the embryos, gently invert the tube 20 times before
resting it on its side (in the dark) for 5 min with embryos
submerged in the Agrobacterium suspension (see Note 24).
These and all subsequent tissue culture steps are carried out
in a laminar flow bench using aseptic technique.

3.1.4. Co-Cultivation

1. After the 5 min infection, use a 1-mL Pipetman equipped
with a wide-bore pipet tip (see Note 25) to gradually transfer
the embryos, along with a minimum amount of Agrobacterium
suspension, out of the Eppendorf tube and onto the surface
of the cocultivation medium. Embryos are collected, a few at
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a time, with minimal liquid uptake at each transfer to avoid
adhesion of the embryos to the inside of the pipet tip.
2. When embryo transfer is complete, use a 1-mL tip to remove
excess Agrobacterium suspension from the surface of the
co-cultivation medium and the area surrounding each
embryo. Collect the used bacterial suspension in a disposable
Petri-dish (see Notes 26 and 27).
3. Leave the lid of the cocultivation plate ajar for up to 1 h to
let the medium and embryo surfaces dry further before
orienting each embryo scutellum side up with the aid of a
stereo microscope.
4. Wrap plates with vent tape (air permeable adhesive tape) and
incubate at 20°C (dark) for 3 days in a biological incubator.
3.1.5. Resting

1. After 3 days cocultivation, transfer all embryos to resting
medium at 28°C (dark) for 7 days.
2. Continue to transfer all embryos throughout the following
selection steps. Do not discard any embryos prematurely.
Tissue culture plates are incubated in a biological chamber
throughout resting and selection steps.

3.2. Selection
for Stable
Transformation
Events
3.2.1. Hi II Events

1. After 7 days on resting medium (see Note 28), use sterile
forceps to transfer embryos to Selection I medium (35 IZEs
per plate) containing 1.5 mg/L bialaphos, for 2 weeks followed by two more 2-week passages on Selection II medium
(3 mg/L bialaphos). Plates are wrapped with Parafilm® and
incubated at 28°C in the dark. All Hi II selection steps are
done without the aid of a stereo microscope.
2. As early as five and as late as 10 weeks after infection, putative
Type II callus events are visible (with the naked eye) emerging from a subset of embryos.
3. Putative events are transferred away from the original experiment
plate to a fresh plate of Selection II medium for an additional,
2-week subculture to verify that they are bialaphos resistant. We
refer to this latter step as “picking” putative events.
4. If a putative callus event continues to grow rapidly, it is assigned
an ID number. Callus events containing stalked somatic embryos
(prescreened with the aid of a stereo microscope) are subcultured, one event per plate, to Pre-regeneration medium.
5. If the diameter of the callus clump is greater than 2 cm at this
stage, it is divided into smaller pieces (1 cm) at transfer. Petri
plates are wrapped with Parafilm® and incubated in the dark
(25°C) for 10–14 days.
6. Average TF for Hi II using this protocol is 8%, or 8 independent, bialaphos resistant Type II callus per 100 infected (and
selected) IZEs.
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3.2.2. B104 Events

1. After 7 days on B104 resting medium (see Note 29), transfer
all embryos to B104 Selection I medium (35 IZEs per plate)
containing 2 mg/L bialaphos, for 2 weeks followed by two
more 2-week passages on B104 Selection II medium containing
6 mg/L bialaphos. Plates are wrapped with Parafilm® and
incubated in the dark (28°C).
2. As early as six, and as late as 12 weeks after infection, putative
Type I callus events are visible emerging from a subset of
selected IZEs (see Note 30).
3. Putative events are transferred away from the original experiment plate to a fresh plate of B104 Selection II medium for
2 additional weeks. Continued vigorous proliferation after this
“picking” step verifies that the event is bialaphos resistant.
4. Unlike the corresponding Hi II step in which the clump of
Type II callus representing one putative event is kept intact,
when a B104 putative event is picked, embryogenic Type I
callus is separated from non-embryogenic callus lobes and
differentiating leaf or root portions of the callus clump with
the aid of a stereo microscope. Only the embryogenic callus
is retained and broken into 0.25 cm pieces on the surface of
a fresh plate of B104 Selection II medium.
5. After 2 weeks, the Type I embryogenic callus proliferating
from some or all of these pieces is regrouped and subcultured
in 0.5 cm pieces, again using the stereo microscope, to the
surface of B104 Selection II medium in preparation for naming and regeneration.
6. Average TF for B104 using this protocol is 3%, or 3 independent, bialaphos-resistant Type I calluses per 100 infected (and
selected) IZEs.

3.3. Regeneration
of Transgenic Plants
3.3.1. Hi II

1. With the aid of a stereo microscope, use sterile scalpels or
needle nose forceps to transfer 12–15 small pieces (4 mm) of
somatic embryo-enriched callus from Pre-regeneration
medium to Regeneration I medium. Wrap plates with vent
tape and incubate at 25°C (dark, see Note 31).
2. After 2 weeks on Regeneration I medium, somatic embryos
appear swollen, opaque and white. In some cases, the col
eoptile is already visible emerging from these germinating,
somatic embryos.
3. Use a stereo microscope to transfer ~12 individual, mature
somatic embryos from Regeneration I medium to the surface
of Regeneration II medium for germination in a lighted biological incubator (25°C, 80–100 mE/m2/s light intensity,
16:8 photoperiod).
4. Wrap Petri plates with vent tape. Hi II plantlets sprout leaves
and roots on this medium within 1 week and are ready for
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transfer directly to soil about 3 days later (10 days after
transfer to Regeneration II medium).
3.3.2. B104 (see Note 32)

1. Using a stereo microscope, transfer 15–20, 5 mm embryogenic Type I callus pieces (pried apart, not cut) from the surface of B104 Selection II medium to the surface of
Regeneration I medium. Multiple somatic embryos may be
fused together in one piece of callus. Wrap Petri plates with
vent tape and incubate in the dark (25°C).
2. After 3 weeks, the majority of callus pieces will produce one
or more mature somatic embryos. Like the corresponding Hi
II regeneration step, the B104 mature somatic embryos will
appear opaque and white, but unlike Hi II, they will form at
lower frequency and will, in many cases, be fused together.
3. Using a stereo microscope, pry these mature somatic embryos
apart from any unhardened callus and from each other where
possible without damaging embryo integrity.
4. Transfer these pieces (fused or not), 15 per plate, to
Regeneration II medium for germination in the light (25°C,
80–100 mE/m2/s light intensity, 16:8 photoperiod).
Germinated B104 plantlets with roots and shoots are ready
for transfer to soil from between 7 and 14 days later (see
Notes 33 and 34).

3.4. Growth Chamber
and Greenhouse Plant
Care

1. A detailed protocol for growing immature embryo donor
plants from seed, and for growing regenerated transgenic
plantlets to maturity, can be found in the ISU Plant
Transformation Facility greenhouse protocol at: http://www.
agron.iastate.edu/ptf/protocol/Greenhouse%20Protocol.
pdf. Our greenhouse is located in Ames, IA, USA.
2. While this protocol provides helpful guidelines for growing
greenhouse maize, it should be noted that conditions for success
will vary depending on location and greenhouse conditions.

4. Notes
1. These two parents may differ in vigor. Multiple plantings of
both parents ensure constant availability of parent A silks ×
parent B pollen for the F1 cross.
2. In general, greenhouse derived Hi II IZEs transform at higher
rates (using Agrobacterium-mediated methods) than do field
embryos using this protocol, although transgenic events have
been recovered from both sources.
3. We generally recover at least 120 IZEs from one greenhousegrown Hi II ear.
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4. In general, greenhouse derived IZEs of B104 transform at
higher rates using Agrobacterium-mediated methods than do
field embryos using this protocol, although transgenic events
have been recovered from both.
5. Post-infection ECIF for 1.2 mm B104 embryos is lower than
for 1.5 mm B104 embryos or 1.2 mm Hi II embryos.
6. We generally recover ~150 IZEs from one greenhouse-grown
B104 ear.
7. We have also used strains LBA4404 and GV3101 with this
vector with varying degrees of success.
8. Spectinomycin may come out of solution in the freezer and
must be resuspended after thawing and before using.
9. Modified MS vitamins (13) contain higher thiamine HCl and
lower nicotinic acid concentrations compared to MS vitamins.
10. Use low heat. Do not boil the 2,4-D while dissolving it in
KOH.
11. AS will sometimes precipitate after freezer storage and is
re-dissolved by vortexing for 15 min.
12. Carbenicillin efficacy may vary by lot number.
13. Cocultivation medium is either 1 or 4 days old when used.
14. Resting medium is made in small batches to ensure that it is
as fresh as possible at use (<3 weeks old).
15. Vancomycin and cefotaxime will form a precipitate if mixed
together. Add each to media separately and stir well after
adding.
16. This medium is used to slow Hi II callus growth and encourage somatic embryo formation.
17. This is our current liquid infection medium for B104 and is
modified from Frame et al. (13).
18. This cocultivation media is also used at 1 or 4 days old and
when solidified is hazy compared to Hi II cocultivation
medium. Stir well before pouring.
19. This is our current selection scheme for B104 and is modified
from Frame et al. (13).
20. We compared the effect of using refrigerator-stored (4°C)
Agrobacterium mother plates, or −80°C stored glycerol stocks
to initiate the 19°C/3 day bacteria plate used for infection
experiments. The average TF for embryos infected with the
vector pTF102 (12) in EHA101 initiated from a 4°C mother
plate was 6.4%. For embryos infected with Agrobacteria initiated from glycerol stock (−80°C), TF was 5.6%.
21. Pink kernels in particular may be an indication of bacterial
contamination.
22. We reuse this bleach once and store it in the dark between uses.
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23. A skilled technician can dissect at least 150 IZEs per ½ h. Do not
damage embryos at dissection or dig around the ear for embryos
that are not easily retrieved, as this increases the probability of
introducing contamination into your experiment tube.
24. We do not leave embryos in the wash for extended periods of
time. Washing, infection and plating to cocultivation medium
steps are all carried out without interruption.
25. One mL filtered pipet tips are trimmed using scissors to make
a 3 mm bore hole and re-autoclaved before using.
26. This waste, along with all tissue culture plates, medium (liquid
or solid), or plant tissues exposed to Agrobacterium and the
genetically modified DNA it contains are autoclaved as biohazard waste before disposal.
27. If infecting multiple constructs on the same day, be sure to
discard the Agrobacterium-liquid disposal dish between constructs so that no back splashing occurs; this may result in
cross contamination between constructs.
28. After 1 week on resting medium, ECIF for Agrobacteriuminfected Hi II embryos cocultivated on medium containing
300 mg/L cysteine is ~85%.
29. After 1 week on resting medium, ECIF for Agrobacteriuminfected B104 embryos cocultivated on medium containing
300 mg/L cysteine is ~70% (13).
30. B104 Type I putative callus events grow vigorously and often
appear to “dig into” the medium surface.
31. Do not overfill the plate and keep pieces small and enriched
with stalked embryos – the key to this regeneration method is
to induce differentiation of the preformed somatic embryos
through desiccation and slowed growth.
32. The regeneration method and media described here were
reported in Frame et al. (13) and take 35 days to recover transgenic plants. Regeneration protocol comparisons carried out since
2006 using non transgenic B104 callus indicate that 5 plantlets
per plate can be regenerated within 15 days using a regeneration
protocol modified from Zhao et al. (14) in which the media
includes 6% sucrose and zeatin, and for which all regeneration
steps are carried out in the light. To date, we have not compared
these regeneration protocols using transgenic B104 callus.
33. Plantlet recovery for B104 may require in vitro pruning.
Subculture sprouting plantlets to a fresh plate of Regeneration
II medium after 10 days in the light to encourage maximum
plantlet recovery.
34. To confirm that the bar gene is expressed in B104 regenerated
plants, 2–3 weeks after being taken to soil, plantlets are sprayed
with 500 mg/L glufosinate prepared from the herbicide Liberty®
(Bayer Crop Sciences, USA) and 0.1% Tween 20 (v/v).

340

Frame et al.

Acknowledgments
Our thanks to Jennifer McMurray and Tina Paque for their contributions in the laboratory and greenhouse, and to Dr. Arnel
Hallauer for providing the original B104 seed. This work is
supported partially by the National Science Foundation (DBI
#0110023), the Iowa State University Agricultural Experiment
Station, the Office of Biotechnology, the Plant Science Institute,
and the Baker Endowment Advisory Council for Excellence in
Agronomy at Iowa State University.

References
1. Green CE, Phillips RL (1975) Plant regeneration from tissue cultures of maize. Crop Sci
15:417–421
2. Vasil V, Vasil IK, Lu C (1984) Somatic
embryogenesis in long-term callus cultures of
Zea mays L (Gramineae). Am J Bot
71:158–161
3. Fransz PF, Schel JHN (1990) Cytodifferentiation during the development of friable embryogenic callus in maize (Zea mays).
Can J Bot 69:26–33
4. Armstrong
CL,
Green
CE
(1985)
Establishment and maintenance of friable,
embryogenic maize callus and the involvement of L-proline. Planta 164:207–214
5. Gordon-Kamm WJ, Spencer TM, Mangano ML,
Adams TR, Daines RJ, Start WG, O’Brien JV,
Chambers SA, Whitney J, Adams R, Willetts NG,
Rice TB, Mackey CJ, Krueger RW, Kausch AP,
Lemaux PG (1990) Transformation of maize
cells and regeneration of fertile transgenic plants.
Plant Cell 2:603–618
6. Fromm ME, Morrish F, Armstrong C,
Williams R, Thomas J, Klein TM (1990)
Inheritance and expression of chimeric genes
in the progeny of transgenic maize plants.
Bio/ Technology 8:833–839
7. D’Halluin K, Bonne E, Bossut M, De
Beuckeleer M, Leemans J (1992) Transgenic
maize plants by tissue electroporation. Plant
Cell 4:1495–1505
8. Koziel MG, Beland GL, Bowman C,
Carozzi NB, Crenshaw R, Crossland L,
Dawson J, Desai N, Hill M, Kadwell S,
Launis K, Lewis K, Maddox D, McPherson K,
Meghji MR, Merlin E, Rhodes R, Warren GW,
Wright M, Evola SV (1993) Field performance
of elite transgenic maize plants expressing and
insecticidal protein derived from Bacillus thuringiensis. Bio/ Technology 11:194–200

9. Songstad DD, Armstrong CL, Petersen WL,
Hairston B, Hinchee MAW (1996) Production
of transgenic maize plants and progeny by
bombardment of Hi-II immature embryos. In
Vitro Cell Dev Biol Plant 32:179–183
10. Ishida Y, Saito H, Ohta S, Hiei Y, Komari T,
Kumashiro T (1996) High efficiency transformation of maize (Zea mays L.) mediated by
Agrobacterium tumefaciens. Nat Biotechnol
14:745–750
11. Zhao ZY, Gu W, Cai T, Tagliani LA,
Hondred D, Bond D, Krell S, Rudert ML,
Bruce WB, Pierce DA (1998) Molecular analysis
of T0 plants transformed by Agrobacterium and
comparison of Agrobacterium-mediated transformation with bombardment transformation in
maize. Maize Gen Coop Newsl 72:34–37
12. Frame BR, Shou H, Chikwamba RK, Zhang
Z, Xiang C, Fonger TM, Pegg SE, Li B,
Nettleton DS, Pei D, Wang K (2002)
Agrobacterium tumefaciens-mediated transformation of maize embryos using a standard
binary vector system. Plant Physiol 129:13–22
13. Frame BR, McMurray JM, Fonger TM,
Main ML, Taylor KW, Torney FJ, Paz MM,
Wang K (2006) Improved Agrobacteriummediated transformation of three maize
inbred lines using MS salts. Plant Cell Rep
25:1024–1034
14. Zhao ZY, Gu W, Cai T, Tagliani LA,
Hondred D, Bond D, Schroeder S, Rudert M,
Pierce DA (2001) High throughput genetic
transformation mediated by Agrobacterium
tumefaciens in maize. Mol Breed 8:323–333
15. Brettschneider R, Becker D, Lorz H (1997)
Efficient transformation of scutellar tissue of
immature maize embryos. Theor Appl Genet
94:737–748
16. Ishida Y, Saito H, Hiei Y, Komari T (2003)
Improved protocol for transformation of maize

Genetic Transformation Using Maize Immature Zygotic Embryos

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

(Zea mays L.) mediated by Agrobacterium
tumefaciens. Plant Biotech 20:57–66
Lee BK, Kennon AR, Chen X, Jung TW,
Ahn BO, Lee JY, Zhang Z (2007) Recovery
of transgenic events from two highly recalcitrant maize (Zea mays L.) genotypes using
Agrobacterium-mediated
standard-binaryvector transformation. Maydica 52:457–469
Tomes DT, Smith OS (1985) The effect of
parental genotype on initiation of embryogenic callus from elite maize (Zea mays L.)
germplasm. Theor Appl Genet 70:505–509
Duncan DR, Williams ME, Zehr BE,
Widholm JM (1985) The production of callus
capable of plant regeneration from immature
embryos of numerous Zea mays genotypes.
Planta 165:322–332
Hodges TK, Kamo KK, Imbrie CW, Becwar
MR (1986) Genotype specificity of somatic
embryogenesis and regeneration in maize.
Bio/ Technology 4:219–223
Vain P, Yean H, Flament P (1989) Enhancement
of production and regeneration of embryogenic type II callus in Zea mays by AgNO3.
Plant Cell Tiss Org Cult 18:143–151
Carvalho CHS, Bohorova N, Bordallo PN,
Abreu LL, Valicente FH, Bressan W, Paiva E
(1997) Type II callus production and plant
regeneration in tropical maize genotypes.
Plant Cell Rep 17:73–76
Lu C, Vasil V, Vasil IK (1983) Improved efficiency of somatic embryogenesis and plant
regeneration from tissue cultures of maize (Zea
mays L.). Theor Appl Genet 66:285–289
Vain P, McMullen MD, Finer JJ (1993)
Osmotic treatment enhances particle bombardment-mediated transient and stable transformation of maize. Plant Cell Rep 12:84–88
Armstrong CL, Green CE, Phillips RL (1991)
Development and availability of germplasm
with high Type II culture formation response.
Maize Genet Coop Newsl 65:92–93
Vega JM, Yu W, Kennon AR, Chen X, Zhang Z
(2008) Improvement of Agrobacteriummediated transformation in Hi II maize (Zea
mays) using standard binary vectors. Plant Cell
Rep 27:297–305
Lupotto E, Conti E, Reali A, Lanzanova C,
Baldoni E, Allegri L (2004) Improving in vitro
culture and regeneration conditions for
Agrobacterium-mediated maize transformation. Maydica 49:21–29
Huang X, Wei Z (2005) Successful
Agrobacterium-mediated genetic transforma-

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

341

tion of maize elite inbred lines. Plant Cell,
Tiss Org Cult 83:187–200
Ishida Y, Hiei Y, Komari T (2007)
Agrobacterium-mediated transformation of
maize. Nat Protoc 2:1614–1621
Hallauer R, Lamkey KR, White PR (1997)
Registration of five inbred lines of maize:
B102, B103, B104, B105 and B106. Crop Sci
37:1405–1406
Paz MM, Shou H, Guo Z, Zhang Z, Banerjee
AK, Wang K (2004) Assessment of conditions
affecting Agrobacterium-mediated soybean
transformation using the cotyledonary node
explants. Euphytica 136:167–179
Hajdukiewicz P, Svab Z, Maliga P (1994) The
small, versatile pPZP family of Agrobacterium
binary vectors for plant transformation. Plant
Mol Biol 25:989–994
Hood EE, Helmer GL, Fraley RT, Chilton MD
(1986) The hypervirulence of Agrobacterium
tumefaciens A281 is encoded in a region of
pTiBo542 outside of T-DNA. J Bacteriol
168:1291–1301
White J, Chang S, Bibb MJ, Bibb MJ (1990)
A cassette containing the bar gene of
Streptomyces hygroscopicus: a selectable marker
for plant transformation. Nucleic Acids Res
18:1062
Carrington JC, Freed DD (1990) Capindependent enhancement of translation by
a plant potyvirus 5′ nontranslated region.
J Virol 64:1590–1597
Mason HS, DeWald DB, Mullet JE (1993)
Identification of a methyl jasmonate-
responsive domain in the soybean vspB
promoter. Plant Cell 5:241–251
An G, Ebert PR, Mitra A, Ha SB (1988)
Binary vectors. In: Gelvin SB, Schilperoort RA
(eds) Plant molecular biology manual. Kluwer
Academic, Dordrecht, pp 1–19
Chu CC, Wang CC, Sun CS, Hsu C, Yin KC,
Chu CY, Bi FY (1975) Establishment of an
efficient medium for anther culture of rice
through comparative experiments on the
nitrogen source. Sci Sin 18:659–668
Murashige T, Skoog F (1962) A revised
medium for rapid growth and bioassays with
tobacco tissue cultures. Physiol Plant
15:473–497
McCain JW, Kamo KK, Hodges TK (1988)
Characterization of somatic embryo devel
opment and plant regeneration from friable maize callus cultures. Bot Gaz 149:
16–20

