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Abstract Breeding efforts to obtain more nutritious maize
materials aimed at alleviating dietary deficiencies in devel-
oping countries have resulted in an improved maize

germplasm known as quality protein maize (QPM). Quality
protein maize has higher contents of tryptophan, lysine, and
leucine than common maize, but suffers from some major
agronomic drawbacks found in common inbred maize lines,
such as susceptibility to insect pests and fungal and bacterial
diseases and herbicide sensitivity. The development of a
reproducible and efficient protocol for tissue culture of
QPM is expected to solve some of these deficiencies. In this
work, we have evaluated different formulations for in vitro
induction of morphogenic responses in three QPM lines
developed by the International Maize and Wheat Improve-
ment Center (CIMMYT): CML (CIMMYT maize line)-145,
CML-176, and CML-186. Only CML-176 and CML-186
have proven to be responsive to the in vitro conditions
considered in this work, with CML-176 showing the
highest efficiency in regenerable callus formation and
growth. N6C1 medium was found to be efficient for in
vitro culture of QPM, whereas no plants could be
regenerated by using MPC medium. From CML-176
embyogenic calli cultured on N6C1 medium, we were able
to regenerate up to 0.3 plants per 500 mg fresh weight
(FW) callus. Further modifications in this experimental
protocol, including the replacement of 3,6-dichloro-o-anisic
acid with 2,4-dichlorophenoxyacetic acid and modification
of the N6C1 vitamin balance, significantly increased the
regeneration response of the induced calli, with up to 16.8
and 9.3 plants recovered per 500 mg FW callus for CML-
176 and CML-186, respectively.
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Introduction

Maize (Zea mays L.) is an important crop for human
consumption, particularly in developing countries, where
this cereal can represent up to 65% of the total calories and
53% of the protein intake (Bressani 1991). Although the
protein content of maize is relatively high (9% on average),
its quality is poor due to an imbalance in three essential
amino acids, in which the contents of tryptophan and lysine
are low, whereas that of leucine is high. This amino acid
balance ratio is not enough to satisfy the FAO requirements
for human nutrition, especially for children (Hamaker and
Rahmanifar 1994). At the beginning of the 1960s, low
levels of zein, and high levels of lysine and tryptophan,
were discovered in opaque-2 maize (Mertz et al. 1964),
which, on the other hand, displayed some undesirable
agronomic traits, such as chalky soft kernel, low yields,
lower resistance to fungi and insects, and longer drying
time (Mertz 1994). The superior nutritional qualities of
opaque-2 maize motivated maize researchers to overcome
these problems. These efforts resulted in the discovery of
modifiers of the opaque-2 maize trait, which conferred to it
a normal, hard, and vitreous endosperm. The conversion of
opaque-2 maize to dent- and flint-type maize gave rise to
quality protein maize (QPM), which is, today, practically
interchangeable with common maize in cultivation and
kernel characteristics. Quality protein maize was developed
by the International Maize and Wheat Improvement Center
(CIMMYT) in Mexico and contains 55% more tryptophan,
30% more lysine, and 38% less leucine than common maize
(Bressani 1992). Therefore, this high-quality maize is
expected to alleviate some of the problems associated with
malnutrition in countries where this cereal provides a high
percentage of the total protein intake (Hamaker and
Rahmanifar 1994). Efforts in several countries of eastern
and southern Africa, Asia, and Latin America are presently
devoted to incorporating the QPM characteristic into locally
adapted germplasm by production of hybrids.

Because of their superior combining ability, Quality
Protein, CIMMYT maize lines (CML) 176 and 186 (CML-
176 and CML-186) were utilized as parents of several
hybrids released in Mexico by the National Institute for
Forestry, Agriculture, and Livestock Research (INIFAP) to
increase the grain nutritional quality of local maize materials.
However, these and other QPM lines suffer from some major
deficiencies found in common maize inbred lines, such as
susceptibility to diseases or herbicides (CIMMYT 1999).
Thus, breeders involved in QPM improvement not only
have to face the challenges met by common maize breeders,
but also have to preserve the lysine and tryptophan levels in
endosperm, and, consequently, the conditions required for
breeding and germplasm improvement of QPM are usually
more complex than those for common maize.

Although the possibility for introducing transgenes with
agronomic importance into elite maize or QPM materials by
backcrossing to transgenic lines exists, this process can be
costly and time- and labor-consuming. Additionally, the
recovery of progeny possessing both the transgenic trait and
suitable agronomic traits is often difficult due to incompat-
ible heterotic groups and reduced combining ability. There-
fore, genetic engineering can probably be more fruitfully
applied to maize improvement by introducing agronomically
useful genes directly into the genome of the selected maize
lines (O’Kennedy et al. 2001). Today, the possibilities of in
vitro plant technology (genetic transformation, recovery of
somaclonal variants or haploid plants, somatic hybridiza-
tion, and micropropagation, among others) have rapidly
expanded in such a way that it is practically, or at least
theoretically, possible to manipulate any aspect of plant
performance, from the modification of food quality to
increased tolerance of plants to environmental stresses,
biotic or abiotic. As a first step to developing the required
technological background to overcome some of the defi-
ciencies of QPM maize lines or their hybrids through
molecular tools, we have developed a reproducible and
efficient protocol for tissue culture of two QPM lines.

Materials and Methods

Plant materials. CML-176, CML-186, and CML-145 are
QPM lines, which were used as donor plants of the explants
to be tested for morphogenic response under in vitro culture
conditions. CML-145 is a late, tropical QPM line, tolerant to
Helminthosporium maydis and Puccinia polysora, which is
characterized by white, dent grains, 9.1% total protein, and
0.87% tryptophan content. Because of its high susceptibility
to herbicides, this inbred line was excluded from the
INIFAP’s QPM breeding program. CML-176 and CML-
186 are late, subtropical maize lines tolerant to Exserohilum
turcicum that have white and flint grains, and contain 7.4
and 8.2% total protein and 1.05 and 1.00% tryptophan,
respectively (CIMMYT 1999).

Description of media utilized for induction of morphogenic
responses in QPM. As a first step to designing a QPM tissue
culture protocol, we initially tested two different media
reported as being highly effective for induction of
regenerable calli in maize: MPC (O’Connor-Sánchez et
al. 2002) and N6C1 (Bohorova et al. 1995) media. MPC
medium has also been successfully utilized for generating
the first embryogenic chlorophyllic cell line in Poaceae
(Aguado-Santacruz et al. 2001b).

The N6C1 medium contains the Chu N6 basal salts
and vitamins (Chu et al. 1975), 2.3 g l−1L-proline, 0.2 g
l−1 casein hydrolyzate, 2 mg l−1 3,6-dichloro-o-anisic acid
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(Dicamba), and 30 g l−1 sucrose. The MPC medium
contains the basal salts and vitamins of Murashige and
Skoog (MS) medium (Murashige and Skoog 1962), 1 mg
1−1 2,4-dichlorophenoxyacetic acid (2,4-D), 2 mg l−1 N6-
benzylaminopurine (BAP), 40 mg l−1 adenine, and 30 g l−1

sucrose. Basic constituents of the respective media were
dissolved in deionized water, mixed with 2.5 g l−1 Gelrite
(MPC medium) or 8 g l−1 Bacto agar (N6C1 medium), and
adjusted to pH 5.8, and the resultant mixture was sterilized
at 120°C/15 PSI for 15 min. The above-mentioned amounts
of respective growth regulators were always added to the
basic media after the sterilization step, when the tempera-
ture was around 50°C. MS salts, N6C1 salts, L-proline,
growth regulators, casein hydrolyzate, and Gelrite were
acquired from Sigma (St. Louis, MO, USA). Bacto agar
and sucrose were acquired from Becton and Dickinson
(Franklin Lakes, NJ).

Although shoot tips and immature embryos were respec-
tively utilized as explants for development of the original
MPC (O’Connor-Sánchez et al. 2002) and N6C1 (Bohorova
et al. 1995) protocols, in this investigation, we tested the
response of both kinds of explants to culture on N6C1 and
MPC media. Because of the relatively higher efficiency of
the N6C1 medium for induction of regenerable calli in
QPM (as shown in the “Results” section), further experi-
ments only analyzed the effect of varying the composition
of this medium (Table 1) using immature embryos as the
starting material. The effect of these modifications (media 2
to 9) was compared to the original N6C1 formulation
(medium 1). These modifications to the original N6C1
formulation resulted in nine different media formulations to
be evaluated in QPM (Table 1). Media 1 to 5 contained
Dicamba (2 mg l−1), media 6 to 9 utilized 2,4-D (2 mg l−1)

as the callus promoter auxin, and L-proline (2.3 g l−1) was
omitted from media 3, 4, 8, and 9. Media 1, 3, 6, and
8 considered the “D”vitamin balance (myo-inositol-devoid
vitamin balance; Table 1), whereas media 2, 4, 5, 7, and 9
considered the “M” vitamin balance (myo-inositol vitamin
balance). Because the use of 40 mg l−1 adenine has been
shown to increase the in vitro regenerative capacity of maize
(O’Connor-Sánchez et al. 2002), the effect of adding this
compound to the medium considering the “M” vitamin
balance was also evaluated (medium 5).

Isolation and sterilization of explants. Immature embryos
were isolated from ears collected 12–15 d after pollination in
field-grown QPM plants. Ears were surface-sterilized by
submersion in 70% (v/v) ethanol for 5 min and then in 20%
(v/v) NaClO solution for 20 min, and were finally rinsed
five times in sterile distilled water. Grains were detached
from the ears using a sharp knife and then the zygotic
immature embryos (1.5–2.0 mm long) were extracted under
a stereomicroscope using a dissection needle and forceps.
Embryos were placed with the embryonary axis face down,
in contact with the respective induction medium and
incubated in a growth room at 30°C under dark conditions
for three consecutive subcultures carried out every 20 d.

For isolation of shoot apices, mature seeds were surface-
sterilized with 70% (v/v) ethanol for 5 min and 0.02% (w/v)
mercuric chloride (HgCl2) for 20 min, and then these explants
were rinsed five times with sterile distilled water. Disin-
fected seeds were soaked in water for 3 h and then trans-
ferred to Petri dishes containing full-strength MS medium
and 2.5 g l−1 Gelrite. For initiating germination, the Petri
dishes containing the seeds were incubated in a growth room
(30±1°C) under dark conditions. Ten-millimeter-long tubu-
lar sections (containing the shoot apices) from 1-wk-old
dark-grown seedlings were obtained by cutting 5 mm
above and below the subcoleoptilar node. These segments
were placed on the respective induction media and
cultured in the dark in a growth room maintained at 30±
1°C. Subculturing of these explants was carried out every
20 d until callus formation was evident.

Fifty Petri dishes containing eight explants (shoot tips or
immature embryos) each were evaluated for every QPM
line/medium studied. We tried to reduce the ear-to-ear
effect on culture initiation and maintenance by choosing
only 10 immature embryos from every ear until completing
the required amount of explants per treatment.

Maintenance of calli and regeneration of plants. Once the
dedifferentiation processes leading to callus formation
were initiated, germinal lines derived from single
embryos or shoot tips were labeled and treated as
individual genotypes. After dissecting and propagating
the individualized germinal lines through five consecutive

Table 1 Media tested for induction of In vitro morphogenic responses
in three QPM maize lines

Medium Auxin
(2 mg l−1)

Proline
(2.3 g l−1)

Vitamin
balancez

Adenine
(40 mg l−1)

1y Dicamba Added D –
2 Dicamba Added M –
3 Dicamba – D –
4 Dicamba – M –
5 Dicamba Added M Added
6 2,4 D Added D –
7 2,4 D Added M –
8 2,4 D – D –
9 2,4 D – M –

z Vitamin balance “D” contained 0.5 mg l−1 nicotinic acid, 0.5 mg
l−1 thiamin-Cl, and 1.0 mg l−1 pyridoxine-Cl, whereas vitamin balance
“M” included 0.5 mg l−1 nicotinic acid, 0.1 mg l−1 thiamin-Cl,
0.5 mg l−1 pyridoxine-Cl, and 0.1 mg l−1 myo-inositol
y Original N6C1 formulation according to Bohorova et al. (1995)
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subcultures (carried out every 20 d with the same media
and growth conditions considered for callus initiation),
part of this material was transferred to Petri dishes
containing hormone-free, full-strength MS and 30%

sucrose. After maintaining the calli on this medium for
1 mo., an evaluation of the regeneration capacity of the
induced callous masses was carried out. The regenerative
callus induction efficiency (RCE) was calculated as the
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number of regenerable calli/number of induced calli×
100. Plant regeneration efficiency (PRE) was calculated as
the number of plants regenerated from 500 mg fresh
weight (FW) callus (20 replicates per QPM callus line
generated).

Once the plantlets completed their development within
the Petri dishes, they were moved into 400-ml GA 7Magenta
boxes containing the same medium until they acquired a
vigorous and profuse root system; this ensured that all
regenerated plants survived the transfer process to green-
house conditions. In vitro regenerative and developmental
responses were always induced in a growth room equipped
with cool fluorescent light (80 μmol s−1 m−2; 30±1°C).

One-way analysis of variance was utilized to test sig-
nificant differences in RCE and PRE among the different
tested media. Means were separated using Tukey’s test (Zar
1974).

Acclimation and hardening of regenerated plants in the
greenhouse. In vitro 6–7-cm-long regenerated plantlets
possessing at least four to five well-developed roots (2–
3.5 cm long) were washed with distilled water to eliminate
excess agar, transferred to ½-l pots containing a sterilized
mixture of peat moss and sand (50:50), covered with
transparent plastic bags, and then placed in a greenhouse
(maximum temperature=38°C, minimum temperature=10°C).
After 15 d, the plastic bags were removed and the
aciclimatized plants were transferred to 20-l pots containing
the same soil mixture plus 10 g of a 17–17–17 chemical
fertilizer and watered to field capacity twice a wk. When they
reached a height of 20–30 cm, the maize plants were
transferred to the field, hand-pollinated, and grown up to
seed production.

Results

Morphogenic response of explants to MPC medium. Shoot
apices cultured on MPC medium formed small calli on the
apical ends of the explants. These calli were slow-growing
and not able to regenerate into complete plants. On the

other hand, all immature embryos cultured on MPC
medium turned black 20 d after culture and died. Thus,
no plants could be regenerated from MPC medium
independently of the QPM line, explant, or growth
conditions considered.

Morphogenic response to auxin source, L-proline, adenine,
and vitamin balance in N6C1 basal medium. Shoot tips
from all QPM lines cultured on N6C1 initially formed small
areas of callus masses around the shoot tips, but after 20–
30 d, a great proliferation of roots occurred from these calli
(Fig. 1a). After transfer to MS medium, these soft, root-
forming calli were not capable of regenerating into whole
plants. Therefore, in further experiments evaluating
modifications to the original N6C1 medium, we only used
immature embryos as the starting material.

Practically all immature embryos from CML-145, CML-
176, and CML-186 QPM lines cultured on N6C1 media, or
its variations, produced calli within the first 7–10 d of
culture; averaged over all QPM lines, the callus induction
ranged from 90.5% on media 8 and 9 to 100% on media 6
and 7. These calli acquired a “popcorn” appearance after
15–20 d of culture (Fig. 1b). These calli were subcultured
every 20–25 d, except those formed by CML-145 embryos,
which did not continue being propagated after the second
subculture because they started forming roots (Fig. 1c) or
turned brown at the region in direct contact with the
induction medium; after transfer to regeneration medium,
these root-forming calli were unable to regenerate into
whole plants, so this QPM line was excluded from
additional experiments.

Regenerable calli developed white, compact (type 1 calli;
Fig. 1d), and friable, pale yellow or white clear areas (type 2
calli; Fig. 1e, f ) and never initiated the differentiation
processes conducive to plant regeneration as long as they
were maintained on fresh media, even in the light.
Embryogenic calli were commonly immersed within a
mucilaginous matrix, similar to that observed by Ahn et al.
(1987) in bermudagrass (Cynodon dactylon) and Aguado-
Santacruz et al. (2001a) in blue grama grass (Bouteloua
gracilis). Well-developed coleoptiles (Fig. 1g), such as those

Figure 1. Plant regeneration in QPM. (a) Nonregenerable calli obtained by the culture of shoot tips on N6C1 medium. (b) Highly regenerable
QPM calli developed 20 d after initial culture of immature embryos on N6C1 medium. (c) Rooty, nonregenerable calli derived from the culture of
immature embryos on N6C1 medium. (d) Compact (type 1) callus from regenerable tissues of QPM. (e) Friable, highly embryogenic (type 2)
callus derived from immature embryos cultured on medium 6 containing N6 basal salts, 2,4-D, L-proline, and myo-inositol-devoid vitamin
balance. Arrow indicates an embryo with a short suspensor-like structure. (f) Multiple regenerating embryogenic calli from CML-186 10 d after
transfer to light on hormone-free MS medium. (g) Coleoptile formed in regenerating calli from CML-176. (h) Bipolar development of QPM
plantlets. (i) Development of complete QPM plantlets on hormone free-MS medium. (j) Finalization of QPM plantlet development in GA 7
Magenta boxes. (k) Mature QPM plants established on the field that were obtained by in vitro culture of immature embryos on medium 7
incorporating N6 basal salts, 2,4-D, L-proline, and myo-inositol-containing vitamin balance. (l) Ears produced by an in vitro regenerated QPM
plant grown in the field.
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observed by Armstrong and Green (1985), as well as bipolar
development (Fig. 1h), also characterized the embryogenic
cultures of QPM lines. Conversely, the white and compact
calli regenerated plants from preformed structures.

Some of these regenerable calli were maintained in the
dark and the rest were transferred to light conditions. The
compact calli transferred to light conditions turned green,
whereas the friable areas either retained their consistency
and color or turned light green. Exposure of the calli to
light increased the compact areas relative to the friable
portion. Therefore, the calli were always maintained in the
dark. A light-dependent interconversion between maize
organogenic and embryogenic calli has been previously
reported (Armstrong and Green 1985; Lowe et al. 1985;
O’Connor-Sánchez et al. 2002).

Media 2 (basic N6 medium salts plus proline and Dicamba
with “M” vitamin balance), 6, and 7 (basic N6 medium salts
plus proline and 2,4-D with “D” or “M” vitamin balance;
Table 1) were found to be the most efficient formulations for
induction of regenerable calli in both CML-176 and CML-
186 QPM lines, with approximately 15 from 100 calli
becoming regenerative using these media (Table 2).

In this study, a strong dependence on L-proline for
regenerative callus formation was detected as immature
embryos from both QPM lines were unable to develop
regenerable calli on media 3, 4, 8, and 9 (Table 2), from
which this amino acid was omitted (Table 1).

After establishing the type of calli induced in CML-176
and CML-186, the growth rate of the resultant material was
determined for media resulting in regenerative calli, i.e., 1, 2,
5, 6, and 7. All callus lines possessing regeneration capacity
survived the subculturing process. As can be observed in
Fig. 2, trends in FW gain on all formulations were similar for
both maize lines, although CML-176, in general, exhibited
faster growth than CML-186, especially in treatments 1 and
6, where differences in this variable were 28.2 and 19.0%,
respectively. Fresh weight increase in both QPM lines was
greater on media 6 containing 2,4-D, L-proline, and “D”
vitamin balance (63 and 44% for CML-176 and CML-186,
respectively) and lower on medium 7, which incorporated
2,4-D, L-proline, and “M” vitamin balance (10.9 and 3% for
CML-176 and CML-186, respectively; Fig. 2). Calli from
both maize lines produced on the original N6C1 formulation
(medium 1) showed a growth rate intermediate to these latter
media, but superior to CML-176 calli grown on media
containing Dicamba, L-proline, and “M” vitamin balance
with (medium 5) or without (medium 2) adenine added.

In relation to the effects of adenine, it was observed that the
inclusion of this additive to themedia mixtures reduced twofold
the induction of regenerable calli of CML-176, but had no
effect on this variable for CML-186 (medium 2 vs medium 5;
Table 2). Callus growth rate was, on the other hand, enhanced

in both QPM lines (1.2-fold increase) in comparison to its
adenine-free counterpart (medium 2 vs medium 5; Fig. 2).

Plant regeneration. Plant regeneration occurred after the
regenerable calli were transferred to Petri dishes containing
hormone-free MS medium under light conditions. Once the
plantlets completed their development in these containers
(approx. 1 mo.; Fig. 1i), they were moved into 400 ml
GA 7 Magenta boxes for another 20–30 d until a well-
developed root system was observed (Fig. 1j). Regenerated
plantlets were subsequently transferred to a greenhouse,
fertilized once, and watered twice a wk to field capacity.
When plants were 20–30 cm tall, they were finally
established in the field (Fig. 1k), hand-pollinated, and
grown up to seed production (Fig. 1l).

The highest plant regeneration potential was observed in
calli cultured on formulations 5, 6, and 7 (Table 2).
Utilizing these formulations, in CML-176 we were able to
regenerate 5.9, 16.8, and 7.1 plants per 500 mg FW callus,
respectively, whereas these values in CML-186 were 2.2,
9.3, and 2.4 plants per 500 mg FW callus (Table 2). Calli
induced on media 6 were clearly the most efficient for QPM
plant regeneration.

Addition of adenine resulted in an improved response of
QPM measured as plant regeneration potential; an almost
fourfold increase in PRE was observed in both maize lines
(medium 2 vs medium 5; Table 2). Independent of the
formulation utilized for induction of the regenerative calli,
fertile plants were regenerated from both QPM lines
throughout a year without evident abnormalities or reduc-
tion in their ability to set seed.

Table 2 In vitro regenerative response of immature embryos from
two QPM maize lines to nine media formulations

Medium RCE PRE

176 186 176 186

1 7.2b 3.0b 0.30b 0.20b

2 15.4c 3.6b 1.50c 0.60c

3 0.0a 0.0a 0.00a 0.00a

4 0.0a 0.0a 0.00a 0.00a

5 7.7b 4.3b 5.90d 2.20d

6 14.8c 8.1c 16.80f 9.30e

7 14.3c 8.4c 7.10e 2.40d

8 0.0a 0.0a 0.00a 0.00a

9 0.0a 0.0a 0.00a 0.00a

RCE is no. of regenerative calli /no. of induced calli×100; PRE is no.
of plants regenerated per 500 mg FW callus. Means followed by
different letters are significantly different (P≤0.05) among media
formulations tested. Within each QPM line, RCE and PRE values
were averaged over all genotypes (individual callus lines derived from
single explants). Each value represents the mean from approx. 400
explants. Experiments were performed at least twice
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Discussion

Recognition of the determinant influence of plant genotype,
type and physiological and developmental stage of explant,
growth regulator combination, nutritional and vitamin
balance, and general environmental growth conditions on
the regenerative response of plants has played a fundamental
role in overcoming the well-known recalcitrance of Poaceae
to be grown under in vitro conditions. Within the last 10 yr,
great advances have been achieved in the research of in vitro
culture and genetic manipulation of cereals.

Since the pioneering work of Green and Phillips (1975),
several protocols for in vitro culture of maize have been
developed (e.g., Rice et al. 1978; Springer et al. 1979;
Torne et al. 1980; Ting et al. 1981; Armstrong and Green
1982; Green 1982; Lu et al. 1982, 1983; Rhodes et al.
1982, 1986; Sachs et al. 1982; Santos et al. 1984;
Suprasanna et al. 1986; Conger et al. 1987; Pareddy and
Petolino 1990; Ray and Ghosh 1990; Songstad et al. 1992;
Zhong et al. 1992; O’Connor-Sánchez et al. 2002; Zhang et
al. 2002; Huang and Wei 2004). However, because
profound differences exist in the potential of maize lines
for in vitro culture (Armstrong and Green 1985) with only a
small number of maize genotypes possessing regenerative
capacity (such as A188), it is important to analyze the
response of particular maize materials to in vitro culture to
define the specific growth conditions required for generat-
ing the totipotent material across which to exploit the
potential tools of the in vitro technology, such as genetic
transformation, somaclonal variants recovery, somatic
hybridization, and molecular farming, among others.

Quality protein maize is the successful result of
conventional breeding efforts focused on increasing the

nourishing quality of this cereal to alleviate some of the
alimentary problems in developing countries. Extensive and
detailed supplementary research has permitted elucidation
of the molecular basis of QPM origins, and led to the
development of dominant opaque and nutritionally superior
maize variants by a transgenic approach (Segal et al. 2003).
Despite these advances in the research of QPM, there are no
published reports on tissue culture of this improved crop
that permit to apply the in vitro culture technological tools.

In this work we have identified critical components for
in vitro induction of morphogenic responses in two QPM
lines, CML-176- and CML-186, from which we were able
to recover whole plants with high efficiency and repeat-
ability. To develop more reproducible and effective proto-
cols for in vitro culture of plants, criteria such as RCE,
callus growth rate, and PRE should be taken into account.
Evaluation of these variables showed MPC medium
(O’Connor-Sánchez et al. 2002) to be an ineffective method
for in vitro culture of QPM, whether using the shoot apices
or immature embryos as the starting material. Conversely,
the original N6C1 medium resulted in a high percentage of
immature embryos producing calli, from which a fraction
became regenerative when an amenable genetic background
was available (CML-176 or CML-186). Hence, this
research confirms the high potential of immature embryos
for generating material relatively more competent for
reproducible and efficient regeneration of maize plants
(Huang and Wei 2004; Vasil 2005), as well as the
importance of the genetic background for the successful in
vitro culture of maize.

From our results it is evident that the final outcome of the
media mixture in terms of morphogenic and growth responses
of the QPM lines tested was dependent on the components
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added to the N6 basal medium. This is in agreement, for
example, with the results of Armstrong and Green (1985),
who found that the nitrogen composition of the basal growth
medium has a dramatic effect on embryoid and embryogenic
callus formation in maize when L-proline and 2,4-D were
added to the medium, with N6 basal medium generating
better results than MS medium. We observed, on the other
hand, a strict requirement of L-proline, not only for
maintenance, but also for induction of QPM regenerable
calli lines. This finding is consistent with previous evidence
showing a positive effect of this amino acid on the
embryogenesis of maize (Armstrong and Green 1985),
triticale (Sozinov et al. 1981), and alfalfa (Stuart and
Strickland 1984a, b). Armstrong and Green (1985) reported
a statistically significant correlation between L-proline
concentration (up to 25 mM) and embryoid formation.
Evidence presented by these authors additionally supports a
role for L-proline in the regenerative response of maize more
as a compatible solute than as a nitrogen source, or energy
and reducing power supply. Thus, because we used this
amino acid in a lower concentration (20 mM), it would be
interesting to test the effect of L-proline at higher concen-
trations on the embryogenic response of QPM.

The effects of the vitamin balance tested in this work
depended on the growth regulator utilized in combination
with the N6 mixture. When Dicamba was used, the RCE and
plant regeneration potential of both QPM lines were
increased, and callus growth reduced (Fig. 2) in the medium
containing the “M” vitamin balance (medium 2) relative to
that containing the “D” vitamin balance (medium 1; Table 2).
When 2,4-D was employed in conjunction with “M” vitamin
balance (medium 7), an improvement in the regenerative
response of both maize lines was not observed in relation to
the medium having the “D” vitamin mixture (medium 6;
Table 2). Likewise, results were unfavorable for CML-176
and CML-186 lines in terms of regeneration capacity (2.4-
and 3.9-fold reductions, respectively; Table 2) and callus
growth (5.8- and 14.7-fold reductions, respectively; Fig. 2).

The “M” vitamin balance utilized in this work was
characterized by five- and twofold reductions in thiamin and
pyridoxine concentrations, respectively, and the addition of
myo-inositol (at 0.1 mg l−1; Table 1). Although myo-inositol
is included in most plant tissue culture media, the basis for
its requirement is unknown (Hrib et al. 1997). In maize,
Green et al. (1974) found that callus growth of a single cross
(Oh51A × Os420) was slightly improved (17%) when myo-
inositol was added to the maintenance medium at a
concentration of 400 mg l−1. Evidence related to the action
mechanism of this vitamin on the regenerative response of
maize was not provided by these authors. Interestingly, in
addition to its participation in cell signaling and membrane
biogenesis, a role of myo-inositol as a compatible solute has
been proposed (Nelson et al. 1999), which would be in

agreement with the above-mentioned role of L-proline as a
compatible solute; osmolytes may help buffer the likely
suboptimal growing conditions associated with the in vitro
culture of maize (Armstrong and Green 1985).

All callus variables tested in this work are important for
defining the most efficient formulation to be utilized for the
successful in vitro culture of maize. Adenine is an additive
that has been recently shown to increase the regenerative
capacity of shoot-tip-derived calli (O’Connor-Sánchez et al.
2002). Our work confirms the positive effect of this
compound on callus growth and regeneration efficiency,
but not in RCE of QPM. For many practical applications of
in vitro technology, it is convenient to generate fast-
growing and highly regenerable (embryogenic) tissue
cultures of maize. In particular, callus growth rate is a
useful criterion for defining plant lines particularly amena-
ble to genetic transformation; fast-growing cells are more
easily transformed than cells with a low mitotic activity
(Lida et al. 1991; Hazel et al. 1998). Because regenerative
response can be complemented to some extent by callus
growth rate, the detrimental effect of adenine addition
observed in the regenerative response of CML-176 might
be alleviated by obtaining fewer but faster-growing and
highly regenerable tissues, with the same final result in
terms of amount of highly regenerable material generated
within a defined period of time. Because preliminary
experiments revealed a significant effect of the “M” vitamin
balance on the regenerable response of CML-176, we only
tested the effect of supplemental adenine in a medium
containing this vitamin balance. Therefore, in future work it
will be important to evaluate the effects and probable
interactions among adenine, myo-inositol (and the complete
vitamin balance), and type of auxin or auxin-analog
employed in the media for induction of morphogenic
responses in maize.

Other components known to determine the morphogenic
response of maize should be adjusted or tested. In this
context, it would be relevant, for example, to evaluate
higher concentrations of 2,4-D. An enhanced induction of
primary calli (derived from mature embryos) was observed
in two maize elite inbred lines when the concentration of
this auxin (up to 5 mg l−1) was augmented in the induction
medium (Huang and Wei 2004). Likewise, the effect of
adding ethylene antagonists (such as silver nitrate) would
be important because, from the time of the first evaluation
of AgNO3 on the morphogenic response of maize by
Songstad et al. (1988), increasing evidence have come to
support a dramatic effect of this compound on embryogenic
response and regeneration capacity of maize tissue cultures
(Vain et al. 1989a,b; Songstad et al. 1991, 1992; Carvalho
et al. 1997; Huang and Wei 2004).

In this research, we have developed an efficient protocol
for in vitro culture and regeneration of two QPM lines. We
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considered this work to be an initial approximation for
designing highly efficient and reproducible protocols for
tissue culture of QPM. As indicated by the variables tested
in this research, CML-176 was found to be a QPM line
more responsive to the in vitro culture conditions tested in
this work than CML-186 (Table 2 and Fig. 2). Under our
culture conditions, CML-145 was a non-in vitro-cultured
maize line. The potential of CML-176 for in vitro culture
growth was improved by using the medium formulation that
included the N6C1 salts and vitamins, 2,4-D, and L-proline.
Some authors (Armstrong and Green 1985; Huang and Wei
2004; Armstrong 1994) have found 2,4-D to be a suitable
growth regulator for replacing Dicamba in the N6C1
medium. That 2,4-D can be successfully replaced by
Dicamba in the N6C1 medium means a great reduction in
the costs of the media required for initiation and mainte-
nance of QPM embryogenic tissues. It is therefore important
to mention that, although we successfully utilized 2,4-D or
Dicamba for induction of regenerable calli in QPM lines,
these growth regulators were not interchangeable for subcul-
ture of calli already formed. That is, calli induced on media
containing Dicamba could not be subcultured on media
containing 2,4-D, and vice versa.
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