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Abstract: Shoot apex explants excised from 7-day-old maize (Zea mays 1.} seedlings germinated in vitro were
cultured on MS salt medium containing 500 mg/L casein hydrolysate (CH) and supplemented with various
concentrations of 6-benzyiaminopurine (BAP) and 2.5 uM, auxin-like-regulator. 2,4-dichlorophenoxyacetic acid
(2,4-D), either alone or in combination. Effects of treatments on number of formed shoots, levels of peroxidase
(PER} and IAA oxidase (IAA-Q) activity, and rotal soluble phenolic content were investigated during the time-
course of shoot induction and early initiation. The present resuits showed that the number of formed shoots per
shoot apex explant was relatively high on medium containing a combination of 2,4-D and BAP as compared fo
that culture on BAP alone, indicating that BAP containing medium amended with 2,4-D efficiently improved the
ability of the explants to form shoots. However, 2,4-D-treated shoot apex explants produced only disorganized
callus that poorly regencrated shoots. Results also indicated that activities of PER and IAA-O in BAP-treated
explants displayed higher levels relative to either untreated or 2,4-D-treated explants during the progress of
shoot initiation. However, the most markedly increase of the occtirring enzymatic activities were noted in the
combination treatment. {n contrast to PER and [AA-O activities, amounts of phenolics in BAP and its
combination with 2,4-D displayed a significant transient increase, with the maximum phenolics being ar the
combined treatment, at around 3 days after application followed by a decrease relative 10 either untreared or 2,4-
D-treated explants that remained relutively high throughout the time-course of experimental analysis. It is
concluded that an inverse relationship between soluble phenolics and peroxidase activity is occurred during the
time-course of maize shoot regeneration process. Further, it may be also concluded that the transient increase in
phenolics might be used as a marker jor detecting early stage of morphogenesis

Abbreviation: AS(Fy= adventitious shoot (formation); BAP= 6-benzylaminopurine; 24-D= 24-
Dichlorophenoxyacetic acid; IAA-O= [AA oxidase; PER= peroxidase; PGR(s)= plant growth
regulatoi(s); SE(F)= somatic embryo (formation)

Key words: In vitro regeneration, peroxidase, phenolics, Zea mays.

INTRODUCTION of plants at a particular developmental stage and

many culture systems have becn established

Maize (Zea mays L.) is widely grown cereal in (Nomura 2003). An in 1:itro regeneratio::: process

the world today. Maize is also the most important involves complex interactions beftween various plant
fodder crop among cereals in industrialized growth regulators (PGRs). Auxin and cytokinin, in
countries and many developing countries. Under the particular, play integral roles in the regulation of
pressures exerted by limited land and water plant morphogenesis. One of the most fundamental
resources, expanding population, and environmental efﬁ?c.is of these PGRs is their requirement for cell
stresses, the great demand for maize of both quality division both in vivo and i vitro (Klee and Estelle

1991, Zhang et af. 2005). A better understanding of

and quantity requires more rapid genetic ) X - und
shoot regeneration process is required in order to be

improvement of maize. Genetically transformed

maize plants have been obtained by various able to modify the metabolic pathways in favor of
approaches, such as particle bombardment inducing a large nU{nber of regenerated pIa'nts.
(Bohorova ef al. 1999) and Agrobacterium infection Among endogenous factors affecting regeneration,
(Ishida er al. 1996). However, an efficient plant it was reported that phenolics may affect PER and
tissue culture procedure with high regeneration TAA-O activities and in turn modify the level of the

natural auxin indole-3-acetic acid (IAA) (Ros
Barcelo and Munoz [992). Any possible correlation
between endogenous phenolics, activities of 1AA

frequency is prerequisite for most of the
approaches. [n maize, Adventitious shoot formation
(ASF), i.e. shoot organogenesis (SO}, and somatic

embryo  formation  (SEF), ie.  somatic enzymatic oxidation during the early events of the
embryogenesis (SE) are the most effective time-course of plant regeneration process are not
regenerative pathways for obtaining large numbers clear yet.

Volume 5, 2005, 41 - 48



42

In this investigation, excised shoot apex
explants of germinating maize (Zea mays L. cv.
Honey N Pearl) sceds were used to study the effects
of exogenous application of BAP and/ or 2,4-D on in
vitro shoot formation. Any possible relationships to
endogenous phenolics and enzymatic IAA oxidation
during shoot regeneration process were also
examined. The overall aim of this work was to study
the major physiological changes that may affect
shoot regeneration of maize as a model system of
cereals.

MATERIALS AND METHODS

Plant material and tissue culture

Mature seeds of sweet-comn (Z. mays L. cv.
Honey N Pearl) provided by Illinois Foundation
Seeds (Champaign, I, USA) were surface
sterilized with 70% ethano} for 10 min, and 0.1%
mercuric chloride (HgCl,) for 15 min. The sterilized
seeds were rinsed six times with sterilized water.
Sterilized seeds were germinated aseptically on
complete MS salt medium (Murashige and Skoog
1962) in 100mm-Petri dishes at 24 + 2 °C in the
dark. A 5 mm long segment of a 7-d-old seedling
containing a complete shoot apex and stem
proximal to the shoot apex was aseptically excised
and cultured on MS basal medium with 3% sucrose
containing 500 mg/L CH, 2.5 yM 2.4-D and 2.5, 5,
10, 20 pM BAP, either alone or in combination.
This lower concentration of 2,4-D appeared to be
the optimal level under the experimental conditions
used in this study, giving the highest numbers of
shoots in combination with BAP, based on a
preliminary experiment. The medium without 2,4-D
and BAP served as control. The medium was
adjusted to pH 5.5 before autoclaving at 121 °C and
solidified with 3 g/L phytagel (Gibco Labs, Grand
Island, N.Y.,, USA). Three shoot apices were
cultured for 4 weeks in each Petri dish on 20 ml of
the medium by placing them horizontally with the
cut edges in close spatial contact with the medium.
All plates were sealed using Nescofilm, Incubation
condition was identical to those for seedling growth.
The number of formed shoots per explant was
evaluated after subculture for further 4 weeks on the
same MS medium but lacking PGRs (Krishnara and
Vasil 1995) under light provided by white
fluorescent tubes (24 h, 60 umol [quanta} m” s™).
Data are the mean values of three independent
experiments, each consisting of 30 shoot apices in
three replicates.

Enzymatic activities assay

Tissues originated from shoot apices were
collected during specified times from 10 pM BAP =
2.5 pM 2,4-D as well as untreated tissues. After
washing in distilled water, samples were frozen in
liquid nitrogen, powdered and stored at -20 °C until
use, The frozen powder was homogenized in 0.2 M

Kamel A. A. H. Tartoura

sodium phosphate buffer, pH 6.8 (fresh tissue:
buffer = 1. 4). The buffer contained 1% (w/v)
polyvinylpolypyrelidone {(PVPP) when used to
determine 1AA-O activity. The homogenate was
centrifuged at 27,000g for 30 min at 4 °C, and the
supernatants were used to determine enzymatic
activities,

Total soluble PER was assayed according to a
modified method of Hammerschmidt ef al. (1982).
The assay mixture in a total volume of 3 ml
contained 10 mM K-phosphate buffer, pH 7.5 at 25
*C, 2 mM H,0; and 9 mM guaiacol as the substrate.
After addition of 5 pL of crude enzyme cxtract,
increase in absorbance was measured at 470 nm by
a Beckman DU 530 spectrophtometer at intervals of
30s up to 2 min. PER activity was expressed as
enzyme units min"' g FW.

IAA-O activity,.estimated by H,0; independent
oxidation of TIAA, was measured
spectrophotometrically according to a modified
method of Beffa er af. {1990). The reaction mixture
(1 ml) contained 0.5 mM IAA, 0.05 mM MnCi, and
150 mM sodium acetate buffer, pH 4.6. The
enzymatic reaction was initiated by adding 2 pl of
enzyme extract. After incubation for 20 min at room
temperature (25 + 2 °C) in the dark, the non-
oxidized [AA was complexed by the addition of 2
ml of a FeCl;-H,S0, reagent consisting of 13 ml of
0.5 M FeCl,, 50 ml H,O and 300 ml of 36 M
H:SO,;. The unstable red chelated dyc was
quantified after 15 min at 530 nm at the point of
maximal dye intensity. The concentrations of [AA
were quantified using [AA standard curve and the
amounts of oxidized IAA were calculated by
subtracting the remaining JAA from the total [AA
amount. Data are the mean values of three diffcrent
extracts. JAA-O activity was expressed as g [AA
oxidized 20 min"'g"' FW.

Total soluble phenolic content determination

About 500 mg FW from the same bulk of
frozen powder was homogenized in 2.5 ml! 80%
methanol (MeOH). The homogenized sample was
incubated for 15 min at 70 °C and then filtered on a
funnel; the residue on the filter was washed with 2.5
ml 80% MeOH to optimize the extraction. Final
volume was adjusted to 5 ml and used immediately
for soluble phenolics. The total amount of phenolics
was determined spectrophotometrically at 760 nm
using Folin-Ciocalteau reagent (Dai et al. 1994).
The calibration curve was constructed using
chlorogenic acid. Phenolic concentration was
expressed as ug of total soluble phenolics g' FW.
All data are the mean values of three different
extracts.

All chemicals used in this investigation
including the basal MS medium were obtained from
Sigma Chemical Co., St. Louis, Mo., USA.
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RESULTS

Shoot formation

Fig. 1 shows that untreated shoot apices did not
differentiate into shoots since undifferentiated cells
senesced after 4 weeks. Similarly 2,4-D-treated shoot
apices did not produce shoots. However, in one of 9
replicates, just a single piece of callus cells
regenerated one shoot only. On contrast, BAP-treated
shoot apices markedly increased the number of
formed shoots/ explant, with the maximum effect
being at 10 pM. However, the combination of 2,4-D
and BAP treatments significantly produced higher
numbet of formed shoots, with the maximum effect
being at 10 uM BAP + 2.5 pM 2,4-D, compared with
BAP alone. It is evident that BAP synergistically
acted with 2,4-D in stimulating shoot apices to
produce shoots.

I(lﬂ"

401

Mean number of shoots/ explant

BAP Concentratioas { pm)

Fig. 1. Number of formed shoots by shoot apices of
Zea mays cultured in lightness for 4 weeks in
basal MS medium after a 4-week pretreatment
in darkness with either 2.5 uM 2,4-D or BAP at
various concentrations either individually or in
combination. All values are means of 3
independent experiments, each consisting of 30
shoot apices. Vertical bars represents = SD.
,BAP, BB, BAP + 2.5 uM 2,4-D.

However, 2,4-D-treated shoot apices poorly
underwent morphogenesis and senesced afier 4
weeks, as also did the control cultures. In the light
of the obtained results, it may be concluded that
BAP-containing medium supplemented with 2,.4-D
improve the efficiency of shoot formation of maize
under this experimental system,

Light microscopic- studies were conducted to
ascertain the route of in vitro maize differentiation
in response to BAP = 24-D. Microscopic
observations revealed that presence of meristematic
zones in the shoot apical region of both BAP + 2,4-
D. In shoot apices grown on medium containing
BAP alone, the meristematic cells underwent
divisions and developed into well-defined shoot
primordia. Each shoot primodium had a
meristematic dome shaped apical meristem

protected by a leaf primodium. These numerous
shoot primordia further underwent de nowvo
differentiation and produced multiple shoots and
these had well defined vascular connections with
the parent tissue, indicating that some de nove
differentiation of shoot apices observed in the
present work - were actually the result of ABF.
However, it was also observed that meristematic
zones present in the shoot apices grown on medium
containing combination of BAP plus 24-D
developed into formation of somatic embryos as
well as adventitious buds, depending on BAP
concentration, Somatic embryos had no vascular
connection with the parent tissue, indicating that
some of the formed shoots were actually the result
of somatic embryos germination.

A

Pertoxidase activity (unity/ min/ g FW)

a

IAA-O activity
(pg of TAA oxidized/ 20 min/ g FW)

1% E)

Time afier treatment {days)

Fig 2. The time-course of the changes in total
soluble PER {A) and total soluble TAA-O (B)
activity levels in excised shoot apices of Z.
mays after BAP = 2.5-D application during the
early events of either cellular dedifferentiation
in the case of callus derived from untreated and
2,4-D-treated shoot apices or cellular shoot
differentiation in the case of formed shoots in
the rest of the treatments. All values are means
of three different extracts. Vertical bars
represent = S --4p-- , control; --Jj- ,2.3
UM 24-D; A .10 pMBAP; 2.5 uM
2,4-D+ 10 uM BAP



Enzymatic activities and phenolic content

Figure 2A Shows that PER activity increased
gradually during the early events of shoot formation
in response to BAP + 2,4-D application, with the
maximum effect being at the combined treatment,
relative to either control or 2,4-D, indicating a
positive correlation between increased peroxidase
activity and the number of formed shoots (Figs. 1
and 2A). "It was evident that PER activities
significantly increased in proliferation tissues
originated from shoot apices which might be
differentiated into shoots and their levels positively
related to the number of formed shoots, as shown in
Figures 1 and 2A. Similar trends to those observed
in PER activity were aiso found in terms of IAA-O
activity (Fig. 2B). However, in IAA-Q assay, it was
necessary to add PVPP in the buffer extraction and
without it; no IAA-O activities could be detected.

20

Total soluble phenelic content (pg/ g FW)

Time after treatment (days)

Fig 3.The time course of the changes in total soluble
phenolic levels in excised shoot apices of Z.
mays after BAP + 2.5-D application during the
carly events of either dedifferentiation in the
case of callus derived from untreated and 2.4-
D-treatment or cellular shoot differentiation in
the case of formed shoots in the rest of the
treatments. All values are means of three
Jdifferent extracts. Vertical bars represent + SD.

- The symbols designations are the same as those
in Figure 2.

Since IAA-O activity could not be determined
without addition of PVPP in the crude extracts, it
was itnportant to examine the concentration of
phenolic content during the early events of shoot
initiation. Regarding this concept, Figure 3 shows
that total soluble phenolics transiently increased at
around 3 days after culture in response to BAP =
2,4-D application, relative to either control or 2,4-D.
Thereafter, phenolics gradually decreased with the
progress of shoot formation.

In response to 2,4-D application, it was obvious that
a higher level of phenolic content was observed
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during most of the time-course evaluated, as also
did the control, suggesting that the gradual decrease
in soluble phenolics might be associated with the
shoot apical meristem differentiation. Decreasing
the level of phenolics after accumulating (Fig. 3)
might be explained by the fact that PER and [AA-O
are involved in their metabolic utilization since their
levels were actually increased during this time
(Figs. 2 A and B). Thus, it may be concluded that
the stimulatory effect of PGRs used in this siudy on
the initiation of shoots might be explained by their
influence on phenolic synthesis, their enhanced
accumulation and metabolic utilization during the
progress of shoot formation. Further, it may be also
suggested that the transient increase in phenolics
can be used as a marker for detecting the carly
stages of morphogenesis.

Discussion

Many plant somatic cells are totipotent, and
undergo in vilro regeneration via one of two
pathways, ie. adventitious shoots or somatic
embryo formation (Thorpe 1994). In this study, Z.
mays might be regenerated via both morphogenetic
pathways from shoot apices excised from scedlings
grown in vitro, since the medium contained the key .
regulator for morphogenesis BAP, and the inducer
for somatic embryogencsis 2,4-D. These findings
are in agreement with Wang (1987), Zhong ¢t al.
(1992, 1998), and Sairam er al. (2003) who reported
that BAP alone induced ASF, but BAP plus 2,4-D
induced either AS or SE or simulianeous
organization of both morphogenesis depending on
BAP level. Description of scanning elcctron
microscopic  analysis of adventitious shoot
formation and somatic embryogenesis from i vitro
cultured shoot apices of this genotype of maize was
illustrated by Zhong et al. (1992) who reported that
the number of formation of adventitious shoots and
somatic embryos was dependent on the size of
enlarged meristematic domes with larger ones
giving rise to greater numbers of regenerants. In
fact, auxins, in particular 2,4-D, are known to
promote inducing somatic embryogenesis, whereas
embryos development proceeds on medium lacking
PGRs (Pasternak ef al. 2002). On the other hand,
cytokinins, in particular BAP, stimulate cellular
division by accelerating the cell transition from the
G2 phase (the growth phase following DNA
replication) to the M phase (mitosis) of the cell
cycle (Redig ef al. 1996, Laureys ef al. 1998, Stals
and Inzé 2001, Zhang er al. 2005). Thesc authors
also reported that both auxin and cytokinin act at
multiple levels affecting transcription of cell cycle
genes and/ or the activity of the cyclin-dependent
kinases. In addition, their altered balance seems to
be required at specific points of the cell cycle. For
these reasons, the medium containing 2,4-D alone
failed to induce shoots (Fig. 1), indicating the
importance of the synthetic cytokinin BAP in maize
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morphogenetic response. This concept was
previously confirmed by Zhong er al. (1992),
Bhaskaran and Smith (1990), Krishnara and Vasil
(1995) who found that 2,4-D alone did not often
induce in vitro shoot regeneration in monocot plants
and medium supplemented with a proper
concentration of a cytokinin induced formation of
shoots via AS or SE. To date, it is still not fully
understood why somatic embryogenesis is induced
in some cases while in others adventitious shoot
formation is triggered (Zhang et al. 1998).
However, since a single cell is able to develop
normally into a whole plant via both pathways
(Bajaj 1989, Vasil and Thorpe 1994); thus, a cell
might contain the developmental program for
formation of shoot and somatic embryo formation,
but the exact nature of the factor(s) triggering a
specific in vitro developmental program, whether
physical, biochemical and/ or genetic, is still
unknown (Zhang et al. 1998). Any progress in the
identification of genes crtical to cell division, shoot
regeneration and response to PGRs might provide
critical tools in understanding in vitro morphogenic
responscs, as also suggested by Zhong et al. (1998),
and Roudier et al. (2003)

PER and [AA-Q activities are involved in many
important physiological functions. They mighi be
involved in the breakdown of H,O,, catabolism of
auxin and many phenolic acids, cross-linking of
phenolic components and lignin biogenesis in the
cell wall (Edreva 1996). Regarding shoot
differentiation and regeneration, PER and TAA-O
have becn shown to be markers of the initiation of
meristematic activity, as also suggested by Kay and
Basile (1987). These enzymes may act on
phenylpropanocids in the synthesis of lignin or they
may mediate cross-linking of polysaccharides or
extensions of cell walls, and hence serve an
important role in ceil wall construction and in the
regulation of cell wall plasticity. Interaction
between PER and IAA-O activities during growth
and dificrentiation of plant cells is complicated by
the fact that the participation of these oxidative
enzynes in the regulation of these processes is not
only limited by their ability to oxidize auxins and
phenols, but also by their participation in various
aspects in plant development (Brownleader er af.
2000). In fact, JAA oxidase activity has been
involved in the metabolic oxidation of IAA in many
plant tissues. However, this activity has been
associated in most cases with PER activity
(Srivastava and Van Huystee 1973, Kieliszewska-
Rokicka 1980, Van Huystee [987).

According to Christianson and Warnick {1985),
three phases of shoot regeneration can be
distinguished: (a) formation of cell competence; (b)
shoot induction and (c) shoot initiation and
development. During induction, explants perceive
the exogenous cytokinin and auxin compounds and
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become committed to the development of shoots.
Consequently, it seems likely that, in this study,
PER and IAA-O activities are involved in shoot
differentiation and regeneration rather than shoot
induction (Fig. 2). Thus, it may be concluded that
PER and IAA-O activities could serve an important
role(s) in cell wall construction and in the cell wall
plasticity during shoot differentiation, as also
suggested by Brownleader ez /. (2000).

Phenolics are known to be potent modifiers of
PER and IAA-O activities. Since wall-associated
PERs are suggested to control the endogenous auxin
level in the phase of promotion of meristematic
activity (Gaspar ef al. 1985), phenolics may be
indirectly involved in the regulation of
physiological processes controlled by auxin. The
higher levels of soluble phenolics were temporarily
elevated in BAP alone or in combination with 2.4-D
during the early events of shoot initiation (Fig. 3),
presumably prior to any cellular division, followed
by gradual decreases during the progress of shoot
formation and this reduction might be coincided
with the actual beginning of shoot differentiation
and de novo differentiation for further shoot
initiation. During the secondary events of shoot
initiation, phenolic content was characterized by a
drop in its level while PER and JAA-O activities
increased (Fig. 2 and 3). However, soluble
phenolics was not characterized by a markedly
lower level after accumulating in untreated and 2,4-
D treatment, indicating that the transient increase
followed by a decrease in BAP + 2.4-D is marker
for successful in vitro regeneration. These results
demonstrate that the developmental changes
produced in treated-shoot apical meristem are due
to, at least in part, to the changes of oxidative
enzymes and phenolic content. In accordance with
the data presented here, a lot of works demonstrated
that during shoot regeneration, changes in the level
of PER, IAA-O as well as phenolic content were
also noted (McDougall er al. 1992, Arezki er al.
2001, Kanmegne and Omokolo 2003). Based on the
forgoing results, a relation between PER and JAA-O
activities and pheno! metabolism may be part of a
more extensive regulatory system for regulating in
Vitro regeneration.

Conclusions

The present resuits indicate that 2,4-D acts
synergistically with BAP in stimulating more shoot
formation in shoot apex explants compared to
untreated or 24-D-treated ones. In additton, an
inverse relationship between total soluble phenolics
and oxidative enzymes activities, peroxidase and
TAA oxidase, during the time-course of shoot
formation was found. The stimulatory effect of PGRs
used in this study on the initiation of shoots might be
explained by their influence on phenolic synthesis,
their enhanced accumulation and metabolic
utilization during the progress of shoot forination.
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Further, it may be also concluded that the transient
increase in phenolics can be used as a marker for
detecting the early stages of morphogenesis. Further
work will be required to fully elucidate the mode of
2,4-D and BAP action in regulating in vitro
differentiation of adventitious shoots and somatic
embryos in Z, mays shoot apex explants,
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