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Stellingen

1. Opname van 2,4-D induceert somatische embryogenese in inteeltlijn A188, maar
niet in inteeltlijn A632.
(Hoofdstukken 2 en 3 van dit proefschrifi)

2. Met behulp van autoradiografie kan '*C-2,4-D zichtbaar gemaakt worden in
weefsels en organen.
(Hoofdstuk 4 van dit proefschrifi)

3. ABP-1 komt niet voor in celwanden van maiscoleoptielen,
(Jones and Herman, 1993, Plant Physiol 101:595-606)

4. Er bestaat geen verband tussen de distributie van ABP-1 en de plaats van inductie
van embryogeen callus in inteeltlijn A188.
(Hoofdstukken 4 en 5 van dit proefschrifi)

5. Een wetenschappelijk experiment moet door minstens twee onafhankelijke
personen uitgevoerd kunnen worden.
(German technician’s confession spurs check on suspect data, 1998, Nature
393:293)

6. Met in vitro vermeerdering is de natuurlijke zeldzaamheid van inheemse
orchidee&n niet op te lossen.

7. De extra hoge prijs voor melk in polycarbonaat-flessen is de prijs die ten onrechte
moet worden betaald voor het milieuvriendelijk consumeren van melk.

8. Mensen zonder kinderen hebben arbeidspieken in de schoolvakanties.

9. Het nemen van een rotonde is in Nederland een door gemeenten aangelegd
kansspel.

10. Het bezit van een bijnaam leidt tot meer verbale communicatie.

11. Bij de Nederlandse Spoorwegen is drie minuten te laat op tijd.
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General introduction

Chapter 1

General introduction

At the Laboratory of Plant Cytology and Morphology of the Wageningen Agricultural
University, research is performed on the embryogenesis of maize (Zea mays L.), in which
tissue culture techniques are used to study zygotic and somatic embryogenesis under controlled
conditions (Van Lammeren 1987, 1988, Fransz 1988). Tissue culture techniques are used to
induce embryogenic callus and to obtain plants by somatic embryogenesis on cultured
immature zygotic embryos. In general new plants can be obtained from explants either without
the use of hormones or growth regulators as for instance with microspore cultures of Brassica
rapus after heat shock treatment (Hause and Hause 1996), or with the application of hormones
or growth regulators in the culture medium as for instance with Daucus carota (Timmers
1993). The composition of the culture medium determines whether the normal embryogenesis
of the excised and immature embryos is continued, or whether there is renewed cell division
and formation of calltus, followed by the formation of adventitious organs or somatic embryos
on the zygotic embryo. With respect to the adventitious organ formation and somatic
embryogenesis, members of the Poaceae are rather recalcitrant. Only strong stable growth
regulators, like 2,4-dichlorophenoxyacetic acid (2,4-D) or 3,6-dichloro-o-anisic acid
(Dicamba), are capable to induce embryogenic callus and somatic embryogenesis in maize.
Although 2,4-D is a synthetic growth regulator and differs from natural auxins, like
indoleacetic acid (IAA), is it necessary in the experiments, because only with 2,4-D induction
of cell division and subsequent differentiation is established.

In recent years considerable evidence for the existence of hormone receptors in plants cells
came up. In the case of auxins, the maize auxin-binding protein (ABP-1) is a receptor which
has been studied intensively by several groups (Lobler and Kldmbt 1985a,b, Napier and Venis
1988). Because the growth response in cultured maize embryos is caused by 2,4-D, the
presence, localisation and subcellular distribution of both 2,4-D and ABP-1 was studied in

relation to the induction of embryogenic callus.



Chapter 1

Thus, the aim of the study has been to provide more insight into the role of the growth
«regulator 2,4-D and the maize auxin-binding protein (ABP-1) during the induction of callus

Jrom immature embryos of maize in relation to somatic embryogenesis by the use of

cytological, morphological, immunocytochemical, physiological, biochemical and radiological

techniques.

The herbicide 2.4-dichlorophenoxvacetic acid (2.4-D)

The phenoxycarboxylic acids, like 2,4-D and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), are
among the oldest synthetic herbicides. They are used primarily for postemergence management
of dicotelydonous weeds in grass crops, pastures and lawns. The butyric acid derivative of
2,4-D, 4-(2,4-dichlorophenoxy)-butyric acid (2,4-DB) is a proherbicide, that is metabolised to
2,4-D in sensitive species. Some legumes that are sensitive to 2,4-D, are tolerant to 2,4-DB,
because they lack the B-oxidation activity required to activate it. Although introduced in the
1940s, it is still in use in many countries. Phenoxycarboxylic acids have been off patent for
many years and are very effective and inexpensive.

Tolerance of grasses to herbicides appears to be related to rapid irreversible metabolic
conversion to non-toxic products, whereas in dicotyledonous species the herbicide is often
found in the form of reversible conjugates (Devine e a/. 1993). Several weed species have
evolved resistance to 2,4-D (LeBaron 1991). The resistance appears to be due to accelerated
metabolic detoxification,

The phenoxy herbicides, such as 2,4-D, arg active as plant growth regulators or hormones with
auxin activity. They are absorbéd through the leaves and are translocated initially for short
distances by intracellular movement to the phloem and then over long distances in the phloem
to the shoot meristems. At the meristem 2,4-D interferes with cell development, presumably
through saturation effects arising from mimicry of auxin action on cell elongation (Dodge
1989). Characteristic damage to plants by low levels of 2,4-D is severe twisting and spindly
growth of vegetative and floral tips and organs, followed by the death of meristems and
eventually the plant.

Detoxification of the phenoxy herbicides may play an important part in the selectivity of these

chemicals for different plant species. 2,4-D can undergo a variety of chemical medifications in
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General infroduction

insensitive plants, including side chain degradation, side chain elongation, ring hydroxylation,
and conjugation with proteins, amino acids, and glucose (Ashton and Crafts 1981).
Monocotyledonous plants are considerable less sensitive to phenoxyacetic herbicides and
hence these herbicides are of particular use for broadleaf weed control in monocot crops such
as cereals and sugarcane.

2,4-D is an important auxin in the tissue culture of cereals and is an active growth regulator for
these species. It is not surprising, therefore, that cereals are sensitive to 2,4-D at particular
developmental stages and can be seriously affected if this herbicide is used inappropriately

(Evans 1968).

The growth regulator 2,4-dichlorophenoxyacetic acid (2,4-D) and induction of callus in

Immature embrvos of Zea mays {L.)

In experiments with the highly embryogenic white dent inbred line A188 (Green and Phillips
1975, Green and Rhodes 1982, Tomes 1985) it was shown that cultured zygotic embryos
showed polarity for the formation of callus and somatic embryos. Callus formation and
formation of somatic embryos are first observed at the basal side of the cotyledon, i.e. the
scutellum, if the zygotic embryos are cultured with their meristem side on the culture medium
(Fransz and Schel 1987, van Lammeren, 1988). During the first 24h of culture, the cells of the
scutellum become active, the number of organelles increases, and vacuolation and nuclear
morphology change. This happens during the shock response phase and is independent of the
presence of 2,4-D in the medium (Fransz and Schel 1987). The growth response depends on
the presence of 2,4-D and is characterised by mitotic activity of cells of the scutellum. In
embryos of inbred line A188 a broad scutellar meristematic zone is observed and a second
meristematic region around the coleorhiza (Fransz and Schel 1994). A second maize inbred
line A632 which was studied, does not form somatic embryos, independent of the presence or
absence of 2,4-D in the culture medium (Fransz 1988). Culture conditions for the induction
and proliferation of embryogenic callus have improved (Emons et al. 1993) ever since, e.g.
maturation of the somatic embryos on MS medium with 6% sucrose and regeneration on MS
with 2% sucrose, led to the establishment of fertile maize plants. Chapter 2 presents the growth

responses of the inbred lines A1388 and A632 under the influence of various improved media
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selected for micropropagation. The carbon source sucrose was replaced by the sugar alcohol
sorbitol to test whether embryogenic capacity could be improved in inbred A188 or induced in
immature embryos of inbred A632. Furthermore, the inheritance of embryogenic capacity was

investigated in rectprocal crosses between the two inbred lines.

In summary, the growth response of the two inbred lines was studied after exposure to 2 mg/l
2,4-D in the induction medium of various compositions. The differences in the two inbred lines
were compared with respect to the induction of embryogenic and non-embryogenic callus, and

the formation, maturation, and regeneration of somatic embryos.

Uptake and biochemical analysis of 2.4-D in cultured embryos

Having analysed the differences in culture response the question arose whether the differences
in growth response of the two inbred lines were caused by differences in uptake of 2,4-D, or by
differences in sensitivity to 2,4-D in the scutellum cells. To answer these questions, the uptake
of 2,4-D from the induction medium by the two inbred lines was examined in Chapter 3. After
uptake the nature of the 2,4-D had to be established to determine whether the 2,4-D was
present as free, conjugated, or metabolised inactive 2,4-D. Free 2,4-D is considered to be

active as an auxin, and conjugated 2,4-D can be set free after hydrolysis.

Thus we questioned whether differences in the uptake and nature of 2,4-D would explain the
difference in growth response observed between the two inbred lines. To this end the uptake

was quantified and the biochemical nature of the 2,4-D was determined.

Distribution of 2.4-D in cultured embryos
Differences in growth response by the cells of the scutellum of both inbred lines could well be

explained by the presence or absence of 2,4-D in certain regions of the embryo. The uptake
and biochemical analysis of 2,4-D both do not tell where the 2,4-D is present in the embryo.
Therefore uptake and distribution were analysed after 16 h of culture on induction medium
labelled with '*C-2,4-D. The distribution of 2,4-D was studied in median sections of embryos
of the two inbred lines by autoradiography of *C-2,4-D. The redistribution of 2,4-D was

12



General introduction

determined after 24 h and 72 h of subculture on medium without '“C-2,4-D. The results of

these experiments are described in Chapter 4.
Thus the distribution of 2,4-D over the tissues of the cultured embryos was studied to answer
the question, whether differences in the distribution of 2,4-D are the reason why the same

zones of the cultured A188 and 4632 zygotic embryos show different growth responses.

Influence of concentration and duration of exposure to 2,4-D on the culture response of maize

embryos

Under standard culture conditions 2 mg/l 2,4-D is used in the induction medium and embryos
are cultured on such medium for 14 days. Because it was found that such culture can be
considered as a culture under exhaustive conditions (Chapter 3), the influence of short pulses
(0.5 h - 24 h) and long pulses (1-13 days) with 2 mg/1 2,4-D on the culture reaction of embryos
of A188 was studied. After exposure, the influence of 2,4-D on morphogenesis was determined
to elucidate the minimal culture time needed for the induction of embryogenic callus and
somatic embryos in A188. Additionally, the concentration of 2,4-D in the induction medium
was varied from 1.10" to 1.10" mg/1 to determine the influence of the concentration of 2,4-D
on the morphogenetic response in both inbred lines. These experiments are described in

Chapter 7.

Thus the morphogenetic consequences of short pulses with 2,4-D are investigated, to answer
the question of the duration of exposure to 2,4-D needed to obtain embryogenic callus.
Embryos were cultured under a range of 2,4-D concentrations to answer the question which
concentration is optimal for embryogenic callus induction and what the consequences are

when culture is performed at another 2,4-D concentration.

Influence of TIBA and 3.5-D on the culture of maize embrvos

Polar auxin transport inhibitors influence the transport of auxins from cell to cell by
interference with the efflux carrier in the plasma membrane of cells. The influence of tri-

iodobenzoic acid (TIBA) was investigated in both inbred lines under conditions where
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embryos were cultured without 2,4-D and with 2,4-D. Morphogenetic responses were studied.
Additionally, the auxin analogon 3,5-dichlorophenoxyacetic acid (3,5-D) was studied. This to
answer questions on its influence on embryogenesis and induction of callus in cultured
embryos of maize, alone or in combination with various concentrations of 2,4-D in both inbred

lines. These experiments are described in Chapter 7.

Thus the morphogenetic responses on TIBA, an auxin transport inhibitor, and on the auxin

analogon 3,5-D are investigated fto answer the question of their influence during

differentiation in cultured embryos of maize.

Auxin binding proteins (ABP-1) and auxin signal transduction

Addition of 2,4-D to the medium leads to a growth response in the scutellum cells of cultured

embryos. The 2,4-D, which mimics the action of the natural auxin indoleacetic acid (IAA),
causes the competent cells in the scutellum of the immature embryo to redifferentiate to
dividing cells, resulting in the formation of callus. Although not the whole signal transduction
pathway of auxins is known today, there is evidence for the existence of several auxin binding
proteins in plant cells, which might function as hormone receptors (Barbier-Brygoo ef al. 1989,
Venis et al. 1990). Several theories for auxin and ABP action have been proposed over the
years (K[imbt 1990, Cross 1991, Jones and Prasad 1992). Applying immunocytochemical
methods we approached the question on the (sub)cellular distribution of maize auxin-binding
protein (ABP-1) in coleoptiles and embryos, as well as the possible role of ABP-1 during the
induction of embryogenic callus in cultured embryos of A188. These experiments are

described in Chapter 5.
Thus the presence and distribution of ABP-1 in coleoptiles and cultured embryos was studied

with polyclonal antibodies to answer the question to what extent ABP-1 might play a role in

the induction of callus in the embryogenic inbred line A188.
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mRNA synthesis during induction of embryogenic and non-embryogenic callus

The induction of callus in the two inbred lines is initiated after the uptake of 2,4-D. By this
uptake the cells of the scutellum, competent for renewed cell division, change fate, expressed
in amongst others renewed mRNA synthesis. The reprogramming of mRNA synthesis and the
subsequent induction of callus were studied in the two inbred lines by the use of oligo-dT
probes to answer the question of the difference in growth response of the lines with respect to

the distribution of unprocessed mRNA. The experiments are described in Chapter 6.
Thus, the unprocessed mRNA distribution during early stages of embryogenic and non-
embryogenic callus development in maize was studied in relation to the difference in culture

response of the two inbred lines.

Qutline of the thesis

The various chapters of the thesis describe the influence of the growth regulator 2,4-D on the
induction of callus in two maize inbred lines: the embryogenic line A188 and the non-
embryogenic line A632. In Chapter 2 the induction of callus and regeneration of somatic
embryos is compared in the two inbred lines under various culture conditions and in reciprocal
crosses. In Chapter 3 the uptake of the growth regulator 2,4-D is studied during the first 14
days of culture by the two inbred lines on induction medium. In Chapter 4 the distribution of
*C-2,4-D is investigated by autoradiography during the first 3 days of culture, in which
embryogenic and non-embryogenic callus formation is induced. In Chapter 5 the maize auxin-
binding protein (ABP-1) is studied in coleoptiles and in cultured zygotic embryos in order to
investigate the distribution and the possible role during induction of callus on cultured maize
embryos. In Chapter 6 the distribution of poly(A)+ containing mRNA is studied during
induction of callus in the embryogenic and non embryogenic inbred line. In Chapter 7 the
morphogenetic influence of the duration of exposure to 2,4-D, as well as the concentration of
2.4-D in the induction medium are investigated. The morphogenetic influences of 3,5-D and

TIBA are studied, first alone, then in combination with 2,4-D in the induction medium.
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Abstract

Induction, maintenance, differentiation and embryogenic capacity of callus obtained from
immature embryos by culture on induction medium, proliferation medium, maturation medium
and regeneration medium respectively, were compared for two inbred lines of maize, i.e. A188
and A632. The callus of inbred line A188 was embryogenic and maintained embryogenic
capacity for at least 1 year. Immature embryos of inbred line A632 formed callus that was not
embryogenic. It only produced roots. When sucrose was replaced by sorbito! to induce or
improve embryogenesis, again only A188 formed embryogenic callus. Subculture of this
callus, however, allowed 4 week intervals in stead of 2 week intervals without loss of
embryogenic capacity.

When A 188 was pollinated with A632 pollen, embryogenic callus was obtained from cultured
immature "F," embryos, showing that embryogenic capacity was inherited through the mother.
The callus did not differ from the embryogenic callus generated on selfed A188 embryos.
When A632 was pollinated with A188 pollen, embryogenic callus was obtained too, showing
that embryogenic capacity was also inherited through the father, though the embryogenic
capacity diminished quickly, and the stability of the callus was lower than in the reciprocal

Cross.
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Key Words

somatic embryogenesis, tissue culture, Zea mays (L.)

Abbreviations
DAP = days after pollination, DIC = days in culture, 2,4-D = 2,4-dichlorophenoxy acetic acid,
Dicamba = 3,6-dichloro-o-anisic acid, IM = induction medium, PM = proliferation medium,

MM = maturation medium, RM = regeneration medium

Introduction

The first report of regeneration from tissue culture of Zea mays was by Green and Phillips in
1975. Since then culture conditions have been improved, and in general MS (Murashige &
Skoog 1962) and N6 (Chu et al. 1975) media, in combination with growth regulators like
2,4-D and Dicamba, have been used for the induction of embryogenic callus of Zea mays
(Duncan et al. 1985; Kamo et al. 1985). The uptake of 2,4-D in cultured maize embryos and
the successive biochemical changes were recently analyzed by Bronsema et al. (1996).

When immature embryos of the embryogenic white dent inbred line A188 (pedigree: 4-29
(Silver King)* 46 (N.W.Dent)4"4, Minnesota Agric. Exp. Stn., USA), Green & Phillips 1975;
Green & Rhodes 1982; Tomes 1985a) are excised and placed onto culture medium, the
scutellum cells become active, the numbers of organelles increase, and vacuolation and nuclear
morphology change (Fransz & Schel 1987). This reaction is called the shock response, it lasts
for 24h, and is independent of the presence of 2,4-D in the medium. After the shock response a
second response is the induction of callus. This is called the growth response and depends on
the presence of 2,4-D. It is characterized by mitotic activity in the cells that are sensitive to
2,4-D. In the scutellum of A188 embryos, proliferation was activated strongly, resulting in the
appearance of a broad scutellar meristematic zone (Fransz & Schel 1994). A second
meristematic region was observed around the coleorhiza.

Two types of embryogenic callus can be distinguished, i.e., Type ! and Type H callus

(Armstrong & Green 1985). Type I callus, white and compact in appearance, is found in
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cuitures on MS medium with a high sucrose concentration (6%). Type Il callus, soft, white or
pale yellow and friable, is obtained when MS or N6 culture medium is used with a low sucrose
concentration (2%). The friable callus is valuable for the production of maize suspension
cultures or protoplasts with regeneration capacity (KKamo et al. 1987, Rhodes et al. 1988, Prioli
& Sndahl 1989; Shillito et al. 1989). A third type of callus formed in maize cultures is
rhizogenic callus. This type is also found in non-embryogenic inbred lines as the yellow dent
A632 (pedigree (Mi142*B14)B14"3, Minnesota Agric. Exp. Stn., USA; Green & Phillips 1975;
Green & Rhodes 1982; Tomes 1983a).

The present study aims at comparing growth responses of an embryogenic line with those of a
non-embryogenic line. To this end the induction and growth responses of embryogenic callus
of inbred line A188 are compared from the morphological point of view, with the induction
and growth of callus in the non-embryogenic line A632. We monitored callus formation under
the influence of various media, called induction medium, proliferation medium, maturation
medium and regeneration medium, applied in a regeneration protocol adapted from Emons &
Kieft {1995), and of carbon sources as sucrose and sorbitol. Additionally the inheritance of

embryogenic capacity was investigated in reciprocal crosses between the two inbred lines.

Materials and Methods

Plant material

Plants of the maize inbred lines A188 and A632 (kindly provided by Dr. C.E. Green,
University of Minnesota) were grown under greenhouse conditions (22°C/18°C day/night).
Additional light was provided by Philips HPI-T 400W metal-halide lamps located 1 m above
the plants. Phytotron conditions were 24°C during the 16h light period and 20°C during the 8h
dark period, at 70% relative humidity. Light was provided by Philips S0W/84 HF fluorescent
tubes at an intensity of 50 W/m? Additional red light was provided by Philinea tubes. Cobs
were covered with paper bags before silks appeared. Fresh pollen from other plants was
collected in the morning and directly used for controlled pollination, 2-3 days after the
appearance of the silks. Although donor plants have been raised all year round there was a
seasonal response with greenhouse cultured plants to such a degree that they were only used

from May till September.
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Culture media

The induction medium (IM) consisted of the macronutrients, micronutrients and vitamins of
the N6 medium (Chu et al. 1975), supplemented with 20 mM L-proline, 200 mg I casein
hydrelysate, 2% or 6% sucrose and 8.3 mM 2,4-dichlorophenoxyacetic acid (2,4-D). The
medium was solidified by 0.7% Difco Noble agar, autoclaved at 121°C for 20 min and
dispersed into 9 cm plastic Petri dishes (25 ml per plate).

Three additional solidified media were prepared comparably: proliferation medium (PM)
consisting of induction medium supplemented with 3% mannitol; maturation medium (MM)
consisting of MS medium (Murashige & Skoog 1962) supplemented with 6% sucrose without
growth regulators; and regeneration medium (RM) consisting of MS medium with 2% sucrose

without growth regulators.

Tissue culture

Cobs were taken from the greenhouse or phytotron 11-12 days after pollination (DAP), After
removal of the husks, the whole cob was surface sterilized in 1% sodium hypochlorite solution
for 15 min. After 2 rinses in sterile water for 10 min each, the upper parts of the caryopses
were cut with a surgical blade and up to 10 undamaged opaque zygotic embryos with a length
between 1 and 2 mm were placed onto the solidified induction medium in a Petri dish with the
root-shoot axis down. Embryos were cultured at 25 + 2°C in a climate chamber in the dark for
2 weeks. They formed callus which was subcultured on proliferation medium. To keep the
callus of A188 embryogenic on media containing 2% sucrose, regular subculture was required
every 2 wks. Globular somatic embryos, which were formed on induction and proliferation
media, developed further on maturation medium. They were gradually exposed to light by
covering the Petri dishes with two Jayers of paper tissue during the first 3 days of culture on
the maturation medium in an illuminated climate chamber. Once transferred onto regeneration
medium, plantlets arose from somatic embryos after 10 days. They were subcultured in test
tubes or Petri dishes in the phytotron for 1 week and then transplanted to soil and covered by a
plastic cup to maintain high relative humidity for the first few days. Plants were grown to

maturity to control flowering and seed set.
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Sorbitol as carbon source

In induction and proliferation medium, 2% sucrose was replaced by equimolar (1.6%a) sorbitol.

Analysis

The influence of the various nutrient media on induction, growth and regeneration of callus
was monitored at the onset of culture and then weekly with a Wild binocular dissecting
microscope using a WV-E550 Panasonic CCD camera.

The influence of the carbon source (2% sucrose, 6% sucrose or 1.6% sorbitol} in the induction
medium on growth was measured after 7 and 14 days of culture. To this end at least 5 Petri
dishes with 10 embryos each were set up for each treatment. All embryos were weighed
individually. Data of the various treatments were compared using the analysis of variance with
two blocks, one for influence of the cob and one for influence of the carbon source (F-test).

Significance of the means of the treatments was determined using an t-test (g=0.05).

CUenetic component

To determine the inheritance of ability to form embryogenic callus, reciprocal crosses were
made between A188 and A632. Immature zygotic F, embryos of A188*A632 and A632*A188
were excised 11-12 DAP, placed on induction medium with 2% sucrose and analyzed as

described above.

Results

Callus formation on induction medium

Zygotic embryos responded to culture on induction medium with 2% sucrose by increasing in
size during the first day of culture, Their weight almost doubled during this time. In line A188
the first signs of callus formation were seen after 4 days of culture, as the swelling of the
middle and basal sides of the scutellum (Figure 1d). Despite the high concentration of 2,4-D
which normally inhibits cell growth, the coleoptile of the zygotic embryo elongated (see Figure
1a), often in a rotated or corkscrew manner. From 1 week of culture onwards friable

embryogenic callus appeared on the basal side of the scutellum. Small globular somatic
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embryos were now seen at the surface of the soft friable callus (see Figure 1e). After 14 days
of culture some compact embryogenic callus (Type I), but more soft friable embryogenic
callus (Type 11} was formed on the scutellum of the A188 embryos. Compact embryogenic
callus was formed at the middle part of the scutellum and friable embryogenic callus still at the
basal side of the scutellum. Maintenance required two weekly subculture on proliferation
medium. Growth on induction medium was monitored after 1 and 2 wks (Figure 5). Embryos
with callus appeared to have increased in weight almost 100 times after 2 wks,

When immature embryos were cultured on induction medium with 6% sucrose significant
more callus was formed (over 180 fold weight increase in 2 wks, Figure 5) but maintenance
required weekly subculture on proliferation medium to prevent browning and senescence of
the callus. The callus consisted predominantly of the compact Type I callus, which exhibited
less but larger somatic embryos than found on the friable Type II callus predominantly
obtained on induction medium with 2% sucrose. Embryos were dissected from several cobs,
but this appeared to have only a small, though statistical significant, influence on the increase
of fresh mass compared to the larger influence of the carbon source. Culture en induction
medium in the light was compared with culture in the dark. The growth of the callus did not
differ under those two conditions.

During the first 4 days of culture on 2% sucrose induction medium the zygotic embryos of line
A632 responded similarly to those of line A188 (see Figure 1g). Then the middle part of the
scutellum formed callus. The coleoptile of the zygotic embryos elongated too, but the shape of
the coleoptile was straight in comparison with the corkscrew shape of A188. The surface of the
scutellum was sometimes hairy as shown in Figure 1h, Contrary to A188, no callus formation
was observed at the basal part of the scutellum. The callus was soft and non-embryogenic.
When cultured on induction medium with 6% sucrose A632 exhibited increased growth too.

Weekly subculture was required to prevent browning and senescence.

Subculture on proliferation medium
A188 embryos with embryogenic friable callus were subcultured on proliferation medium
(Figure 1b). Subculture of the embryogenic callus was done every 2 weeks after selection

based on the presence of globular somatic embryos. Such callus remained embryogenic for at
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A188(2,0) 7 DIC A1880MS6 7D

Figure 1: In vitro culture of immature zygotic embryos of maize inbreds A188 (a-f) and A632
{g-i) in 9 cm Petri dishes. a;: Zygotic embryos 7 days in culture (DIC) on induction medium
{IM). b: Zygotic embryos 7 DIC on proliferation medium (PM)} after 14 DIC on IM. Note the
increase in size of the proliferating embryos. ¢: Zygotic embryos 7 DIC on maturation medium
(MM) after 14 DIC on IM and 14 DIC on PM. d: Zygotic embryo 4 DIC on IM. e: Globular
somatic embryos (arrow) on a piece of friable callus after 14 DIC on IM.

f: Zygotic embryos 7 DIC on regeneration medium (RM) after 14 DIC on IM, 14 DIC on PM
and 10 DIC on MM. Note the formation of regions with white scutella (arrow), leaves and
roots. g: Zygotic embryo 4 DIC on IM. h: Zygotic embryo 14 DIC on IM showing a hairy
surface. Note the absence of somatic embryos. i: Zygotic embryos 7 DIC on MM after 14 DIC
on IM and 14 DIC on PM. Root formation is abundant. Bars = 1 mm.
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least 1 year. Without mannitol we observed loss of embryogenic capacity after some cycles of
subculture, A632 embryos with callus were also subcultured on proliferation medium for
several months, but this culture resulted in very poor growth of the callus; roots were formed

but often the callus turned brown and died.

Maturation of somatic embryos

The embryogenic callus of A188 was placed on maturation medium, gradually exposed to
light, and cultured for at least 10 days (Figure Ic). During this period the globular somatic
embryos matured, i.e., they formed a scutellum, a coleoptile-like structure and a rootlet. The
scutellum turned white and the coleoptile turned green. Callus from A632 was also placed on
maturation medium. The callus responrded by the outgrowth of roots which often exhibited red

pigmentation (Figure 1i). Some callus turned brown and died.

Regeneration of somatic embryos

Single mature somatic embryos of A188 were excised from callus aggrepates and placed on
regeneration medium, After 1 week of culture plantlets were formed (Figure 1f) which then
were transplanted to soil. Twenty plants were grown to maturity in the greenhouse or
phytotron. They showed normal cob formation and appeared fertile. The overall process of
somatic embryogenesis from the induction of embryogenic callus to the regeneration of plants
is represented schematically in Figure 2.

Callus of A632 was also put on regeneration medium. No part of the callus turned green or

formed embryos; only roots were observed.

Sorbitol as carbon source

When sorbitol was used in the induction medium instead of sucrose, A188 formed callus, too
(Figure 3a), but there was only a 60 fold weight increase after 14 days (Figure 5). The callus
was not as friable as Type II callus, but it was embryogenic and consisted of white- to cream-
coloured tissue similar to the Type | embryogenic callus. Compared to inbred A188, A632 also

formed less callus on sorbitol containing induction medium. It appeared non-embryogenic.
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MICROPROPAGATION IN MAIZE
(inbred A188)
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Figure 2: Schematic representation of micropropagation by somatic embryogenesis in maize
inbred line A188 on two different sets of culture media.
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Figure 3: Callus of the maize inbreds A188 and A632 grown on media in which sucrose or
sorbitol was the carbon source. a: Callus formation of A138 after 4 weeks of culture on
induction medium with sucrose as carbon source (left hand side Petri dishes) and induction
medium with sorbitol as carbon source (right hand side Petri dish). Note the reduced callus
growth on the sorbitol containing medium. b: Embryogenic callus of A188 afier 6 months of
subculture on proliferation medium with sorbitol. Somatic embryos are indicated by arrows.
¢: Callus of A632 formed on proliferation medium with sorbitol. Note the absence of somatic
embryos. d: Maturation of somatic embryos of A188 after 14 days in culture (DIC) on
maturation medium after 14 DIC on induction medium and 14 DIC on proliferation medium.
Arrows point to somatic embryos with scutellum-like structure. Bars = 1 mm.

When callus of line A188 was subcultured on proliferation medium with sorbitol instead of
sucrose, subculture could be done every 4 weeks instead of every 2 weeks without loss of
embryogenic potential (Figure 3b). Somatic embryos further developed on maturation medium
with 6% sucrose (Figure 3d) and plants were obtained on regeneration medium (Figure 2).
Frequencies of embryo and plantlet formation were similar to those obtained with sucrose
containing media. Callus from line A632 was also subcultured on proliferation medium with
sorbitol but it hardly grew and did not result in the formation of embryogenic callus (Figure

3c).

Genetic component

F, embryos formed after the crosses A188*A632 and A632*A188 all generated embryogenic
callus on induction medium. When line A188 was the female parent, friable embryogenic
callus was obtained (Figure 4a). It was grown for | year and remained equally embryogenic to

A188*A188 embryogenic callus.
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