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We analyzed the light requirements for celery somatic embryogenesis and plantlet development. The regenera-
tion period was divided into two stages. During the first stage, in which torpedo-shaped embryos were mainly
produced from the embryogenic callus, light stimulated chlorophyll synthesis. Although under dark conditions
cells were slow in embryo formation, prolonged culture in the dark led to the production of globular-, heart- and
torpedo-shaped embryos. The torpedo embryos were ready to become healthy plantlets after the second-stage
culture under light conditions. Light enhanced the embryo formation rate, but was not obligatory on embryo
formation. In the second stage, a 16-h photoperiod and a higher light intensity gave the maximum frequency of
plantlet development, and were essential for the production of the healthy plantlets in terms of size (more than
850 xm). The results strongly suggest that illumination can be reduced at the beginning of the first regeneration
stage, but that increased illumination is required after the torpedo embryo development has progressed.

Introduction

Plant cells in nature possess the flexibility of differentiation and dedifferentiation, i.e., totipoten-
cy. Totipotency is essential for experiments involving regeneration. Reinert? and Steward et a/.?
were the first to report somatic embryogenesis. To date, the regeneration of a number of plants
through somatic embryogenesis has been reported by modifying the type or concentration of
nutrients and plant growth regulators. The proliferation and development of asexual embryos in
vitro led us to speculate that a large number of clonal seeds would be obtainable even from sterile
plant tissue or organs. These findings resulted in the concept of artificial or synthetic seeds proposed
by Murashige®. Although a number of types of somatic embryo have been induced, there are only
a few plant cells in which a proper culture process has been established to obtain a high frequency
of embryogenesis or regeneration without a large amount of nonembryogenic callus production. The
procedures for somatic embryogenesis of alfalfa, celery and rice have been studied extensively*=".
The results of these works will enable the production of artificial seeds that can be planted directly
in soil.

Artificial seeds are regarded as a delivery system for the high-yield and low-cost propagation of
elite plants and an alternative to zygotic seeds. To realize commercially useful artificial seeds, it is
important to develop efficient culture conditions in terms of yield, quality and cost.
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With regard to the physical conditions necessary for regeneration from embryogenic callus, light
seems to be one of the important factors associated with regeneration, and one of the factors to be
considered in bioreactor design and the efficient control of culture conditions for artificial seed
production on a large scale. From the viewpoint of molecular biology, the red: far-red system which
involves phytochrome plays an important role in germination from zygotic seeds®®, but there is
little information about the light conditions needed to obtain efficient culture for somatic em-
bryogenesis.

The aim of this study is to evaluate the light requirements for celery somatic embryogenesis and
plantlet development. Light dependency in somatic embryogenesis from celery callus is evaluated
using illumination with commercial light tubes. The results show that while light is not essential for
morphological development from callus up to the development of torpedo-shaped embryos, it
shortens morphological development. After torpedo embryo fromation, light contributes effectively
to healthy plantlet formation. )

Materials and Methods

1. Plant materials and culture conditions

Celery F, (1026-2) qallus‘““’ was used in all experiments. The somatic embryogenesis and
plantlet development procedure employed was as has been reported'®™'?, but with slight
modifications. For callus growth, callus passed through a 1000 zm sieve was subcultured in liquid
SH medium?® containing 2, 4-D and 3% (W/V) sucrose in a shake flask (80 rpm) at 25°C under dark
conditions. Embryogenic callus clusters were selected by passing the subcultured cells through a 600
um sieve in the first regeneration stage. After the embryogenic callus was washed several times,
somatic embryogenesis was initiated by transferring 0.4 m/ packed cell volume (pcv) of the
embryogenic callus to 100 m/ SH medium containing 8% mannitol and 10 ng/L zeatin in 500-m/
Erlenmeyer flasks under fluorescent white light. After torpedo-shaped embryos appeared in the
culture, the cells were harvested, and then passed through an 850 xm mesh for the second regenera-
tion stage. Following pcv measurement, an 0.4 m/ pcv aliquot of cells less than 850 um was
resuspended into 100 m/ SH medium with 3% sucrose in 500-m/ Erlenmeyer flasks under light
conditions. When the plantlets grew, cells which did not pass through an 850 um sieve were classified
as healthy plantlets. A sample (1 m/) was taken from each flask with a sterilized pipette for
measurement under a microscope of the number of developed embryo, and of the chlorophyll
content.
2. Chlorophyll content assay

Chlorophyll was extracted by homogenizing the cells in acetone using a mortar and pestle
followed by repeated washing with 809 acetone until the cells became colorless. Tissue debris was
removed by filtration. The volume of the filtrate was adjusted to 10 m/ with 809 acetone. The total
amount of chlorophyll was determined by absorbance readings at 645 nm and 663 nm, as described
by Arnon'%.

Results and Discussion

1. Light-dependent morphological development during the first regeneration stage

In general, it is difficult to assess clearly light dependency in morphlogical development from
callus, since the efficiency and synchrony of morphological development in many types of plant cells
has not been completely established. We selected celery for this study on the grounds that celery
callus exhibits relatively high efficiency in somatic embryogenesis.
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Fig. 1 Regeneration stages and the major morphological events during celery embryogenesis.

Onishi et al.'**'V determined the culture conditions for celery regeneration. By using their
procedure, celery plantlets as artificial seeds were obtained efficiently. The regeneration period
from celery callus to plantlet can be divided into two stages by medium replacement, as described
in Materials and Methods. Preliminary experiments on regeneration were carried out using a
photoperiod of 16 h a day, and a light intensity of 3800 Ix. The celery callus obtained from the callus
subculture was transferred to fresh medium without auxin. After 18 days, the cells turned light
green. Microscopic observation showed that the callus had altered to form globular-, heart- or
torpedo-shaped embryos in this stage (see below). An aliquot from the 18-day subculture was
transferred to fresh medium under the same light conditions. Cotyledons appeared from clusters of
cells during this stage. The cells at 14 days turned dark green and became healthy plantlets. Having
determined the culture schedule, which is summarized in Fig.1, all subsequent studies were
performed according to this schedule.

During the first regeneration stage, the photoperiod affected the chlorophyll content of cell
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Fig. 2 Effect of photoperiods on morphological development in the first regeneration stage.

A : Chlorophyll content (EZ) at the end of the first regeneration stage. Cells were cultured at
constant light intensity (3800 Ix) under various photoperiods.

B : Cells were cultured as above in the first stage, followed by the second stage culture for 14 days
with a 16-h photoperiod and at 3800 1x. The chlorophyll content (E]) was evaluated at the end of
the second regeneration stage. The number of healthy plantlets (@) at the end of the second
regeneration stage was estimated on the basis of inoculation of 4 m/ pcv of cells in the first
regeneration stage.

Chlorophyll content [mg/g-f.w.]
Chlorophyll content [mg/g-f.w.]
e Number of healthy plantlets [1/L]
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Fig. 3 Effect of light intensity on morphological development in the first regeneration stage.

A : Chlorophyll content (&) at the end the first regeneration stage. Cells were cultured with a 16-
h photoperiod under various light intensities.

B . Cells were cultured as above in the first stage, followed by the second regeneration stage culture
for 14 days with a 16-h photoperiod and at 3800 Ix. The chlorophyll content (g) was evaluated at
the end of the second regeneration stage. The number of healthy plantlets (@) at the end of the
second regeneration was estimated in the same manner as in Fig. 2.

Chlorophyll content [mg/g-f.w.]
e Number of healthy plantlets [1/L]

clusters (Fig. 2). For use as an artificial seed, a plantlet requires adequate development in size,
shape and color; thus we selected plantlets of more than 850 gym in diameter and measured the
chlorophyll content as an indicator of the greening level. A longer photoperiod enhanced the
chlorophyll content in the cells, which reached a maximum level at a photoperiod of 16 h or more
(Fig. 2-A). To count the number of embryos with regeneration ability, the cells were transferred
to the second stage for 14 days to grow into healthy plantlets under fixed light conditions (16-h
photoperiod, 3800 1x). Fig. 2-B shows that the chlorophyll content per cell in cells cultured with
various photoperiods in the first stage reached almost the same level at the end of the second stage
culture. However, a 16-h light-culture in the first stage produced the maximum number of healthy
plantlets. The number of healthy plantlets under the various photoperiod conditions ranged from
38,000 to 50,000 in 1 L-culture, which means that there was little effective difference in mor-
phological developmet among the 0- through 24-h photoperiods in the first stage. Even callus
cultured under completely dark conditions in the first regeneration stage synthesized chlorophyll at
the end of the 14-day culture in the second stage. This result strongly suggests that plastids were
organized in the cell during the first stage under dark conditions. Although celery callus had the
capability of morphological development in the absence of light during the first stage, illumination
did constitute a major physical and environmental limiting factor in this stage.

Fig. 3 represents the dependence on light intensity of healthy plantlet development during the
second regeneration stage. Although the amount of chlorophyll at the end of the first stage increased
as the light became more intense, the chlorophyll contents of all these calli after the second
regeneration stage under fixed light conditions (16-h photoperiod, 3800 Ix) were similar. Light-
culture at 4500 1x resulted in the highest number of healthy plantlets, while the numbers of healthy
plantlest generated at light intensities from 0 through 2300 1x did not differ significantly. Illumina-
tion was not therefore essential, but was effective in achieving healthy plantlet development during
the first regeneration stage.
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2. Microscopic observation of embryo formed during the first regeneration stage

At 18 days in the first-stage culture under light conditions, embryos were dark yellow and
partially light green, while in culture under dark conditions they did not turn green but dark yellow.
To assess the light dependency in the somatic embryogenesis, morphological development during
the first regeneration stage was observed under a microscope. As shown in Table 1, the dark culture
showed efficient globular-or heart-shaped embryo development, the number of which was slightly
less than (14 days and 18 days) or comparable (28 days) to that of cells cultured in the 16-h
photoperiod. On the other hand, there was a significant difference in the number of torpedo-shaped
embryos between the dark and light cultures. Another important point is that total number of
embryos in the dark and 16-h light cultures at 28 days increased 3.9 and 2.9 times, compared with
those at 18 days respectively. Thus, although an 18-day culture was employed in the first stage in
this study, it would have been better if a 28-day culture had been used for embryo production during
the first regeneration stage.

Table 2 shows the effect of light intensity on morphological development after 18 days culture
with a 16-h photoperiod. The differences in the number of globular and heart embryos cultured
under various light intensity conditions were small, but the number of torpedo embryos increased
with increasing light intensity.

Torpedo embryos formed during the first stage possess sufficient ability for plantlet development
during the second regeneration stage. Judging from the results shown in Fig. 2-B and Table 1, and
in Fig. 3-B and Table 2, 6-109 of the globular and heart embryo formed during the first stage could
also develop into plantlets during the second regeneration stage.

Kitto and Jarick'® proposed that carrot embryogenesis culture should be performed under light
conditions. However, our results obtained with a celery system showed that light was not essential
for the initial embryogenesis up to globular or heart embryo formation. The main trigger factor in
initiating embryogenesis seems to be not illumination, but auxin elimination from the regeneration
medium'®,

Table 1. Effect of photoperiod on morphological development during
the first regeneration stage*!.

Number of embryos developed (/L) *?

Culture time (d) Plant-cell shape

0h/d 16 h/d
globular, heart 50, 000 65, 000
14 torpedo 0 0
total 50, 000 65, 000
globular, heart 305, 000 (109)*® 375,000 (7.5%)
18 torpedo 8, 000 22, 000
total 313, 000 397, 000
globular, heart 1, 090, 000 985, 000
28 torpedo 143, 000 180, 000
total 1, 233, 000 1, 165, 000

*1 Light intensity, 3800 1x

*2  The number of embryos was counted at the end of each culture.

*3 Figures in parethesis denote the percentage of healthy plantlets that
developed from globular or heart embryos during the second regenera-
tion stage. These figures were obtained by comparing the results in Fig.
2-B and Table 1. It is assumed that all torpedo embryos became healthy
plantlets during the second regeneration stage.
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Table 2. Effect of light intensity on morphological development
during the first regeneration stage at 18 days*!.

Number of embryos developed (/L) *?
(Ix) 0 1, 300 2, 300 3, 300 4, 500

305,000 335,000 375,000 420,000 385,000
(9.8%)*  (9.6%) (8.0%) (6.9%) (6.2%)
torpedo 8, 000 8, 000 10, 000 16,000 33,000

total 313,000 343,000 385,000 436,000 418, 000

*1 Photoperiod, 16 h/d

*2  The number of embryos was counted at 18 days.

*3 Figures in parethesis denote the percentage of healthy plantlets
that developed from globular or heart embryos during second
regeneration stage. These figures were obtained by comparing the
results in Fig.3-B and Table 2. It is assumed that all torpedo
embryos became healthy plantlets during the second regenration

globular, heart

3. Light-dependent morphological development during the second regeneration stage
During the second regeneration stage, the developing plant cells gradually turned green and
became larger, and then cotyledons appeared from the embryos formed during the first stage. These
eventually became healthy plantlets. Fig. 4 shows the dependency on the photoperiod of healthy
plantlet development during the second regeneration stage. Cells of less than 800 ym in the 18-day
culture under fixed light conditions (16-h photoperiod, 3800 1x) were transferred to the second stage
culture under various light conditions. The results indicate that the photoperiod considerably
affected the number of plantlets obtained during the second stage, the highest level being with a 16
-h photoperiod at 14 days, which was approximately two times of the number of healthy plantlets
obtained under dark conditions. Even under dark conditions, 9000 plantlets per liter of medium were
obtained. However, all these plantlets were etiolated and small compared with those produced
under the photoperiod of 16 h. The chlorophyll content reached a plateau at a photoperiod of 12 h.
The number of healthy plantlets increased with increasing light intensity in the 16-h photoperiod
during the second stage, while the chlorophyll content showed the highest level in the cultures at
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Fig. 4 Effect of photoperiods on plantlet development in the second regeneration stage.
Cells cultured for 18 days with a 16-h photoperiod and at 3800 1x during the first regeneration stage
were used. The chlorophyll content (g8) and the number of healthy plantlets (@) were estimated at
the end of the second regeneration stage.
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Fig. 5 Effect of light intensity on chlorophyll content and number of healthy plantlets in the second

e Number of healthy plantlets [1/L]

regeneration stage.
The chlorophyll content (§]) and the number of healthy plantlets (@) were estimated at the end of
the second regeneration stage.

more than 2300 1x (Fig. 5). The average size of the plantlets appeared to become larger as the lght
intensity increased. Thus, photosynthesis seemed to contribute strongly to the development of
plantlets during the sceond regeneration stage.

In conclusion, light dependency for celery was relatively low during the first regeneration stage,
and a photoperiod of more than 16 h with a high intensity of light was required for healthy plantlet
development in the second regeneration stage. Our results suggest that light will affect the regenera-
tion frequency of other plants. The approach demonstrated here will contribute to artificial seed
production using hairy roots'”. We now intend to develop a bioreactor that can incorporate

illumination and to carry out efficient culture on the basis of earlier biotechnological results!®—2%,
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