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Somatic embryogenesis was induced from embryogenic cells derived from cotyledon explants
cultured on MS medium supplemented with 1 mg/1. 2.4-D. In order to clarify the effect of ab-
scisic acid (ABA) on the morphology of somatic embryos, embryogenic cell clumps or de-
veloping somatic embryos were treated continuously, or briefly, with ABA during culture.
When embryogenic cells in MS medium without 2,4-D were treated with 0.04 mg/L. ABA for
the first week, normal embryos with two cotyledons increased slightly and embryos with
anomalous cotyledons decreased. However when cell clumps in 2,4-D-free medium were treat-
ed with ABA in the second week normal embryos with two cotyledons decreased prominently
and this decrease of normal embryos also occurred in the continuous ABA treatment during
culture. Thus the morphological abnormalities in somatic embryogenesis occurred by ex-
ogenous ABA treatment beyond globular stage or by continuous treatment. The length of
somatic embryos with anomalous cotyledons was larger than that of normal embryos with
two cotyledons in control but both the normal and anomalous somatic embryos treated with
ABA were almost similar in length. Somatic embryos formed in medium with ABA were larg-
er in size than those in control due mainly to enlarged cotyledons. The enlarged cotyledons
were composed of a greater number of cells than those of control. Therefore the enlargement
of cotyledon by exogenous ABA seems to be not due to the enlargement of cells in cotyledons.
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A successful system for mass production of nor-
mal somatic embryos is required for the development
of plant biotechnology as well as for scientific re-
scarch. The conversion rate of somatic embryos into
plants is very low compared with zygotic embryos
and the rate 1s related to the morphology of the
somatic embryos (Soh, 1993, 1996: Adriana et al.,
1994; Soh et al., 1996). This phenomenon is the

main limitation to the industrial scale application of

somatic embryos. Carrot was the first species in
which somatic embryogenesis was reported (Steward
et al.. 1958). Since then, many reports have been
published using carrot as experimental  material
(Halperin and Wethrell, 1964; Fujimura and Komam-
ine, 1975; Kamada e¢f al., 1989: Smith and Kii-
korian, 1990; Nickle and Yeung, 1993; Soh er al.,
1996). However, therc still remain the problematic
phenomena such as the appearance of abnormal
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somatic embryos and low conversion rates into plant
(Soh er al., 1996). Structurally, carrot somatic em-
bryvos with anomalous cotyledons, multiple, and jar
tvpe cotvledons appear at fairly high frequency, and
such abnormalitics are functionally related to the
low conversion rates.

It is known that exogenous ABA enhances the de-
velopment of normal somalic embryos which are
similar to zygotic embryos in caraway and in carrot
(Ammirato, 1974, 1977, 1983; Kamada and Harada,
1981; Nickle and Yecung, 1993). However in cclery
(Kim et al., 1987 ), the production of normal somat-
ic embryos on medium containing ABA did not in-
crease at a noteworthy rate. In cell clump cultures of
Aralia cordata, when ABA added to 2.4-D-free
medium for a brief period (one week) and then sub-
cultured in 2,4-D-free medium without ABA, the de-
velopment of normal somatic embrvos was enhanc-
ed (Lec and Soh, 1994, 1997). But continuously
treated cell clumps or briefly treated ones in 2,4-D-
frcc medium during the last half of the culture
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period developed into abnormal somatic embryos at
high frequencies compared to control.

Thus it is still necessary to clucidate the effect of
exogenous ABA on the development of normal
somatic embryos which would make them more sim-
ilar to zygotic embryos. The purpose of the present
study was to clarify whether the enhancing effect of
exogenous ABA on the development of structurally
normal somatic embryos is dependent on  dvelop-
mental stage-specitic. The focal point of our ob-
servation was adjusted to the cotyledon morphology
of somatic embryos.

MATERIALS AND METHODS

The soaked seeds of Daucus carota 1. cultivar
Obok were surface-disinfected in cthanol for 1 min
and in 1% sodium hypochlorite for 15 min then rins-
ed four times with sterile-distilled water. Cotyledon
segments of scedlings germinated on half-strength
MS bhasal medium (Murashige and Skoog, 1962)
were cultured on MS medium supplemented with 1
mg/L 2.4-D. All media were adjusted to pH 5.8, au-
toclaved at 121"C for 15 min and dispensed into 250
mL. flask with 40 mL medium in cach. Cultures were
maintained at a constant temperature of 25°C with a
low intensity of illumination (40 pmol/m~sec™y from
cool-white fluorescent light for 16 hr daily.

Callus was induced on cotvledon explants after
two weeks of culture. Embryogenic callus was select-
ed from the callus and cultured in MS liguid medi-
um on a gyratory shaker at 100 rpm. Embryogenic
cell suspensions of 40mL were transferred to 250
mL flask with 2,4-D-free liquid medium of 50 mL
for somatic embryo tormation. The counting of the
embryos formed was made on the 14th day of cul-
ture in 2.4-D-free medium. For treatment with ABA,
a filter-sterilized ABA solution was added to the MS
media at concentrations ranging trom 0.008 to | mg/
L. The cell clumps or developing somatic cmbryos
in 2,4-D-free medium during the first half or the last
half periods were treated with ABA for one week or
continuously during culture.

For anatomical study, five somatic embryos at co-
tyledonary  stage  were  collected  for  cach  ex-
amination, fixed in FAA (formalin 5 :acetic acid 5
alcohol 90 by volume) for over 48 hr at room tem-
perature, dehydrated in a tertiary butyl alcohol senes
and cmbedded in paraffin. Embedded blocks were
sectioned with a rotary microtome at 10 pm, the sce-
tions stained with hematoxylin, satranin and fast
green, and mounted with Canada balsam.

J. Plant Biol., Vol. 40, No. 1

RESULTS

In general carrot somatic embryos are routinely
differentiated through globular and heart-shaped
stages within one week in culture after embryogenic
cell clumps in MS medium supplemented with 1 mg/
L 2,4-D arc transferred to medium without 2,4-D.
The yicld percent of the somatic embryos in this ex-
periment were normal embryos with two cotyledons
at 63%, and the remainder had anomalous  co-
tviedons such as multiple, onc and jar type co-
tvledons which were congruent with our previous re-
port (Fig. 1; Soh ef al., 1996). To examine the ef-
feet of ABA on cotyledon morphology, ABA of
four levels was tested on 2,4-D-free medium for the
first week (Table 1), and in the result 0.04-0.2 mg/L
was found to be favorable to normal cotyledon de-
velopment of embryos.

In the case of ABA treatment to embryogenic cell
clumps in MS medium with 2.4-D for one week nor-
mal somatic cmbrvos with (wo  cotyledons  were
formed at a similar frequency compared to control
(Fig. 2). When embrvogenic cells cultured in MS
medium without 2.4-D were treated by ABA for the
first week, normal embryvos with two cotvledons in-
creased slightlv to 689 and total embryos with an-
omalous cotyledons  decreased even  though  there
was an increase of embrvos with jar tvpe cotyledons
(Fig. 2). In another experiment, developing embryos
i 2,4-D-free medium for embryo maturation were
ticated by ABA for the last week. The result was
quite the opposite in that normal cmbryos with two
cotvledons decreased prominently and embryos with
anomalous cotyledons increased. And embryos with
jur type cotyledons (Fig. 2) increased compared with
control cxcept cultures in MS medium with 2.4-D
for onc week. In the case of continuous ABA treat-
ment during culture in 2,4-D-free medium for two
weeks, the frequency of normal embryo development
was almost the same as the above experiment-the last
week treatment in 2, 4-D-free medium (Fig. 2). How-
ever, somatic embryos with jar type cotyledons clear-
Iv increased in the cultures treated with ABA regard-
less of the period treated and in parallel to the length
¢f treatment.

Somatic embrvos tormed in medium with ABA
were larger in length and width than untreated ones
(Fig. 1. 3), and the embryos also have heavier fresh
weight than untreated ones. In the case of ABA treat-
ment during culture in 2,4-D-free medium for the
tirst week anomalous somatic embrvos with multiple
cotvledons were larger in size than normal embryos
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Fig. 1. Carrot somatic embryos with various type cotyledones formed in 2.4-D-free MS medium (a-d) and in the same medi-
um treated with 0.04 mg/L ABA for the first week (A-D). The embryos have jar type (a, A), one (b, B). two (¢, O), or three
(d. D) cotyledons. ABA treated-embryos are larger in size than untreated ones. Scale bars=320 pm.

Table 1. Effect of ABA on the cotyledon number of
somatic embryos in cell cultures of Daucus carota L.

Concentration Cotyledon types(“r)

(mg/L) Jar 1 2 3 4 5

0).000 1.0 4.5 63.0 21.0 6.0 4.5
=01 =03 +1.1 +13 +04 +03

0.008 3.0 2.7 62.0 27.0 4.0 1.3
+03 =01 +16 =19 +03 =02

0.04 3.1 2.0 70.0 19.1 3.6 2.2
=02 08 +£22 =25 +04 t15

0.2 2.6 2.0 6&.0) 19.0 6.0 2.4
+06 —04 +14 =28 =28 +£0.5

1.0 4.3 4.4 580 23.0 8.0 23
+06 —11 +14 =26 =37 =04

Cultures were treated with ABA in MS medium without 2.
4-D for the first week. The values represent the mean =
SE of at least three replicated experiments. Each treatment
consisted of 200 embryos.

with two cotyledons. But the length of embryos
with multiple cotyledons was similar to that of nor-
mal embryos with two cotyledons. In anatomical cx-
amination of organ. the cells of enlarged cotyledons
and embryo axes was almost the same in size as
those of untreated embryos (Fig. 3). Therefore, it

Cotyledon type (%)

Fig. 2. Effect of ABA treatment stage on the cotyledon
type of somatic embryos formed in cell cultures of Daucus
carota 1. Cultures were trealed with (.04 mg/L ABA in
MS medium with 2,4-D for one week(A), in MS medium
without 2.4-D for the first week (B), i 2.4-D-free medium
for sccond week (C), and cotinuously in 24-D-free medi-
um (D). The data represent the average of three replicates,
and were obtained from the count of at least 300 embryos.

was clear that the cotyledons of embrvos formed in
medium with ABA are composed of more cells than
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Fig. 3. Dimension of carrot somatic ¢cmbryos with two,
three and four cotyledons formed in MS medium (control)
and in the same medium treated with 0.04 mg/l. ABA for
the first week. Vertical thin and thick lines represent the
length and width of somatic embryvos respectively. The
number of cells arranged in longitudinal (@), and tran-
sverse (M) direction of both organs was counted through-
out whole extent of the organs, and was in parallel with
the dimension of the organs. The data represent the av-
crage of three replicates. and were obtained from  the
count of at least 300 embryos for length and width meas-
urement and from the anatomical examination of 15 em-
brvos for ccll number count.

those of control, and the cells are not enlarged.
DISCUSSION

Although it is expected that somatic embryos will
appear identical to zyvgotic embryos, in practice there
are many abnormal somatic embryos included in the
obtained populations from the present experiment
and others (Table 1; Ammirato, 1987; Suhasini et al.,
1990; Soh, 1993, 1996; Wetzstein and Baker, 1993).
It is known that ABA trcatment to cmbryogenic
cells of caraway in 2,4-D-free medium promoted the
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development of normal somatic embryos similar to
zygotic embryos (Ammirato, 1974, 1977, 1983).
Such an enhanced production of normal somatic em-
bryos by ABA trecatment would be very useful for
plant regeneration, because somatic embryos with ab-
normal structures especially, cotyledon abnormalities
show low germinability (Soh, 1996; Soh et al,
1996).

In the present experiments where embryogenic
cell clumps in 2,4-D-frec medium were treated with
ABA for the first week the normal embryos in-
creased and abnormal embryos decreased. These
results are similar to thosc of Aralia cordata (Lee
and Soh, 1994) but different from those of Daucus
carrota L. c¢v. us-Harumaki gosun (Kamada and
Harada. 1981). Thus it is suggested that the
response to ABA treatment in the same species dift-
ers depending on genotype or the dissimilarity of ob-
servation point: root growth vs. cotyledon number.
In the next cxperimental results where embryogenic
cells in 2,4-D-frec medium were treated with ABA
for the last week, somatic embrvos unexpectedly
had anomalous cotyledons at a prominently high fre-
quency. Becuuse embryogenic cell clumps in medi-
um treated with ABA during the first week de-
veloped into late globular stage embryos, it is clear
that the late globular stage. at which cotyledon pri-
mordium is initiated, is the controllable stage of co-
tvledon development in our material. Therefore it is
supposcd that the most positive response of ABA
trecatment for normal embryvogenesis would occur by
targeting the initiation stage of the cotyledon pri-
mordium. However, in the case of Sapindus  tri-
foliatus the response was different from our results:
the enhanced development of normal somatic em-
bryo occurred by ABA treaiment after heart-shaped
stage (Unnikrishnan er /., 1990). In the continuous
treatment of ABA during culture, the results were al-
most the same as in those of ABA treatment for the
last week in 2.4-D free-medium. From these results
it is suggested that normal cotyledon development is
scarccly controlled by ABA treatment to 2.4-D-free
medium during the last week. from the heart-shaped
stage to the cotyledonary  stage. However  this
response to exogenous ABA - differs depending on
species because normal cotvledon development was
promoted by continuous ABA treatment in caraway
cell culture (Ammirato, 1974, 1977).

The enhanced development of normal somatic em-
bryos by ¢xogenous ABA occurred at the globular
stage in 2,4-D-freec medium (carrot: present study,
Fig. 2: Aralia cordata: Lee and Soh, 1994), after the
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heart-shaped stage (Sapindus trifoliatus: Unnikrish-
nan et al., 1990), and ABA treatment beyond such
stages induced anomalous embryogenesis. Therefore
it is suggested that the enhancement of morphologi-
cal normalities in somatic embryogenesis by exoge-
nous ABA is dependent upon speciecs or genotype,
and late globular stage-specific in our material. There
1s one instance, in celery (Kim et al., 1987), where
morphological abnormalities during somatic embryo-
genesis were not only exacerbated by ABA trcatment,
but also without enhanced nomality.

Other growth regulators also cffected the de-
velopment of somatic embryos with anomalous co-
tvledons. Embryogenic callus of Aralia cordata cul-
turcd continuously on 2,4-D-containing mediom de-
veloped into abnormal somatic embryos with jar or
bowling pin type cotyledons at a high frequency (Lee
and Soh, 1997). Somatic embryos with anomalous
cotyledons of soybecan formed under the same con-
ditions (Choi et al., 1994b). More abnormal somatic
embryos were obtained from the cultures of pecan in-
itiated with 2,4-D than with NAA (Adriana er al.,
1994). In the culture of melon embryogenic callus
on BA-containing medium, somatic embryos with
jar type cotyledons appcared at a three times higher
rate than two cotyledon ones (Choi et al., 1994a). In
addition BA and other cytokinins influenced the de-
velopment of somatic embryos with anomalous co-
tyledons in Aralia cordata (Lee and Soh, 1993).
Therefore it is suggested that the disturbance of en-
dogenous hormone balance by cxogenous growth re-
gulator treatment might result in the initiation of ab-
normal cotvledon primordia in turn causing cotyle-
don abnormalitics to appear.

Somatic embryos were larger in size than zygotic
ones in our materials, and caraway also showed a
similar tendency (Ammirato, 1974). The sizes of stress-
induced somatic embryos were variable in carrot
showing high germinability in large ones (Kamada
et al., 1989). Because in anatomical examination em-
bryos developed in medium with ABA composed of
a larger number of cells, it is suspected that the en-
largement of somatic embryos in medium with ABA
are due to a proliferation of cells in embryos as in
the case of Aralia cordata (Lee and Soh, 1997) and
Jerusalem artichoke and tobacco (Minocha, 1979;
Kocchar, 1980). It is clear in the present experiment
that the cotyledon morphology of somatic embryos
are more susceptible to exogenous ABA during its
early morphogenesis because cotyledons were more
enlarged than embryo axces.

In conclusion, the cotyledon morphology of somat-
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ic embryos formed in ABA-free medium can be in-
fluenced depending on the stage treated. It is deduc-
ed that this phenomenon is related to the inconsist-
ency of hormonal requirement during somatic em-
bryogenesis. Thus, a more thorough understanding
of this inconsistent requircment of growth hormone
s necessary for the production of normal somatic
embryos.
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