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TECHNICAL ADVANCE 

Proembryo culture: in vitro development of early 
globular-stage zygotic embryos from Brassica juncea 
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Summary 

We have systematically investigated the nutritional 
requirements for in witro culture of zygotic proembryos 
of Brassica juncea. Normal embryo development in 
vitro was achieved in a new embryo culture medium 
(ECM) which contains mineral salts, sugars, amino 
acids, organic acids and coconut water. The culture 
system is comprised of two agar layers, with the top 
layer containing a higher osmolarity than the bottom 
layer. Proembryos were embedded in the top layer in 
which the osmotic pressure decreased gradually 
during culture because of the diffusion of osmotically 
active compounds into the bottom layer. Using such a 
double-layer culture system and the ECM, proembryos 
as small as 35 Fm (8-36 cells) could be cultured and 
developed into normal, mature embryos with an 
efficiency of at least 75%. In contrast to previous 
findings, we found that the removal of the suspensor 
had only a small effect on the development of embryos 
55 pm or smaller, but no effect on larger proembryos. 
We expect this system to be very useful for investiga- 
tions of the mechanism of plant embryogenesis. 
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Introduction 

Zygotic embryogenesis is one of the most important 
developmental events in plant biology. During the orderly 
and progressive transition from a single-cell. fertilized egg 
(zygote) to an organized embryo, two most critical events, 
polarity formation and cell differentiation occur, resulting 
in the formation of different tissues and organ primordia. 
As these processes take place in the environment of the 
ovule, it is difficult to study their nutritional and hormonal 
requirements. Moreover, experiments aimed at elucidating 
the mechanism of development, e.g. the effects of the 
extracellular matrix on embryogenesis, are difficult to 
perform in vitro. 
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AnalYsesof the chemical constituents in the embryo sac 
have provided a basic understanding of the chemical 
milieu surrounding the developing embryo (Smith, 1973); 
however, it is not known which of these constituents are 
essential for normal embryo development and whether the 
critical stimulus for cell and tissue differentiation exists in 
the milieu of the embryo sac or within the embryo itself. 
Some of these questions may be addressed by the use of 
mutants. Non-specific mutations such as those blocking 
biosynthesis of small molecules (e.g. amino acids, etc.) do 
not provide much information on the mechanism of 
embryo development. On the other hand, mutations that 
arrest embryo development at a particular stage or change 
the pattern of embryogenesis (Mayer etal., 1991; Meinke. 
1991) are likely to provide more insight. Another approach 
is by in vitro manipulation of proembryos, but its success 
depends critically on the availability of an in vitro system 
that would allow the normal growth and development of 
proembryos to mature embryos. Unfortunately, in vitro 
culture of proembryos is still an unsolved problem in plant 
biology (Collins and Grosser, 1984; Raghavan, 1980). 

Globular and heart-shaped embryos preceding coty- 
ledon initiation are generally referred to as proembryos. 
Compared with mature embryos, proembryos are hetero- 
trophic in nature and depend on nutrients supplied by the 
surrounding endosperm for growth and development. For 
a long time there was little success in the in vitfo culture 
of proembryos until van Overbeek eta/. (1941) observed 
that the growth of 150 pm long proembryos was 
dramatically promoted by the addition of non-autoclaved 
coconut water to the culture medium. The osmotic pressure 
of the culture medium is also a very important parameter 
for growth and development of young embryos. In the 
case of Datura, Rietsema et a/. (1952) found that the 
younger the excised embryo, the higher the medium 
osmolarity required for embryo culture. These results are 
coincident with the changes in the pressure in the embryo 
sac during embryo development (Smith, 1973). Based on 
these observations, Raghavan and Torrey (196% and 
Norstog and Smith (1963) devised culture media that 
allowed the development of early heart-shaped Pro- 
embryos into normal plants in vitm Another major Progress 
in this area was made by Monnier (1976, 19781, who 
designed a system in which two media with different 
compositions were placed in juxtaposition in a Petri dish, 
thus ensuring a continual variation in the ComPosition of 
the medium forthe cultured embryos with time. Using this 
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system, he was able to culture Capsella proembryos larger 
than 50 pm in size (i.e. containing about 100 cells), but 
globular embryos less than 50 pm were still unable to 
develop under the same conditions. Nevertheless, this 
work highlighted the possibility of changing osmolarity 
gradually during embryo culture without interruption and 
transfer. Although many attempts have been made to 
develop a new culture medium for the growth and normal 
development of proembryos containing only a small 
number of cells, no success has been reported so far. 
Monnier (1978, 1984) proposed that the mortality of the 
very young proembryo was caused by the rupture of the 
suspensor. 

In this paper, we report the development of a new 
embryo culture medium containing mineral salts, sugars. 
amino acids, organic acids, and coconut water. A double- 
layer culture technique was devised so that the osmotic 
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pressure of the medium decreases during embryo culture. 
With this system, Brassicajuncea proembryos as small as 
35 pn in size (8-36 cells) can be cultured in vitro and 
develop into normal, fertile plants with high frequency. 

Results 

In vivo embryo development of B. juncea 

The development of 6. juncea embryo is similar to that of 
rape (Brassica napus, see results of Tykarska, 1976, 1979), 
except that the sizes of embryos at the different stages are 
slightly different (Table 1, Figure 1 a-9. Embryos sequentially 
passed through globular-, heart- and torpedo-shaped 
stages to develop into mature seeds. In this study, we 
focused on the early globular (30-60 km) to late globular 
(61-80 pm) embryos at 6-7 days after pollination. The 
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Figure 1. Zygotic embryo development of 8. iuncea in viva. 
(a) Embryo at four-cell stage. (b) Embryo at the early globular Stage. (C) Embryo at the transition stage. (d) Embryo at the early heart-shaped Stage. (e) Apical 
menStem region 01 mature embryo. (0 Root merlStem region Of mature embryo. ( a d )  Stained with Delafield’s hematoxylin; (e and fl stained with PAS reaction 
and hematoxylin. am. apical meristem: pd. protoderm: rm. root meristem; rc. root cap; S ,  suspensor. Bars = 20 pm. 
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Table 1. Stages in the h vivoprvembryo development of B. juncea 
Length was measured from the top of the suspensor to the extreme 
tip of the embryo. Data were obtained from the average values of 
10 embryos at each developmental stage. For comparable data on 
6. napusembryos, see Tykarska (1976,1979) 

Develomental staae Lenath h m )  

Single cell embryo 
Early globular 
Late globular 
Transition stage 
Earlyh-t-shaped 
Late heart-shaoed 

-25 
30-60 
61-80 
81-1 10 

11 1-240 
241-350 

process from a single cell zygote (-25 pm) to mature seed 
(1500 pm) usually takes 20-25 days. Based on the data 
collected from more than 1000 isolated ovules, we found 
that the size of the embryo at a particular developmental 
stage is quite constant and shows a good correlation to 
the ovule size (data not shown). For the isolation of pro- 
embryos, ovules between 1000 and 1200 pm in length 
were selected for dissection. 

The suspensor of Brassica is a slender, uniseriate, 
filamentous structure. At the early globular embryo stage 
(30-60 pm, 5-6 days after pollination), it is generally 
comprised of five to seven cells, being about 30M80  pm 
in length. In vivo, the suspensor cells stop dividing when 
the embryo develops into the late globular stage (61-80 
pm, Figure la-c). At maturity the length of the suspensor 
is about 380400 pm, comprising of 8-10 cells. The size 
of the suspensor cells varies, with the largest one being at 
the micropylar end and the small ones adjacent to the 
embryo proper. 

In vitro development of globular-stage embryos in the 
double-layer culture system 

We found that for successful culture of proembryos it is 
very important to avoid mechanical damage to the 
embryos during the isolation. Great care should be taken 
not to directly touch the embryo proper with dissection 
needles or forceps. However, damage of the suspensor 
has no apparent effect on subsequent embryo development 
(see Discussion). Another important consideration was 
osmotic shock to the embryos: we found that it was 
necessary to carry out embryo dissection in an isotonic 
solution; in our work a 9% glucose solution was used. 

In preliminary experiments, we found that proembryos 
of B. juncea, either cultured in liquid medium, laid on top 
or embedded in an agarose medium, died soon after 
culture. Based on the consideration that the embryo in 
vivo is subjected to a higher osmotic pressure at the early 
globular stage, which rapidly decreases during develop- 
ment (Smith, 1973), we developed a double-layer system 

Table 2. Compositions of basal medium for embryo culture 
(ECM) 

Macroelements 

KN03 
CaC12.5H20 

Na2EDTAB2H20 
FeSO4.7H20 

Microelements 
Same as B5 medium (Gamborg eta/., 1968) 

Sugar mixture 
2/5 amount of KMBp's sugars (Kao and 
Mlchayluk, 1975) except 2% (wh) glucose and 
4% (w/v) sucrose were added 
Organic acids 
Same as KMBp's (Kao and Michayluk, 1975) 

Vitamins and amino acids 
lnositol 
Glutamine 
ThiamineHCI 
Nicotinic acid 
F'yridoxineHCI 
d-Biotin 
Organic supplements 
Coconut watela 
Casein hydrolysate 

NH4NO3 

MgSOq7H20 . 
KH2P04-2H20 

(ms 1 - l )  
200 

1500 
850 
400 
100 
37 
28 

(ms I-') 
500 
200 

1 
0.1 
0.1 
0.01 

300 ml I-' 
100 mg 1-l 

6 g I-' (7) Agarose (low gelling temperature, Seaplaque) 
BCoconut water was obtained from green coconut bought from 
local markets in Singapore, sterilized by passing through a 
0.45 Fm filter and then stored in a freezer. 

for proembryo culture, in which the top-layer medium 
contains a 0.18 M higher osmotic pressure than the 
bottom-layer medium. A total of 60 batches of embryos 
(over 2000 embryos) from the early globular to the late 
globular stage were cultured in the embryo Culture 
medium (ECM, Table 2) designed by us. The results 
showed that the optimal 'culture system consisted of 
embedding individual embryos in 100 pl top-layer medium 
(ECM + 6% sucrose), which was overlaid on to 300 pI 
bottom-layer medium (ECM). For the embedding, the top- 
layer medium was melted in a microwave oven and then 
allowed to cool to 38% before use in order to avoid heat 
shock to the embryos. In this system, the embryos generally 
resumed their growth within 24 h, followed by a rapid 
growth phase during which the Size Of the embryos 
increased rapidly. The proembryos grew as fast as they 
did in vivo, reaching the early heart-shaped Stage on the 
second or third day, 1-2 mm long cotyledon stage embryos 
on the eighth day, and the mature stage on the 10th to the 
14th day (Figure 2a-t). During the culture period, the 
embryos enlarged in size by 30-60 times. With this culture 
system, 65% of 35-45 pm early globular and 85% of 
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45-60 pm globular embryos developed into mature 
embryos. As high as 95.4% of the late globular stage 
embryos (60-80 pm) developed into mature embryos 
within 10 days. Embryos larger than 80 pm in length at the 
early heart-shaped stage grew very rapidly and developed 
into mature embryos at a frequency approaching 100% 
(see Table 4). Proembryos of less than 35 pm (usually 
consisting of one to eight cells) could not be cultured 
successfully, although some of them underwent cell 
division and enlargement to a certain extent. 

Germination of mature embryos only occurred when 
they were transferred to another medium; otherwise the 
mature embryos turned yellow and died eventually. The 
best time for transfer was about 14-1 6 days of culture in 
the initial medium. In preliminary experiments precocious 
germination occurred, resulting in a high frequency of 
abnormal seedlings. To avoid this. we carried out experi- 
ments to determine the most suitable medium to obtain 
normal seedlings. We found that high concentrations of 
sucrose (5. 7 and even 3%) in the medium suppressed the 
normal germination causing mature embryos to form 
callus. secondary embryos and sometimes multiple 
shoots. The morphologically normal embryo germination 
was obtained. however. in B., basal medium with 1% 
sucrose, in which the mature embryo undervent S~Ow 
development. the first leaf came out in 10 days, and 

( C )  

Figuro 2. Development of proembryo 
cultured in ECM medium. with the double- 
layer culture system 
(a) A lreshly dissected embryo (35 pm) with a 
partial suspensor 
(b) The saiiie embryo alter 1 day of culture. 
Note tlie alrc?ady contracted suspensor cells. 
(c )  Tlio same erntiryo alter 2 days of culture. 
((1) Tho sariie ernbryo alter 3 days of culture. 
reaching ttie early lieart-shaped stage. 
(0) The wino embryo alter 4 days of culture. 
Note that Itie ornbryo is now J I  the late heart- 
shaped stage. 
(0 Cotyledon stage embryo developed f i  
the cultured proembryo alter 8 days 
culture 
s. suspensor. c .  cotyledon. (a+) Bar = 
prn. (I) bar 200 p i m  

rom 
Of 

20 

healthy seedlings could be obtained within one month 
without apparent callusing (see Figure 59). After trans- 
plantation to pots, the seedlings grew into morphologically 
normal, mature plants, which were fertile and set seeds 
two months later. 

Effects of macroelements 

The ECM medium (Table 2) used in this work was estab- 
lished based on a large number of experiments We have 
compared ECM with a modified MS medium, which 
contains the same components as ECM but with 
MS macro-mineral salts (Murashige and Skoog. 1962) 
(MS, ,,,, ,(,, Table 3). Embryos cultured on MS ,,,., c,D medium 
grew much slower in Comparison with those on ECM 
(Figure 3). On the ninth day of culture, embryos cultured 
on ECM increased their length over 20 times more than 
that of the embryos cultured on MSIIIIIT,,, medium. Most 
embryos cultured on MS,,,,,, 11,  medium ceased to grow at 
the heart- or torpedo-shaped stage and died eventually. 

Effects of plant tiomlonos and organic nddifwes 

Proembryos cultursd without oxogenous hormone (ECM), 
had nearly the same growth rate as (hose in the medium 
containing indole acetic acid (IM) and zeatin (rr) 
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Table 3. Medium composition of the twt~layer cuftur~ System and different treatmentsa 

T M M  Top-layer medium Bottom-layer medium 
(1) -1 (standard) 

(2) +t-km~m 
(3) -Sugarmixture 

(4) -0rganicacids 

(5) -Coconutwater 

(6) M L  

ECM 

ECM + 0.1 mg I-' IA4 + 0.1 mg I-' zeatin 
ECM without sugar mixture but with 2% (wh) 
glucose and 4% (wh) sucrose . 
ECM without organic acids 

ECM without 30% (vh) monut water 

Same as ECM except the macroelements were 
replaced by MS macroelements 

ECM + 6% (wh) Sucrose 

ECM + 6% (wh) SUUDS~ + 0.1 mg I-' IA4 

ECM without sugar mixture + 2% (wh) glucose 
+ 10% (wh) su(xDsB 

Same as ECM + 6% (wk) sucrose except without 
organic acids 

Same as ECM + 6% (wh) sucrose except without 
30% (vh) coconut water 

Same as ECM + 6% (wh) sucrose except the 
macroelements were replaced by MS macroelements 

media were filter sterilized immediately after melting the agarose in a microwave oven. 
+ and - refer to addition and deletion, respectively. 

3ooo 

2500 

2Ooo 

1500 

loo0 

600 

0 

- * Em(- - MSmuxo 

I - I - 1 - 1 -  I .  

0 2 4 6 8 1 0  
Day#  

Figure 3. Effect of macroelernents on in vibo embryo development. 
Proembryoa were cultured in a medium containing either ECM macro- 
elements or MS macroelernents. Data were obtained from 24 embryos for 
each treatment and ecro~ bars are shown. Note that in the medium contain- 
ing MS macroelernents. development Of most Of the embryos was blocked 
at the heart- or torpedc-shaped stage. 

(+Hormone, Table 3). Thus, hormones were omitted from 
our ECM medium in subsequent experiments. 

To investigate the requirements for organic components, 
we compared the effect of organic acids, sugar mixtures 
and coconut water on the growth of proembryos. All the 
three kinds of organic tmYpOnents or natural supplements 
were required for successful culture of 6. juncea pro- 
embryos and they could not replace each other. Omission 
of any type of organic substances (organic acids, sugar 
mixture and coconut water) from the medium reduced 
embryo growth drastically. In medium without organic 
supplements, the size of the cultured embryos could only 
increase four to five times, whereas embryos cultured on 
ECM usually increased in size by 40-80 times (Figure 4). 
In medium without organic acids, proembryos did not 
show much difference in the first 5 days from those grown 
in media without sugar mixture Or Coconut water (Figure 

3 

0 i 
0 2 4 0 0 

Day.  

Figure 4. Effects of organic additives (coconut water, organic acids and 
sugar mixture) on in vitroembryo development of 8. juncea. Embryos were 
cultured in complete medium (treatment 1, Table 3) or in media without 
organic additions (treatments 3, 4 and 5, Table 3). These results Were 
obtained from two independent experiments: 12 embryos were Used in 
each treatment and error bars are shown. 

4); however, these embryos could resume growth slowly 
if they were transferred into the light after cotyledon 
differentiation, It is possible that photosynthesis in 
cotyledon cells could produce enough organic acids for 
their growth. In contrast, in the media without coconut 
water or sugar mixture, embryos of c50 pm in length could 
not grow at all, and larger embryos (>SO cLm) could only 
grow slowly and stopped at the heart- or torpedo-shaped 
stage. 

IS the suspensor needed for proembryo culture? 

Upon dissection from the ovules, most of the proembryos 
retained their suspensors, either intact or broken, but for 
some, the suspensor cells were completely removed. The 
suspensor could also be artificially detached from the 
embryo at the time of dissection. We found that the 
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Table 4. The effects of embryo size and the presence of suspensor on the survival 
frequency of 6. j u m  embryos in culture (results from 10 independent expeti- 
ments). Application of Student's t-test indicates that the removal of the suspensor 
has a small but significant effect on the survival frequency of cultured embryos only 
when the em bryosare less than 55 pm in length 

Survival frequency (%") 

Embryo we (wm) WRh intact suspensor Without suspensor r-test 

3545 
4 5 5 5  
5540 
>80 

~~ 

65 Not tested - 
85.6 k 12.82 75.4 ? 7.15 P > 0.05 
95.4 k 6.1 1 92.3 k 0.07 P c 0.05 
100 100 P < 0.05 

Data were collected after 12 days in culture. Six embryos of each developmental 
stage were used for each experiment. Data represent average values from 10 
independent experiments. 

removal of suspensor had no effect on the development 
of proembryos larger than 55 pm. For the ones smaller 
than 55 pm the removal of suspensor had only a small 
effect on the embryo survival frequency (see Table 4). 
These results show that the presence of a suspensor is 
not a prerequisite for normal growth and development of 
the proembryo. Figure 5 shows that embryos as small as 
45 pm without suspensors could develop into mature 
plants (panels a-f). Even in embryos with intact suspensors. 
the suspensor cells generally neither divide nor elongate 
in culture. In most cases, the cytoplasm contracts and the 
cells eventually die within 24 h of embryo culture. Similar 
experiments were not performed with embryos smaller 
than 45 pm because of technical difficulty. 

Histological comparison of in vivo and in vitro developed 
embryos 

Mature embryos developed in vivo and in vitro were 
compared at the histological level. As shown in Figure le 
and f and Fgure 5h and i, there was M apparent difference 
between them except that the cells of rn vifro developed 
embryos contained many more starch grains than those 
of in vwo embryos. Various types of tissues, including 
epidermis, vascular bundle, apical meristem and root 
meristems and the leaf structures, differentiated and 
developed in 12-day cultured embryos as normally as 
those developed in vivo (Figure 5h and i). 

Discussion 

In this paper, we describe the successful development of 
a double-layer culture method as well as a complex 
medium for rn vrrroculture of B. luncea proembryos. Using 
this method, proembryos of about 35 pm in length or larger 
can be cultured into mature embryos with a high efficiency. 
U p o n  germination in an appropnate medium the mature 

embryos could develop into morphologically normal 
plants that are fertile and set seeds. 

As pointed out by Norstog and Smith (1 963). the chemical 
composition of the milieu for in vitm embryo culture should 
adequately reflect the nutritional requirement of the 
developing embryo in vivo. One of the most important 
modifications made by previous workers in their attempts 
to culture very small embryos was the adjustment of the 
medium isotonic to ovular sap (Monnier, 1976; Norstog, 
1961; Ziebur and Brink, 1951). Depending on the plant 
species, the osmotic pressure of the medium could be 
maintained by using &l8% sucrose. Smith (1 973), 
however, noted that the osmolarity of ovular sap in 
fhaseolus decreases during embryo development, from 
0.7 M at the heart-shaped stage to 0.5 M at the late 
cotyledon stage. Monnier (1976) was the first to recognize 
the importance of gradually reduclng the osmolarity in the 
medium without the need to transfer the cultured embryos. 
In culture, isolated embryos were usually placed on the 
top of a solid medium, and under such conditions, the 
absorption of nutrients as well as the physical environment 
would vary in different parts of thecultured embryos. Such 
differences in the chemical and physical environment 
experienced by different parts of the embryo could lead to 
various developmental abnormalities that frequently 
appear in embryo culture. TO circumvent this problem we 
devised a double-layer Culture system. 

There are two differences between our double-layer 
culture system and Monnier's method. First, we embedded 
the proembryos in a top-layer medium. Under this condition, 
the embryos absorb nutrients from the surrounding medium 
in a way similar to in wivoembryos taking up nutrients from 
the surrounding endosperm. Such a double-layer culture 
system also provides a hlgher osmolarity at the initial 
stage of culture, followed by a gradual reduction of osmotic 
pressure during culture. We had measured the osmotic 
pressure of the top-layer medium and found that it changed 
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gradually from 0.63 M to 0.49 M within 2 days (data not 
shown). The high initial osmotic concentration could 
prevent a possible osmotic shock to the embryo which 
was originally growing in an environment of high osmolarity 
that suppresses cell elongation. Second, the medium used 
in the present study is rich in different sugars, amino acids 
and organic acids, and contains a pigh amount of coconut 
water. All these compounds stimulate rapid growth and 
development of the cultured embryos of B. juncea and 
ensure that the development of the cultured proembryos 
in vitro is more or less the same as in vivo embryos. With 
this medium, we have only observed a few cases of 
developmental anomalies among the more than 2000 
embryos cultured so far. 

Addition of coconut water to the embryo culture 
medium was first used by van Overbeek et a/. (1941) for 
culture of Datura embryos. They demonstrated that while 
mature embryos could develop into seedlings in a very 
simple medium, heart-shaped stage embryos (1 50-550 
pm long) could be cultured only when the medium was 
supplemented with non-autoclaved coconut water. Our 
results also show that 30% coconut water had a clear 
promoting effect on B. juncea embryo development. 

Another important modification of the embryo culture 
medium is the use of organic acids and sugar mixture of 
KM8p's protoplast culture medium (Kao and Michayluk, 
1975). We have found that a sugar mixture including 
mannose, ribose, xylose, hamnOSe, fructose and cellobiose 
is essential for proembryo development in vitro. Without 
the sugar mixture, embryos of 4 0  pm in length could not 
grow and those larger than 50 pm globular-staged embryos 
could grow only to the heart- or torpedo-shaped stage. 
Although the importance of malic acid in embryo cultures 
of cotton and barley has been noted previously (Mauney 
et a/., 1967; Norstog and Smith, 1963), the role of other 
organic acids in embryo development has not been 
investigated. We show here that although the organic acid 
mixture is not absolutely necessary, it could greatly 
enhance the growth of proembryos. If embryos are kept 
in the light after cotyledon differentiation, they could 
resume their growth slowly and finally reach the mature 
stage. These results indicated that for the culture of very 
young embryos which are heterotrophic in nature a more 
complex organic mixture is necessary to sustain their in 
vitro development. 

Supplementation of the basal medium with exogenous 
plant hormones including auxin and cytokinin usually 
stimulates proembryo growth (Raghavan and Toney, 
1963). In the present study, however, we did not observe 
any apparent effect of exogenous hormones on the 
development of the cultured globular embryos. One 
possible explanation is that coconut water may already 
antam sufficient plant horrnocws and other growth factors 
for proembryo development. 

NH4N03 and KNO3 are frequently used as inorganic 
nitrogen sources in plant tissue culture. The toxic effect of 
high level of NH4' has been reported previously. Compared 
with MS macroelements (1900 mg I ' NH4N03, Murashige 
and Skoog, 1962), ECM contains a much lower concen- 
tration of NH4N03 (200 mg I- '). Moreover, the ratio of 
nitrate nitrogen to ammonium nitrogen in ECM (6.94) is 
about 3.5 times higher than that of MS macro-mineral salts 
(1.91), and about 2.5 times higher than that of Monnier's 
embryo culture medium (2.83, Monnier, 1976). The high 
ratio of NO3 ~ to NH4+ appears to greatly increase the 
growth of embryos. 

The suspensor is an embryonic organ which connects 
the developing embryo to the maternal tissue. In botanical 
references, there are two different viewpoints about the 
function of this organ. One view assumes that it performs 
a mechanical role simply by pushing the embryo into the 
cavity of the embryo sac, close to the source of cellular 
nutrients. The other view suggests that it plays a nutritional 
role by absorbing growth substances and nutrients and 
transmitting them to the developing embryo (Avanzi el a/., 
1972; Nagel, 1973; Schulz and Jensen, 1968; Yeung, 
1980). In a previous study on immature Capsella embryos 
cultured in v i m ,  Monnier (1976,1984) pointed out that the 
suspensor must be intact for the survival of early staged 
embryos. In contrast, we found that removal of suspensor 
had only a small effect on survival frequency and this was 
true only for embryos 55 pm or smaller Fable 4). Although 
the death of the suspensor immediately after culture was 
also observed in our experiment, whether it was damaged 
or not, the necrosls of the suspensor had no apparently 
adverse effect on embryo development (Figure 2b). 
Proembryos with or without suspensor developed more or 
less similarly in culture (Figure 5). Our results are also quite 
different from those of Yeung and Sussex (1979), who 
found that heart-shaped embryos of Phaseolus coccineus 
deprived of their suspensor showed very little growth in 
culture, unless the medium was supplemented with 
gibberellic acid (GA) and cytoklnin. The discrepancy 
between our results and those of Yeung and Sussex 
(1979) could be due to the fact that we have embedded 
the embryos In an enriched, egarose medium. According 
to our observation, proembryos before transition stage 
(<80 p,m) were more sensitive to the composition of the 
medium. 

In concluslon, we have established a very efficient in 
vitro system for culture of early globular-staged embryos 
(>35 pm) of B. junce9. This system should be very important 
and useful for future investigations on the molecular and 
cellular aspects of embryogenesis, such as mapping of 
cell fate during embryo development and elucidating the 
physiological and blochemlcal factors critical for cell 
differentiation and organogenesls of the embryos. We 
have used thls system to culture globular embryos of 
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Arabidopsis thaliana, and have found that proembryos of 
about 40 p.m could also develop normally into mature 
plants, although the frequency was lower than that for 
Brassica. Further improvement or modification of this 
culture system might be necessary for other plant species. 

Experimental procedures 

Chemicals 

Agarose (low gelling temperature) was from Seaplaque, FMC, 
USA; casein hydrolysate was from BDH; zeatin, IAA, sugars and 
organic acids were from Sigma. Green coconuts were obtained 
from markets in Singapore. 

Plant materials and embryo dissection 

Plants of Brassicajuncea(1ndian Mustard) were grown in a growth 
chamber under 14 h light/lO h dark at 24°C day/20"C night. The 
light intensity was about 4000 Ix and the relative humidity 70%. 
Siliques 6-7 days after anthesis were collected and washed in 
70% (v/v) alcohol for several seconds. The siliques were surface 
sterilized with 10% (vh) commercial bleach (Clorox), by shaking 
on a 150 r.p.m. shaker for 10 min, and then washed with sterilized, 
distilled water four times. Embryos were excised from the siliques 
under aseptic conditions in a laminar hood, with the aid of a Nikon 
stereo-microscope. All dissection work was carried out in a 9% 
(w/v) glucose solution, which proved to be very important for 
reducing initial osmotic shock to the proembryos. After pulling 
apart the outer wall of the silique with a pair of super-fine point 
forceps (Dumont. #4, 72695-D, Switzerland) and a dissection 
needle, 10-20 ovules could be obtained from each ovary. The size 
of the ovule, measured with a micrometer, was used to estimate 
the stage of the embryo within it (See Results). Ovules of the 
appropriate size (1-1200 W) were suspended in the 9% 
(w/v) glucose solution @H 5.4). An ovule was held with a pair of 
forceps and the ovule wall split longitudinally with a dissection 
needle. Within the dissected ovule, a small embryo with a long 
suspensor could be seen under the dissection microscope. 
Excised proembryos of 35100 pm were then picked up and 
transferred to a  YO (wh) glucose solution for washing by a 
capillary tipped 'Gilson' micropipet at 3 pl before being transferred 
to the culture medium. 

Culture media and growth conditions 

The basal medium used for embryo culture (ECM) in this work 
consisted of macro- and microelements, sugar mixture, organic 
acids, vitamins. amino acids and some organic supplements 
(listed in Table 2). The effects of the different components, 
including macroelements, coconut water, KM8p's (Kao and 
Michayluk, 1975) sugar mixture and organic acids, on in vitro 
growth and development of proembryos were investigated by 
replacing or omitting the relevant component(s) from the medium. 
A double-layer culture System was devised for the culture of 
prmmbryos, in which the top layer has a higher osmotic pressure 
than the bottom layer. As measured by a vapor pressure osmo- 
meter, the osmolarity of the bottom layer was 0.45 mol I-' and 
the top layer 0.63 mol I-'. The compositions of the two culture 
layers are given in Table 3. The PH was adjusted to 5.4 before 
sterilization. A ~ I  media used for embryo culture werevacuum filter- 

sterilized by using disposable filterware (Nalgene, USA) 
immediately after agarose melting. 

Globular and transition stage (between globular- and heart- 
shaped stage) embryos were cultivated separately in 24-well 
multiplates (Nuclon. Denmark). After melting in a microwave oven, 
300 pI bottom-layer medium was transferred to each well. The 
medium was allowed to gel and freshly dissected proembryos 
were then transferred on to the surface of the solidified medium 
with a micropipet (one embryo in each well). The embryo was 
then embedded by overlaying 100 p1 of the top-layer medium 
which was held at 38°C. Normally six or 12 proembryos were used 
for each treatment, and 24 or 48 embryos were cultured in each 
experiment. After sealing the multiplates with Nescofilm, the 
cultures were incubated at 28°C in the dark for 4 days, and then 
shifted to an incubator maintained at 16 h light/8 h dark at 28°C 
day/20°C night. The light intensity was about 1500 Ix from cool- 
white fluorescent lamps. 

Morphological changes that occurred during embryo culture 
were observed periodically with a Zeiss inverted phase-contrast 
microscope. Growth of individual embryos along the central axis 
was measured with a micrometer at 1-2 day intervals during the 
experiment. 

After maturation, the embryos (>4 mm long) were transferred 
to a hormone-free MS or B5 (Gamborg et a/., 1968) medium 
containing 1,3,5 or 7% sucrose for germination. Forty-five to 60 
days later, seedlings with well-developed roots and shoots could 
be transplanted into pots and grown to maturity in a growth 
chamber. 

Histological observations and photography 

Dissected specimens were fixed for 2 h in a modified FAA fixation 
solution containing 50% ethanol, 5% formaldehyde, 6% acetic 
acid and 5% glycerol. To facilitate the penetration of fixatives and 
embedding media, the antipylar end of the ovule was punctured 
with a dissection needle. The fixed specimens were dehydrated 
in a graded ethanol series and embedded with Paraplast (Oxford, 
st. Louis, MO, USA). Periodic acid-Schiff (PAS) reaction was Used 
for the localization of carbohydrates (Jensen, 1962) and nuclei 
were stained with Delafield's premixed aluminum hematoxylin 
(Schneider, 1981). All slides were mounted with Entellan (Merck, 
7961) and observed with a Zeiss light or differential interference 
contrast (DIC) microscope. 
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