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Summary.  An  in vitro culture system has been developed 
for barley (Hordeum vulgare), which yields high frequen- 
cies of  high quali ty microspore-derived embryos without  
an intervening callus phase. The embryos are very similar 
to zygotic embryos with regard to their morphology  and 
germinat ion capacity.  These embryos were encapsulated 
in sodium alginate to produce individual  beads contain- 
ing one embryo each. In  accordance with the literature, 
these beads are denoted "artif icial  seeds". The artificial 
seeds germinated well and with a root  system superior  to 
that  of  non-encapsula ted  embryos.  The artificial seeds 
also mainta ined  their germinat ion capaci ty  for at least 6 
months ,  whereas non-encapsulated embryos did not  sur- 
vive more  than 2 weeks in storage. Artificial  seeds, thus, 
p robab ly  provide a simple and universal delivery system 
of  in vitro plantlets  to greenhouse or  field. 
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Introduction 

Haplo id  plant  breeding is well established as a tool for 
crop improvement  (Wenzel and Foroughi -Wehr  1984; 
Dunwell  1986; Morr i son  and Evans 1988). Its general 
appl icat ion is, however, still l imited because: (1) not  ev- 
ery plant  species or variety responds readily to the induc- 
tive condit ions,  (b) regenerat ion frequency is often poor,  
(c) it leads to a lbino plantlets,  and (d) plants  regenerated 
are often abnormal .  Our  recent success in the regen- 
erat ion of  large numbers of  green and fertile plants from 
cereal microspores  via direct embryogenesis (Dat ta  and 
Pot rykus  1988), and that  of  others in barley (Hunter  
1987; Olsen 1987), may  contr ibute  to a wider appl icat ion 

of  haploid plant  breeding; it also allowed us to approach  
the format ion of  "artificial seeds" in cereals. Artificial 
seeds, consisting of  culture-derived embryos encased in a 
protective coating are considered to allow for the eco- 
nomical mass product ion of  elite plant  varieties (Fuji 
et al. 1987). F o r  dicots there are several reports which 
support  this considerat ion (Kit to and Janick 1985; 
Redenbaugh et al. 1986; Fuji  et al. 1987; Nouail le  and 
Petiard 1988). There is also a recent report  on the regen- 
eration of  sandalwood from artificial seeds (Bapat and 
Rao 1988). However,  there is to our knowledge no repor t  
on the product ion of  artificial seeds in cereals. In the 
following communicat ion,  we report  on the mass devel- 
opment  of  high quality single microspore-derived em- 
bryos and their use in the product ion and germinat ion of  
artificial seeds in barley. 

Materials and methods 

Hordeum vulgare var. IGRI was used throughout the study. 
Spikes were harvested from plants grown in our greenhouse, or 
were sent to us from F. L. Olsen, Carlsberg Laboratories, 
Copenhagen, harvested from plants grown under optimal condi- 
tions (Olsen 1987). Spikes were maintained for 4 weeks at 4~ 
in the dark (Huang and Sunderland 1982) prior to the isolation 
and culture of the anthers at the uninucleate stage (Xu and 
Sunderland 1981). Anthers were floated on FW culture medium 
(Foroughi-Wehr et al. 1976), based on MS medium (Murashige 
and Skoog 1962), and further modified with 20% w/v Ficol1400, 
750 mg/1 glutamine, 0.2 mg/1 indoleacetic acid, 1 mg/l thiamine- 
HC1 and incubated at 25~ in continuous dark. It was also 
important either to pool 30 anthers per 10 ml of culture medium 
in 50 mm STERILIN plastic dishes (Olsen 1987) or 15 anthers 
per 1 ml of culture medium (Datta and Wenzel 1988). After 
about 5-6  weeks of incubation, microspore-derived proem- 
bryos and embryos at different developmental stages floated 
freely on the culture medium. Complete embryos with scutellum 
and coleoptile were taken either for germination studies or for 
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encapsulation. For germination, embryos were transferred to 
FM medium modified as above, however, without hormones 
and Ficoll, and with 0.5% (w/v) activated charcoal and 0.8% 
(w/v) Seaplaque agarose. For encapsulation, embryos were tak- 
en up in sodium alginate of different commercial sources and at 
a range of concentrations (data not given), dissolved in water by 
autoclaving, and dropped individually into a solution of 50 mM 
CaC1 z in water (autoclaved) (Redenbaugh et al. 1986). Calcium- 
alginate beads formed around the embryos within 15-20 min at 
25 ~ on a rotatory shaker at 60 rpm. The optimum concentra- 
tion of sodium alginate was chosen to produce capsules of suit- 
able hardness and this varies with different commercial sources 
(Table 1). Thereafter, the alginate-embedded embryos (artificial 
seeds) were rinsed in water, dried with sterile filter paper and 
were either allowed to germinate directly or stored. Germination 
was on modified FW medium (as described above). Storage was 
at 4 ~ in the dark in STERILIN petri dishes as used for anther 
culture and sealed with NESCOFILM. Seedlings were obtained 
from both non-encapsulated embryos and artificial seeds, ver- 
nalized for 8 weeks at 4 ~ in cool fluorescence light of about 
2,000 lux, 16/8 h photoperiod and, thereafter, transferred to the 
greenhouse. The regenerated plants were first grown in a growth 
chamber at 16~ for 14h at day and 12~ for 10h at night, 
before being transferred to the greenhouse at 20 ~ and 16~ 
during day and night with 16/8 h photoperiod, respectively. The 
light intensity was adjusted to t0,000 lux with Phillips HPL, 
450 W bulbs. 

Table 1. Comparison of various sources and concentration of 
sodium alginate used for producing capsules of suitable hard- 
h e s s  * 

Source Suitable conc. CaC1 z conc. 
(% w/v) 

BDH 3.2 50 mM 
Sigma 3.4 50 mM 
Fluka 6.8 50 mM 

* Only optimum concentration of sodium alginate (medium 
viscosity) are mentioned here 

Results 

Anthers floating on the liquid culture medium released 
microspores, microspore-derived proembryos and em- 
bryos into the culture medium where they continued to 
develop further (Fig. 1). In the cases where the release 
was very early, the development from the first division 
through the different stages of maturat ion into single 
bipolar embryos with scutellum and coleoptile could be 
followed with individual units in the microscope. In  nu- 
merous cases observed in their development, there was 
no deviation from a direct development of one bipolar 
embryo from one microspore. Callus formation or devel- 
opment  of several embryos from one unit  was not  ob- 
served. However, a fraction of about  1/5 of the proem- 
bryos did not complete the development to mature em- 
bryo and was finally discarded. Precutture of plants in 
the greenhouse as compared to growth in a controlled 
growth chamber at optimized conditions (Olsen 1987) 
did not affect the quality of development; it reduced, 
however, the total number  of embryos and plants recov- 
ered from a given number  of anthers. Greenhouse mate- 
rial yielded only about  20% of the embryos as compared 
to growth chamber material. F rom about  3,000 anthers 
plated, 660 responded with the release of  developing mi- 
crospores. Of those, 3,680 embryos were harvested and 
subjected to germination conditions. These yielded 860 
green plants with roots. Sixty-six of these plants were 
transferred to the greenhouse and 53 of them (about 
80%) were fully fertile. 

Embryo matura t ion  often suppressed the develop- 
ment of proembryos in mixed populat ions containing 
different developmental stages if mainta ined together for 
a longer time. However, if the germinating embryos were 
separated from the proembryos and the culture was re- 

Figs. 1-4. Direct microspore embryogenesis and plant regeneration in Hordeum 
vulgare: 1. Microspore-derived proembryos and embryos obtained by floating 
about 30 anthers each on 10 ml Ficoll medium in 6 cm petri dishes. 2. Embryos at 
the scutellum coleoptile state. 3. Germinating embryos in a Terasaki dish containing 
10 gl sea plaque agarose medium in each well. 4. Regeneration of plants 
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plenished by replacing ca. 50% of the old medium with 
an equal volume of fresh culture medium, the retarded 
proembryos continued to develop and to mature. 

Mature embryos with scutellum and coleoptile 
(Fig. 2) germinated well when transferred to the FW cul- 
ture medium ('Material and methods') (Figs. 3 and 4). 

Alternatively, they could be used for the production of 
artificial seeds (Figs. 5 and 6). 

Table 2 gives a comparison of the conversion frequen- 
cy of encapsulated versus non-encapsulated embryos us- 
ing 1,396 embryos, which produced 624 plants. The em- 
bryos were derived from anthers of donor plants raised 
in growth chambers. 

In cases where the embryos were embedded into arti- 
ficial seeds (Figs. 6-9), the germination response was 
found to be more vigorous than that of non-encapsulated 
embryos. Out of 80 artificial seeds tested for germina- 
tion, 64 germinated with a well-developed root system 
(ca. 80%) (Fig. 9 and Table 2). Twenty of these plants 
were potted into soil and transferred to the greenhouse, 
where 16 set seeds (about 80%) as spontaneous dihap- 
loids. 

Mixed populations of embryos and proembryos were 
stored for different periods of time at 4 ~ in the routine 
medium for embryo development (see 'Material and 
methods'). Attempts to allow for germination following 
transfer to normal culture conditions (24 ~ already led 
to browning and death of the cultures after 2 weeks of 
cold storage. However, embryos stored as artificial seeds 
under otherwise identical conditions germinated well and 
at a frequency of 37.5% after, so far, 6 months of cold 
storage. 

Figs .  5-9. Artificial seed formation and conversion to plants 
in (Hordeum vulgare). 5. A few selected microspore derived 
embryos before encapsulation with the reaction mixture of 
sodium alginate and CaC12 solution. 6. Embryos encapsulated 
in alginate beads, each capsule contains one embryo. 7. A few 
artificial seeds showing details of the embryos. 8. The shoot 
emerges through the alginate matrix under germination condi- 
tion. 9. Germinated artificial seed 

D i s c u s s i o n  

The term "direct microspore embryogenesis" describes 
the phenomenon whereby, as far as can be judged from 
microscopic observation, individual (and competent) mi- 
crospores develop into single bipolar embryos with the 
characteristic scutellum and coleoptile organs. It is in- 
deed surprising how similar these embryos are compared 
to zygotic embryos developing from a fertilized egg cell 
(the zygote) within the specific and protected environ- 
ment of the maturing embryo sac, including the develop- 
ing endosperm. This similarity in development of an i s o -  

Table 2. Comparison of conversion frequency of encapsulated and non-encapsulated embryos to plants 

Materials Embryo germination to plants 

N on-encapsulated Encapsulated 

Embryo Embryo % of Embryo 
cul germ germ cul 

Embryo 
germ 

% of 
germ 

Fresh culture (selected)* 

Fresh culture (non-selected)** 

6-month-old culture 

460 285 62 80 

680 176 26 120 

- 56 

64 

78 

21 

80 

65 

37,5 

* Selected: embryos with scutellum and coleoptile 
** Non-selected: embryos randomly taken 
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lated single microspore floating in an unspecific liquid 
environment, and the zygote being embedded in the de- 
veloping embryo sac indicates that the entire mechanism 
of regulation of embryogeny is an autonomous and self- 
regulated process of a single cell, which is independent 
from any specific regulatory mechanism in the surround- 
ing tissue or environment. 

Direct embryogenesis from cereal microspores 
through anther culture has been described recently for 
wheat (Datta and Wenzel 1988), and was further im- 
proved in terms of yield of green plants (Olsen 1987). 
Even culture of isolated microspores leading to plant 
regeneration has been reported for barley (K6hler and 
Wenzel 1985; Wei et al. 1986). Although this method is 
not yet as efficient as anther float culture, it offers advan- 
tages in cases where the experimental goal requires addi- 
tional experimental treatments of early proembryos. For 
the purpose of production of large numbers of 
microspore-derived embryos, however, anther float cul- 
ture is, to date, the method of choice. 

Conditions important for the development of em- 
bryos from microspores are: (a) growth of the donor 
plants in relatively cool temperatures, (b) cold pretreat- 
ment of the spikes (Huang and Sunderland 1982; Datta 
1987), (c) a culture medium with relatively low ammo- 
nium and relatively high glutamine as a source for re- 
duced nitrogen, (d) Ficoll to keep anthers floating at the 
surface of the culture medium (Kao 1981; Datta and 
Potrykus 1988), (e) relatively low auxin to prevent devel- 
opment of unorganized cultures (Datta and Potrykus 
1988). 

Plants regenerated from unorganized cell cultures of- 
ten show unwanted aberrant phenotypes including steril- 
ity, albinoism and genome mutations. It is assumed that 
these aberrations are favoured by prolonged culture 
phases at an unorganized state (callus), especially in the 
presence of high levels of 2,4-D. It can be assumed then 
that the process of direct embryogenesis might avoid 
these problems, and the regeneration of fertile green 
plants at high frequencies as reported in this study sup- 
ports this assumption. 

An experimental system which allows for the devel- 
opment of cereal embryos from single cells in a freely 
accessible liquid environment might also provide novel 
experimental opportunities for studies in the regulation 
of cereal embryogeny. We would like to emphasize that 
the system presented here provides a different quality 
compared to the numerous "embryogenic suspensions" 
described for cereals (L6rz et al. 1988; Vasil 1988), where 
differentiation is suppressed by high 2,4-D levels and 
where, upon release of this suppression, embryos develop 
at multiple sites from unpredicted cells out of multicellu- 
lar structures. 

The high frequency of green plants recovered will be 
of interest for the application of the technique in plant 

breeding programs. The conditions mentioned earlier 
with regard to development of embryos from micro- 
spores and the embryogenic pathway to plants may have 
a strong influence on the formation of normal green 
plants. It is not possible yet to judge whether this in- 
creased frequency of regeneration of fertile plants will 
contribute to a better recovery of the genetic variation 
produced during meiosis. 

Finally, the possibility of efficiently recovering em- 
bryos and plants from single cells and few-celled proem- 
bryos in cereals laid the basis for an approach to the 
recovery of transgenic chimeras in cereals following mi- 
croinjection of marker genes into the cells of proem- 
bryos, analogous to the experiments with Brassica napus 
where transgenic chimeras were recovered following mi- 
croinjection of a marker gene into microspore-derived 
proembryos (Neuhaus et al. 1987). Experiments on these 
lines are in progress. 

The microspore-derived embryos have also been used 
to test for cereals the concept of "artificial seeds", as only 
recently developed with alfalfa and carrot (Kitto and 
Janick 1985; Redenbaugh etal. 1986; Nouaille and 
Petiard 1988), on the basis of embryogenic suspensions 
from diploid somatic cells. It also turned out that 
microspore-derived embryos of cereals can be used for 
the production of "artificial seeds". We do not pretend 
that this is the beginning of mass production and propa- 
gation of elite genotypes and of vegetative propagation 
of individual elite cereal plants. There are, however, a few 
experimental advantages connected with the possibility 
of embedding high quality somatic cereal embryos into 
alginate beads. Embryos placed individually into the al- 
ginate beads develop a better root system and germinate 
better and can be safer grown to maturity, thus reducing 
the loss of possible regenerants. Artificial seeds also facil- 
itate the handling and delivery of the embryos, and they 
may even be advantageous for shipment between labora- 
tories. The most important advantage however, is, prob- 
ably related to the fact that embryos in alginate beads can 
be stored for, to date, 6 months and possibly longer. This 
allows the pooling of embryos from different experi- 
.ments, which in turn will allow the optimization of fur- 
ther handling, and - important for laboratories located 
at suboptimal geographic locations and not equipped 
with high quality greenhouses - it also allows the preser- 
vation of valuable experimental material until the proper 
season will allow for an optimal development of the 
cereal seedlings in the greenhouse or field. 
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