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Stellingen behorende bij het proefschrift getiteld "Desiccation tolerance of somatic 
embryoids" door F.A.A Tetteroo. 

1. Somatische embryoiden van plantensoorten met orthodoxe zaden zijn 
potentieel uitdroogtolerant. (dit proefschrift) 

2. Umbelliferose en saccharose zijn inhoudsstoffen van Daucus carota 
embryoiden die essentieel zijn voor het overleven van volledig uitdrogen. 
(dit proefschrift) 

3. De belangrijkste oorzaak voor uitdrooggevoeligheid van Daucus carota 
embryoiden is het optreden van omvangrijke membraanschade, waardoor de 
permeabiliteit irreversibel toeneemt. (dit proefschrift) 

4. Het gebraik van de term somatische embryoiden voor embryoiden die 
ontstaan zijn uit microsporen is onjuist. 

5. De inductie van somatische embryogenese is nog altijd gekoppeld aan de 
aanwezigheid van een auxine-analoog in het medium; het is daarom onzeker 
of het auxine-analoog dan wel het embryogenese proces zelf de somaclonale 
variatie veroorzaakt. 

6. Het onderzoek naar uitdroogtolerantie is gevoelig voor het functioneren van 
de geldkraan. 

7. Het schrijven van een proefschrift is eenvoudiger dan het verzorgen en 
opvoeden van kinderen. 

8. De commotie die ontstond bij de oprichting van het niet door iedereen te 
ontvangen sportkanaal geeft eens te meer aan dat de romeinse keizers exact 
begrepen wat onontbeerlijk was voor het volk, n.l. brood en spelen. 

9. Het, ten opzichte van Creutzfeldt-Jacob ziekte, vele male grotere aantal 
doden op de weg, zou het afschaffen van autoverkeer logischer maken dan 
het op grote schaal afslachten van Engelse runderen. 

10. De bezuinigingen in het wetenschappelijk onderzoek hebben een even 
"kennis vernietigende" werking als het afschaffen van de vliegtuigindustrie; 
het valt alleen minder op. 

11. Het is een vorm van inhumane discriminatie dat wel hondenbelasting maar 
geen kattenbelasting wordt geheven. 

12. Dit boekje bestaat niet alleen uit vulling. 

Wageningen, 7 juni 1996 
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Voorwoord 

Het schrijven van het voorwoord van een proefschrift is in vele gevallen het begin 

van het einde van een promotie-onderzoek. Ook ik ben aan het einde gekomen van een 

leerzame en vermoeiende promotieperiode en ik tracht met mijn laatste creativiteit een 

vriendelijk voorwoord te schrijven (lees typen). Als ik terug denk aan de afgelopen 

periode dan herinner ik een aantal hoogtepunten: trouwerij, vaderschap, verkrijgen van 

een nieuwe baan, en natuurlijk deze promotie, maar evenzeer denken aan ik een aantal 

dieptepunten: werkeloos worden en zijn, opname in het ziekenhuis en overlijden van 

dierbaren. Niettemin kijk ik met veel genoegen terug op deze periode, vooral omdat ik 

door vele mensen gesteund ben en daardoor het doorzettingsvermogen behouden heb om 

dit proefschrift te voltooien. Een aantal van deze mensen wil ik daarom speciaal 

bedanken. 

In eerste instantie wil ik de initiatiefnemers Cees Karssen (promotor en rector 

magnificus) en Jan de Boer (toenmalig directeur Royal Sluis) bedanken. Zonder jullie was 

dit onderzoek nooit verricht. Helaas zijn jullie inhoudelijke bijdragen tot dit project tot 

een minimum beperkt gebleven, vanwege jullie drukke werkzaamheden op een veel hoger 

niveau. Dit gebrek aan inhoudelijke sturing is ruimschoots gecompenseerd door de 

copromotor Folkert Hoekstra. Speciaal op de momenten (na zes uur), waarop jij niet door 

anderen kon worden afgeleid, was het heerlijk om met jouw te discussieren over de 

lopende experimenten en de nieuwe ideeen. Folkert jouw creativiteit is ongenaakbaar en 

zonder jouw zou dit project niet zo voorspoedig zijn afgelopen en daarvoor mijn hartelijke 

dank. 

Naast de inhoudelijke steun is ook praktische hulp onontbeerlijk om een promotie 

met succes af te ronden. Het produceren van grote aantallen embryoiden in weefselkweek 

is niet eenvoudig en vereist een zekere mate van groene vingers. Daarom moet ik 

allereerst Birgit bedanken. Toen jij bij mij als analiste kwam werken, wist jij niet of je 

wel die groene vingers bezat, omdat jij totaal geen ervaring bezat met weefselkweek van 

planten. Toch ben jij erin geslaagd door jouw onuitputtelijke enthousiasme om in zeer 

korte tijd de techniek onder de knie te krijgen en vele uitdroogtolerante wortel 

embryoiden te regenereren. Jouw ervaring met HPLC was zeer welkom en heeft mij 



verder geholpen met de suikeranalyses. Gelijktijdig moet ik Tineke van Roekel bedanken. 

Voor jouw was de afgelopen periode heel moeilijk gezien de gezondheidsproblemen van 

Willem. Desondanks heb je mij altijd weer kunnen helpen met die lastige fosfolipide 

extracties en de vetzuurketen bepalingen op de gaschromatograaf. Adriaan van Aelst ben 

ik dank verschuldigd vanwege zijn praktische medewerking met alle elektronen-

microscoopstudies. Vooral het samenwerken met jouw op de FESEM zal ik niet gauw 

vergeten, vanwege jouw enthousiasme, de eenvoud van de techniek en de mooie plaatjes 

die wij hebben gemaakt waarvan er een is gebruikt op de voorkant van dit proefschrift. 

Voor het uitvoeren van een groot aantal experimenten heb ik het geluk gehad dat 

een aantal goede enthousiaste studenten hun doctoraal vak of stage bij mij hebben 

verrichten. Emannuel, Sander, Monique, Anette, Rob, Adrie en Claude bedankt voor de 

bijdragen die jullie geleverd hebben aan de totstandkoming van dit proefschrift. Ik heb 

met veel voldoening en enthousiasme met jullie samengewerkt. Ik hoop dat jullie de 

verworven ervaringen met die lastige wortel embryoiden nog van pas zullen komen. 

Tevens moet ik Ite, Marianne en dr Bryan McKersie bedanken. Hoewel ik niet met jullie 

heb mogen samenwerken hebben jullie toch ook een bijdrage geleverd aan dit 

proefschrift. Door jullie inleidende experimenten ben ik in staat geweest om snel goede 

resultaten te behalen. 

Niet alleen de praktische hulp is van belang geweest iijdens dit promotie-project, 

maar ook technische assistentie was noodzakelijk om de benodigde apparatuur continu te 

kunnen laten functioneren. Ruth en Ben waren instaat om elk technisch probleem in een 

korte op te lossen. Siep Massalt heeft uitstekend geholpen bij het afdrukken van foto. 

Voor software problemen met Lotus of WordPerfect kon ik altijd terecht bij Steef de 

Bruin. De door jouw ontworpen "Lotus-macro" voor het omrekenen van piekoppervlaktes 

naar suikergehaltes heeft mij veel tijd bespaard, waardoor ik meer experimenten heb 

kunnen uitvoeren. 

De totstandkoming van dit proefschrift is niet alleen te danken aan mensen die een 

directe bijdrage hebben geleverd, maar er is een grote groep collega's die ik moet 

bedanken vanwege hun indirecte bijdrage. Zij hebben er namelijk mede voor gezorgd dat 

er een zeer goede werksfeer op de vakgroep aanwezig was, waardoor inspanning op de 

juiste tijden werd afgewisseld met ontspanning. Ik herinner mij maar al te goed de 

Vietnamese loempia's op woensdagmiddag, de kipkerrie-broodjes en worstenbroodjes van 

de warme bakker en de koffiediscussies in onze illegale kantine aan de rand van de 



"Banaan". Mark en Jaap moet ik in deze speciaal bedanken omdat zij zich bereid hebben 

verklaard om mij te ondersteunen als paranympen. 

Ik moet tevens mijn huidige werkgever Incotec International BV bedanken voor de 

financiele steun die zij mij hebben gegeven om mijn kosten voor dit proefschrift tot een 

minimum te beperken. 

Als laatste wil ik Liesbeth bedanken voor de ruimte en ondersteuning die jij mij 

hebt gegeven gedurende deze promotie-periode. Ik hoop dat wij samen nog lang van deze 

investering kunnen genieten. 

Frans 
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Chapter 1 

General Introduction 

Somatic embryogenesis 

In 1838 Schwann and Schleiden have hypothesised that cells are autonomous and 

therefore have the unique property of being totipotent (historical review, Pierik, 1985). 

Totipotency is defined as the capacity of a cell to regenerate a complete new individual. 

However, it took more than a century before this theory could be experimentally verified 

for plant cells, due to the availability of the plant hormones auxin and cytokinin. Somatic 

embryogenesis can be considered as the ultimate form of totipotency. Somatic 

embryogenesis is an in vitro regeneration system, whereby an organized bipolar structure 

is formed out of one somatic cell. The bipolar structure contains a root apex as well as a 

shoot apex and thus morphologically resembles a zygotic embryo. In this thesis the 

bipolar structure will be referred to as (somatic) embryoid. 

Somatic embryogenesis is potentially the most efficient method for large scale 

plant micropropagation, because root and shoot meristems are regenerated simultaneously 

on one structure (Redenbaugh, 1993). This is in contrast with conventional 

micropropagation techniques, whereby only roots or shoots are formed at a time. An 

extra advantage of somatic embryogenesis is the large amounts of individuals that can be 

produced simultaneously in liquid culture media. 

Thirty seven years ago the first embryoids were regenerated in vitro, 

independently by Reinert (1958) and by Steward and coworkers (1958). They both 

subcultured carrot (Daucus carota L.) cell suspensions at low density in a hormone-free 
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culture medium. The original cell suspensions, induced and multiplied on auxin medium, 

contained small cytoplasm-rich cells and cell clusters, which were called proembryogenic 

masses (PEMs) by Halperin (1966). Within 14 days on hormone-free medium, these 

PEMs developed successively into globular, heart and torpedo-shape embryogenic stages. 

These embryogenic stages are typical for dicotyledon zygotic morphogenesis (Raghavan, 

1986). Later on during the in vitro culture on hormone-free medium, the root and shoot 

meristems of these embryoids simultaneously grew out and developed into a complete 

plantlet, comparable to germinating seeds. Since this first discovery in carrot a multitude 

of reports on somatic embryogenesis of other plant species have been published (reviewed 

by Williams and Maheswaran 1986; Raghavan, 1986; Gray and Purohit, 1991; 

Redenbauch, 1993). At the moment more than 300 different plant species can be 

regenerated through somatic embryogenesis. Even from recalcitrant species of different 

plant groups such as conifers (Pinus, Abies), trees (banana, palm), cereals (rice, maize), 

vegetables (cucumber, soybean) and ornamentals (Euphorbia, Pelargonium) embryoids 

can be regenerated. Most of these recalcitrant species could be regenerated through 

somatic embryogenesis because of the prudent choice of explant source. A complete 

overview of all plant species that can be regenerated by this method is not in the scope of 

this thesis. 

Carrot somatic embryogenesis still remains the primary model system. It is used to 

study the fundamental aspects of this phenomenon and to compare it to zygotic 

embryogenesis. Both processes are poorly understood up until now (see review 

Zimmerman, 1993). 

Growth regulators play an important role during the induction and regeneration of 

somatic embryoids. Auxins, especially the strong synthetic 2,4-dichlorophenoxy-acetic 

acid (2.4-D), trigger the induction of somatic embryoid development. However, they also 

inhibit further development at the globular stage. Therefore, the auxin has to be removed 

from the culture medium to continue proper embryoid development. The role of 

exogenously supplied auxin as a trigger can be argued, because it has also been shown 

possible to induce somatic embryogenesis in carrot through a pH shift in auxin-free 
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medium (Smith and Krikorian, 1989, 1990). This example indicates how little we 

understand of the induction of embryogenesis. 

Abscisic acid (ABA) plays a major role during zygotic embryogenesis, especially 

during the maturation phase of developing seeds (Kermode 1990; Bewley and Black, 

1994). Ammirato (1974) was the first to recognize the importance of ABA in somatic 

embryogenesis, while studying cultures of caraway (Carurn carvi). ABA synchronized the 

development of the embryoids, it induced a quiescent phase at the torpedo stage of 

development, it prevented precocious germination and it inhibited abnormal proliferations 

(Ammirato, 1974, 1983). Since these discoveries more attention has been given to the 

role of ABA in embryogenesis (reviewed by Skriver and Mundi, 1990). Koornneef et al. 

(1989) and Meurs et al. (1992) demonstrated unequivocally that endogenous ABA is also 

involved in the acquisition of desiccation tolerance of seeds. To establish this relationship 

they have used recombinants of ABA-deficient and ABA-insensitive mutants of 

Arabidopsis thaliana L.. 

In 1977 Murashige has for the first time publicly discussed the idea of synthetic 

seeds (further on referred to as artificial seed) (reviewed by Redenbauch, 1993). Several 

concepts for artificial seed were put forward in the literature, but most correctly, an 

artificial seed is defined as a somatic embryoid encapsulated with a coating which is 

directly analogous to a true zygotic seed (Redenbauch, 1993). Kitto and Janick (1982) 

were the first to put this idea into practice, however, with little success. Their desiccated 

artificial seeds of carrot germinated very poorly. The commercial interest on somatic 

embryogenesis rapidly increased, when Redenbauch et al. (1986) came with the concept 

of hydrated artificial seeds. They encapsulated alfalfa (Medicago sativa L.) embryoids 

with a hydrogel, e.g. sodium alginate, to get a propagule which resembled a true seed. 

The hydrogel served as synthetic endosperm containing carbon sources, nutrients, growth 

regulators, anti-microbial agents and minerals. These beads could be sown directly in the 

field or greenhouse, however the conversion rate (outgrowth into plantlets) was very low. 

These hydrated beads were also difficult to store, because the freely available water 

prevented the embryoids to reach a quiescent phase, in spite of the addition of ABA. 
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The latest achievement in somatic embryogenesis is the induction of desiccation 

tolerance. In 1989, McKersie and coworkers produced desiccation tolerant alfalfa 

embryoids, which had a moisture content less than 10 %. They also could confirm the 

involvement of ABA in the acquisition of desiccation tolerance of somatic embryoids 

(McKersie et al., 1989; Seneratna et al., 1989a and b). Not only alfalfa embryoids were 

able to survive almost complete dehydration, but also those of white spruce (Picea glauca 

[Moench] Voss.) (Attree et al., 1991), grape (Vitis longii L.) (Gray, 1990) and zonal 

geranium (Pelargonium x hortorum) (Marsolais et al., 1991). The role of exogenous ABA 

in the acquisition of desiccation tolerance can be discussed, because Anandarajah and 

McKersie (1990 and 1991) were able to induce tolerance to dehydration in alfalfa 

embryoids through heat or osmotic stress instead of ABA. Such stress treatments might 

have raised the endogenous ABA levels (Skriver and Mundy, 1990) and thus induced 

desiccation tolerance. In all the previous studies on induction of desiccation tolerance in 

embryoids the plant recovery rates were always significantly less than 100%. Poor 

embryoid quality, caused by sub-optimal protocols, or asynchronic embryoid development 

could have been the main reason for the low recoveries. More fundamental knowledge of 

seed physiology is required to advance in artificial seed technology (Gray and Purohit, 

1991; Redenbauch, 1993). 

Commercial breakthrough of artificial seeds may only be achieved through the 

combination of desiccation tolerance and dry encapsulation of high quality embryoids. 

With this combination one may unite the genetic uniformity of vegetative propagation 

with the storability and easy handling of seeds. 

Desiccation tolerance 

The Dutch pioneering microscopist Antonie van Leeuwenhoek was the first human 

to witness the phenomenon of desiccation tolerance. He had put some dry sediment out of 

his gutter into a glass with water and in a short time afterwards he saw with his 

microscope hundreds of small animals swimming around. This phenomenon was 
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originally called anabiosis or "return to life", because biologists at that moment believed 

that dried viable organisms actually were dead and returned to live after rehydration. 

Nowadays, the term anhydrobiosis or "life without water" (Keilin, 1959) is generally 

used, because dry organisms only cease their metabolism and seem without life, however 

they regain each vital metabolism under favourable environmental conditions. 

Anhydrobiosis is exhibited in both the animal and the plant kingdom, for example 

nematodes, rotifers, tardigrades, cysts of brine shrimp, bacteria, fungi spores, algae 

spores, yeast cells, lichens, mosses, ferns, pollen, seeds of plants and even whole plants 

(for a review, see Crowe et al., 1996 and references therein). Many scientist have been 

fascinated by this phenomenon and have tried to elucidate the underlying fundamental 

mechanisms. Desiccation sensitivity always coincides with extensive leakage of 

intracellular solutes upon rehydration. The leakage often coincides with severe damage to 

the organism, and even to its death. Therefore, most research efforts have been focused 

on membrane behaviour, because it is believed that the phospholipid bilayer is the 

primary target of injury. Leakage of intracellular constituents indicates problems at the 

membranes (phospholipid bilayer). In the following paragraphs the three major concepts 

concerning the mechanisms of desiccation (in)tolerance with respect to membranes are 

described. 

Imbibitional damage 

During rehydration (imbibition), dry organisms leak solutes into the surrounding 

medium, which is associated with loss of viability. This kind of leakage can excellently be 

explained through the biophysical behaviour of the plasma membrane during rehydration, 

as incontrovertibly demonstrated by Crowe et al., (1989a,b). They extensively studied 

imbibitional damage in pollen and liposomes (phospholipid vesicles), that were used as 

simplified model systems for membranes. They developed the following hypothesis, 

which is depicted schematically in Figure 1. In order to explain this theory, it is 

necessary to describe the construction of membranes and their components. Membranes 

consist mainly of phospholipids (50%), proteins (40%) and steroids (10%). Their 
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Figure 1: Diagrammatic representation of the proposed mechanism for imbibitional 
damage. As a hydrated bilayer (water molecules are depicted as small circles) in liquid 
crystalline phase is dehydrated, it may enter gel phase, depending on temperature. If this 
dry bilayer is not heated to above its transition temperature (Tra) before it is returned to 
water (upper pathway) it will undergo a phase transition during rehydration during which it 
would be expected to leak. On the other hand, if it is heated to above Tm or partially 
hydrated by exposure to water vapor (lower two pathways), the bilayer can pass through 
the phase transition in the absence of bulk water. Under these conditions it will not 
undergo a phase transition when it is placed in water and it will not leak (redrawn from 
Crowe et al., 1989b). 

biophysical behaviour is principally specified by the phospholipids. In a aqueous solution 

the phospholipids tend to form a lamellar bilayer structure, because of their amphipathic 

character. The hydrophobic acyl chains turn inwards, whereas the hydrophilic phosphate 

head groups are located at the outside of the bilayer (Fig. 1). Because of the polarity of 

the phosphate groups the water molecules are surrounding them and form hydrogen 

bonds. Phospholipid bilayers exist mainly in two forms: liquid-crystalline-phase (fluid) or 

gel-phase (solid). At the transition temperature (Tm) the bilayer changes from the fluid to 
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the solid state or the reverse. The Tm depends on the composition of the acyl chains of the 

lipids. For instance, DPPC (di-palmitoyl-phosphatidyl-choline) vesicles in water undergo 

a phase change at 41 °C (Chapman et al., 1967), whereas DLPC (di-linolenoyl-

phosphatidyl-choline) vesicles in water have a Tm of -60 °C (Lynch and Steponkus, 

1989). The latter vesicles have poly-unsaturated acyl chains and are, therefore, much 

more fluid. 

A phase transition may also occur when water is removed from the bilayer, also 

depending on the composition of the acyl chains of the lipids. In other words, during the 

removal of water Tm of the membrane increases. Dry DPPC vesicles have a Tm of 

approximately 110°C (Crowe and Crowe, 1988). The increase due to dehydration can be 

explained as follows: the lateral spacing of the polar head groups decreases due to water 

removal, leading to increased opportunities for van der Waals' interactions between the 

hydrocarbons of the acyl chains (reviewed Crowe et al., 1996). Therefore, most dry 

phospholipid bilayers, constructed from isolated plant phospholipids, are in the gel-phase 

at physiological temperatures. As phospholipid bilayers are rehydrated they pass through 

their gel-to-liquid crystalline-phase transition, their permeability is transiently increased, 

and, in the case of unilamellar liposomes, all entrapped soluted are lost (Crowe et al., 

1996; Fig. 1). During dehydration, this process occurs in reverse, also with increased 

permeability; however no leakage is noticed because of the limited availability of water as 

carrier of solutes. 

During the thermotropic phase transition the lipid bilayer contains lipids in gel-

phase as well as in liquid-crystalline-phase. The two types of lipids may become phase-

separated and thus form gel-phase domains and liquid-crystalline-domains. The transient 

leakage during the phase transition is currently explained as the result of packing defects 

at the boundaries between the domains of these two phases. This effect might be 

exacerbated in plasma membranes, because they have a complex mixture of phospholipids 

(reviewed by Crowe et al., 1996). 

Imbibitional leakage can be avoided through careful rehydration in water vapour 

(e.g. pollen, review Hoekstra et al., 1989) or through raising the imbibitional temperature 

above the Tm (e.g. yeast, Van Steveninck and Ledeboer 1974) (Fig. 1). Both methods 
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prevent phase transition of the plasma membranes in the presence of bulk water and, thus, 

the dry organisms are able to survive rehydration. 

Water replacement theory 

Anhydrobiotic organisms acquire the ability to withstand desiccation through 

several biochemical adaptations. Webb (1965) noticed an increase of inositol in 

desiccation tolerant bacteria. In cysts of Anemia an increase of trehalose to 20% of the 

DW was found during the adaptation to dehydration (Madin and Crowe, 1975). 

Trehalose, the only non-reducing disaccharide of glucose, was also found in large 

quantities in yeast and bacterial spores (Crowe et al., 1984). Trehalose does not seem to 

occur generally in higher plants, but instead, sucrose is the mayor disaccharide which 

accumulates during acquisition of desiccation tolerance (Amuti and Pollard, 1977). 

However, not only sucrose but also tri- and oligosaccharides are found in large amounts 

in seeds (Koster and Leopold, 1988). 

dry bilayer 

2222 
rehydration 

> 
phase-transition 

leakage 

h yd rated bilayer 
l iquid-crystalline 

l iquid-crystalline 

rehydration 

no phase-transition 
no leakage 

l iquid-crystalline l iquid-crystalline 

Figure 2: Diagram illustrating the mechanism by which carbohydrates (e.g. trehaloses) is 
thought to stabilize dry phospholipid bilayers. Trehalose inhibits fusion during dehydration, 
but also reduces the gel to liquid crystalline transition temperature in the dry 
phospholipids. As a result of the latter effect, a phase transition during rehydration and the 
associated leakage can be avoided (redrawn from Crowe et al., 1992). 



General Introduction 

The apparent changes in carbohydrate metabolism of these anhydrobiotic 

organisms suggest that sugars must have an essential function in the survival of the dry 

state. Webb (1965) proposed that accumulating polyols could provide hydrophilic 

components which may replace the water molecules around labile macromolecules of 

biological importance during drying. This water replacement idea has been taken up by 

Crowe and coworkers in the late 1970's (reviewed by Crowe et al., 1996). Since, they 

have done some excellent research to elucidate the possible role of carbohydrates in 

anhydrobiosis. They found that sugars can maintain the structural integrity of plasma 

membranes even under dry conditions and that sugars prevent membranes from fusing, 

which maintains compartmentalization in the dry organisms (Fig. 2). During dehydration 

of the phospholipid bilayer the sugar molecules replace the water molecules around the 

polar head groups and also form hydrogen bonds with the phosphate group. Thus, the 

liquid-crystalline-phase in the dry state is retained (Fig. 2). No phase transition is taking 

place and thus, no leakage occurs, and the organism will survive the dehydration. 

It has been incontrovertibly confirmed that proteins are also protected by 

carbohydrates through the water replacement mechanism (Carpenter et al., 1987; Crowe 

et al., 1987). The secondary structure of the dry protein (Prestrelski et al., 1993) and its 

functioning remain intact through hydrogen bonding of the sugar molecules. 

Irreversible membrane damage 

The fore-mentioned changes in membrane phase behaviour with drying are 

reversible in the sense that water addition restores the original situation. Permanent gel-

phase lipid was found after lethal desiccation of germinating soybean seeds (Senaratna et 

al., 1984, McKersie et al., 1988), which was ascribed to a changed composition of the 

plasma membranes. An accumulation of unsaturated free fatty acids (FFA) was detected 

in these soybean seeds, which caused an irreversible increase of the transition temperature 

of the membranes far above physiological temperatures. FFAs are also able to induce 

fusion of membranes (Crowe et al., 1996). Both phenomena have been identified as major 

damaging events. The rise in Tm could also be induced in liposomes by the addition of 

unsaturated FFA (Senaratna et al., 1987). The question remains where do these FFA 
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come from? There are two lines of evidence that explain the origin of the FFA A: 

oxidative attack by free radicals which promotes phospholipid de-esterification and/or 

lipid peroxidation (Leprince et al., 1993) and B: enzymatic de-esterification of the 

phospholipids (Crowe et al., 1996). In germinating maize seeds, which have lost 

desiccation tolerance, respiration increases with incubation time, and this coincides with a 

dramatic increase of free radicals after redrying. This respiration in the hydrated state is 

held responsible for the elevated levels of free radicals after drying (Leprince et al., 

1990, 1992). Free radical attack can be prevented through antioxidants (e.g. tocopherol, 

ascorbic acid) or free radical scavenger systems (e.g. SOD, catalase, glutathione 

reductase). Senaratna et al. (1987) demonstrated that membranes isolated from desiccation 

tolerant soybean axes were less susceptible to free radicals than the intolerant membranes, 

because the latter lacked lipid soluble antioxidants. FFA might also originate from 

enzymic de-esterification of the phospholipids through the activity of lipases such as 

phospholipase-A2 (Crowe et al., 1996). 

Other concepts 

Not only the plasma membrane has to survive the dry state but also other cell 

parts, such as cytoplasm and DNA. Therefore, it has been suggested that vitrification 

(glassy state) of the cytoplasm is also an important parameter in the survival of almost 

complete dehydration (Burke, 1986; Bruni and Leopold, 1991; Koster, 1991). Glass 

formation, or vitrification, is the creation of liquid solution with the viscosity of a solid 

(Williams and Leopold, 1989). It is formed either by increasing the solution concentration 

or lowering the temperature. Carbohydrates not only protect membranes and proteins, but 

also enhance vitrification. A glassy state is beneficial for anhydrous organisms because 

degradative chemical reactions are inhibited, crystallization of cell constituents is 

prevented, cellular collapse is limited and quiescence and dormancy are ensured. The 

existence of a glassy state in anhydrous organisms does not exclude the interaction 

between phospholipids or proteins with carbohydrates (Crowe et al., 1996). 

Another alternative explanation for the loss of viability in desiccation sensitive 

embryoids is that physical forces during drying and subsequent rehydration cause an 
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extensive disruption of certain tissues, with gross leakage of soluble cellular compounds 

as the result (Speafh, 1987). 

Desiccation tolerance is exceptionally complex and many parameters (imbibition, 

membrane behaviour, carbohydrate metabolism, vitrification etc.) are involved. Therefore 

it is difficult to classify these mechanisms as to which is the most important for survival 

of almost complete dehydration. Most likely, organisms have developed several pathways 

to attain this goal. 

Scope of this thesis 

Clonal propagation of a selected superior plant genotype through somatic 

embryogenesis has enormous advantages over generative seed propagation. Difficult long 

term breeding schemes can be avoided and the genetic information can easily be fixed. 

However, true seeds also have certain advantages, because they are in a dry quiescent 

phase. They are easy to handle, they can be stored for long periods of time without 

viability loss and they can survive extreme temperatures (Leopold, 1990). Combination of 

these advantageous properties is necessary to further commercialize artificial seeds. In 

order to develop and produce dry artificial seeds, it is essential to have more fundamental 

knowledge about the ongoing processes during embryoid development, maturation, 

dehydration and subsequent imbibition. 

"Induction and characterization of desiccation tolerance in somatic embryoids" was 

the title of this project. This title comprises the two objectives of this study. In the first 

place induction of desiccation tolerance was investigated. We had to develop a method to 

produce desiccation tolerant carrot embryoids, which could be dehydrated to 5% moisture 

content (corresponding to carrot seeds) without the loss of viability. We have chosen to 

work mainly with carrot somatic embryogenesis, because it is utilized generally as a 

model system to study the induction of somatic embryogenesis. Furthermore, with this 

system it is easy to produce large amounts of embryoids (Redenbaugh, 1993). We used 

also embryoids of alfalfa (chapter 4), because the protocol for the induction and 

11 
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development of tolerant embryoids had already been described (Senaratna et al., 1989a, 

1989b). Some parameters concerning desiccation tolerance, such as ABA (Koornneef et 

al., 1989), drying rate (Senaratna et al., 1989a, b) and imbibition (Hoekstra et al., 1989), 

have been mentioned earlier in the literature for other plant species or experimental 

systems. In chapter 2 we have described the development of a method to induce and 

regenerate completely desiccation tolerant carrot embryoids. 

Secondly, we focused on the characterization of desiccation tolerance. The 

elucidation of some of the mechanisms involved in the acquisition of desiccation tolerance 

would assist us to develop dry artificial seeds. Membranes are proposed to be the primary 

target for injury during drying. This was demonstrated with leakage experiments and 

freeze fracture analysis of the plasma membranes (Chapter 3). 

In chapter 4 and 5 we have studied the carbohydrate metabolism of embryoids and 

the involvement of ABA hereupon. The function of the soluble carbohydrates as 

protectants of the phospholipid bilayer, proposed in the water replacement theory (Webb, 

1965), was examined. 

Chapter 6 deals with the effect of ABA on the respiration of carrot embryoids. 

Respiratory metabolism is a major source of free radicals, that may harm the membrane 

physical structure through peroxidation and deesterification of the acyl chains of the 

phospholipids. 

Not only membranes have to be protected in the dry state, but also other cell 

components such as proteins or DNA. In chapter 7 we report on the relation between 

DNA replication and desiccation tolerance of carrot embryoids. 

Another, alternative explanation for the loss of viability in desiccation sensitive 

embryoids is that physical forces during drying and subsequent rehydration cause an 

extensive disruption of certain tissues, with gross leakage of soluble cellular compounds 

as the result (Speath, 1987). Structural analysis of desiccation sensitive versus tolerant 

embryoids might reveal the possible physical background as is described in chapter 8. 

The last chapter (9) of this thesis, the general discussion, combines all the results 

and gives an overview of the obtained knowledge of desiccation tolerance in somatic 

embryoids and puts it in perspective. 

12 
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Chapter 2 

Induction of complete desiccation tolerance in carrot (Daucus carota L.) embryoids ' 

Frans Tetteroo, Folkert Hoekstra, Cees Karssen 

Summary 

Successful induction of complete desiccation tolerance in carrot embryoids 

{Daucus carota L.) depends on at least four different factors: developmental stage, 

abscisic acid (ABA), drying rate and rehydration mode. Embryoids may become 

desiccation tolerant when they have reached the torpedo stage of development. In 

contrast, at the earlier globular and heart stages, the embryoids never germinated after 

any drying treatment. Addition of at least 20 pM ABA after 7 days of culture of pro-

embryogenic masses in 2,4-dichlorophenoxyacetic acid-free B5 medium was necessary to 

induce complete desiccation tolerance. Less ABA resulted in desiccation tolerance of the 

roots only, while higher ABA concentrations retarded developmental growth. Slow drying 

is essential for the acquisition of complete desiccation tolerance. Slowly dried embryoids 

(moisture content 0.05 g H20.g_1 dry weight) germinated for 100%, while rapidly dried 

ones germinated for only 0-30%. Initially viable dry embryoids may suffer injury when 

they are imbibed in water without prehydration in water vapour. Hundred percent 

germination was reached by prehydration of the embryoids in moist air for 4 to 8 hours at 

24°C before imbibition in B5 medium. With the optimized protocol we were able to 

produce desiccation tolerant embryoids of two genotypes having completely different 

genetic backgrounds. 

Also published in Journal of Plant Physiology 145, 349-356 (1995) 
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Introduction 

Since its discovery (Reinert, 1958; Steward et al., 1958), somatic embryogenesis 

in carrot (Daucus carota) has become a well established model system to study the 

fundamental aspects of embryo development. Meanwhile, regeneration of embryoids has 

been described for a large number of species. Redenbaugh et al. (1986) were the first to 

create artificial seeds by encapsulation of embryoids in alginate gel beads. However, the 

still hydrated artificial seeds were difficult to store, because they lacked quiescence, and 

the conversion rate (outgrowth into plantlets) was very low. The recent achievement of 

induction of tolerance to complete desiccation (Senaratna et al., 1989a) may give new 

opportunities to the artificial seed technology. Desiccated embryoids are better suited for 

this, because they possess the quiescent state comparable to dry seeds, and therefore have 

better storage properties. Gray (1989) even stated that dried grape embryoids germinated 

better than fresh ones. 

Desiccation tolerance is defined by us as the ability of embryoids to regrow after 

storage at 25 °C for 2 weeks under low moisture conditions (e.g. 10% H20, comparable 

to dry seeds). 

Production of desiccation tolerant embryoids has been published for the following 

species: alfalfa (McKersie et al., 1989; Senaratna et al., 1989a,b; Anandarajah and 

McKersie, 1990 and 1991), geranium (Marsolais et al., 1991), soybean (Parrott et al., 

1988), spruce (Roberts et al., 1990; Attree et al., 1991), grape (Gray, 1989) and carrot 

(Iida et al., 1992; Lecouteux et al., 1992). In most studies the plant hormone, ABA, was 

used to induce desiccation tolerance. By adding the appropriate amounts of ABA to the 

culture medium at the appropriate stage of development, depending on species and 

genotype, embryoids could be dehydrated to MCs of less than 10% (on a DW basis) with 

retention of some viability. Through the addition of ABA, it was even possible to induce 

desiccation tolerance in callus cultures of carrot (Nitzsche, 1980) and Craterostigma 

plantagineum (Bartels et al., 1990). Endogenous ABA is involved in the acquisition of 

desiccation tolerance in seeds, as demonstrated unequivocally by Koornneef et al. (1989) 
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and Meurs et al. (1992). To establish this relationship, these authors used recombinants of 

ABA-deficient and ABA-insensitive mutants of Arabidopsis thaliana. 

Not only exogenously supplied ABA, but also several stress treatments can induce 

the capacity to survive dehydration in embryoids (Anandarajah and McKersie, 1990, 

1991). However, stress treatments such as heat or osmotic shock may raise the 

endogenous ABA levels (Skriver and Mundy, 1990) and thus induce desiccation tolerance. 

The capacity of the embryoids to survive dehydration is also dependent on the 

drying method. Only Senaratna et al. (1989b) gave a well defined description of the 

drying method, including drying rates and final MC in alfalfa embryoids. They 

demonstrated that slow drying over 6 days enhanced germination and vigour as compared 

with rapid drying. 

Hoekstra et al. (1989) showed that regrowth of initially viable, dry organisms is 

impaired because of imbibitional damage. This kind of injury is ascribed to leakage of 

soluble cell components due to a phase change in the membranes from gel phase to liquid 

crystalline phase during imbibition (Crowe et al., 1989). The leakage and poor regrowth 

do not occur when the dry organisms are prehydrated in moist air prior to imbibition. 

This treatment melts gel phase phospholipids, and thus, a phase change during imbibition 

is circumvented. 

In all the previous studies on induction of desiccation tolerance in embryoids the 

plant recovery rates were always less than 100%. Poor embryoid quality, caused by 

suboptimal protocols or asynchronic embryoid development could be the reason for the 

low recoveries. More fundamental knowledge is required to advance in artificial seed 

technology. 

In this paper we describe the development of a protocol to produce fully 

desiccation-tolerant embryoids of carrot. The specific roles of ABA, sucrose, the drying 

rate and prehydration treatment in the tolerance to desiccation are dealt with. 

Material and Methods 

Plant material 
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Two Daucus carota L. genotypes were used with entirely different genetic 

backgrounds. One is a commercial variety cv. "Trophy" and the other a breeding line 

"RS 1". Seeds and cell suspension cultures of cv. "Trophy" were kindly provided by Dr. 

S. de Vries of the Department of Molecular Biology, Wageningen Agricultural 

University. Seeds of "RS 1" were obtained from Royal Sluis, Enkhuizen, The 

Netherlands. 

Media preparation and culture conditions 

All culture media were based on the Gamborg's B5 basal composition (Gamborg et 

al., 1968). Before autoclaving the pH was adjusted to 5.8. The media were sterilized for 

20 min at 121 °C. However, ABA dissolved in 0.2 % NaHC03 as stock solution, was 

filter-sterilized (0.2 /mi pore size disposable filter) before addition to the cooled medium. 

The cultures were grown in a climate chamber with a 16 h.d"1 photoperiod and a 

continuous temperature of 25 °C. 

Suspension culture 

After surface sterilization with 2 % NaOCl, the seeds were germinated on solid B5 

medium (8 g.l1 agar). Sterile hypocotyl explants of 10-day-old seedlings were used to 

produce friable callus on solid B5 medium supplemented with 2.3 /*M 2,4-D and 20 g.l"1 

sucrose (later referred to as 2,4-D-B5). Cell suspension cultures were started with 1 g 

callus per 50 ml 2,4-D-B5 medium in 250 ml Erlenmeyer flasks on a rotary shaker at 100 

rpm. The suspensions were maintained by subculturing 2 ml PCV (packed cell volume) in 

50 ml fresh medium, every 14 days. Seven days after refreshing, the cell suspensions 

were used to regenerate embryoids. 

Embryoid production 

Regeneration of embryoids occurred after transfer of the PEMs to 2,4-D-free B5 

medium with 20 g.l"1 sucrose (0B5) at low density (approximately 30,000 cells.ml1) (De 

Vries et al., 1988). In order to synchronize the embryoid development only the PEM 

fraction of the cell suspension with the size between 50 jjm - 125 îm diameter was used. 
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This fraction was collected with the aid of nylon sieves. When the PEMs had grown for 7 

days on 0B5, the medium was refreshed to prevent exhaustion of the nutrients and to 

eliminate single cells that did not develop into embryoids. Also in this stage of 

development different amounts of ABA and sucrose were supplemented to the suspension. 

The refreshing of the ABA-containing medium was repeated after another 7 days. The 

embryoids (torpedo stage) were harvested on a 500 pm nylon sieve after a culture period 

of 18 to 20 days. 

Desiccation and germination 

Prior to dehydration the embryoids were thoroughly rinsed with 0B5 medium in a 

Buchner-funnel with applied vacuum. Approximately 1 g of the freshly harvested 

embryoids was transferred to a sterile plastic Petri dish (9 cm) by forceps. The embryoids 

were equally spread out over the surface of the Petri dish. The Petri dishes were closed 

and placed in hygrostats (Weges, 1987). Drying rates were varied by exposure to 

different RHs inside the hygrostat at 25°C, generated by different saturated salt solutions 

(RH between brackets): Na2C03 (90 %), NaCl (73 %), Ca(N03)2 (50 %), CaCl2 (30 %) 

and LiCl (13 %). Embryoids remained in the hygrostat until their MC was in equilibrium 

with the RH as measured by their weight loss. Rapid drying was obtained by placing the 

Petri dishes without cover in an air flow cabinet. Dry weights of the embryoids were 

determined after freeze-drying for 24 h. The MC was calculated as g H20.g"' DW. 

Desiccation tolerance of the dry embryoids was evaluated by counting the number 

of germinated specimens. Approximately 100 dry embryoids were placed on filter paper 

in a sterile plastic Petri dish (6 cm). Prior to imbibition, the embryoids inside the closed 

Petri dish were prehumidified in moisture-saturated air for 4 hours to prevent possible 

imbibitional damage (Hoekstra et al., 1989). Following this treatment, 1 ml 0B5 medium 

was provided to the embryoids. The Petri dish was sealed with Parafilm and placed in an 

incubator with a 16 h.d1 photoperiod at 25 °C. Embryoids were recorded as desiccation 

tolerant when they showed clear root growth within 10 days. 
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Results 

Mode of dehydration 

In an attempt to regulate the drying rate in a repeatable manner, mature embryoids 

were dried at different constant RHs (Table 1). Embryoids dried rapidly in an air flow of 

20-30% RH were not able to germinate, whereas those dehydrated slowly over a saturated 

Na2C03 solution turned brown and died before they reached their equilibrium MC. 

Maximal survival (49% germination) was achieved when the embryoids were dried above 

a saturated CaCl2 solution. Drying over the different saturated salt solutions not only 

varied in rate, but also the final MCs differed. 

Table 1: Effect of the drying method on desiccation tolerance of Daucus carota embryoids 
(genotype "Trophy"). Before desiccation the torpedo-shaped embryoids were cultured for 
12 days on B5 medium containing 3.8 fiM. ABA and 20 g.l"1 sucrose. Prior to imbibition in 
0B5 medium the embryoids were prehydrated in water-saturated atmosphere for 4 hours. 
The number of embryoids tested ranged from 91 to 210. Different letters represent a 
significant difference at P<0.05 (Fishers Exact Probability Test). 

Drying Method (RH) 

sterile air flow (20-30%) 

saturated LiCl (13%) 

saturated CaCl2 (30%) 

saturated Ca(N03)2 (50%) 

saturated NaCl (73%) 

saturated Na2C03 (90%) 

combination of 73, 50 and 30 % RH 
(3 days each) 

Approx. 
Drying 
Time" 

h 

5 

20 

30 

96 

144 

336 

168 

Moisture 
Content 

g H20.g-' DW 

0.04 

0.02 

0.05 

0.11 

0.21 

4.20 

0.05 

Embryoid 
Germination 

% 

0 a 

40 c 

49 c 

18 b 

0 a 

0 a 

76 d 

"time to reach moisture equilibrium. 

To optimize the results we exposed the embryoids to a descending range of RHs, 

each of which lasted for 3 days. This was based on the method of Senaratna et al. (1989a) 

with slight modifications. Due to a suboptimal ABA concentration (3.8 /xM) during the 
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maturation phase (Table 1), germination could only be increased with this method to 

maximally 76%. To establish the rate of drying with this descending RH treatment, the 

MCs of embryoids grown under the optimal maturation conditions of 37.9 jM ABA and 

60 g.l"1 sucrose were measured. Most water was lost in the first 4 days, and after some 

additional days the equilibrium MC of 0.05 g H20.g' DW was reached (Fig. 1). To 

determine as to how far desiccation tolerance had progressed during this slow drying, 

embryoids were quickly dehydrated to a MC of 0.05 g H20.g"' DW, at intervals. 

Germination of the rehydrated embryoids increased to 100% after a previous slow drying 

for 4 days (Fig. 1). 

Trophy 

Germination 

Moisture Content 

100 

80 

60 

40 

20 

0 

Durat ion of Slow Drying (days) 

Figure 1: Effect of slow drying on germination of dry Daucus carota embryoids (genotype 
"Trophy"). The embryoids were cultured for 1 week on 0B5 medium followed by 4 days 
on maturation medium with 37.9 fiM ABA and 60 g.l"1 sucrose. At intervals during slow 
drying (3 days at 75%, 50% and 30% RH, given successively), the embryoids were 
rapidly dried in a sterile air flow for 4 hours to 0.05 g H20.g"' DW. Before imbibition in 
0B5 medium, the embryoids were prehydrated in moist air for 4 hours. The MC data are 
the means + SD of 4 replicates, the germination data are the means + SD of duplicate 
measurements. 

Imbibition and germination 

To prevent imbibitional damage caused by too rapid a water uptake, embryoids 

were pretreated in a water vapour-saturated atmosphere for different lengths of time. 

Figure 2 shows that germination improved with increasing prehydration time up to 8 

hours, after which germination decreased. As the embryoids lack endosperm, they may 

need additional nutrition for proper regrowth. Table 2 shows the germination data of 
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embryoids imbibed in B5 medium or water. Without the nutrition the embryoids 

germinated very poorly (4-5%), while with B5 medium the regrowth was optimal (98%). 

Potassium leakage measurements revealed that embryoids imbibed in water after a 4 h 

prehydration treatment leaked at a considerably higher rate than those imbibed in B5 

medium (data not shown). 

100 

Prehydration Time (h) 

Figure 2: Influence of duration of moist air pretreatment on the germination of Daucus 
carota embryoids (genotype "Trophy"). The embryoids were cultured for 1 week on 0B5 

medium followed by 4 days on maturation medium with 37.9 jiM ABA and 60 g.l"1 

sucrose. The embryoids were slowly dried for 3 days at 75%, 50% and 30% RH each, to 
a MC of 0.05 g H20.g"' DW. The germination data are the means + SD of duplicate 
measurements. 

Table 2: Influence of nutrition and prehydration on desiccation tolerance of slowly dried 
Daucus carota embryoids (genotype "RS 1"). Following 1 week induction on 0B5 medium, 
the embryoids were cultured for 12 days on maturation medium, containing 3.8 or 37.9 
liM ABA. The embryoids were dried for 3 days at 75%, 50% and 30% RH each, to a MC 
of 0.05 g H20.g"' DW. Final germination figures were determined 14 days after 
imbibition. The number of embryoids tested ranged from 82 to 121. Statistical analysis is 
within rows. Different letters represent a significant difference at P<0.05 (Fishers Exact 
Probability Test). 

ABA 
/xM 

3.8 

37.9 

in water 

with 
prehydration 

5 a 

4 a 

Embryoid Germination, % 

without 
prehydration 

4 a 

52 b 

in B5 medium 

with 
prehydration 

34 b 

98 c 
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Embryoid maturation 

Osmotic stress and ABA are the main parameters that play a role in embryoid 

maturation. Therefore, concentrations of sucrose and ABA in the maturation medium 

were varied. ABA was supplemented to the medium 1 week after the start of the 

embryoid development. Earlier addition of ABA hindered embryoid development, 

whereas too late an addition did not prevent precocious germination (data not shown). 

The concentration of added ABA had a clear effect on desiccation tolerance. Germination 

reached its maximum between 19 and 37.9 iM. of added ABA (Fig. 3). At higher ABA 

concentrations desiccation tolerance was still high, but the yield of torpedo-shaped 

embryoids decreased due to an impediment of development at earlier stages. At lower 

ABA concentrations desiccation tolerance was less. Only the roots elongated under such 

conditions, while the hypocotyls and cotyledons turned brown. 

ABA Concentration (MM) 

Figure 3: Effect of ABA concentration on the desiccation tolerance of Daucus carota 
embryoids (genotype "RS 1") after 20 days in culture. ABA was added on the 7lh day of 
the culture. The embryoids were successively dried for 3 days at 75%, 50% and 30% RH, 
to a MC of 0.05 g H20.g"' DW. Before imbibition in 0B5 medium, the embryoids were 
prehydrated in moist air for 4 hours. The germination data are the means ± SD of 2 or 4 
replicates. 

Embryoids grown without ABA had a much lower percentage of DW than with 

ABA addition, because the latter embryoids were already germinating and had elongated 

roots and hypocotyls (results not shown). Elevated ABA concentrations hardly further 

increased the percentage of dry matter. The sucrose concentration had no effect on 

desiccation tolerance at the optimal ABA concentration of 37.9 fxM, particularly not in 
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genotype "Trophy" (Table 3). But at 3.8 piM ABA high sucrose concentrations (osmotic 

stress) had a positive effect on the germination capacity. Elevated sucrose levels increased 

the percentage of dry matter of the embryoids (Fig. 4). However, the higher sucrose 

concentrations impeded embryoid development similarly as the elevated ABA 

concentrations, and the number of embryoids was reduced. The optimal sucrose 

concentration of the maturation medium for embryoid yield and regrowth performance 

was 60 g.l1 for "Trophy" and 20 g.l1 for "RS 1" (data not shown). 

Table 3: Effect of ABA and sucrose concentration of B5 maturation medium on desiccation 
tolerance of Daucus carota (genotypes "Trophy" and "RS 1") embryoids. Drying treatment 
was similar as for Table 2. The embryoids were prehydrated for 4 hours in moist air, 
before imbibition in 0B5 medium. The number of embryoids tested ranged from 41 to 93 
for "RSI" and from 186 to 492 for "Trophy". 

Sucrose 

(g.l"1) 

20 

40 

60 

80 

100 

120 

3.8 

Trophy 

81 

94 

90 

89 

100 

92 

pM ABA 

Embryoid 

RS 1 

34 

92 

100 

100 

95 

85 

Germination , % 

37.9 

Trophy 

100 

100 

100 

100 

100 

100 

^M ABA 

RS 1 

98 

100 

100 

100 

-
73 

Embryoid development 

Through subculturing at low density in 2,4-D-free B5 medium, PEMs develop into 

the subsequent embryogenic stages: globular, heart and torpedo shape. The transition 

from undifferentiated to differentiated growth is characterized by a decrease of MC (Fig. 

5). The "RS 1" embryoids reached the torpedo stage after 10 days. The torpedo-shaped 

embryoids have a MC of approximately 6 g H20.g' DW. Without ABA the embryoids 

then started to germinate precociously, which caused an increase in MC. When ABA 

(37.9 JXM) was added, the torpedo embryoids continued their development, while their 
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Figure 4: Effect of sucrose concentration on the percentage dry matter of Daucus carota 
embryoids after 20 days in culture. The embryoids were cultured on 0B5 medium. On day 
7 the embryoids were transferred to media containing different sucrose concentration and 
either 3.8 (-O-) or 37.9 /*M ABA ( - • - ) . The data are the means + SD of triplicate 
measurements. 

MC dropped to 3 to 4 g H20.g' DW. The decrease of the MC of the ABA-treated 

embryoids after 20 days is due to the drying treatment over the saturated salt solutions. 

As a comparison the MCs of carrot seeds during their development (data of Gray and 

Steckel, 1982) are also shown in Fig. 5. 
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Figure 5: Changes in MC during development of Daucus carota embryoids (genotype "RS 
1"), with or without ABA, and of seeds of the same species. ABA (37.9 /tM) was added 
on the 7th day of the culture. After 20 days the embryoids, treated with ABA, were slowly 
dried above saturated salt solutions as described in Fig. 2. The seed MC data are redrawn 
from Gray and Steckel (1982). 
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Exposure of torpedo embryoids for 3 days to ABA was sufficient to induce 

desiccation tolerance for genotypes "RS 1" and "Trophy" (Fig. 6). The germination 

percentage increased within this period for both genotypes to 100%. Globular- and heart-

shaped embryoids, never showed regrowth. Without ABA maximally 20 % of the "RS 1" 

embryoids and 45 % of the "Trophy" embryoids germinated after a slow dehydration to a 

MC of 0.05 g H20.g' DW. Exogenous ABA seems not to be the only factor, but it 

enhances the desiccation tolerance significantly. When the "Trophy" embryoids were 

cultured for more then 11 days on ABA containing media the capacity to survive 

dehydration decreased, probably because they were producing secondary embryoids on 

their axes. 

Discussion 

During production of desiccation tolerant carrot embryoids we distinguish 4 

subsequent phases; embryoid development, maturation, dehydration and germination. It is 

demonstrated in the present paper that 100% germination of rehydrated embryoids can 

only be reached when the importance of these 4 phases is recognized. Iida et al. (1992) 

reached 75% germination because they only optimized the maturation phase by varying 

the ABA treatment. Lecouteux et al. (1992) also claimed complete desiccation tolerance 

in carrot embryoids, with retention of viability for up to 8 months at 4°C. However, their 

embryoids still had a MC of 0.35 g H20.g' DW (25% MC on a FW basis) during the 

quiescent phase, which is far more than the usual MC of seeds in storage (e.g. dry carrot 

seeds, 10 %). According to our definition, these embryoids can not be called desiccation 

tolerant. The embryoids might have been able to survive the storage period of 8 months, 

because of partial dehydration at low temperature, under conditions of which metabolism 

is much reduced. 

Desiccation tolerance of embryoids has been reported also for other plant species, 

but the methods described so far fail to attain 100 % regrowth of the dried specimen 

(Parrott et al., 1988; McKersie et al., 1989; Senaratna et al., 1989a,b; Anandarajah and 
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