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VOORWOORD 

Als van een onderzoek gezegd kan worden dat net geen eenmanszaak is, dan 

geldt dat zeker voor datgene waarvan de resultaten in dit proefschrift be-

schreven zijn. Een groot aantal personen wil ik dan ook voor nun bijdrage be-

danken. In de eerste plaats mijn promotor, Prof. J.H. van der Veen. Zijn idee, 

dat niet-kiemende mutanten groeistofmutanten zouden kunnen zijn was de basis 

van net onderzoek. Ook de door Prof, van der Veen in de loop der jaren opge-

bouwde collectie mutanten (waaronder reeds 2 niet-kiemende GA mutanten) en 

trisomen en zijn grote ervaring op net gebied van mutatie-onderzoek zijn van 

essentieel belang geweest bij de start van het onderzoek. Bijzonder dankbaar 

ben ik voor zijn stimulerende interesse en vele suggesties gedurende het ge-

hele onderzoek. Ook zijn hulp bij het leesbaar maken van de verschillende 

artikelen is onmisbaar geweest. 

De vakgroepen Plantenfysiologie en Plantenfysiologisch Onderzoek ben ik 

zeer erkentelijk voor de medewerking die zij hebben verleend zowel bij het 

beschikbaar stellen van accomodatie als bij het meewerken aan- en meedenken 

over de experimenten. Dit ondanks enkele voor fysiologen onaangename eigen-

schappen van het proefplantje. Dr. C.J.P. Spruit, die mij heeft ingewijd in 

enige geheimen van de fotomorfogenese heeft met zijn organisatorische en we-

tenschappelijke kwaliteiten een essentiele bijdrage geleverd aan het karakte-

riseren van de lichtre'ceptormutanten. Van groot belang is ook geweest de 

samenwerking met Dr.C.M.Karssen in het bijzonder met betrekkinq tot de 

ABA mutant. Deze samenwerking, begonnen als burenhulp, maar intensief voort-
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STELLINGEN 

1. Het ongewijzigde verloop van de zaadkieming b i j g ibberel l ine-def ic iente mu-

tanten van gerst en mais en b i j gibberell ine-ongevoelige mutanten van gerst 

en tarwe, w i j s t op een n ie t wezenlijke rol van gibberel l inen b i j de kieming 

van deze soorten. 

2. De fysiologische betekenis van het transport van gibberel l inen en abscisine-

zuur i s tameli jk gering. 

3. Alleen het door het embryo-genotype bepaalde abscisine-zuur induceert kiem-

rust in zaden van Arabidopsis thal-Lana. 

Dit proefschrift. 

4. Naast fytochroom spelen ook andere fotoreceptoren een rol b i j de door l i c h t 

gereguleerde renning van de hypocotylgroei in Arabidopsis thaliana. 

Dit p roefschr i f t . 

5. Hormoon-deficiente mutanten kunnen n ie t geisoleerd worden door te selecteren 

op to lerant ie voor concentraties van het betrokken hormoon die b i j het w i l d -

type remmend werken. 

D i t p roefschr i f t . 

6. Plantenhormoonmutanten verdienen meer aandacht in de plantencelgenetica, ge-

zien de essentiele rol van deze stoffen b i j de ce l d i f f e ren t i a t i e . 

7. Het biochemisch en fysiologisch vergel i jken van rassen, die naast het te 

bestuderen gen-contrast ook andere genotypische verschi l len vertonen.draagt 

r i s i co ' s met zich mee. 

8. De l i nea i re r e la t i e tussen de mutatiefrequentie per locus en de hoeveelheid 

DNA per genoom van een organisme, zoals deze door sonmige auteurs is afge-

l e i d u i t l i teratuurgegevens, l i j k t meer gebaseerd op "wishful th ink ing" 

dan op een theoretisch goed onderbouwd l i teratuuronderzoek. 

Abrahamson et a l . , Nature 245: 460-462 (1973) 

Heddle and Anthanasion, Nature 258: 359-361 (1975. 
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9. Het model van Reeves et a l . om telotrisome u i tsp l i ts ingen te beschrijven 

houdt onvoldoende rekening met het verloop van de meiose b i j telotr isomen. 

Reeves et a l . , Can.J.Genet.Cytol. 10: 937-940 (1968). 

lO.Zaadkiemingsloci z i j n b i j veel planten geschikter voor het uitvoeren van 

genetische f i jnstruktuur-analyses dan loci voor pollenkenmerken. 

Di t p roefschr i f t . 

ll.Eem'nk en Garretsen waarschuwen er terecht voor dat een gefascieerde b loe i -

stengel b i j sla ongewenst is vanwege het negatieve e f fect op de zaadproduktie. 

Fasciatie is echter ook een gunstige eigenschap, omdat hierdoor te snel 

schieten onder lange dag-omstandigheden kan worden voorkomen. 

Eenink en Garretsen, Euphytica 29: 653-660 (1980). 

12.De negatieve karaktertrekken, die Verbraeck t oesch r i j f t aan de bewoners van 

het Westland omstreeks 1930, worden door hem ten onrechte streekgebonden 

genoemd. 

A.A.A. Verbraeck, Het Westland, Dissertat ie Amsterdam, 1933. 

Proefschr i f t van M. Koornneef 

The genetics of some planthormones and photoreceptors 

in Avdbidopsis thaliana (L.) Heynh. 

Wageningen, 5 november 1982. 



gezet omdat Karssen de mogelijkheden van dit soort mutanten voor zaad-

fysiologisch onderzoek duidelijk onderkende, heeft geleid tot een zinvolle 

integratie van de plantenfysiologie en de erfelijkheidsleer. Met Kees Karssen 

bedank ik ook Rob van Beek voor het uitvoeren van de vele ABA bepalin-

gen. 

Dr. G.W.M. Barendse uit Nijmegen ben ik zeer erkentelijk voor zijn onderzoek 

naar de biochemische achtergrond van de ga mutaties. Zeer waardevol heb ik ook 

altijd de contacten gevonden met de Arabidopsisgroep in Groningen onder leiding 

van Prof. W.J. Feenstra. Behalve dat deze geleid hebben tot een gezamenlijke 

publicatie, heb ik ook nun benadering van de biochemische genetica van hogere 

planter) (in het bijzonder van ons gemeenschappelijke object Arabidopsis) als 

zeer inspirerend ervaren. 

Het lijkt misschien alsof alleen buiten de vakgroep hulpvaardige personen 

aanwezig waren. Niets is minder waar, want dankzij de bekwame assistentie van 

Margie Conquet, Sandra de Jongh, Corrie Hanhart en Jannie van Eden was het mo-

gelijk de miljoenen zaden uit te zaaien (vaak zaad voor zaad.soms met duizen-

den tegelijk) en de honderdduizenden planten op te kweken en te beoordelen. 

Daarbij komen nog de talloze diverse proeven en proefjes die zij met veel 

inzet en nauwkeurigheid hebben uitgevoerd. De goede sfeer en samenwerking 

binnen ons Arabidopsisgroepje, waarbij ik ook de stagiaires en doctoraalstu-

denten reken, is voor het belangrijkste deel aan hen te danken. 

Ook aan de plezierige medewerking van de heren G. van IJmeren, J. Beekman, 

A. Arends, W.H. van Blijderveen en B. Weijman, die het "onkruid" in de kassen 

verzorgd hebben, denk ik met veel genoegen terug. 

Dat Lidwine Dellaert de eerste 3| jaar tegelijk met mij op de vakgroep aan 

Arabidopsis werkte, was een waardevolle ervaring. Van haar heb ik geleerd dat 

je mutatieproefjes niet al te kinderachtig moet aanpakken. Piet Stam wil ik 



hartelijk bedanken voor zijn altijd aanwezige bereidheid mij voor te lichten 

en te helpen met de wiskundige problemen in het onderzoek. Sans tijdens de 

koffie met wat formules op een papiertje, maar vaak ook door het schrijven 

van gecompliceerde computerprogramma's, wanneer het rekenen al te lastig werd. 

Een andere belangrijke groep die ik niet gauw zal vergeten is het "losse 

volk", de STOVA stagiaires Hans Denissen, Olga Clei, Frieda van Dreven, Linda Put-

man, Kees van de Ka en Patty van Loenen Martinet en last but not least de 31 

studenten (echt te veel om allemaal te noemen) die 3 en soms 6 maanden lang 

hebben meegewerkt aan het onderzoek als onderdeel van hun doctoraalstudie. 

Een groot deel van hun werk is terug te vinden in de hoofdstukken 6 en 7. 

Het begeleiden van deze bijna altijd enthousiaste studenten is een zeer ple-

zierig deel van mijn onderwijstaak geweest. 

Het vele typewerk voor dit proefschrift is voor een belangrijk deel uitge-

voerd door Trees Makkes, maar ook de bijdragen in dit verband van Henriet 

Boelema en Marjon van Hunnik mogen niet onvermeld blijven. Dhr. Haasdijk van 

plantenfysiologie, Jan Maassen en Jannie van Eden hebben het merendeel van de 

tekeningen verzorgd, terwijl Hans de Vries en dhr. K. Knoop de fotografie voor 

hun rekening namen. Jan Maassen, Theo van Lent en dhr. K. Knoop hielden de 

technische outillage op peil en breidden die soms uit. Voor al deze "tech-

nische" hulp in de ruime zin van het woord, mijn hartelijke dank. De overige 

leden van de vakgroep wil ik bedanken voor de goede sfeer en voor datgene wat 

ik van hen geleerd heb over andere aspecten van het zeer brede gebied van de 

genetica. 
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GENERAL INTRODUCTION 

Growth and differentiation of plants are determined by numerous interactions 

between environmental factors (light, temperature, supply of minerals etc.) 

and the genetically conditioned ontogenic development. 

Different groups of regulatory substances are involved in growth and differ­

entiation, such as: 1) the planthormones: auxins, cytokinins, gibberellins, 

abscisic acid and ethylene and 2) photoreceptors like phytochrome. 

The role of individual planthormones and photoreceptors has been analysed 

mainly in correlative studies, in which it was attempted to associate changes 

in the levels and/or in the response of a particular substance with morpho-

genetic or biochemical changes. It is obvious, however, that such correlations 

do not prove that hormones are causally involved in the observed response. 

Therefore, genotypes in which the level of a single regulating compound is dras­

tically changed not only provide information about its genetic determination 

but also add an important tool to physiological studies. More specifically, 

with well defined single gene contrasts it is clear that the observed physiolo­

gical and biochemical differences are causally related. This genetic approach 

ideally requires the use of spontaneous or induced monogenic mutants in iso­

genic lines, i.e. in the absence of obscuring effects of other gene contrasts, 

known or unknown. For this reason comparisons between cultivated varieties are 

of limited use for fundamental physiological research; moreover, well pro­

nounced differences are not expected among cultivars, for types with drastic 

changes in the level of an essential substance are usually not maintained, 

12 



because of expected adverse effects on yield etc. 

In plants several genes affecting biochemically more or less well defined 

compounds and processes have been described, e.g. genes for storage proteins 

(Nelson, 1973), secondary plant metabolites like anthocyanins and epicuticular 

wax (Wettstein-Knowles, 1979), photosynthesis and photorespiration (Vose,1981; 

Somerville and Ogren, 1982), mineral uptake (Vose, 1981) and a limited number 

of amino-acid and vitamin auxotrophs (Gebhardt and King, 1981). 

Identified genes controlling hormone metabolism or action have been de­

scribed before in literature. Some of the relevant mutants were found in exis­

ting general mutant collections. Examples are the gibberellin (GA) responsive 

dwarfs in maize (Phinney, 1960) and some other species (Pelton, 1964); the 

abscisic acid (ABA) deficient mutants (Tal and Nevo, 1973) and an ethylene re­

sponsive mutant (Zobel, 1973) in tomato, and the photosystem I mutants found 

among the chlorophyll mutants of barley (HiHer et al, 1980). However, many 

interesting mutants may have escaped detection, because they are (conditional­

ly) lethal or because of the inconspicuous change in appearance when a parti­

cular blocked metabolic pathway is bypassed. 

A fruitful method aimed at collecting specific classes of mutants is the 

induction of mutations followed by the appropriate detection and selection pro­

cedures. Such direct procedures to isolate physiological mutants in plants 

have been used in studies on nitrate metabolism (Braaksma, 1982), photorespi­

ration (Somerville and Ogren, 1982) both with Ardbidopsis, hormone sensitivity 

of barley aleurone layers (Ho et al., 1980), and the selection of auxin re­

sistant mutants, again in Ardb-Ldopsis (Maher and Martindale, 1980). These 

mutants were selected at the seed and plant level. Recently auxin and abscisic 

acid tolerant lines were isolated in cell cultures (see von Siegemund, 1981). 

The design of these detection and selection procedures requires an under-

13 



standing of the physiological process under study and a plant system suitable 

for both genetical and physiological experimentation. It often involves the 

growth of large numbers of plants under strictly controlled conditions of 

growth medium or even the composition of the atmosphere (Somerville and Ogren, 

1982). In general large scale testing is only feasable with small plants or 

with seedlings or seeds, though their small bulk can be a disadvantage for 

physiological and biochemical analysis. Also efficient mutagenic procedures 

should be available to keep the number of plants to be screened within opera­

tional limits. The small fast growing diploid crucifer Arabidopsis thaliana 

(L.) Heynh. fullfills many of the prerequisites for efficient mutant selection 

and mutant characterization (Redei, 1975), for it has a very short life cycle 

(less than two months), takes little space and still produces thousands of 

small seeds per plant. Moreover it is a selffertilizer, which facilitates mu­

tant detection and the isolation of genetically homozygous lines, its chromo­

some number is low (2n = 10), the plants can be grown aseptically and callus 

and cell suspension cultures are possible (Negrutiu et al., 1978). So far a 

disadvantage compared to e.g. barley, maize, pea and tomato was formed by its 

rather fragmentary genetic map. 

The present thesis describes the isolation and characterization of genes 

regulating the metabolism and action of plant hormones and photoreceptors in 

Arabidopsis thaliana (L.) Heynh. 

The first 4 chapters present the isolation procedures and the genetical and 

physiological characterization of gibberellin responsive mutants (chapter 1 ) , 

abscisic acid deficient mutants (chapters 2 and 3) and photoreceptor mutants 

(chapter 4). The use of such mutants for plant physiological research is de­

monstrated especially in chapters 3 and 4. 

The last 4 chapters give a more detailed genetic description of the mutants. 

14 



In chapter 5 the mutation frequencies per locus are calculated for d i f fe rent 

mutagens. To locate the genes on the Arabidopsis genome, the d i f fe rent linkage 

groups were f i r s t assigned to the 5 chromosomes (chapter 6) and subsequently 

a detailed linkage map was constructed comprising 76 loci (chapter 7 ) . F ina l ­

ly one locus (ga-l) gave the opportunity to analyse i t s genetic f ine s t ructure, 

which led to the f i r s t i n te rna l ly consistent l inear map for a higher plant 

gene (chapter 8). 
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CHAPTER 1 
1MIORETICAL 
AND 
APPLIED GENETICR 

© by Springer-Verlag 1980 

Induction and Analysis of Gibberellin Sensitive Mutants 
in Arabidopsis thaliana (L.) Heynh. 
M. Koomneef and J.H. van der Veen 
Department of Genetics, Agricultural University, Wageningen (The Netherlands) 

Summary. In Arabidopsis thaliana 37 independent irradia­
tion or EMS induced mutants were isolated which have an 
absolute or almost absolute gibberellin (GA) requirement 
for germination and successive elongation growth. These 
are called 'non-germinating GA-dwarfs', since without fur­
ther addition of GA they develop into typical GA-dwarfs, 
being dark green, stunted and sterile. However, with re­
peated GA-treatment they develop into fertile plants with 
a completely wild type phenotype, or nearly so. In addi­
tion, 19 independently induced 'germinating GA-dwarfs' 
were obtained, i.e. mutants which do germinate without 
GA but develop into typical GA-dwarfs. With repeated 
GA-treatment these too grow to become completely wild 
type phenotypes, or nearly so. 'Germinating dwarfs' have 
been found by previous authors in a number of other 
plant species. The 'non-germinating dwarfs' form a new 
class of mutants. The system of non-germinating mutants 
offers a resolving power unique in higher plants, so that 
self-detecting rare events like induced revertants or intra­
genic recombinants can be efficiently screened for. 

The 56 GA-sensitive mutants represent mutations at 5 
loci, located on three of five Arabidopsis chromosomes. 
At three of the five loci both mutant classes were repre­
sented in similar frequency ratio's, whilst at the other two 
loci only germinating dwarfs were found. 

Key words: Arabidopsis thaliana - Gibberellin - Gibberel­
lin sensitive mutants - Dwarf mutants — Non-germinating 
mutants — Gene localization 

Abbreviations 

GA gibberellin 
EMS ethylmethanesulfonate 
NG non-germinating 
G germinating 

Introduction 

Since plant hormones play an important role in the regu­
lation of plant life, the isolation of plant hormone defi­
cient mutants is of interest for both plant genetics and 
plant physiology. 

Mutants with a reduced level of abscisic acid (ABA) 
were found in tomato (the flacca mutant; Tal and Nevo 
1973) and in Arabidopsis (Koomneef et al. 1980). In cer­
tain apple-dwarfs the IAA (indol-acetic acid) levels were 
found to be reduced (Jindall et al. 1974). The gibberellin 
(GA) sensitive dwarf mutants, isolated in several plant 
species (for review see Pelton 1964) form the largest and 
best known group of plant hormone deficient mutants. In 
this group the GA sensitive mutants in maize (Phinney 
1960; 5 different loci) and in rice (Murakami 1970; 2 loci) 
have been characterized into some detail. 

These mutant genes very probably regulate the synthe­
sis of endogenous GA's, as could be concluded from the 
pronounced response to exogenous GA's, the absence or 
changed composition of endogenous GA's (Phinney 1960; 
Murakami 1970; Suge 1978), a response to specific pre­
cursors and to different GA's depending on the locus 
mutated (Katsumi et al. 1964; Murakami 1970), and in 
one case from feeding experiments with labelled precur­
sors (Hedden and Phinney 1976). 

Upon mutagenic treatment, M2 lines segregating non-
germinating, but otherwise well-developed seeds, are not 
uncommon in Arabidopsis. Far more frequent of course 
are non-germinating shrunken underdeveloped seeds 
which are classified as embryonic lethals (Miiller 1963). 
Since endogenous growth regulators play an important 
role in the control of seed germination (Mayer and Shain 
1974), it occurred to us, that at least some of the well 
developed non-germinating seed mutants might represent 
mutations in genes regulating plant hormone synthesis or 
function, e.g. GA synthesis. Therefore, we systematically 
started screening M2 lines for GA responsive non-germi-
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nators. This entirely new class of GA sensitive mutants we 
call 'non-germinating GA dwarfs', since without further 
GA treatment (after germination induction) they were 
found to develop into typical GA dwarfs. The same mate­
rial was also screened for GA sensitive mutants among 
dwarfs, which grew from germinating seeds, in order to 
find 'germinating GA dwarfs', in analogy to the dwarfs in 
other species. For preliminary reports see Koornneef et al. 
1977; Koornneef 1978. The mutation frequencies of the 
mutants described are given into detail by Koornneef and 
Dellaert 1981. The gene symbol ga is proposed for all GA 
sensitive mutants in Arabidopsis (Koornneef 1978). These 
have not been described before in this species. We do not 
place the ca mutant (Bose 1971,1974) and the le mutant 
(Napp-Zinn and Bonzi 1970) into this class asaz reacts to 
a high concentration of GA3 by a length increase from 2 
cm to only 5 cm (Bose 1974). The reaction of le is also 
weak as stalks never get more than a few cm of length at 
high concentrations of GA. This differs greatly from the 
wild type length which is over 20 cm (Napp-Zinn pers. 
comm.). Our criterium is that only those mutants which 
by (repeated) GA treatment can be made to develop 
completely into wild type phenotype, or nearly so, should 
be called GA sensitive mutants. 

Material and Methods 

Plant Material and Conditions of Culture 

Arabidopsis thaliana (L.) Heynh. (2n = 10) is a small fast growing, 
self fertilizing crucifer. Seed stocks used in the experiments were 
derived from the pure line 'Landsberg-erecfa* (Redei 1962). The 
seeds were sown in 9 cm petri dishes (25, 30 or 36 per dish), 
equally spaced on perlite saturated with a standard mineral solu­
tion, the composition of which was as described by Oostindier-
Braaksma and Feenstra (1973). To break seed dormancy the dishes 
were kept at 2-4°C for 4-6 days. Germination was at ± 24°C under 
continuous illumination by fluorescent light tubes (Philips TL 57) 
at roughly 8 W m - 2 . After 8 days the seedlings were transplanted 
into soil (pots or pans) and cultivated in an air-conditioned green­
house, where additional continuous light was given in the winter 
(October to April) by frames of TL 57 tubes. For the purpose of 
testing germination, seeds were sown in plastic petri dishes (tf> 8.5 
cm), with two layers of filter paper (ederol no. 261) saturated 
with two ml of distilled sterile water. To avoid rapid evaporation, 
each dish was wrapped in a small polythene bag. Germination was 
determined 7 days after the end of cold treatment. 

The Induction and Isolation of GA Sensitive Mutants 

To induce mutants, seeds were preimbibed at 2-4°C during 5 days 
on filter paper and redried at 24°C during 24 hours on filter paper. 
The seeds were then treated with ethylmethanesulfonate (EMS, 
10 mM, 24 h, 24°C) or irradiated after 4 hours submersion in tap 
water, with X-rays or fast neutrons (Dellaert 1980; Koornneef and 
Dellaert 1981). 

The resulting M y plants were cultivated in soil and individually 

harvested. In the case of EMS experiments, per Mi plant, a num­
ber of siliquae in general from the top of the main stem were har­
vested; in the case of the radiation experiments, only one well-filled 
silique from the top of the main stem was harvested (Dellaert 
1980). It should be noted that the top of the main stem is pre­
dominantly non-chimeric due to progressive loss of chimerism 
(Balkema 1972; van der Veen unpublished). 

To isolate non-germinating GA sensitive mutants, M2 lines, 
separately sown on standard mineral medium, were screened at 
day 8 after the end of cold treatment. All well developed seeds 
that had not germinated were transferred with a small brush to 
petri dishes containing 10"5 M GA4+7 in the medium. These dishes 
were placed back into the climate room, and after another 8 days 
all seedlings were transplanted into soil. Those that developed into 
dwarfs were sprayed with a solution of 10~4 M GA4+7 to restore 
normal growth and ensure fertility. Seeds from the resulting M3 
lines were tested for germination behaviour and GA sensitivity. 
From most of the M2 lines used for screening, the seedlings that 
were obtained without GA were planted out and scored for dwarf 
and compacta mutants. The GA sensitivity of these dwarfs was 
tested in the M3 and sometimes already in the M2 generation. The 
criterium for GA sensitivity was that by spraying the mutants 
weekly for three weeks with a solution of 10~4 M. GA4+7 the 
wild type phenotype could be restored completely, or nearly so. 

Genetic Characterization 

The different mutants obtained in successive experiments were 
tested with a gradually built up representative set of tester mutants 
for allelism vs. non-allelism on the basis of non-complementation 
vs. complementation to wild type in their Fj's. Mutants that 
showed non-complementation with a particular tester were in 
general retested with a second mutant at the same locus. Gene lo­
calization was done by trisomic analysis (Koornneef and van der 
Veen 1978) and by linkage analysis of F2 populations. The rec-
combinant fraction was calculated by the Product Ratio Method, 
using the tables of Stevens (1939). The chromosome denotation 
was as proposed by Koornneef and den Besten (1979). Segregation 
frequencies of the ga-1, ga-2 and ga-3 mutants were determined 
upon crossing with wild type, in most cases already in the M2 
generation. The F2 progenies (size 75-150 plants) were sown in 
petri dishes with 1 0 _ s M GA4+7 in the medium and after trans­
planting into soil the fraction of dwarf mutants was determined 
when the plants were about 5 weeks old. 

Results 

The Isolation and Description ofGA Sensitive Mutants 

Up to now 37 independently induced n on-germinating GA 
sensitive mutants have been isolated. In the EMS experi­
ments their frequency was about 6 per 1000 M2 lines 
tested. All are very similar in overall morphology. Germi­
nation can be restored completely by GA (Fig. 1). All 
GA's tested, viz. GA 3 , G A 4 + 7 , GA7 and GA 9 , have this 
effect, G A 4 + 7 being the most effective. Without further 
G A spray, the initially completely normal looking seedlings, 
upon transfer to soil, develop into dark green dwarfs, 
which later develop a bushy appearance (Fig. 2). Petals 
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Fig. 1. The germination of two typical non-germinating mutants 
at the ga-l locus and wild type at different concentrations of GA4+7 

Fig. 2. Non-germinating mutant (NG5), germinated by GA3. 
Arrow indicates an inflorescence pollinated with pollen from a 
normal plant 

and stamens are very poorly developed; pistils and sepals 
are almost normal (Fig. 3). No selfed seed is formed, but 
seed set can be obtained by pollen from a normal plant. 
Flowering time was not markedly affected. 

By spraying these dwarfs weekly for at least three 
weeks with 1 0 - 4 M GA4 + 7 , starting 2-3 weeks after ger­
mination, the phenotype of the wild type, including plant 
length, flower morphology and fertility, can be restored 
completely, or nearly so (Fig. 4). In old dwarfs (over 4 

Fig. 3. Flower morphology of NG5 (ga-l) after germination in­
duction by GA4+7 (a) and of wild type (b) 

weeks old) length growth cannot be restored completely 
but flower morphology and fertility can be restored even 
in relatively very old dwarfs. Upon termination of GA 
spraying, symptoms of GA deficiency will develop pro­
gressively, mainly at the top of the inflorescences. 

As mentioned above dwarfs were also selected from 
normal germinating lines. Those which responded well to 
spraying with GA4+7 could be divided into two classes: 

1 Mutants with a phenotype similar to that of non-
germinating GA sensitive dwarfs. These dwarfs all appeared 
to be alleles at the loci ga-l, ga-2 •and ga-3 (see next sec­
tion). 

2 Dwarf mutants that were in general less extreme 
than the former; flower morphology and fertility in par­
ticular were almost completely normal in this group (Fig. 
4). This type of dwarf represented mutants at the ga-4 and 
ga-5 loci. 

It is difficult to say which proportion of dwarf mutants is GA 
sensitive, as dwarf and compact types form a very large and diverse 
group of mutants, many of them having a reduced fertility. Among 
dwarfs that are reasonably fertile, GA sensitive dwarfs (class 2) 
represent only a small minority. Many sterile dwarf plants were 
sprayed with GA4+7 in the M2- A small proportion of these mu­
tants, in which fertility could be restored, form the class 1 GA 
sensitive dwarfs. In the EMS experiments about 5 GA sensitive 
dwarfs of both classes could be found per 1000 Mj lines tested. 

To compare the germination behaviour of the different 
mutants isolated at the ga-l, ga-2 and ga-3 loci, homozy-
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Fig. 4. The response of several ga -mutants and wild type Arabidopsis to two sprays with 10"* M GA44.7 about two and three weeks after 
germination. All plants germinated without G A, which is rare for NG5 but normal for the others. Note that in the ga-1 and ga-2 mutants 
symptoms of GA deficiency appeal again in the top of the inflorescence 

gous lines of each independently induced mutant were 
obtained as follows: Plants were selected from F3 lines 
derived from mutant X wild type crosses and in a few 
cases from lines that were obtained after several genera­
tions of line selection of the original mutants. Thus, all 
mutants have a genetic background, undisturbed as much 
as possible by other mutations. The selected lines were 
grown together and harvested on the same day. All seed 
parents were given 10~5 M GA4+7 to initiate germination 
and sprayed two times, i.e. two and three weeks after 
germination. The germination of two month-old seeds 
from six individual parent plants per mutant line was tested 
(50-100 seeds/plant). The frequency distribution of the 
average germination percentage per mutant is shown in 

I 1 Isolated as N-G nuitan 

V//A Isolated as G rmjtan 

H T L 
0 0 50 100 

Average germination percentage 

Fig. 5. The distribution of the average germination percentage of 
47 independently induced mutants at the ga-1 (l),ga-2 (2)-andga-3 
(3) loci 

Fig. 5. No clear differences exist between the loci but two 
different allele groups appear within the loci, depending 
on the selection criterium used. Among the non-germina­
ting mutants, lines are present which show a certain 
amount of germination; most germinating mutants show 
some reduction of germination. After transfer to soil 
'spontaneous germinators' always develop into typical GA 
dwarfs. Germination of these mutants without GA has 
been found to be a character depending greatly on the 
harvest period and other factors known to affect the ger­
mination of dormant seeds: storage, cold treatment after 
sowing, K.NO3, light quality and intensity (to be pub­
lished elsewhere). It should be stated that some lines never 
showed any germination without GA. So among the mu­
tants at the ga-1, ga-2 and ga-3 loci, a large range from 
absolute to no GA requirement for germination is avail­
able. 

Genetical Analysis of the Mutants 

Complementation tests between the mutants revealed that 
the non-germinating GA mutants represent mutations at 
three different loci. Among the 19 germinating GA sensi­
tive dwarfs 10 were at the same three loci, the other 9 at a 
fourth and fifth locus (Table 1). Among the morphologi­
cally identical ga-1, ga-2 and ga-3 mutants, ga-1 mutants 
predominate among all groups (viz. non-germinating, ger­
minating dwarfs, EMS and radiation). This locus specificity 
within these loci is significant \\ = 25.58 (p < 0.01). 

No clear indication was obtained for intragenic partial 
complementation between non-germinating mutants. 
Crosses between non-germinating and germinating alleles 
of the ga-1, ga-2 and ga-3 loci mostly germinated, germi­
nation thus behaving as dominant. The resulting dwarfs 
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Table 1. Results of complementation tests with GA sensitive mutants 

Type of dwarf Mutagen Locus Total 

ga-1 ga-2 ga-3 ga-4 ga-5 

Non-germinating EMS 21 4 
Fast neutrons 4 1 
X-rays 1 1 

sub total 

30 
5 
2 

26 37 

Germinating EMS 
Fast neutrons 
X-rays 

sub total 

17 
1 
1 

19 

Total per locus 32 56 

Table 2. Chromosome location and recombinant fractions between 
ga-\od and representative marker genes of the chromosomes involved 

Locus 

ga-4 

ga-2 

ga-1 

ga-5 
ga-3 

Chrom./ 
chrom.arm 

1A 

IB 

4 

4 
5 

Marker 
tested 

an 
dis-1 
ch 
ap-1 
cer-2(=vc-2) 

"g 
ag 
ms 
tz 

Recombinant 
fraction 

0.31 ± 0.05 
0.11 ±0 .05 
0.41 ± 0.05 
0.18 ± 0.02 
0.33 ± 0.04 
0.31 ±0 .02 
0.08 ± 0.01 
0.11 ±0 .02 
0.40 ± 0.02 

References for markers and their location: an, dis-1, ch: Feenstra 
1978; ap-1, cer-2, ag, ms: Koornneef and Den Besten 1979;fz: Lee-
Chen and Steinitz-Sears 1967 

were never taller than the germinating dwarf parent. 
From the gene mapping experiments it appears that 

the ga loci are distributed at random over the Arabidopsis 
genome (Table 2). No close linkage between any pair of 
ga loci was detected. 

All ga mutants behave as monogenic recessives to wild 
type. Estimates of the segregation frequencies for mega- / , 
ga-2 and ga-3 locus have been given in Table 3 . By using a 
X2 test according to Brandt and Snedecor it appeared that 
no significant differences exist between respective loci, 
mutagens and types of mutant when testing within re­
maining groups. 

It may be of interest that the average segregation fre­
quency for non-germinating mutants (20.7%) is signifi­
cantly lower than the expected 25%. However, the fre-

Table 3. Segregation ratio's 
65-150 

Type of dwarf 
mutant 

Non-germinating 

Germinating 

Locus 

ga-1 
ga-1 
ga-2 
ga-2 
ga-3 

ga-1 

ga-1 
ga-2 
ga-3 

in F 2 with 

Mutagen 

EMS 
Radiation 
EMS 
Radiation 
EMS 

F.MS 
Radiation 
EMS 
EMS 

wild type mutants at the ga-1, ga-2 

Segregation 
wild types 

1810 
463 
401 
225 
443 

3342 

430 
31 

119 
211 

791 

Ratio 
mutants 

489 
113 

92 
49 

130 

873 

126 
12 
32 
81 

251 

and ga 

Mutant % 

21.3 ± 
19.6 ± 
18.7 ± 
17.8 ± 
22.7 ± 

20.7 ± 

22.7 ± 
27.9 ± 
21.2 ± 
27.7 ± 

24.1 ± 

0.8 
1.6 
1.7 
2.3 
1.7 

0.6 

1.8 
6.8 
3.3 
2.6 

1.3 

-3 loci. Number of seeds tested per F 2 is approximately 

X2 (3:1) 

17.06a 

8.90 a 

10.56 a 

7.40 a 

1.63 

41 .34 a 

1.62 
0.19 
1.17 
1.17 

0.46 

No. of mutant 
lines tested 

20 b 

5 
4 
2 
5 

36 

5 
1 
2 
2 

10 

No. of mutant lines 
sign, deviating from 
3:1 a t p < 0.05 

2 
2 
2 
1 
0 

7 

0 
0 
0 
0 

0 

a p < 0 . 0 1 
one NG EMS mutant was accidentally not tested 
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quency for germinating alleles of the same loci (24.1%) 
does not differ from this percentage. In itself recessive 
deficits for induced mutants are by no means uncommon. 

Discussion 

Of the GA sensitive dwarfs described in a number of higher 
plant species, only in the case of maize (Phinney 1960; 
Hedden and Phinney 1976) and rice (Murakami 1970) are 
clear indications available that genes regulating GA syn­
thesis are mutated in these genotypes. 

Because the biosynthetic pathway of gibberellins is rather complex 
(Barendse 1975; Hedden et al. 1978) it is likely that many loci are 
involved. The later part of the pathway consists of interconver-
sions between the different GA's (up to 50 different GA's have 
been isolated up to now and many of these in higher plants). It 
might be possible that some mutations in genes regulating these 
interconversions escape detection because 'escape routes' are avail­
able. 

In maize five loci have been identified (Phinney 1961) and in 
rice at least two (Murakami 1970). It should be pointed out that 
because of their high sterility without GA spray (Cooper 1957), 
GA dwarfs are not easy to maintain in mutant collections. Non-
germinating GA responsive mutants seem to have passed unnoticed. 

As the physiological characterization of the mutants is 
not yet completed, the exact nature of the ga loci in Ara-
bidopsis cannot yet be established. However, the most 
plausible explanation appears to be that they control steps 
in gibberellin biosynthesis. The finding of mutants at a 
same locus that have a different degree of GA requirement 
indicates that leaky' alleles are rather frequent, because, 
apart from the germinating dwarfs, some non-germinating 
mutants that also show partial germination under particu­
lar circumstances should be considered as leaky'. The 
apparent discontinuity between mutants selected as dwarfs 
and mutants selected as non-germinators might be caused 
by the selection criterium, although the same material has 
been screened for both types. A probable reason for the 
discontinuity could be the steepness of the GA dose re­
sponse curve for germination. 

Since in the dwarfs germination can be perfect while 
length growth is far from normal, the GA requirement for 
germination is probably much lower than for elongation 
growth and normal flower development. 

The nature of the ga-4 and ga-5 loci is still under speculation. For 
ga-4 there are indications from tests with different GA's (Koorn-
neef unpublished), that it controls interconversion between some 
GA's. 

An explanation for the somewhat reduced segregation 
frequencies might be a reduced viability or an incomplete 
'rescue' by 10"5 M GA4+7 . However, it seems that these 
factors are of minor interest, as the viability of the mutant 

seedlings recovered by GA application to the seeds nor­
mally is very good; these plants do not differ from wild 
type in the most important period for survival in a green­
house. The possibility of incomplete rescue seems to be 
ruled out by Figure 1. Reduced transmission,by the male 
gametophyte especially, might be a more important factor. 

Except for the use of go-mutants in illucidating the 
genetics of the gibberellin synthesis, these mutants, espe­
cially the 'non-germinators', are of particular interest as 
thev provide an example of auxotrophic mutants which 
are so rare in higher plants (Redei, 1975). In Arabidopsis 
thiamine deficient mutant (Feenstra, 1964; Redei, 1965) 

are the only clear example. However, as the GA deficiency 
expresses itselt already at the level of germination, they 
can be used much more efficiently than the seedling thia­
mine auxotrophics in experiments for the research of e.g. 
intragenic recombination and reverse mutations. The dwarf 
vs. non-dwarf phenotype provides a welcome check of the 
non-germinating vs. wild type phenotype in cases when 
germination occurs due to leakiness. For the use of ga-
mutants for the study of intragenic recombination and of 
reversion see Koornneef( 1979) andKoornneefetal. (1980), 
respectively. 

Another application of ga-mutants might be in plant 
cell genetics, where e.g. complementing auxotrophic mu­
tants can be used to select fusion products of lines mutated 
at different ga-\od. Non-germinating GA sensitive mutants 
are not restricted to Arabidopsis but can also be found in 
other plant species (e.g. tomato; van der Veen unpub­
lished). 
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Summary. By selecting for germinating seeds in the pro­
geny of mutagen-treated non-germinating gibberellin re­
sponsive dwarf mutants of the ga-1 locus in Arabidopsis 
thaliana, germinating lines (revertants) could be isolat­
ed. About half of the revertants were homozygous re­
cessive for a gene (aba), which probably regulates the 
presence of abscisic acid (ABA). Arguments for the 
function of this gene were obtained from lines homozy­
gous recessive for this locus only, obtained by selection 
from the F2 progeny of revertant X wild-type crosses. 
These lines are characterized by a reduced seed dor­
mancy, symptoms of withering, increased transpiration 
and a lowered ABA content in developing and ripe 
seeds and leaves. 

Key words: Arabidopsis thaliana - Abscisic acid - Gib­
berellin - Physiological mutants - Seeds - Dormancy -
Water relations 

Abbreviations 

ABA Abscisic acid 
GA4 + 7 Mixture of gibberellin A4 and A7 
EMS Ethylmethanesulfonate 
NG Non-germinating 
G Germinating 

Introduction 

The role of endogenous regulating compounds in the 
physiology of plants has been studied mainly by cor­
relative studies. The use of genotypes in which the level 
of one of these compounds is drastically changed adds 
an important additional tool to plant physiology. This 
genetic approach ideally requires the use of monogenic 
mutants or isogenic lines, for only with such single-gene 
contrasts is it clear that the observed physiological and 
biochemical differences are causally related. 

The hormone abscisic acid (ABA) plays an important 
regulatory role in a number of physiological processes e.g. the 
dormancy and germination of seeds, the regulation of water 
stress, root geotropism and dormancy of buds (Walton 1980). 
Monogenic mutants with a disturbed ABA metabolism have 
been studied in tomato by Tal and coworkers (Tal and Nevo 
1973). These mutants at the loci sit, not and flc, isolated by 
Stubbe (1957, 1958, 1959) are characterized by an excessive 
wilting tendency due to abnormal stomatal behaviour (Tal 
1966), which could be reversed by the application of ABA (Im-
ber and Tal 1970). A relation between disturbed ABA metab­
olism and germination was described in maize by McDaniel 
etal. (1977) and Smith etal. (1978). They found that pre­
cocious germination of viviparous (vp) mutants (Robertson 
1955) could be attributed to the absence of ABA or to the in­
capacity to respond to ABA. 

In Arabidopsis monogenic recessive mutants have been de­
scribed by the present authors in which germination was re­
duced or absent under conditions that were suitable for germi­
nation of wild-type seeds (Koornneef et al. 1977; Koornneef 
1978; Koornneef and van der Veen 1980). 

One group of non-germinating mutants, which 
could be brought to 100% germination by the appli­
cation of gibberellins ( G A 4 + 7 , GA 3 and GA9 were ef­
fective), subsequently developed into dwarfs. These 
dwarfs could be reverted fully or almost fully, to wild-
type by GA sprays (Koornneef and van der Veen 1980). 
These mutants, found in Arabidopsis at three loci (ga-1, 
ga-2 and ga-3) probably lack the capacity to synthesize 
gibberellins. Strictly comparable mutants have been 
found in tomato, at only two loci so far (Koornneef 
et al. 1981; van der Veen and Bosma pers. comm.). 

Application of gibberellins stimulates the germination 
of seeds of many plant species (Jones and Stoddart 
1977). Seed germination requires in most cases de novo 
synthesis or activation of these substances. Besides such 
promoters, also inhibitors like abscisic acid (ABA) may 
affect the state of dormancy of a seed. 

This concept led to the idea that the germination ca­
pacity of non-germinating dwarfs might be restored 
when the level of inhibitors would be reduced by muta­
ting the genes responsible for their production. Selection 
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for this type of revertants is easy since they are self-de­
tecting: germinating seeds among non-germinating 
seeds. Apart from mutations in genes regulating the 
production of inhibitors, also other types of external 
suppressor mutations may be found as well as 
intragenic reversions. This paper describes the isolation 
of ABA deficient mutants in Arabidopsis by using this 
revertant technique. For preliminary reports on this 
subject see Karssen e ta l . (1980) and Koornneef et al. 
(1980). 
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light as described above. The resulting Mj seedlings developed 
into the usual NG5 and 6.59 dark-green, bushy dwarfs. At 4 
and 5 weeks after EMS treatment the dwarfs were sprayed with 
100 uM GA4+7 to stimulate anther development and to pro­
vide sufficient seed set from selfing. M! plants were individu­
ally harvested and the M2 progenies were sown separately at 
standard conditions. Screening for germinating seeds (the pre­
sumed revertants) was done 8 days after the start of incubation. 
The seedlings obtained were transplanted into soil. The ulti­
mate selection for revertants was based on the germination 
behaviour of the M3 lines. 

Genetic Characterization 

Material and Methods 

Plant Material 

Arabidopsis thatiana (L.) Heynh. (2 n= 10) is a small fast grow­
ing, self-fertilizing crucifer. Seed stocks used in the present ex­
periments were derived from the pure line Landsberg erecta 
(Redei 1962), which will be referred to as the wild-type. For re­
vertant induction we used the non-germinating, gibberellin-
sensitive mutant lines NG5 (EMS induced) and 6.59 (fast-neu­
tron induced). Both lines are mutants induced in the wild-type 
at the ga-1 locus on chromosome 4 (Koornneef and van der 
Veen 1980). To check for seed admixture and unwanted cross-
fertilization, both lines were also homozygous recessive for gl-1 
(hairless; chrom. 3), except in the first revertant-induction ex­
periment (see later). 

Conditions of Culture 

The seeds were sown equally spaced in numbers of 25, 30, or 36 
in 9 cm petri dishes on perlite saturated with a standard mineral 
solution, as described by Oostindier-Braaksma and Feenstra 
(1973). The seeds were incubated at 4-6 °C for 4 -6 days to 
break dormancy, and subsequently allowed to germinate at a 
temperature of approx. 24 °C under continuous light (Philips 
TL 57) at an intensity of 8 W • m2. After 8 days at 24 °C, the 
seedlings were transplanted into soil and cultivated in an air-
conditioned greenhouse, where additional white fluorescent 
light (Philips TL 57) was given during 24 h per day in the win­
ter (October to April). 

Germination Tests 

Germination tests were performed in plastic petri dishes 
( 0 8.5 cm) on two layers of filter paper (Ederol no. 261) satu­
rated with 2 ml of sterile distilled water. To avoid rapid evapo­
ration, each dish was wrapped in a small polythene bag. Tem­
perature and light conditions were as described above for seeds 
sown on perlite. Germination was scored 7 days after the start 
of incubation at 24 °C. 

The Induction and Isolation of Revertants 

To induce revertants, seeds of NG5 and 6.59 were first redried 
after dormancy breaking on moist filter paper and then treated 
with 10 mM ethylmethanesulfonate for 24 hrs at 24 °C in dark 
(Koornneef et al. 1982). After rinsing with tap water, the 
seeds were immediately sown in petri dishes containing 10 uM 
GA 4 + 7 in the standard mineral medium and transferred to 

For genetic analysis the revertants were crossed with wild-type 
and the parental ga-1 mutant. Revertant types were scored on 
their capacity to germinate without G A and on the leaf colour 
which is slightly different from the darker green colour of non-
germinating GA responsive ga-1 mutants. Presumed ABA-
types (recombinant, single recessive to wild-type) were scored 
on several morphological features (described in detail later in 
the paper). Allelism versus non-allelism was tested on the 
basis of non-complementation versus complementation to pa­
rental ga-1 mutant type in Fj's of revertant X revertant or to 
wild-type in revertant X ABA-type crosses. 

Localization on chromosomes was done by trisomic analy­
sis (Koornneef and van der Veen 1978). The position of the aba 
locus on the chromosome was determined by linkage analysis 
of F2 populations. The recombination fractions were estimated 
by the Product Ratio Method using the tables of Stevens 
(1939). 

Measurement of Water Loss in Intact and Cut-off Plants 

To determine water loss plants were grown for 2 weeks in plas­
tic pots in the greenhouse and were then transferred to a cli­
mate chamber (temperature 22 °C; relative humidity approx. 
85%, 12 h fluorescent light at approx. 13 W • m2, 12 h dark). 
From the day of transfer onwards, half of the plants were 
sprayed with 10 uM ABA every second day, the other half with 
water. After 8 days in the climate chamber the plastic pots, in­
cluding the soil surface, were wrapped in aluminium foil to 
prevent evaporation from the soil surface. Water loss during 
the third light and dark period after wrapping the pots, was de­
termined by weighing the plants with the pots at the change of 
dark and light. The leaf surface was measured with an area 
meter. To measure water loss in cut-off aerial parts, well-
watered plants were transferred from the climate room to a 
laboratory room and kept at 22 °C in white fluorescent light 
(0.6 W • m2). After an acclimatization period of IVi h the aerial 
parts were cut off from the roots and stored in 400 ml glass 
beakers. Fresh weight was determined every hour. 

Determination of ABA Content 

Quantitative determinations of endogenous ABA were per­
formed according to techniques described by Knegt etal. 
(1981) with a few additions. During purification of the extracts 
of seeds and siliquae the extraction into K2HP04 with sub­
sequent acidification to a final volume of 10 ml diethyl ether 
was performed three times instead of once. After standard 
purification the extracts of the leaves were purified addition­
ally by using high pressure liquid chromatography with a re-

25 



M. Koomneef et al.: ABA Deficient Mutants in Arabidopsis 

verse phase RP8 column operated with a linear gradient from 
25% to 75% methanol in water. The solvents were 0.1 M 
towards acetic acid. ABA and trans-ABA are partially separat­
ed in this system, but collected in one fraction. The gas 
chromatograph was operated with He as carrier gas and 5% 
CH4 with Ar as make up gas. 

Results 

A) Isolation of Revertants and Genetic Characterization 

The Isolation of Revertants 

From the individual M2 progenies of 2122 EMS-treated 
seeds of ga-1 mutants NG5 and 6.59 (M2 lines), 31 lines 
could be isolated that showed 50% (up to 100%) germi­
nation under standard germination conditions 
(Table 1). It appeared that 15 of these lines were ger­
minating, GA-responsive extreme dwarfs with a some­
what weaker appearance and a slightly yellow-brown 
colour on the leaves compared to the parental ga-1 mu­
tants. For reasons that will be described in the next sec­
tions, this type will be called ABA revertant. 

Other isolated revertants were mostly slightly taller 
and/or had a paler green colour than NG5 and 6.59. 
The two revertants dominant to the parental lines 
reached a length of respectively 75% and 50% of the 
wild-type. These two groups will not be further con­
sidered here. 

The selection of revertants in NG5 was hampered 
by the partial germination of this mutant as has been 
described before (cf. Koomneef 1979; Koornneef and 
van der Veen 1980), probably due to leakiness of this al­
lele. This led to the decision to transplant only the most 
conspicuous plants from M2 lines in which germination 
occurred as these could be expected to be revertants. 
Further only the progeny of M2 plants, which showed 
some deviating features compared to the parental line, 
were tested as M3 lines. Only in the first experiment 
were M3 lines from each M2 line with germinating seeds 
tested. However, it appeared that all lines ultimately se­
lected as revertants on the basis of a high germination 

percentage in M3 had a somewhat deviating morpho­
logy. 

Genetic Characterization of the Revertants 

In crosses between the revertants and the parental ga-1 
mutants, the capacity of the revertant to germinate was 
found to be monogenic recessive to the inability to 
germinate of the ga-1 mutants. 

Complementation tests with 14 ABA-revertants re­
vealed that 13 of these independently isolated revertants 
were allelic. The presence of a second looius needs 
further confirmation. 

In F2's from revertant X wild-type crosses one ex­
pects on the basis of two unlinked loci for germination 
the ratio 13 germ.: 3 non-germ., and when also taking 
plant phenotype into account, the ratio 9 wild-type: 
3 non-germinating GA dwarf: 3 new (recombinant) 
phenotype: 1 germinating GA dwarf (revertant). In­
deed, a deviating non-dwarf phenotype was observed in 
all F2's, which when compared to the wild-type had a 
reduced vitality (smaller, weaker plant), a slightly yel­
low-brownish colour, and symptoms of withering, 
mainly in the influorescence (Fig. 1). The withering 
symptoms were more pronounced in winter than in 
summer. These symptoms point to ABA deficiency (see 
also below). Therefore the new recombinant phenotype 
was called ABA-type and the mutant allele aba. By self-
ing ABA-type F2 plants, F3 lines could be established 
not segregating for revertant types (expected one among 
three F3 lines). Lines homozygous for ABA-type were 
crossed with a parental ga-1 mutant to give F2 and F3. 
The segregation of these populations was analysed to­
gether with those derived from revertant X wild-type 
crosses. It should be noted that aba1 was induced in 
ga-11 (line NG5) and aba2 in ga-12 (line 6.59) back­
ground. In the ga-1 mutant X ABA-type crosses the al­
lelic combinations were interchanged, so all combi­
nations were represented. Since /'-test of heterogeneity 
between the four crosses did not reveal significant dif-

Table 1. Frequencies of independently induced revertants 

Experi­
ment 

I 
II 
II 
III 
III 

Parental mutant 

NG5 (ga-P/ga-P) 
NG5 (ga-P/ga-P) 
6.59 (ga-P/ga-P) 
NG5 (ga-P/ga-P) 
6.59 (ga-P/ga-P) 

Number of M2 

progenies 
tested 

199 
382 
246 
771 
524 

2122 

Number of revertant lines 

ABA-rever­
tants 

4 
4 
1 
2 
4 

15 

Dominant 

0 
1 
0 
0 
1 

2 

Others 

0 
3 
1 
8 
2 

14 

Total 

4 
8 
2 

10 
7 

31 
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Fig. 1A and B. A BA-type A26 (A) showing a withered main 
stem and withered siliquae compared with wild-type (B) 

ferences (except one case, see below), the segregation 
data of the four crosses listed below could be pooled 
(Table 2). 
Crosses in association; (revertant X wild-type): 

A) ga-P/ga-l^aba^aba1 X + / + , + / + 
B) ga-121 ga-11, aba21 aba2 X + / + , + / + 

Theor. Appl. Genet. 61 (1982) 

Crosses in dispersion; (ga-1 mutant x ABA-type): 

C) ga-11/ga-11, + / + X + / + ,aba2/aba2 

D) ga-12/ga-12, + / + X +/ + ,aba1/aba1 

These pooled data (Table 2) consistently confirm the 
segregation at two unlinked loci (ga-1 and aba), in par­
ticular the fact that germinating GA dwarfs (revertants) 
only segregated in F 3 lines when expected. 

In F , lines from wild-type F2 plants a significant re­
cessive deficit at the ga-1 locus was found. With induced 
mutants a recessive deficit of this magnitude is by no 
means uncommon and can be ascribed to certation (cf. 
Koornneef and van der Veen 1980; Koornneef et al. 
1982). Since the degree of certation is variable, the 
single case of significant heterogeneity between crosses 
can be explained in this way. In addition, the recessive 
deficit at the ga-1 locus may also be generated by a re­
duced survival of non-germinating genotypes when 
these are induced to germinate by 10 u.M GA,j+7 after 8 
days of incubation at 24 °C. This may be partly due to 
secondary dormancy induced during that period. 

With regard to the phenotypes described in the top 
lines of Table 2 two different aspects have to be con­
sidered: 1. Plant phenotype: aba/aba leads with a wild-
type genetic background (with respect to the ga-1 locus) 
to ABA-type plants (slightly yellow-brown colour, 
withering), whereas with a ga-1 background (GA dwarf) 
it leads to GA-responsive dwarfs with a more yellow-
brown colour than normal GA dwarfs. 2. Germination: 
in the presence of ga-11 ga-1, which as such leads to a 
lack of germination, aba/aba restores the germination 

Table 2. Segregation ratio's in F2 and F3 progenies from pooled crosses A, B, C and D (for explanation see text) 

Wild- GA dwarf ABA-type GA dwarf (re- tf(3:l) * i (3 : l ) tf 
type vertant type) 

NG G + NG locus 

+ /. 
+ /. 

ga-1 /ga-1 
+ /. 

+ /. 
aba I aba 

ga-1/ga-1 
aba/aba 

aba l inkage 
locus ("2 X 2 

Table") 

F2 generation 
F 3 generation 

F2 p lant wild-type: 
Segregating-digenic (52)b 

Segregating N G GA dwarf (22) 
Segregating ABA-types (27) 
Non-segregating (13) 

F2 p lant N G G A dwarf: 
Segregating "revertants" (29) 
Non-segregating (10) 

F 2 p lant ABA type: 
Segregating "revertants" (29) 
Non-segregating (9) 

F 2 p lant reverant type (18) 

555 

920 
507 
589 
357 

149 

203 
122 

554' 
253c 

179 

284 

167 

56 

60 

175 = 

3.6 0.1 

509 
213 

_ 

133 

-
240 

33 

59 

39.1* 
10.5* 

0.2 

1.9 

3.4 

0.4 

2.2 

0.1 

" N G GA dwarfs of the revertant type occurred almost exclusively in the progeny of cross B (see text) 
b In brackets: Numbers of F2 p lants selfed. These F2 plants were randomly sampled within each of the four phenotypic classes, but 
not between classes. Note the good fit within classes ( 4 : 2 : 2 : 1 and 2 : 1 ) 
c Tested by germination behaviour only 
** P<0.01 
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capacity. This seems to imply that GA is only required 
for germination if ABA is present. 

In a few cases seeds that did not germinate on water, 
gave, upon addition of GA4 + 7 , dwarfs which showed 
the leaf colour characteristics of the revertant type. 
Therefore it is concluded that in these cases the germi­
nation capacity in ga-1/ ga-I, aba/aba was only partly 
restored. Such incomplete restoration occurred almost 
exclusively in cross B (alleles ga-I2 and aba2) and was 
absent in cross C (alleles ga-11 and aba2) and in crosses 
A and D (both aba1 allele). As a check both G and NG 
revertant types from cross B were selfed. The seeds ob­
tained gave equal germination percentages, viz. 
32.0±5.4% for the G-parents and 31.113.8% for the 
NG-parents. 

A plausible explanation can be found on the basis of 
the concept of GA-ABA balance in germination. The 
ga-12 mutant never germinates - this is in contrast to 
the ga-11 mutant which sometimes germinates to some 
extent. To make the "deeply GA-deficient" ga-12 mu­
tant germinate a "strong" (i.e. deeply ABA-deficient) 
aba mutation is necessary. Here aba2 is not strong 
enough, whilst aba1 is. 

As mentioned before, the mutant alleles aba1 and 
aba2 were initially induced in ga-Plga-P (line NG5) 
and ga-l2/ga-l2 (line 6.59) background respectively. 
From the crosses C (alleles ga-P and aba2)and D (al­
leles ga-P and aba1) it follows that a in qualitative sense 
the germination-restoring effect of aba mutants does not 
depend on the allele at the ga-1 locus: no allele spe­
cificity. Nor does the effect of aba alleles seem to be lo­
cus-specific with respect to the ga loci. This follows from 
a cross, revertant x ga-2 mutant: 
(ga-1 /ga-1, + / + , aba/aba X + / + , ga-2/ga-2, + / + ), 
where germinating dwarfs (aba/aba) could be selected 
which were homozygous recessive at the ga-2 locus (and 
wild-type at the ga-1 locus), as determined by means of 
test crosses. 

In general it appears that aba alleles improve the 
germination of genotypes with a reduced germination. 

The aba gene could be located on chromosome 5 by 
trisomic analysis. As said before, ga-1 was located on 

ms 

27.2 

tt-2 

± 34 

28.8 ± 3.5 

43.8 

47,3 

+ 

+ 

tt-3 

31.1 ± 4.5 

25.9 

2.5 

3.5 Ins) 

tz aba 

14.9 ± 3.3 

± 4,4 

Fig. 2. Provisional linkage map of chromosome 5 and the es­
timates of recombination percentage between some markers 
including aba. n.s. no significant linkage 

Fig. 3. Adult plants of wild-type and the independently arisen 
mutants G4 (aba'), A26 (aba') and A73 (aba') 

chromosome 4, which confirms that the two loci are un­
linked. Linkage of aba with specific chromosome-5 
markers was studied in F2 populations. The markers in­
volved were ms (male-sterile), tt-2 (transparent testa), 
tt-3 (transparent testa, anthocyaninless) and tz 
(thiazole-requiring). The results are summarized in 
Fig. 2 and show that aba is located at the end of chro­
mosome 5, as far as this chromosome has been mapped. 

B) Physiological Characterization 

It has been shown in the previous sections that a specific 
gene (aba) with a specific phenotypic expression is able 
to remove the lack of germination in ga-1 mutants. 

Some phenotypic features of a number of lines 
the ABA-type ( + / + , aba/aba) are presented in 
Table 3 and Fig. 3. All the characteristics show an in­
creasing tendency to deviate from the wild-type in the 
allelic order abaVaba1 (G4), aba'/aba1 (A26), abaV 
aba" (A73). The perfect rank correlation between all 
five parameters implies multiple pleiotropism with spe­
cific degrees of expression of the different alleles. 

The physiological characterization of the ABA-type 
was focussed on: l.The germination behaviour of 
seeds, because the selection of this genotype was based 
on this property. 2. water relations of the plant in view 
of the observation of withering. 3. ABA content, since 
both previous aspects are related to this compound 
(Walton 1980). 

Germination Behaviour 

A comparison of the germination behaviour of seeds 
from ABA-types (aba/aba) with seeds from wild-type 
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Table 3. Some characteristics of lines of ABA-type as compared with wild-type 

+ /+(wild-type) aba' /aba' (G4) aba'/aba1 (A26) aba'/aba'(All) 

Percentage survival after planting 
Percentage plants with withered main stem 
Total plant length (cm) 
Length of largest rosette leaf (cm) 
Number of side shoots 

99 1 1 ' 
0 

20.8 ±0.3" 
2.6 + 0.1' 
4 .910.1 ' 

97 + 2 ' 
11 ±4" 
14.8 ±0.2" 
2.1 + 0.1" 
3.2 + 0.1" 

69 ± 5 " 
56 ±T 
8.210.3' 
1.410.1' 
2.710.2' 

82 ± 5 " 
69 1 6 ' 
6.410.3 
1.2 + 0.1 
2.0±0.1 

A different letter indicates a significant difference (P< 0.05) 

( + / + ), harvested the same day and identically stored, 
showed that seeds of the ABA-type are characterized by 
a strong reduction of seed dormancy, as judged in line 
A26 (aba1/aba1) from a reduced requirement for light 
and cold treatment (Fig. 4). This has been found as well 
for other aba alleles. 

The germination of both ABA and wild-type could 
be completely inhibited by exogenous applied ABA 
(Fig. 5). The response of the ABA-type is only slightly 
less than that of the wild-type. 

Water Relations 

When the plants in the greenhouse were either enclosed 
in plastic bags, which maintained a high humidity, or 
were sprayed twice a week with an ABA solution 
(Table 4), the development of symptoms of withering 
on ABA-type plants was highly reduced. Plants of ABA-
type (aba'/aba3) grown in a climate room showed an 
enhanced water loss, which could be considerably re­
duced by ABA sprays (Table 5). 

The enhanced rate of water loss in isolated aerial 
parts of ABA-types (Fig. 6) can be interpretated as a re­
duced rate of stomata closure upon water stress caused 

1 3 10 

ABA (juM) 

Fig. 5. Germination in white light of wild-type (+) and A26 
(aba1) at different concentrations ABA, scored 3 days (open 
symbols) and 7 days (closed symbols) after incubation 

by the absence of water supply from the roots. This may 
be caused by a reduced availability of ABA. 

Endogenous ABA Content 

The level of endogenous ABA was determined in dry, 
ripe seeds and in siliquae with seeds during de-

Days at 2 'C 

Fig. 4. Germination percentage of ABA type and wild-type in 
white light (L) and darkness (D) preceeded by different 
periods of dark-incubation at 2°C. The seeds were used 4 
weeks after harvest 

'» 40 

30 

\ aba1 

aba3 \ ° \ 

+^^ i——__ 

0 1 2 3 4 5 6 

Hours after cutting off 

Fig. 6. Water loss by the aerial parts of ABA types and wild-
type expressed per hour as percentage of fresh weight at the 
time of cutting 
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Table 4. The effect of spraying with ABA and of enclosing the plants in plastic on the percentage of plants with symptoms of 
withering 

+ / + (wild-type) 

aba3/aba3 (G4) 

abdLlabdL (A26) 

Treatment 

Sprayed H20 
1 u.M ABA 

10 uM ABA 
Enclosed in plastic 

Sprayed H 20 
1 uM ABA 

10 uM ABA 
Enclosed in plastic 

Sprayed HaO 
1 uM ABA 

10 uM ABA 
Enclosed in plastic 

Normal 

100 (48) 
100 (46) 
100(48) 
100 (25) 

5 (2) 
16 (7) 
83 (38) 
83 (35) 

-
22 (8) 
64 (28) 
65 (20) 

Withered tips 
of siliquae 

-
-
-
-
21(9) 
11(5) 
11(5) 

-
8(3) 

19(7) 
14(6) 
3(1) 

Withered 
siliquae 

-
-
-
-
65 (28) 
71(31) 
7 (3) 

13 (7) 

22 (8) 
17 (6) 
11 (5) 
26 (8) 

Withered 
main stem 

_ 
-
-
-
9 (4) a 
2 (1) a 

b 
b 

70l(26) a 
45(15) b 
11 (5) c 
6 (2) c 

In brackets: the number of plants observed 
Within genotypes: a different letter (a, b, c) indicates a significant difference between treatments when testing (j?) the normals ver­
sus non-normals (withered tips of siliquae, siliquae, and main stem) 

TableS. The effect of the aba gene, of ABA sprays and of light 
on water loss (kg/m2/h) of Arabidopsis plants grown in a cli­
mate chamber (plants were cultivated in a 12 h photoperiod or 
in darkness and sprayed twice a week with water or 
10 uM ABA) 

Light period 

H20 lOuMABA 

+ / + (wild-type) 2.5 + 0.1 1.9±0.1 
aba3/aba' (G4) 6.0±0.5 2.6±0.2 

Darkness 

HjO 10 uM ABA 

1.2±0.1 1.0±0.1 
3.2 + 0.3 0.9±0.1 

A 2 X 2 X 2 factorial analysis of variance showed that the main 
effects, genotype, light and ABA, were highly significant 
(P<0.01). The three interactions were also significant 

velopment (Table 6) and in rosette leaves (Table 7). The 
ABA content in seeds, in particular during seed de­
velopment, was found to be much lower in G4 (aba3/ 
abaz) and reduced below the level of defection in 
ripe seeds of A26 (aba^aba1) and A73 (aba*/aba*). 
Rosette leaves contained very low amounts of ABA 
(Table 7), nevertheless the same rank order wild-
type > G4 > A26 appears. In the same order the pheno-
type of the different alleles was found to deviate from 
wild-type for a number of characteristics (Table 3). 

It appears that ABA-types are deficient in ABA con­
tent during various stages of their development, which 
very probably explains the symptoms of ABA de­
ficiency observed. 

Table 6. Endogenous ABA content of ripe seeds and of developing siliquae with seeds. The ripe seeds were extracted within 1 
month of harvest, the developing seeds were extracted 10 days after pollination 

+ / + (wild-type) 
aba'/aba' (G4) 
aba'/aba* (A26) 
abet/aba* (A73) 

Ripe seeds harvested in: 

April 1979 

ng/g frcsli 
weight 

71 
8 

nt 
nt 

pg/seed" 

1.42 
0.16 
nt 
nt 

October 1979 

ng/g fresh 
weight 

27 
7 

<1 
<1 

pg/seed' 

0.54 
0.14 

<0.02 
<0.02 

Siliquae with devel­
oping seeds harvested in: 

January 1980 

ng/g fresh 
weight 

117 
12 

nt 
nt 

pg/seed" 

10.5 
1.0 

nt 
nt 

nt=not tested 
" seed weight 20 ug/seed 
6 93% or more of total ABA in siliquae is present in the seeds (Karssen et al., in preparation) 
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