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Abstract
Derkx,M.P.M. 1993. Regulationofseasonalpatternsinseeddormancy. Thesis, Agricultural
University, Wageningen, The Netherlands. English and Dutch summaries.
Buried seeds of many wild species pass annually through a pattern of induction and
release of dormancy. These reversible changes in dormancy may be repeated for numbers
of years when seeds are deprived from light and other germination-stimulating factors, and
are a highly useful adaptation to the climatic conditions which prevail at the habitat.
This thesis studied theregulation of germination and reversible changes indormancy in
two related species Arabidopsisthaliana(L.) Heynh. and Sisymbriumofficinale(L.) Scop.
InA. thaliana,mutantsthatlackthecapacitytosynthesize GAsand/orareinsensitivetoGAs
were compared with wild type.
Germination of both species is dependent on active phytochrome (Pfr). In seeds of
S. officinalePfr action absolutely requires theco-action of nitrate, seedsofA. thalianaonly
slightly respond to nitrate. It has been suggested that light stimulates GA biosynthesis since
the need for light (and nitrate) can be replaced by gibberellins (GAs). Reversal of lightstimulated germination by tetcyclasis, an inhibitor of GA biosynthesis, supported this
conclusion. Preliminary GA determinations showed that irradiation gave elevated levels of
GA,, GA4 and GA9 in A. thaliana. GA4 was the most active GA. Light also increased
sensitivity to GAs in both species.
Germination data fitted as logistic dose response curves showed that (soil) temperature
is the most important factor in the mechanism by which seeds sense the time of the year. It
regulates sensitivity to light (and to nitrate). Upon perception of light (and nitrate) some
signal-transduction chain isinitiated. In thischain GA biosynthesis is stimulated. Moreover,
GA sensitivity is enhanced. Temperature can also directly increase GA sensitivity.
Germinationinvariably dependsonthelevelofbio-activeGAsandtheavailableGA-response
system. When either factor is limiting, germination is prevented. Both factors do not
necessarily accompany changes in dormancy and are therefore not primarily regulatory.
In S. officinaleit was shown that changes in dormancy cannot be explained by changes
inrespiratory activity. Duringprolongedincubationlevelsof0 2 uptakeandC0 2 releasewere
not affected by dormancy-breaking and -inducing treatments. Germination clearly required
anincreased respiratory activity. Thecontribution of different respiratory pathways changed
duringprolonged incubation. Aroleof thealternativepathway in theregulation of dormancy
of S. officinaleseeds is unlikely.
Keywords:alternativepathway,Arabidopsisthaliana(L.) Heynh., C0 2 release, cytochrome
pathway, dormancy, germination, gibberellin, hormone mutant, light, nitrate, 0 2 uptake
phytochrome, receptor, respiration, seasonal periodicity, seed, sensitivity, Sisymbrium
officinale(L.) Scop., temperature, weed.
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Chapter 1
General introduction

Theemergence of many annual weed speciesis often restricted tocertain periods of the
year. The timing differs from species to species. In temperate regions, emergence often
occurs within one or two months in spring, sometimes followed by some additional flushes
insummer. Strictspring-germinating speciesarefor instanceAmbrosiaartemisiifolia (Baskin
andBaskin, 1980)andPolygonumpersicaria (BouwmeesterandKarssen, 1992).Inanumber
of species, for example Chenopodiumalbum (Baskin and Baskin, 1977a; Bouwmeester,
1990), Portulacasmallii (Baskin and Baskin, 1987) and Spergulaarvensis (Karssen et al,
1988; Bouwmeester, 1990) additional germination flushes were observed during summer.
Species that originate from climates with a hot dry summer and a cool humid winter like
Arabidopsis thaliana(BaskinandBaskin, 1983)andLamiumpurpureum(BaskinandBaskin,
1984) mainly germinate in autumn. They often survive thewinter as rosette plants and start
toelongatein spring. Someautumn-germinating species, like Veronica arvensis(Robertsand
Boddrell, 1983), Veronica hederifolia(Roberts and Lockett, 1978a) and Aphonesarvensis
(Roberts and Neilson, 1982) show a second germination flush in spring.
This periodicity of seasonal emergence may be due to seasonal fluctuations in the
number of seeds in the soil. This is particularly true for grasses that form transient seed
banksin which noneof the seedsremain alivein thesoil for morethan oneyear (Thompson
and Grime, 1979).However, dicotyledonous annual species form largepersistent seed banks
of which the size outnumbers the annual input of seeds. Well-documented studies indicate
that survivalof seedsintheseseed banksmaybeaslongasdecades tocenturies (Chippindale
and Milton, 1934; Baskin and Baskin, 1977b; 0dum, 1978;Kivilaan and Bandurski, 1981;
Priestley and Posthumus, 1982).Emergence from such seed banks is strongly stimulated by
frequent soil cultivation. The periodicity of emergence, however, is not essentially affected
by soil disturbance (Roberts and Feast, 1973;Roberts and Lockett, 1978b), indicating that
variability inthenumberof seedsinsoilcannotaccountfor theobserved emergencepatterns.
1
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It has been demonstrated for many species that changes in seed dormancy can explain
thetiming of emergence (Karssen, 1982;Baskin and Baskin, 1985). Someof thefirstdirect
evidence that buried seeds are not constantly ready to germinate came from studies on
germination periodicity in Polygonum aviculare(Courtney, 1968) and several other species
(Taylorson, 1970, 1972).Sincethen,awealthofinformation becameavailableaboutchanges
in germination capacity in buried seeds (e.g. Baskin and Baskin, 1977a, 1983, 1984, 1990;
RobertsandLockert, 1978a,b;Karssen, 1980/81b;Bouwmeester andKarssen, 1989, 1992).
In all these studies comparable methods were used. Seeds packed in envelopes that permit
good contact with soil, wereplanted in soil outdoors and after several intervals germination
capacity was determined under laboratory conditions.
By testing germination capacity at a range or temperatures and in the absence and
presenceofgermination-stimulating factors likefor instancelightand nitrate, itbecameclear
that the range of conditions over which germination can proceed, becomes wider during
alleviation of dormancy whereas it narrows during dormancy induction, indicating that
dormancy is not an all-or-nothing property (Vegis, 1964; Karssen, 1980/81a, 1982; Baskin
and Baskin, 1985;Bouwmeester, 1990; Bouwmeester and Karssen, 1992).

Definitions of dormancy
An excessive number of terms has arisen over the years to classify various aspects of
dormancy(Roberts, 1972;Nikolaeva, 1977;BewleyandBlack, 1982b;Karssen, 1982;Lang,
1987; Lang et al., 1987). The abundance of terminology can easily give rise to quite some
confusion. Classification canbebased on(a)theapparent origin (e.g.environmental,genetic,
metabolic, physiological or structural), (b) the depth of dormancy (true or relative) and (c)
timingofdormancy (innate,primary, secondary).Alsodefinitionsofdormancyarenumerous
(e.g. Amen, 1968;Taylorson and Hendricks, 1977; Salisbury and Ross, 1978; Bewley and
Black, 1982b). The statement by Hobson (1981) that 'theremay be as many definitionsof
dormancy as there are investigatorsconcernedwith the subject' clearly demonstrates the
confusion ofthistermandthelackofknowledgeaboutunderlyingphysiological mechanisms.
Unfortunately, many definitions of dormancy fully neglect theexistence of a distinction

Chapter 1

between breaking of dormancy and the eventually following process of germination.
Similarly, adistinction between inhibition ofgermination and induction ofdormancy is often
not recognized. Simpson (1990), however, made this distinction and defined dormancy as
'Temporary failure of a viable seed to germinate, after a specified length of time, in a
particular set of environmental conditions that laterevokegerminationwhenthe restrictive
state has been terminatedby eithernaturalor artificialmeans.'

Primary
dormancy

1

,.Relief of
/»dormancy \

r

2

(

\v

1

Germination
"2

^ /
Inhibition of
germination

Secondary
dormancy
3

Fig. 1.1 Schematicpresentation of changes in seed dormancy. Numbers arereferred to inthe
text. After Karssen(1982).
So long as knowledge about dormancy mechanisms is so limited, a terminology based
on timing or degree of dormancy is preferred aboveonebased on theorigin. Therefore, the
terminology used in this thesis is based on Karssen (1982) (Fig. 1.1). Primary dormancy
develops during seed maturation on the mother plant. It prevents precocious germination
when the seeds are still on the mother plant. Primary dormancy can be relieved by dry
storage, often referred to asdry after-ripening or by imbibition at certain temperatures over
certain time periods (1). Germination can now proceed, provided that environmental
conditions allow germination (2). These conditions involve basic requirements for water,
oxygen and anappropriate temperature, anddepending onthespecies, otherfactors likelight
and nitrate may be highly stimulatory. If these requirements are not fulfilled, germination is
inhibited (4). This state is sometimes referred to as 'enforced dormancy' (Roberts, 1972).
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Because germination can occur as soon as the environmental restrictions are terminated,
Hilhorst and Karssen (1992) proposed the term of 'pseudo-dormancy' for this state.
Prolongation of the environmental restrictions can result in re-induction of dormancy (3)
(Karssen, 1980/81a). Because it develops after dispersal in seeds that have emerged from
primary dormancy or in seeds that were non-dormant at harvest, this state of dormancy is
called secondary dormancy, that can be relieved and re-induced. Three successive annual
cycles have been demonstrated in seeds of Polygonum aviculare L. (Baskin and Baskin,
1990)andPolygonumpersicaria L. (BouwmeesterandKarssen, 1992).Therefore, itislikely
that this cycle can be repeated for numbers of years until the seeds germinate or die.
It is evident that dormancy is of indubitable value for the reduction of the germination
chances under environmental conditions that are unfavourable for seedling establishment.
Spring-germinating speciesaredormant in summerandautumn, dormancy isrelieved during
winter and they can germinate in spring, provided environmental conditions are suitable.
Species that germinate in autumn are dormant in winter and spring, dormancy is alleviated
in summer allowing the seeds to germinate in autumn under suitable conditions.
Theabilityofplantstoproducedormant seedspresumably evolved morethan 30million
years ago (Mapes et al., 1989). From the observation that palaeozoic fossil conifer cones
bore mature seeds with well-developed cotyledonary embryos, the authors concluded that
there was a significant delay between fertilization and seed germination in the earliest
conifers, which indicates that quiescence before seed germination may have initiated the
evolution of seed dormancy. This emphasizes the importance of dormancy for successful
survival of species. Dormancy obviously is part of a strategy that ensures survival in an
everchanging environment.
In temperate regions, temperature seems tobe the main regulatory factor in the control
of dormancy. It has been postulated that breaking of primary dormancy and induction of
secondary dormancy are simultaneous processes. Totterdell and Roberts (1979) stated that
only induction of secondary dormancy was temperature dependent in Rumex crispus and
R. obtusifolius seeds. Alleviation of dormancy occurred equally well at all temperatures
below 15°C.Coneand Spruit (1983),however, demonstrated inArabidopsisthalianaseeds
that both processes are temperature dependent. The net result of both processes determines
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whether a certain exposure to afluctuatingtemperature regime or to constant temperatures
can be classified as dormancy breaking or -inducing.
Apart from temperature, dormancy can also be modified by some other environmental
conditions, like nitrate (Karssen, 1980/81a; Hilhorst, 1990a), oxygen- and carbon dioxide
levelsin soil (Karssen, 1982)anddehydration (Mayer and Poljakoff-Mayber, 1982;Karssen
etal., 1988;Bouwmeester, 1990).In desert regions dehydration may even play a dominant
role in dormancy regulation.

Germination
Light
After the alleviation of dormancy seeds are capable to germinate, but often still
absolutely depend on certain environmental conditions. Light can be regarded as the most
extensively studied germination-stimulating factor. It is generally accepted that light acts
through thephotoreversibleproteinphytochrome(Taylorson, 1987).Indarknessthepigment
isin an inactive form with an absorption maximum at 660nm, that can absorb red lightand
is therefore designated as Pr. Upon red light irradiation Pr is quickly converted into the
activePfr form that hasan absorption maximum at 730nm. Absorption of farred irradiation
by Pfr causes reversion to Pr. This reversion can also occur in darkness, although at a
strongly reduced rate.
Becausemanyphytochrome-mediatedresponsesdidnotcorrespond withmeasured levels
of Pfr, especially when very low fluence levels induced a significant response, it became
apparent that phytochrome does not simply act in the monomeric Pfr form (Raven and
Shropshire, 1975). Evidence is growing that phytochrome behaves as a dimer (Brockmann
et al., 1987) that exists in three forms, namely Pr:Pr, PnPfr and PfnPfr. The first form is
inactive, the second form is induced by very low fluence values, resulting in a very-lowfluence-response (VLFR) and the third form results from irradiation by low fluence values,
resulting in a low-fluence-response (LFR) (VanderWoude, 1985). Thefluence requirements
of the VLFR and LFR differ by approximately 10000 fold. The VLFR is not farred
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reversible and can be saturated with red lightas well aswith farred irradiation (Smallet al.,
1979; Mandoli and Briggs, 1981). Also green safelight (520 nm) may induce a VLFR
(Blaauw-Jansen and Post, 1985;Kendrick and Cone, 1985).
Sensitivity to low amounts of Pfr has been induced by several treatments like chilling
(VanderWoudeandToole, 1980;Coneetal., 1985;VanderWoude, 1985),imbibitionathigh
temperatures (Cone et al., 1985; Kendrick and Cone, 1985; Taylorson and Dinola, 1989),
treatment with anaesthetics (VanderWoude, 1985)and treatment withgibberellins (DePetter
etal., 1985;Rethy et al., 1987). Because in addition to this VLFR a response was induced
in the LFR as well, the fluence response curves exhibited a biphasic character.

Light and gibberellins
Although the stimulatory effect of light on germination has been studied extensively, a
black box exists between the perception of the light stimulus and the final germination
response. An early event maybe theassociation of Pfr with a membrane (Taylorson, 1982).
However, immunocytochemical studies give equivocal answers to the question whether Pfr
is indeed associated with membranes. Even if so, ithas tobeanswered whether thisbinding
is relevant for its function. In oat cells most of the sequestered Pfr was associated with
structures that have no morphologically identifiable membranes surrounding them. There is
no convincing evidence that the inactive Pr form associates with any particular membrane
or organelle. Pr is distributed uniformly throughout the cytosol (Pratt, 1986; Taiz and
Zeiger, 1991).
Since gibberellins (GAs) can replace light in several species, it was proposed that Pfr
may actby inducing the synthesis of GAswithin the seed. Several attempts have been made
tocorrelate promotion of germination by Pfr with increased levels of GAs in seeds. Taylor
and Wareing (1979) for example reported rapid increases in GA levels shortly after
irradiation of seeds of Piceasitchensisand Pinussylvestris. In lettuce seeds an increase in
GA9 was observed following exposure to light (Bianco and Bulard, 1981). Recently, the
isolation of Arabidopsisthalianamutants that no longer require light for germination{dei)
has permitted the identification of some genes that may be involved in GA biosynthesis
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(Chory et al., 1989; Chory and Peto, 1990). These del mutants were obtained from a
population of mutagenized dark-grown seedlings, that displayed many phenotypic
characteristics of light-grown wild-type plants. Both detl and wild-type plants were
transformed by introducing photoregulated promoters fused to screenable marker genes. It
was demonstrated that the DET1 gene may encode a transcriptional repressor. Thus, GA
biosynthetic genes may be negatively controlled by the DET1 gene at the level of
transcription. Thepositiveeffect oflightonwild-typeseedsmayresult from the Pfr-inhibited
DET1 synthesis or action. Nambara et al. (1991) demonstrated that the det mutants still
require GA for germination, that is synthesized independently of light.
The role of GA biosynthesis in Pfr-induced germination of lettuce seeds has been
challengedbyHazebroekandCoolbaugh (1991).Fromtheobservation thatkaureneoxidation
isnotanobligaterequirement for germination coupled withthefact that kaurene metabolism
occurs in light, it was concluded that kaurene oxidation occurs after germination has been
induced, andis notdirectly involved inPfr-dependent processes associated with inductionof
germination. Also in pea, there is no evidence that germination requires de novo synthesis
of GAs (Sponsel, 1985).
It has also been suggested that Pfr releases the available GA from a compartment toits
site of action without an increase in amount (Taylorson, 1982). In spinach plants, in which
exposure to long days (LD) results in stem elongation, it was demonstrated that LD
conditions result in an increase of GA!and GA20and a decrease in GA19and GA53 (Talon
etal, 1991).
However, it is not likely that GA biosynthesis or availability can alone account for the
light-induced germination. Because GA action of several species was dependent on light
(Taylorson and Hendricks, 1976; Fredericq et al., 1983), it was concluded that light also
increased sensitivity to GAs.
Light effects on both GA biosynthesis and GA sensitivity were found inSisymbrium
officinale seeds (Hilhorst et al, 1986). By use of the GA-biosynthesis inhibitor tetcyclasis
(RademacherandJung, 1981)itwasdemonstrated thatgermination ofS.officinaleseedswas
preceded by de novo synthesis of GAs.
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GAactioninseeds
Themechanism of GA action in germination hasbeen extensively studied in barley and
other cereals. In the aleurone layer GAs stimulate the production of hydrolases, chiefly
a-amylase, that digest the contents of the starchy endosperms (e.g. Bewley and Black,
1982a). Calcium is required for this action (Bush et al., 1989). Both cytosolic and
endoplasmicreticulum calcium levelsincreased asaresultofGAaction (Bush, 1992).Itwas
demonstrated that GAs influence the pattern of gene expression and protein synthesis. The
expression of somegenes was up-regulated, whereas others were down-regulated (Jacobsen
and Gubler, 1992; Rogers et al, 1992). The relation to hormone receptors has still to be
resolved.
In tomato seeds GAs induced the enzymatic hydrolysis of the galacto-mannan-rich
endosperm cell walls by increasing the activity of endo-ß-mannanase, mannohydrolase and
a-galactosidase. Itwashypothesized thatGAsare synthesized in theembryoand transported
to the endosperm, where they induce the activity of endosperm-weakening enzymes (Groot
et al., 1988). The GA-deficient gibl mutant of tomato did not germinate in the absence of
applied GAs. However, removing of the embryo-surrounding layers overcame the block to
germination, as applied GAs also did. The mechanical resistance of the endosperm cells
around the radicle tip could be decreased by exogenous GAs, both in gibl and wild-type
seeds (Groot and Karssen, 1987).

Nitrate
The stimulatory action of nitrate on germination has been described for many
graminaceousanddicotyledonousweedspecies(HendricksandTaylorson, 1972;Robertsand
Smith, 1977; Vincent and Roberts, 1977). So far, there is no general agreement as to its
mechanism of action. It is not likely that the enhancement effect of nitrate is an unspecific
nutritioneffect, becauseotherwise ammonium should alsoincreasegermination, which often
isnotthecase (Haasand Scheuerlein, 1990).Robertsand Smith (1977)proposed thatnitrate
acts as an alternative electron acceptor. As a result of increased re-oxidation of NADPH to
8
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NADP+ the operation of the pentose phosphate pathway (PPP) should be stimulated at the
expense of glycolysis, citric acid cycle and terminal oxidation reactions. A possible
involvement of the PPP on the stimulation of germination was based on observations that
inhibitors of glycolysis and following reactions can stimulate germination. Hendricks and
Taylorson (1975) proposed that nitrate inhibits catalase activity which spares hydrogen
peroxide for reconversion of NADPH to NADP+, thus indirectly promoting the activity of
the PPP. Bewley and Black (1982b), however, raised pertinent questions about both
proposals because the role of the PPP in regulating the breaking of dormancy and the
stimulation of germination is still in question. This will be dealt with later on.
Both theories about nitrate action involve the reduction of nitrate to nitrite by nitrate
reductase. Whether or not this reduction is required for germination has been studied in
Sisymbrium officinale seedsbyHilhorst andKarssen (1989).Itwasdemonstrated that nitrate
levels remained constant during the first 8 hours following a red light irradiation, in which
inductionofgermination occurred. During thenext 8hours nitratelevelsdeclined, indicating
thepresenceofnitratereductase. Theauthorsconcluded thatthisenzymeactivitywasrelated
totheonset of seedling growth rather than totheinduction of germination and that therefore
nitrateintheunreduced statemayevokeaneffect, aswasalreadyproposed byHendricksand
Taylorson (1972). On thecontrary, nitrateaction in fern-spore germination has been shown
to be mediated by nitrate reductase (Haas and Scheuerlein, 1991).
The actual mechanism of nitrate action is still unclear. Hilton and Thomas (1986)
suggested that nitrate stimulates germination by an increased oxygen uptake. However, it
appears more likely that theincreased oxygen uptakewas theresult and not thecause of the
germination process. Hilhorst and Karssen (1988) proposed that nitrate acts somehow asan
indispensable co-factor for Pfr action. Hilhorst (1990c) suggested that the small nitrate ion
may alter phytochrome receptors, thereby allowing the binding of Pfr:Pfr dimers to the
activated receptors. Haas and Scheuerlein (1990, 1991) assumed in Dryopteris filix-mas
sporesa specific effect onone of theearly stepsin the signal-transduction chain initiated by
the formation of Pfr. Since the action of nitrate in these spores can be substituted by Pfr
action, nitrate is not absolutely required for germination (Haas and Scheuerlein, 1991), in
contrast to S. officinaleseeds (Hilhorst and Karssen, 1989).

Chapter1

When nitrate exerts a stimulatory effect on germination in the absence of light, as was
found for Polygonum persicaria seeds after 3-5 weeks chilling in darkness (Karssen,
1980/81b),regulation independent ofPfr action maybeproposed. However, thecapacity for
darkgermination mayalsobecaused bythethreshold levelsof 'pre-existing' Pfr intheseeds
(Cone and Kendrick, 1985).
Light andnitrate
Interactions between light and nitrate are not exclusive for S. officinaleseeds (Karssen
and De Vries, 1983; Hilhorst et al, 1986) but are common in many species (Vincent and
Roberts, 1977, 1979;Roberts andBenjamin, 1979;Williams, 1983;Hilton, 1984, 1985;De
Petter et al, 1985; Probert et al, 1987; GrubiMé and Konjevié, 1990; Singh and
Amritphale, 1992). Although both light and nitrate stimulated germination inEchinocloa
colonumseeds, nointeraction between both factors wasdetected in this species (Ellis et al.,
1990).
In S. officinaleseedsnitratewasrequired for thePfr-induced GAbiosynthesis, whereas
its action in Pfr-stimulated GA sensitivity was not needed (Hilhorst et al, 1986). In
Chenopodium albumseeds, however, nitrateincreased the response toapplied GAs (Sainiet
al, 1985b). An increase in sensitivity to Pfr due tonitrate has been reported for Kalanchoë
blossfeldianaseeds (De Petter et al, 1985).

Othergerminationstimulatingfactors
Besides lightand nitrate several other environmental and chemical factors are known to
stimulategermination,likealternatingtemperatures (SteinbauerandGrigsby, 1957),ethylene
(Schonbeck and Egley, 1981;Egley, 1984; Saini et al, 1985a, b; Kepczyriski, 1986) and
severalothernitrogenouscompoundslikenitrite,thiourea, hydroxylamine,cyanideandazide
(Major and Roberts, 1968;Roberts and Smith, 1977;Upadhyaya etal., 1982;Adkinset al.,
1984a). Interactions between these factors, either additive or synergistic, have also been
frequently reported and are reviewed by Karssen and Hilhorst (1992) and Probert (1992).
10
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Dormancy
Although mechanisms of action of germination-stimulating factors likelightand nitrate
areonlypoorly understood, knowledgeaboutregulation ofdormancyeven seemstobemore
limited.
Different categories of dormancy can be recognized, possibly each with a different
dormancy mechanism. In addition, it seems likely that different dormancy mechanisms may
operate simultaneously orafter eachotherwithinonespecies.Untilnow, only few dormancy
mechanisms are known in detail, likeembryo immaturity and seed coat hardiness. Embryos
offor instanceFraxinus nigra(VanstoneandLaCroix, 1975)and manyUmbelliferae species
likeHeracleumsphondylium(Stokes, 1952)andApiumgraveolens(celery) (Van der Toorn
and Karssen, 1992) are morphologically immature when the dispersal unit is released, and
require a period of further development before they become able to germinate.
Mechanical restraint by the seed coat has been reported for several Syringa species
(Junttila, 1973)andforXanthiumpennsylvanicum seeds(EsashiandLeopold, 1968).Inthese
species the embryo cannot generate sufficient thrust to overcome the mechanical barrier of
the seed coat. In X. pennsylvanicum seeds other dormancy mechanisms operate
simultaneously (Bewley and Black, 1982b).Dormancy in manyLeguminosae species canbe
attributed to seed coat imperviousness to water, which is so effective that germination may
be delayed for many years (Rolston, 1978) or even centuries as was the case inNelumbo
nucifereaseeds that were found buried in China in 1952 (Priestley and Posthumus, 1982).

Most studies of dormancy have concentrated on breaking of dormancy only. Because
dormancy in many species isareversible process, it isevident thata satisfactory explanation
of the control of dormancy in these species has to include this reversible character.
Various hypotheses have been proposed to account for the possible mechanism of
dormancy. These include hormonal regulation, involvement of membranes and metabolic
regulation.

11

Chapter 1

Hormonal regulation
Theidea that the regulation of seed dormancy may involve interaction between natural
promotive hormones, such as GAs and cytokinins and the inhibitory hormone abscisic acid
(ABA), was developed 40 years ago by Luckwill (1952). The abundant quantities of
hormonesin seeds at certain stages of development and effects of applied growth regulators
resulted in widespread support for the balance theory, in which the onset, maintenance and
terminationofdormancywereregulatedbysimultaneouslyoperatingpromotersandinhibitors
of germination (Amen, 1968). However, the theory has also been criticized by several
authors, mainly because it is too simplistic (Wareing and Saunders, 1971;Taylorson and
Hendricks, 1977; Black, 1980/81; Bewley and Black, 1982b; Wareing, 1982; Roberts and
Hooley, 1988). It is evident that experiments with applied growth regulators can never
provide final proof that endogenous hormones are indeed involved in dormancy regulation
and germination. On the other hand, absence of effects of applied growth regulators is not
an argument against their regulatory role. Lack of penetration, inactive forms or low
sensitivity may account for theabsence of an effect (Wareing, 1982;Karssen etal., 1989).

ABA
Karssen etal. (1983)convincingly demonstrated thatinA. thalianatheonsetofprimary
dormancy on the mother plant involves the action of ABA. In wild-type seeds dormancy
developed during seed maturation but not in the ABA-deficient mutant (aba). Dormancy is
also much reduced in the ABA-insensitive mutants (abil, abi3) (Koornneef et al., 1984).
Reciprocal crosses between wild type and aba mutant showed that the onset of dormancy
correlated wellwiththepresenceofembryonicABArather thanwith maternal ABA(Karssen
et al., 1983). In Helianthus annuus (Le Page-Degivry et al, 1990) and apple (Le PageDegivry, 1990)embryodormancy wasinitiated immediately after endogenous ABAreached
its highest value. Application of fluridone to H. annuus seeds prevented both ABA
biosynthesis and the development of dormancy. However, fluridone did not prevent the
development of dormancy when it wasapplied after the ABA level in the seed declined. On
the contrary, there appears to be no correlation between ABA content and the level of
12
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dormancy in wheat. ABA concentrations in a sprouting-resistant (highly dormant) and a
sprouting-susceptible (lowdormant) cultivar were closely similar (Walker-Simmons, 1987).
Theinvolvementof ABAinthemaintenanceandtermination of dormancyinthemature
seed is probably minimal in several species, as there is little or no carry-over of ABA into
the mature seed, as was shown for instance inA. thalianaseeds (Karssen et al., 1983). In
apple, however, dormancy seems to be maintained by the continued presence of ABA (Le
Page-Degivry, 1990). During a dormancy-terminating chilling treatment of apple seeds the
level of ABA in the axiseven increased (Singhand Browning, 1991), indicating that lossof
dormancy is not caused by a decline in ABA levels. A role of ABA in the maintenance of
dormancy was also suggested in wheat, as dormant seeds exhibited prolonged expression of
ABA-responsive genes (Morris et al., 1991). In Corylusavellana seeds ABA levels fell
equally during chilling and high temperature treatment, although only the former was
effective inbreaking of dormancy (Williams etal., 1973). Maturelettuce seeds may contain
considerable amounts of ABA. It is supposed that this ABA is required to suppress reserve
mobilization before germination commences (Dulson et ai, 1988).
Themechanism of ABAaction in dormancy induction andeventually inits maintenance
is not known (Black, 1991). The expression of certain genes might be suppressed by ABA.
Alternatively, the expression of other genes might be up-regulated. Black (1991) further
raised the possibility that ABA caused the formation of a spectrum of proteins. Namely, in
the non-dormant recombinant mutant seeds of A. thaliana (aba/abi3) there is impaired
synthesis of late abundant storage proteins (Koornneef et al., 1989). Moreover, embryonic
axes of dormant wheat seeds form some heat-stable proteins in response to ABA which are
not similarly effective in non-dormant seeds (Ried and Walker-Simmons, 1990).

GAs
Although developing seeds are rich sources of GAs (Sponsel, 1987), no evidence is
presented that GAs are somehow involved in the onset of dormancy on the mother plant.
Karssen and Laçka (1986) demonstrated inA. thalianathat whether or not seeds are ableto
synthesize GAs, is not relevant for the induction of dormancy. Both wild-type and GAdeficient (gal) seeds develop dormancy. Studies with GA-deficient mutants of A. thaliana
13
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(Barendse et al., 1986) and tomato (Groot et al., 1987) showed that GAs are also not
required for seed growth. Therateof fruit growth, however, wasclearly influenced byGAs.
Becauseexogenous GAsoften replacetherequirement for adormancy-breaking chilling
treatment, it has been frequently hypothesized that chilling elevates GA levels and thereby
breaks dormancy. However, there have been no consistent demonstrations that chilling
precipitates an increase in GA level in a pattern related to breaking of dormancy. Many
measurements of GA levels have been carried out using bio-assays. Modern gas
chromatography mass spectrometry (GC MS) techniques will definitely enlarge the
knowledgeabouttheinvolvement of GAlevelsinbreaking of dormancy. There are however
good arguments to assume that the capacity to synthesize GAs, rather than GA levels
themselves, is regulatory. Chilling of hazel seeds, for instance, resulted in no appreciable
increase in GAlevels. However, when thenow non-dormant seeds were transferred to high
temperatures the capacity to synthesize GA, and GA9 rose dramatically (Williams et al.,
1974). Analogously, Metzger (1983) concluded in Avenafatua that after-ripening does not
cause adirect change in thelevels of GAs during dry storage but induces a greater capacity
during the following imbibition period. Further evidence that GA levels themselves are not
regulatory in breaking of dormancy comes from studies with a GA-deficient gal mutant of
A. thaliana.Ashortchillingtreatmentenhanced theresponsiveness ofbothgal andwild-type
seeds in darkness. Thus, dormancy breaking is not dependent on GA biosynthesis (Karssen
etal, 1989).

Thesensitivity concept
The lack of correlation between hormone levels and a developmental event that might
behormonally regulated, may indicate that sensitivity toa hormone rather than the hormone
level itself is regulatory. The concept of sensitivity has received much attention during the
past ten years (Trewavas, 1981, 1982, 1991;Guern, 1987; Roberts and Hooley, 1988). It
was indeed demonstrated that embryo responsiveness to exogenous ABA was highly
correlated with the induction of dormancy during seed development in wheat (WalkerSimmons, 1987).Similarly, embryos ofhigh-temperature-induced dormantand non-dormant
Avena sativa seeds varied in their sensitivity to exogenous ABA (Poljakoff-Mayber et al.,
14
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1990). An increase in sensitivity toapplied GAsasaresult of a short chilling pre-incubation
treatment was reported for otherwise GA3-insensitive aleurone tissue of wheat (Singh and
Paleg, 1984) and gal seeds of A. thaliana(Karssen et al., 1989).
Conclusions on hormone sensitivity are mainly based on the interpretation of applied
hormone response curves. Actually, the term sensitivity is too imprecise. It is obvious that
itincludes thenumber of hormonebinding sitesor more specifically thenumber of hormone
receptors. Moreover, theaffinity of the receptor for thehormoneand theoverall capacityof
theresponding system torespond tothe number of occupied receptors may contribute tothe
observed sensitivity (Firn, 1986). In contrast with mammalian physiology, attempts to
quantify hormone sensitivity have only started recently (Weyers et al., 1987; Fitzsimons,
1989; Weyers and Paterson, 1992). This delay may be attributed to the regenerative,
developmental and organizational plasticity of plant cells related to the sessile life-style of
plants(Trewavas, 1981).Thecomplexityofresponsestoenvironmentalandhormonalsignals
thatprovide thebasis for plant growth and development haslong been recognized (Learned,
1992). Whereas a limited number of hormones may be involved in a large variety of
developmental events inplants, well-defined systems controlphysiological activitiesin welldefined animal organs. In plants coordination between tissues and cells is much less than in
animals, and plants alsolackthepronounced differentiation between sensory and responding
cells and tissues (Trewavas and Gilroy, 1991).

Involvementofmembranes
Evidence that dormancy is causally related to some property of cell membranes came
from studies in which dormancy was released by anaesthetic-like substances liken-propanol
and ethanol (Taylorson and Hendricks, 1980/81; Adkins et al., 1984c; Larondelle et al.,
1987). Prevention of this increase by application of external pressure presents an argument
for membrane action (Hendricks and Taylorson, 1980; Taylorson, 1988). However,
Taylorson (1991)recently reported that stimulation of germination ofEchinochloa crus-galli
seeds by n-butanol could not be reversed by pressure, indicating that pressure does not
simply prevent the action of alcohols as previously thought, but may have an action of its
15
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own. The quantification of leakage components after imbibition of Rumex crispus seeds at
temperatures that either allow or disallow red light-induced germination after transfer to
20 °Cdidalsonotpresent circumstantialevidencethatmembranesareinvolved intherelease
from dormancy (Taylorson and Dinola, 1990). In addition, the determination of transition
temperatures could not prove the involvement of membranes in dormancy breaking
(Taylorson and Dinola, 1990).
In the same laboratory the composition of proteins in membranes was monitored in
dormant and non-dormantE. crus-galli seeds (DiNolaandTaylorson, 1989;DiNolaet al.,
1990). It was demonstrated that the transition from a dormant to a non-dormant state as a
result of brief high temperature exposure or treatment with n-propanol was associated with
synthesis of specific proteins and a decrease in content of others in the plasma membrane.
Thesechanges mayinfluence thephysicalnatureoflipid-bilayersinmembranes. Alsophasetransitions may depend on protein composition. No changes in the content and composition
of lipids and lipid fatty acids were detected.
Thus, it can be concluded that although some evidence is presented that membrane
behaviourisassociated withdormancy, theevidenceneedstobemoreconvincing. However,
the assumption that GA receptors (Hooley et al., 1991) as well as Pfr receptors (Gallagher
et al., 1988) are located in membranes, makes a role for membranes in the control of
dormancy very likely. The fact that temperature seems to be the main regulatory factor in
dormancy provides additional evidence for the involvement of membranes, as temperature
is known to affect physical properties of membranes (Raison et al., 1980; Di Nola and
Mayer, 1986).

Metabolie regulation
Anincrease inoxygen availability, Stimulation of thealternativepathway of respiration,
increased metabolismofcarbohydratesandactivationofthepentosephosphatepathway (PPP)
have all been proposed as possible dormancy-breaking mechanisms.
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Increasein oxygen availability
Limited uptake of oxygen due to covering structures has been regarded as a possible
cause of dormancy. This was based on some observations. Firstly, removal of covering
structures or cutting, puncturing or abrading the tissues enclosing the embryo allowed
germination. This effect could be the result of an increased availability of oxygen but may
also result from increased water uptake and leaching out of inhibitors. Secondly, in some
species dormancy of intact seeds could be removed by exposing them to oxygen tensions
higher than that of air. Low oxygen penetration may be attributed to the presence of a
mucilage layer as for instance in Sinapis arvensis seeds (Edwards, 1968) or to the
consumption of oxygen by the coat itself as described in Pyrusmalus (Come and Tissaoui,
1973).
Even when covering structures limit the amount of oxygen available to the embryo, it
can be questioned whether this is related to dormancy. The simplest explanation is that
germination is inhibited because there would be insufficient oxygen to support the oxygenrequiring germination process. Alack of correlation between the availability of oxygen and
dormancy came from studies with the dimorphic seeds of Xanthiumpennsylvanicum that
differ in the degree of dormancy. No differences in oxygen availability were observed
between theupper deep-dormant seed and thelower low-dormant seed (Porter and Wareing,
1974).Oxygen uptakewaslower thanpermeability of the seed coat would maximally allow.
Theisolated embryoof theupper seed, however, required moreoxygen for germination than
thatof thelower seed. This difference isnot fully understood. Involvement of inhibitorsand
interacting effects with ethylene have been proposed but also opposed (Bewley and Black,
1982b).
Because temperature influences the availability of oxygen, Vegis (1964) suggested that
effects of temperatureon dormancy maybeexplained by fluctuations in oxygen availability.
However, this theory has never been proven.
Thequestion whetherornotdormancybreaking requiresanincreased oxygen uptakehas
often beeninvestigated by comparing effects of dormancy-breaking chillingor after-ripening
treatments on germination capacity and oxygen uptake. Data are quiteconflicting. Chen and
Varner (1970) reported that dormant seeds ofAvenafatua consume less oxygen than after17
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ripened seeds during the first 12 hours of imbibition. On the contrary, Simmonds and
Simpson (1971)found nodifference inoxygenuptakeratesofexcised embryosfrom dormant
and non-dormant seedsof the same species during the first 10hours of imbibition. Arisein
respiratory capacitywasobserved during stratification ofPrunuscerasus (PollockandOlney,
1959), Pyrus communis(Alscher-Herman et al, 1981) and Malus domestica (Bogatek and
Rychter, 1984).Theincrease inoxygen uptakeattheend ofthe80days stratification period
in apple was, however, attributed to the partially broken seed coats. Oxygen uptake rates
after 20daysof stratification were similar tothoseatthe start of thestratification period and
the authors concluded that respiratory processes do not play any decisive role in dormancy
breaking of apple seeds (Bogatek and Rychter, 1984).
From these observations it is evident that the onset of the germination process during
adormancy-breaking treatmentisquiteanuisancein studiesonapossiblecausal relationship
between increased oxygen uptake and breaking of dormancy. This aspect has also been
neglected in studies in which effects of applied nitrate on both germination capacity and
oxygen uptake rate were compared. In Avenafatua nitrate dose response curves for the
stimulation of germination and oxygen uptake were similar, from which the authors
concluded thatnitratemay stimulategermination bypromotingoxygen uptake(Adkinsetal.,
1984b). Although oxygen uptake increased four days before visible germination, it can be
questioned whether the increase in oxygen uptake rate cannot simply be attributed to early
germination events rather than being causally related to breaking of dormancy. Hilton and
Thomas (1986)compared germination and oxygen uptakeratesbefore visiblegermination of
five weed species in the presence or absence of potassium nitrate. Rates of oxygen uptake
in KN0 3 were higher than those in water when KN0 3 promoted germination. When KN03
wasinhibitory, rates were decreased and were similar whenKN03 had noeffect. Therefore,
theauthorsconcluded thatrespiration isakeymetaboliceventinvolved inthetransition from
thedormant tothenon-dormant state. However, also from these results it can be questioned
whetheracausalrelationship existsbetween theaction of nitrateand oxygen uptake, because
theobserved differences in oxygen uptake may equally well result from differences in early
germination events preceding visible germination. Acrucial experiment would be to follow
oxygen uptake rates under conditions that break dormancy but do not allow germination,
18
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since a germination-stimulating factor is missing.
Stimulationof thealternativepathway ofrespiration
The existence of both the cytochrome- and the alternative pathway of mitochondrial
electron transport hasbeendemonstrated inseeds. Duringimbibition thecontribution ofboth
pathways may change as reported for chick pea (Burguillo and Nicolas, 1977), soy bean
(Yentur and Leopold, 1976; Siedow and Girvin, 1980), mung bean (Siedow and Girvin,
1980), tomato (Gui et al, 1991) and maize (Leprince et al, 1992).
Inhibitors of the cytochrome pathway of respiration have frequently been reported to
stimulate germination (Hendricks and Taylorson, 1972;Roberts and Smith, 1977;Esashi et
al, 1979; Zagórski and Lewak, 1983; Adkins et al, 1984a; Cohn and Hughes, 1986;
Tilsner and Upadhyaya, 1987). This observation led to the suggestion that the alternative
pathway, induced by such treatment, is involved in breaking of dormancy. In a series of
investigations ofXanthiumpennsylvanicumseeds (Esashi et al, 1979, 1981a, b, 1982a, b),
an appropriate balance of fluxes through both pathways and a large capacity for the
alternative path appeared to be necessary for the termination of dormancy. Esashi et al.
(1979) also stated that induction of secondary dormancy arises from inactivation of the
alternative pathway. Other authors, however, concluded that although both respiratory
pathways are operational during dormancy breaking, the alternative pathway is not an
obligate requirement for it (Alscher-Herman etal, 1981;Adkins etal, 1984a, b; Bogatek
and Rychter, 1984; Brooks et al, 1985;Tilsner and Upadhyaya, 1985, 1987; Upadhyaya,
1986).

Increasedmetabolismofcarbohydrates
In Avenafatua dormancy-breaking treatments, like after-ripening and soluble sugars
influenced themetabolismofcarbohydrates, particularlytheraffinose-family oligosaccharides
(Foley et al, 1992). However, it is not known whether these changes in carbohydrate
metabolism are a cause or an effect of dormancy breaking.
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Activationof thepentosephosphatepathway
The regulatory role of the PPP in the breaking of dormancy, as firstly introduced by
Roberts (1969) hasbeen investigated by several authors, either by determining Q/Ci ratios,
NADP+/NADPHratios or activities of the regulatory enzymes of the PPP. The Q/C, ratio
technique is based on the premise that 14C02 will be released in equimolar quantities from
[6-14C]glucose and [l-14C]glucose when glucose is metabolized via glycolysis Krebs cycle
pathway but will be released only from [l-MC]glucose when glucose is metabolized via the
PPP. Dataarequiteconflicting. Acorrelation between theactivity of thePPPand dormancy
breaking hasbeen reported forAvenafatua by Simmondsand Simpson (1971, 1972)andby
Gahan et al. (1986), whereas a lack of correlation in the same species has been reported by
Adkins and Ross (1981), Upadhyaya et al. (1981) and Fuerst et al. (1983). Gahan et al.
(1986) attributed thisdifference tothe way enzyme measurements were made, either invivo
(cytochemical) (Gahan et al., 1986) or in vitro (relatively crude extracts) (e.g. Upadhyaya
et al., 1981). The correlation found by Simmonds and Simpson (1971, 1972) could be
attributed to postgerminative events (Upadhyaya et al, 1981). No correlation between the
activity of thePPPand dormancy breaking was found in seeds ofXanthiumpennsylvanicum
(Satohand Esashi, 1980)andSpergula arvensis(Jonesand Hall, 1981).However, in peanut
seeds Swamyand Sandhyarani (1986) concluded that theoperation of thePPPappears tobe
a prerequisite for dormancy breaking.
From these observations it is clear that the PPP theory of dormancy breaking as
proposed by Roberts (1969) has been weakened throughout the years, without fully ruling
out its contribution in the control of dormancy.

Outline of the thesis
Studies on seasonal dormancy patterns have been mainly descriptive. Virtually nothing
is known about the mechanisms by which (soil) temperature regulates this seasonal
periodicity.
In this thesis twoconcepts of dormancy control were investigated, ahormonal concept
and a metabolic concept.
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Hormonalregulationofdormancy
Control maybe exerted via changes in hormone levels and/or via changes in hormone
sensitivity. With respect to thegermination-stimulating hormone GAboth possibilities were
extensively studied.
The experiments were performed with seeds of two related cruciferous species
Arabidopsisthaliana(L.) Heynh. and Sisymbriumofficinale(L.) Scop.
Duetotheavailability of hormonemutantsthatlackthecapacity tosynthesize GAs (gal
mutant) (Koornneef and Van der Veen, 1980) or are insensitive to GAs (gai mutant)
(Koornneef et al., 1985), seeds of the first species are a very powerful tool to investigate
whether GA biosynthesis is required for changes in dormancy or whether GA sensitivity is
themainregulatory principle. Themutation inthegal mutantblockedearly stepsintheGAbiosynthetic pathway prior to enr-kaurene (Zeevaart and Talon, 1992). The biochemical
natureof the mutation ingai seeds isnot known. Scott (1990) suggested theinvolvement of
transcriptional repressor proteins in the control of plant-gene expression. Recombinants of
gal and gai are also available. In wild-type seeds changes in GA sensitivity without the
interference ofGAbiosynthesis canbestudiedbyperforming GAdoseresponse experiments
indarkness, sincelightissupposed toberequired for GAbiosynthesis (HilhorstandKarssen,
1988; Karssen et al., 1989).
In S. officinaleseeds a situation without GA biosynthesis can be created by depriving
the seeds from light and nitrate since it was indirectly demonstrated that a combination of
both factors isrequired for GAbiosynthesis (Hilhorst etal., 1986).However, 'pre-existing'
Pfr and endogenous nitratein theseeds mayalready somewhatovercome these requirements
allowing some germination in water in darkness in extremely sensitive seeds.
Whether or not changes in sensitivity to light and nitrate participate in regulating
reversible annual dormancy patterns was additionally investigated in both species. It was
already demonstrated by Hilhorst (1990a, b) that sensitivity tolightand nitratedecreased in
S. officinale seeds during induction of secondary dormancy at a constant temperature of
15°C.
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In Chapter2it is shown that studies ongermination and dormancy inA. thalianaseeds
are seriously hampered by the large variability in seed material due to harvest time and
conditions of dry storage.
Chapter 3 deals with dose responses of wild-type and gal seeds to several pure GAs.
PureGAswerealsoapplied incombination toinvestigatewhetherdifferent GAreceptors are
involved in theGA-inducedgermination. Combined GCMSin combination with deuterated
GAswere used to qualify and quantify GAsin these seeds. Somepreliminary results on the
effects ofadormancy-releasing chillingpretreatmentandagermination-stimulating irradiation
on GA levels in wild-type and gai seeds of A. thalianaare also presented.
Chapter4 describes the interaction between light and GA biosynthesis and -sensitivity
in four genotypes of A. thaliana: wild type, gal, gai and gai/gal. Effects of dormancybreaking and -inducing pre-incubation treatments at constant temperatures on GA dose
response curves in darkness and light were compared in these four genotypes to study the
role of GA biosynthesis and GA sensitivity in dormancy and germination. Moreover,
tetcyclasis, aninhibitorof GAbiosynthesis was used toelucidatetheroleof GA biosynthesis
in dormancy control.
In Chapter 5 the role of sensitivity to light, GAs and nitrate and GA biosynthesis in
regulating annual dormancy patterns and germination ofA. thalianaseeds was investigated.
Seeds of wild type and gal mutant were imbibed at outside temperatures under absolutely
light-tight conditions. At regular intervals germination capacity of part of the seeds was
determined under laboratory conditions. Detailed dose response analyses were used to
interpret the observed sensitivity changes. The time span of one experiment was 18 months
and of another experiment 9 months.
Chapter 6 deals with the involvement of sensitivity to light, nitrate and GAs in
regulating seasonal dormancy patterns and germination of S. officinale seeds. Portions of
seeds wereburied in thefieldand at regular intervals someportions wereexhumed in order
toperform detailed doseresponseanalyses tolight, nitrateand GAs. Thetime span of burial
was 15 months.
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Metabolicregulationofdormancy
Theobjective of thispart of the study was toinvestigate whether changes in dormancy
arecontrolled bychangesin metabolicactivity. Moreover, theinvolvementof thealternative
pathway of respiration and shifts in respiratory pathways during changes in dormancy were
investigated.
In these experiments seeds of S. officinalewere used. This species allows conclusive
separation between processes concerning breaking of dormancy and thoseconcerning actual
germination. The intensity of dormancy can namely vary by incubating seeds in darkness
without resulting in germination. The degree of dormancy (= germination capacity) can be
tested by providing light and nitrate.

In Chapter 7effects oftemperature-induced changesindormancyonoxygenuptakerate
of S. officinaleseeds were studied. Rates of oxygen uptake were measured with the useof
oxygen electrodes.
Chapter 8describeschangesinthecontributionofdifferent respiratory pathwaysduring
prolonged incubation of S. officinale seeds at 24 °C in darkness. Rates of oxygen uptake
measured with oxygen electrodes were also compared to rates determined gas chromatographically.

Finally, all results are integrated and discussed in Chapter 9.
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