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STELLINGEN

1. De conclusie van Drumm-Herrel & Mohr en Mancinelli & Schwartz, dat één
enkele lichtpuls geen invloed heeft op anthocyaan synthese in de
hypocotyl van tomaat isonjuist.
- D r u m m - R e r r e l , H . , and H. M o h r ( 1 9 6 2 ) . P h o t o c h e m . P h o t o b i o l . 3 5 , 2 3 3 2 3 6.
- M a n c i n e l l i , A . L . , and O.M. S c h w a r t z ( 1 9 8 4 ) . F i a n t C e l l P h y s i o l . 25,
9 3 - 1 0 5.
- dit p r o e f s c h r i f t .

2. Het feit dat mutanten met een verminderde fytochroom concentratie lang
worden tijdens groei in het donker bewijst dat de verrood licht
absorberende vorm van fytochroom de fysiologisch aktieve vorm is van
deze fotoreceptor.
- dit p r o e f s c h r i f t .

3. De grote hoeveelheid labiel fytochroom, aanwezig in geëtioleerde
planten, speelt, in tegenstelling tot een totnu toe gangbare opvatting
(Hillman, 1972), wel degelijk een rol in de regulatie van zowel
hypocotyl strekking als anthocyaan synthese.
- Hillman,

W.S.

(1972).

in:

Phytochrome,

eds:

K.

Mitrakos

and

W.

Shropshire Jr., Acad. Press London, 5 7 4 - 5 8 4 .
- dit p r o e f s c h r i f t .

4. Glastuinders moeten rekening houden met het lichtregime van deburen om
ongewenste fotomorfogenetische effekten tevermijden.

5. Als de concentratie van een fluorescerende verbinding in cellen wordt
bestudeerd met een 'fluorescence activated cell sorter', moet de totale
fluorescentie van een cel worden gecorrigeerd voor het volume van die
cel.

6. Optimale biotechnologische produktie van waardevolle verbindingen uit
plantecellen vereist, naast de huidige 'trial and error' methodes voor
opbrengstverhoging, meer onderzoek naar reaktieketens en moleculaire
regulatiemechanismen vandeprocessen op (sub-)cellulairnivo.

7. Bij het citeren uit wetenschappelijke publikaties moet de volledige
redenatie wordenvermeld enniet slechts eenuit hetverband gehaalde
frasehieruit.
8. Tafeltennis tijdensde lunchpauzeverhoogtdeslagvaardigheid gedurende
derestvandedag.
9. De nederlandse versie 'Speller' van het tekstverwerkingsprogramma
"Wordperfect' zou zakken voor het eindexamen Nederlands wegens een
onvoldoendewoordenschat.

Stellingenbehorendebijhetproefschrift 'Mutantsasanaidtothestudyof
higherplantphotomorphogenesis'vanP.Adamse.
Wageningen,11november1988
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ABSTRACT

Study of photomorphogenesis is often complicated by the interaction of
different photoreceptors regulating a given process or by the induction of
multiple effects by a single photoreceptor. Mutants in which particular
components of the morphogenetic pathways are eliminated provide the
possibility of studying amore simplified form ofphotomorphogenesis. Three
classes

of photomorphogenetic mutants

are proposed:

photoreceptor,

transduction chain and response mutants. In this study three mutants have
been used: two have an elongated hypocotyl when grown in white light (the
aurea (au) tomato mutant and the long hypocotyl (lh) cucumber mutant) and
one with an enhanced pigment synthesis (the high pigment

(hp)

tomato

mutant). The au mutant appears to be a photoreceptor mutant, lacking
spectrophotometrically and immunochemically detectable labile phytochrome
(IP) . The lh mutant is proposed to lack stable phytochrome (sP) or its
function. These mutants enabled the role of sP, IP and blue light (BL)/UVphotoreceptor(s) in several photophysiological processes to be studied. The
results of these experiments indicate that IPplays a role inboth hypocotyl
elongation and anthocyanin synthesis in etiolated seedlings. This provides
direct evidence that the 'bulk' IP is functional. Inetiolated seedlings the
au tomatomutantwith its deficiency inIP is 'red-blind' andhas a shift of
fluence rate response curves for hypocotyl inhibition by BL and UV-A
approximately 1 order of magnitude to higher fluence rates. In light-grown
plants it is proposed that sP regulates the end-of-day far-red light (FR)
response and the inhibition ofhypocotyl elongation due to light perception
by the cotyledons. Furthermore, these mutants with reduced phytochrome (P)
content provide direct experimental evidence that the FR absorbing form ofP
(Pfr) is the active form indeed. If removal of the red light (RL)absorbing
form of P (Pr) is the active photomorphogenetic process, instead of an
increase of Pfr, seedlings with a reduced P content would be expected tobe
short. However, dark-grown seedlings of lh mutant and au mutant are both
elongated. The hp mutantwith its enhanced anthocyanin synthesis has enabled
induction of anthocyanin synthesis in tomato seedlings in response to a
single RL pulse to be observed, whereas inwild type this synthesis it too
low to be measured. Study of anthocyanin synthesis with the aid of the hp
mutant, the au mutant and the au/hp double mutant supports the conclusion
that P is the terminal photoreceptor involved in tomato and that BL
(operating through the BL/UV-photoreceptor or P) sensitizes the seedling to

xii
P action at a later stage. Using a computer-controlled apparatus for
continuous growth measurement,designed andconstructed for this study,it
has been possible to show the differences in kinetics of hypocotyl
inhibition by BL or RL in both the lh mutant and its wild type. InBL
inhibition started almost immediately after the onset of irradiation,
whereasinRLalagperiodofseveralhourswasobserved.

1.

INTRODUCTION

1.1 The complexity of photomorphogenesis

Plants not only depend upon light as an energy source (photosynthesis),but
also utilize itas asource of information, enabling growth and development
to be tuned to the prevailing light environment (photomorphogenesis). A
number of photoreceptor pigments have evolved enabling information to be
sensed over the complete daylight spectrum, since it is physically
impossible for a single photoreceptor to fulfil this task with the accuracy
required (Mohr, 1986). These include phytochrome, operating predominantly in
the

red

(RL)/far-red

(FR) spectral

photoreceptor(s), operating

in the

range, blue

(BL)/UV-absorbing

BL

range

spectral

and UV-B

photoreceptor(s).

300
1

400
I

500

600
I

700
L

800mi
L_

I

UV-B UV-Avioletbluegreenyelloworange red far-redinfra-red
phytochrome
EL/UV-Aphotoreceptor(s)
UV-Bphotoreceptor(s)

These pigments detect parameters of the light environment, such

as

light quality, quantity, direction and duration, and enable developmental
responses to be controlled accordingly. Many processes in plants are
controlled by these photoreceptor systems, such as, germination, elongation
growth, apical hook opening, enzyme activity, leaf expansion, phototropism
and flowering.
Phytochrome

is the most extensively

studied and

characterized

photomorphogenetic photoreceptor in higher plants. Its existence and
photochromic properties were predicted by Borthwick and Hendricks on the
basis of physiological experiments (Borthwick et

al.,

1952). Phytochrome

exists in two forms: Pr,which absorbs maximally in the RL spectral range at

around660im;andPfr,whichabsorbsmaximally intheFRspectralrangeat
around730run.Thesetwoformsarereversiblyinterconvertiblebylight.

RL
Synthesis

-$•
Pfr

>Pr

>Response

FR

Recently the existence of multiple types of phytochrome (labile and
stable phytochrome)has been suggested (Vierstra and Quail,1986;Chapter
4). In addition, there appear to be multiple working mechanisms of
phytochrome: very low fluence response (VLFR), low fluence response (LFR)
andhighirradianceresponse (HIR)(Chapter3).
TheBL/UV-photoreceptor(s)is/arehypothetical,beingpostulatedonthe
basis of action spectra. As early as 1864Julius Sachs demonstrated that
phototropismisonlyeffectedbytheBLregionofthespectrum.Subsequently
a wide range ofphysiological BL/UV effectshave been studied (seeSenger
andSchmidt,1986forreview). Thepredictedphotoreceptorwhichcorresponds
tomanyactionspectrahavingmaximaorshouldersat (370),420,450and480
nm (Senger and Lipson, 1987)has been called cryptochrome (Gressel,1979;
Schäfer, 1982; Senger and Schmidt, 1986) or BAP (= BL-Absorbing
Photoreceptor)(Thomas,1981),butBL-and/orUV-A-receptor isusedbymany
workers. On the basis of action spectra it has been predicted that the
BL/UV-Aphotoreceptorisaflavinoracarotenoid,butnofinalproofisyet
available (Senger and Schmidt, 1986;Horwitz and Gressel, 1986). However,
flavins rather than carotenoids are strongly suggested to be the
photoreceptor pigments for BL/UV-A (Mohr et al.,

1984; Drumm-Herrel and

Mohr,1982a;Drumm-HerrelandMohr,1982b).ThenatureoftheUV-Babsorbing
pigment(s)hasyettobeelucidated.
The different photoreceptors can have several modes of (co)-action
(e.g. independent or interdependent) (Mohr, 1987). With independent
co-action both photoreceptors can elicit the same response, while with
interdependent co-action there are severalpossibilities. Schematic itcan
be visualized as in the figure below, with A and B representing two
hypotheticalphotoreceptors.

Independent :
;
Response
B

Interdependent

:
A
4B

>Response
B

A

>Response

The mode of co-action and the relative importance of the different
photoreceptors is still unclear; some species appear to respond only to
phytochrome, whereas

others utilize both

phytochrome

and BL/UV-A-

photoreceptor(s) (Gabaand Black, 1979;Holmes, 1983;Attridge et al.,
Morgan et al.,

1984;

1980;Chapter3 ) .

The existence of different photoreceptors,multiple photoreceptor types
and working mechanisms means that photomorphogenesis is rather complex. The
presence

of photoreceptors, having

overlapping

absorption

spectra,

influencing the same response, makes it very difficult to find answers to
several long standing questions concerning photomorphogenesis. It is
especially difficult to distinguish thephotoreceptors which play a role in
a particular response; due to maintenance of at least some active Pfr by
light throughout the daylight spectrum itis impossible toprove that Pfr is
not required for a given response (Gaba and Black, 1987). It is also
difficult to discriminate between responses controlled by multiple types of
a photoreceptor. For example, where the labile and stable types of
phytochrome areboth present action spectrawouldbe indistinguishable for a
particular physiological response (Pratt and Cordonnier, 1987).

1.2 The use ofphotomorphogenetic mutants

The availability of mutants, in which certain parts of the morphogenic
pathway are eliminated, provides a useful tool for the study of
photomorphogenesis. Such genotypes exhibit a simplified photomorphogenesis.

The relevance of the deletion in the mutant is directly indicated by the
differencebetween themutant and its isogenic wild type. Suchmutants could
provide thepotential toascribe aresponse toaparticular phytochrome type
and, where photoreceptor co-action has been established, they will enable
the relative importance of different photoreceptors tobe established.
Mutants that lack a particular photomorphogenetic response may be
defective in the photoreceptor, in the transduction chain or in the
responses itself (Koornneef andKendrick, 1986). Photomorphogenetic mutants
can thereforbe divided simplistically into three groups:

Photoreceptor
mutants

Transduction chain
mutants

Response
mutants

>
>

hu

--

>
>
>

Photoreceptor and transduction chain mutants would be pleiotropic for
all responses under control of aparticular photoreceptor whereas a response
mutant would be restricted to modification of one particular response. Only
a few photomorphogenetic mutants have been identified (Chapter 2 ) . The
present study utilizes examples of different mutants, assigned to one or
other of these catagories, to study photomorphogenesis.

1.3 Outline of thepresent study

Photomorphogenetic mutants of tomato and cucumber have been used in this
study, which exhibit reduced photo-inhibition of hypocotyl growth in white
light, compared to their isogenic wild types. Initially a detailed
characterization of the mutants was carried out. Subsequently experiments
were designed in an attempt to unravel a number of photomorphogenic
problems.
Chapter 2summarizes literature onphotomorphogenetic mutants ofhigher
plants and outlines the initial characterization of themutants used in this
study.

Chapter3reviewsoftheliteratureonthephotophysiologyofseedsand
seedlings of cucumber and tomato. Current theories are discussed in
relationshiptothephotoniorphogenesisofcucumberandtomato.
Chapter 4 describes the spectrophotometric measurement of the
phytochrome contents of seeds,dark-grown seedlings and light-grownplants
ofboth cucumber and tomato.Phytochromemeasurements using immunochemical
techniquesarealsodescribed.Theselatterexperimentswerecarriedoutin
collaboration with Prof.M. Furuya and coworkers inJapan (cucumber)and
Prof.P.H.QuailandcoworkersintheUSA(tomato).
Chapter 5describestheresultsoflong-termphysiologicalexperiments
withcucumber.
Chapter 6 describes theresults ofshort-term growthexperimentswith
cucumber, together with a detailed description of equipment developed for
computer-controlled,continuousgrowthmeasurement.
Chapter 7describes theresultsoflong-termphysiological experiments
withtomato.
Chapter8describestheresultsofexperimentsonanthocyaninsynthesis
in tomato seedlings. In these experiments a mutant which exhibits an
enhanced anthocyanin response to light compared to thewild typehasbeen
used.
Chapter9discussesconclusionsandhypothesesproposedintheprevious
chapters and prospects for the use of the mutants in photomorphogenetic
studies.
Parts of theworkpresented inthis thesishavebeenpublishedorare
acceptedforpublication (Adamseet al., 1987;Parkset al., 1987;Koornneef
et al., 1987;Adamseet al., 1988a;Adamse et al., 1988b(inpress);Adamse
et al., 1988c (inpress))orareinpreparationforpublication.
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2. PHOTOMORPHOGENETIC MUTANTS

2.1 Introduction

Genotypes (often as induced mutants) in which certain parts of the
photomorphogenetic pathway are eliminated, provide important tools for
physiological analysis. Such genotypes will exhibit a photomorphogenetic
pattern different from and often simpler than that of their wild type. The
relevance of the deleted part in the genome of the mutant is directly
indicated by its difference in response compared to its isogenic wild type.
Mutants with other defects, such as chlorophyll (Chi) or carotenoid
deficiency, can alsobevery useful inphotomorphogenetic research.

2.2 Sources of genetic variation

Genetic variation for photomorphogenetic responses can be obtained in a
number of ways. Some occurs spontaneously and appears as natural variation
within a plant species. However, in general variation is achieved most
effectively by artificial treatments.
Mutagenesis is normally induced either by chemical treatment or
irradiation with ionizing radiations. Most induced mutations are recessive:
a gene loses its function upon mutation, but the corresponding wild type
allele provides sufficient gene product to 'mask' the mutation. For
homozygous diploid plant species recessive mutants can be detected in the
progeny of mutagen treated plants. This progeny, called the M2 generation,
is obtained by selfing the plants that now are heterozygous due to the
mutagen treatment. A complication with mutagen treatment is the occurrence
of more than one mutated gene, especially after the application of high
mutagen doses. In this situationbackcrossing of themutant to itswild type
is required to eliminate these disturbances in the genetic background.
Although mutations most often occur in the nuclear genome resulting in
mutants that show Mendelian segregation ratios, they may also affect
organellar DNA. Some mutations in the chloroplast DNA result in defective
plastids and such defects showmaternal inheritance.
Ithas been recently recognized that tissue culture, through a variety
of molecular mechanisms, often acts as an additional effective means of
mutagenesis. Passage ofhomozygous plants through a stage of tissue culture
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mayresultinmonogenicvariants.Ingeneraltheseareinitiallydetectedin
the progeny of the tissue culture derived plants. This type of genetic
variation is called somaclonal variation (Larkin and Scowcroft, 1981;Lee
andPhillips,1988).
As a result of artificial or natural selection, genetic variants are
available which can be exploited for the study of specific physiological
responses.Thisgeneticvariationcanberelatedtophysiologicaladaptation
e.g.inthecaseofdifferencesinthesensitivitytodaylength.However,it
is also possible that differences in photomorphogenic responses hardly
affectplantphenotypeundernormalcultivationconditions.Suchdifferences
will be detected only in specifically designed physiological experiments.
Examples of these are genetic variations inthe relative contributions of
blue (BL)and red (RL)light inanthocyanin formation inmaize (Beggsand
Wellmann, 1985) and cabbage (Sponga et al., 1986)and in the presence or
absence ofrecovery ofgrowth rateafter irradiationwithashortpulseof
BL in cucumber (Cosgrove, 1981). To draw valid conclusions about the
physiological mechanisms underlying these differences itwillbenecessary
to know the exact genetic basis. This has not been investigated inmost
cases.Theextentof thevariation found amongwild andcultivatedspecies
is in practice somewhat limited, because it will not include extreme
variants with a strongly reduced chance of survival (in nature) orwith
reducedyield (forcultivatedspecies).

2.3Typesofphotomorphogenicmutants
2.3.1Phytochromemutants
As described in Chapter 1,photomorphogenetic mutants canbe divided
simplistically into three groups: photoreceptor-, transduction chain- and
responsemutants.
2.3.1.1 Photoreceptor

mutants

Spectrophotometric and immunological assays

are available for the detection of phytochrome (P), therefore it is
relatively easy to test for the presence ofthebulk light-labilepoolof
the photoreceptor. However, the existence of multiple photoreceptor types
and the presence of several structural genes for P synthesis of the
individualPtypesmakesthesystemmorecomplex.Perhaps inpracticeitis
onlypossibletoobtainleakymutants.Nevertheless,suchmutantsenablethe
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concentration of the photoreceptor to be modified without irradiation. In
such systems it will be possible to carry out valuable physiological
experiments whichwould otherwise be impossible.
A mutant lacking P would enable the importance of cryptochrome to be
assessed andhelp tounderstand themode of co-action of cryptochrome and P,
since both absorb BL. This would be particulary useful in the case of
prolonged irradiation responses. A mutant lacking one of the P types could
help understand the importance of light-labile (IP)and light-stable P (sP)
indifferent responses.
The long-hypocotyl mutants at the hy-1 and hy-2 loci of

ArabLdopsis

were the first recognized photoreceptor mutants of higher plants (Koornneef
et

al.,

1980). These mutants have been isolated on the basis of their

increased hypocotyl growth, relative towild type,when grown inwhite light
(WL). Both of these mutants lack spectrophotometrically detectable P in
seeds and etiolated seedlings.
A study of thephotocontrol of seed germination of thesemutants (Cone,
1985; Cone and Kendrick, 1986) revealed that the germination remained under
P control despite the apparent lack of the photoreceptor as indicated by
spectrophotometry. However, inmost cases sensitivity towards RLwas reduced
when compared to wild type. It was speculated that the P involved in the
control of seed germination was not thebulk labile pool, which is involved
in the inhibition of hypocotyl growth during de-etiolation. Light-stable P
is a possible candidate for the photo-induction of seed germination and is
probably synthesized within the seed during maturation on the mother plant.
The effect of the light conditions during the latter stages of seed
development on the subsequent dark-germination and sensitivity to RL, was
shownby Gettens-Hayes andKlein (1974)for

2.3.1.2 Transduction

chain

mutants

Arabidopsis.

Mutants that contain a particular

photoreceptor, but lack allphotomorphogenetic responses associatedwith it,
are most probably transduction chain mutants. Possible mutants which fit
these criteria are those at the hy-5 locus in Arabidopsis

(Koornneef et

al.,

1980).Approaches havebeen suggested which usemutant selection inspecific
transgenic plants. These aim specifically at the isolation of mutations in
trans-acting factors that interact with the promotors of light regulated
genes (Schäfer, 1987; Karlin-Neumann and Tobin, 1987; Chory and Ausubel,
1987).If these trans-acting factors are extremely gene specific the mutants
isolated with theseprotocolswillbe responsemutants.
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Mutations may not only lead to the absence of a particular
photoreceptor or response butmay also result inan amplified response. Such
high-response mutants would facilitate the study of a photoresponse. Ithas
been proposed that in the regulation of many processes in plants the
differences between cells at different stages of development are entirely
quantitative. The reactions involved are therefore proposed to be already
occurring in darkness (D) albeit at low rates and in the case of lightactivation only the rate of the process is enhanced (Mohr and Schäfer,
1983).whether this enhancement can take place in a cell depends upon its
'competence'. Competence of acellmeans that the cell isable to respond to
a

specific

stimulus with

a

specific

response.

In

the

case

of

photomorphogenesis, P can only exert its control function once a particular
cell or tissue has reached competence (Mohr and Schäfer, 1983). This causes
differences in P control of a response in cells at different stages of
development. If this is true, then the levels of activity inDmay bebelow
detection limitswhen cellshave notyet reached competence.A high-response
mutant with its amplified response could provide the level of activity to
support thishypothesis.
Anthocyanin synthesis, a process which is strongly light regulated and
under control of at least three photoreceptor pigments (Beggs et al.,

1986),

provides a system to illustrate the usefulness of such mutants.While many
of the anthocyanin deficient mutants are response mutants, a number are
particularly interesting since in many species it appears that P plays a
very important role. Phytochrome mutants would thereforebe expected to lack
photcoontrol of anthocyanin synthesis,but in addition would be pleiotropic
for ocher effects.

2.3.1.3 Response

mutants

By definition, a response mutant will be amutant

modifiedwith respect toa specific response.Mutations instructuralparts,
as well as in regulatory parts of light-inducible genes, fall into this
category. The latter group may lead toaconstitutive expression of the gene
in question. Especially when the latter steps in the transduction chain are
gene specific, mutations in these factors also result in mutants that will
be classified as response mutants. Examples are mutants concerning
photoperiod and day-length sensitivity and flowering. Aswell as differences
between species in relationship to photoperiodic induction of flowering,
variation within species for daylength sensitivity has frequently been
reported (Murfet, 1977). Probably with the exception of the grass

Themeda
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australis,

where short-day (SD),long-day (LD) and daylength-neutral (DN)

ecotypes have been identified,variationwithinaspecies generally ranges
fromdaylength-sensitivetodaylength-insensitive (SDorLDtoND).Genetic
differencesforthischaracterareoftenfoundtobebasedonlyonalimited
number ofgenes.Although theexactphysiological nature of thesegenesis
not known, they seem to affect only the flowering response and no other
photomorphogenic responses except those related to flowering. Therefore
thesegenesshouldbeclassifiedasresponseaffectinggenes.
2.3.2Blue-light/UV-Aphotoreceptor (cryptochrome)mutants
While considerable progress has been made with the study of the
photoreceptors absorbing in the BL region of the spectrum with lower
organismssuchas Phycomyces (Lipson,1987),studieswithhigherplantshave
been surprisingly limited. The long hypocotyl Arabidopsis
(Koornneef et

al.,

mutants

(hy-4)

1980), appear to be defective with respect to BL-

absorbing pigment(s). Such mutants provide a direct indication that a
photoreceptor other than P, absorbing in the BL region of the spectrum,
plays a role in the regulation of growth, since they are modified
independently in the BL region,while response in theRL and FR spectral
regionisretained.
Oneofthelongstandingproblems inthephotobiologyofhigherplants
isanunderstandingofphototropism.Atfacevalue,selectionofphototropic
mutants is simple. Recently Poff and co-workers have isolated phototropic
Arabidopsis

mutants (Poff et al.,

1987;Khurana and Poff, 1988), someof

which inaddition to reduced phototropism showed no geotropism. This isa
situation similar to Phycomyces, where some mutants are defective inall
curvature responses,whereasotherswerespecifically affected inphototropism. Only the latter were considered to be true photoreceptor mutants
(Lipson, 1987). Itwill be interesting to see ifsuchphototropicmutants
alsolackthespecificBLeffectonstraightgrowth (Drumm-HerrelandMohr,
1985; Cosgrove,1986).
Comparing twoalbinomutants of Helianthus

whichhave reduced Chiand

carotenoid contents with their wild type, Wallace and Habermann (1959)
observednormalphototropism.Thisindicatesthatthephotoreceptorinvolved
inphototropism isnotacarotenoid.
2.3.3UV-Bphotoreceptormutants
While littleworkhasbeencarriedoutwithmutants inrelationshipto
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BL/UV-A-absorbing photoreceptors, even less is known about photoreceptors
absorbing in theUV-B region of ths spectrum. Theproblems of interpretation
of long-term experiments are very similar to those in the BL/UV-A spectral
region, since UV-B absorbed by the protein and/or chromophore of Pproduces
significant amounts of Pfr under continuous irradiation conditions. This
fact makes the study of photoreceptor co-action difficult. While ingenious
experiments have clearly implicated a separate UV-B photoreceptor in a
number of species (Wellmann, 1971; 1976; Drumm-Herrel and Mohr, 1981) the
relative role played by P and UV-B photoreceptors remains largely unknown.
For example, wheat seedlings (Triticum

aestivum,

cv. Schirokko) can only

produce anthocyanin after a pretreatment with UV-B, whereas other
wavelengths are ineffective

(Mohr and Drumm-Herrel, 1983). However,

following suchapretreatment Phasbeen shown toplay an important role. An
analysis of different cultivars of maize has demonstrated the existence of
genetic variability with respect toanthocyanin synthesis inresponse toUVB (Beggs and Wellmann, 1985).This demonstrates that suitable genotypes to
facilitate study maybe found among either cultivars orbiotypes in the case
ofnatural populations.

2.3.4 Other mutants useful inphotomorphogenetic research
Mutants lacking photosynthetic pigments have played an important role
in photosynthesis research (Somerville, 1986). They can also be useful in
the study ofphotomorphogenesis. For example, it ispossible to test for the
involvement of other photosystems in the absence of photosynthesis. Mutants
deficient inphotosynthetic pigments enable the role of other photoreceptors
in a particular physiological response to be observed. An example is the
relative roles of light absorbed by photosynthetic pigments and other
photoreceptors in the photocontrol of stomatal movement (Zeiger, 1986).
Isolated achlorophyllous stomata of the orchid Paphiopedilum

opened in

response to BLbut not to RL,while stomata in intact leaves,surrounded by
chlorophyllous tissue, showed a response to both BL and RL. This indicates
thatbesides photosynthesis, anadditional photo-process is involved inthis
response. Experiments carried out by Habermann (1973; 1974) with albino
mutants of Helianthus

indicated that photosynthesis is not involved in the

light-dependent stomatal opening. These experiments suggested that P was
also involved, together with a specific BL-dependent photoreaction.
A complete lack of photosynthetic pigments would obviously be lethal.
Genes for albinoism can be maintained in 'cultivation' either as
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heterozygotes or as seedlings studied before the stored food reserves,
deposited in the seed while on the mother plant, are exhausted (Somerville,
1986). Such albino mutants seedlings of barley have been used by Borthwick
et

al.,

1951), before P had been identified, to demonstrate that

photosynthetic pigments were not involved with the photomorphogenetic
processes

associated

with

de-etiolation.

Alternatively

some

albino

phenotypes have been studied after grafting them onto normal green plants
(Wallace and Habermann, 1959). Albino seedlings also provide a suitable
tissue for the spectrophotometric measurement of P in de-etiolated
seedlings. White regions of variegated leaves have also been used to
demonstrate the existence of P in light-grown plants of a number of species
(Spruit, 1970).
Screening as a consequence of high Chi content can effect lightregulated processes inplants.Herbicides,such asNorflurazon,which result
in bleached seedlings have been used in photomorphogenesis research to
prevent the artifacts. However, comparing the response of two cultivars of
cabbage differing in Chi content with such bleached seedlings it appears
that the use of bleaching agents can produce undesirable side effects
(Mancinelli et al.,

1988). The use of genotypes with reduced Chi content

could be a safer approach. Recently Piening and Poff (1988) have used
carotenoid deficient mutants of maize (Robertson, 1975) to demonstrate the
importance of screening in establishing the light gradient within the
coleoptile necessary for light direction detection inphototropism.
Hormone mutants provide a means of testing the involvement of hormones
in the transduction chain between perception by the photoreceptor and the
ultimate physiological response. An example is the hypothesis that
gibberellin (GA) is an integral part of the P transduction chain that
results in the promotion of seed germination (Hilhorst and Karssen, 1988).
The effect of P may either mimic GA action or influence the tissue
sensitivity towards endogenous GA's. Furthermore, the P-controlled end-of
day far-red (FR)response hasbeenproposed tobe a function of the level of
GA since pea mutants that appeared tobe blocked at this step,show amuch
reduced response (Jolly et al.,

1987). Alternatively, the involvement of P

in GA synthesis has been shown in the le pea mutant, where a Pfr-induced
blockage of 3j8-hydroxylation of GA20 to GA^ causes a decrease in elongation
growth of light-grown plants (Campell and Bonner, 1986; Sponsel, 1986). The
use of such mutants clearly offers a more elegant way of controlling
internalhormone levels than the application of inhibitors which always have
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problems of uptake, transport and specificity of action associated with
theiruse.
Modification of GAmetabolism eitherby inducing anover-producionof
GA or an increase in sensitivity to GA, may give rise to tall growing
(giant)plants.The Iv peamutanthasasimilarbiosynthesisanddegradation
ofGAaswildtype,butappearsspecificallytohaveanenhancedsensitivity
to GAi in the light (Reid and Ross, 1988). No difference is seen inD,
thereforetheseworkersconcludeditisaphotomorphogenicmutant.J.B.Reid
(Pers.comm.)claimsalargeeffectinRL,butnotinFR.
The pro mutant of tomato (Stubbe, 1957) isanother mutant with long
internodes inWL,which issimilar inleafmorphology toawildtypeplant
treated with GA. However, the datapublished argue against itbeing aGA
over-producer (Jones,1987;Jupe et al., 1988). These giantmutants,which
clearly resemble thewild typeplants thathavebeengrownundercondition
of supplementary FR to lower the <pvalue, are an additional source of
potentialphotoreceptormutants.

2.4The isolationandpreliminarycharacterizationofthreemutantsusedin
thisstudy
2.4.1Tomato aumutant
During selection ofGAmutants,amutantwas isolated,whichhadbeen
inducedbytreatingseedsofcv.Moneymakerwithethylmethanesulfonate (EMS)
and required GA for germination. In contrast to GA-deficient mutants this
mutantwas characterizedby alonghypocotyl andamarkedreductioninChi
contentwhengrowninWL (Koornneef et al., 1981).ThePlevelinetiolated
seedlingsofthismutantappearedtobereduced.Ageneticanalysisrevealed
thatthismutantwasallelicwiththe aurea (au)locuslocatedonchromosome
1.
Mutants with a phenotype similar to that of aurea,

although less

extreme,havebeencalled yellow green (yg). Anothermutantallelewaslater
isolatedatthe yg-2 locus(called auroid) andhasbeenmappedtochromosome
12 (Koornneef et al.,

1985). A third locus, yg-6, forwhich an aurea type

mutantwasdescribed,hasbeendemonstratedtobean au allele.Thelocation
of yg-6 on chromosome 11 can be explained by a translocation between
chromosome 1 and 11 during the irradiation induction of the yg-6 mutant
(Koornneef et al.,

1986). Another mutant at the au locus, also with
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physiological characteristics similar to those ofthepreviously described
aumutants,was isolated recently in theprogeny oftomatoplantsderived
fromtissueculturebyLipuccidiPaola et al. (inpress).
Perezet al. (1974)havesuggestedthatthe yg-6 mutantphenotypecould
be explained by an over-production of GA's. However, the reduced seed
germinationofthisandother au mutants isanunlikelyphenotype foraGA
over-producer (Koornneef et al.,

1985). Buurmeijer (1987) has examined

photosynthesis in yg-2 andhas observed areducedChi a/b ratiocompatible
with previous observations of the smaller photosynthetic unit in yg-6
(Miles,1971).Presumably,thisisanexpressionofthereducedPactionvia
geneexpressiononchloroplastdevelopment. That Chi and chloroplast
defectsareassociatedwithpossiblePphotoreceptormutationsisalsoshown
by the hy-1 and hy-2 Arabidopsis

mutants.Furthermore,reduced levelsofP

(40%ofthelevelinthewildtype)havebeenmeasuredinanumberofbarley
mutants deficient in Chi (Atkinson et al., 1980). However, most Chi
mutations found in higher plants probably represent mutations at later
stagesintheChisynthesispathway.ItmustnotbeforgottenthatPandChi
possess a common tetrapyrrole chromophore and therefore mutations in
tetrapyrrolesynthesiscouldleadsimultaneouslytodeficiencyinChiandP.
2.4.2Cucumber lh mutant
Amutantofcucumberwasisolated intheprogenyofirradiatedCucumis
plants of complexhybrid origin (Van derKnaap anddeRuiter,1978)which
had very long hypocotyls when grown inWL. The leaves were lighter green
than those of wild type, but not as different from wild type as theau
tomato mutant. This monogenic recessive cucumber mutant was found to be
allelic to a similar mutant (Koornneef andvan derKnaap,1983)described
andnamed lh byRobinsonandShail (1981).Theoriginalmutantwascrossed
with the cucumber cultivar Stereo (Deruiterzonen Ltd.) and the subsequent
generationswere obtainedby selfing. Intheexperiments described inthis
thesis Fg, F7 and F
3 lines derived from this crosswere used providinga
strong genetic homogeneity within the lines.Mutant (lh/lh)

andwild type

(Lh/Lh) lines are derived from the sameF4plant,thusareasonableamount
of isogenicity is present between them. This is also indicated by the
similarity betweenwild type andmutant incharacters not associated with
the lh gene (e.g.ratiooffemaleandmaleflowers;fruitcharacteristics).
Seeds were obtained by self-pollinating plants growing in a greenhouse
duringthesummer.
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2.4.3Tomato hpmutant
Amutant of tomatohasbeendescribedbyReynard (1956),whichhasan
exceptionally high pigment content, resulting in dark coloured stems and
fruits.Subsequently thegeneforthishighpigmentation, hp, hasbeenused
bymanybreedersinanattempttodevelopnewvarieties.Itwasnoticedthat
invarieties containing this gene the level of anthocyanin synthesis was
increased (Kerr, 1965;Ibrahim et al., 1968). Furthermore,germinationwas
retarded,seedling growthlessvigorous thanthatofwildtype (Thompsonet
al., 1962;Kerr,1960;1965)andthecarotenoidandascorbicacidcontentof
fruits was increased (Ibrahim et al.,

1968). The hp mutant also shows

pleiotropic effects thatmaybe associatedwithP, suchasareducedplant
heightespeciallyunderredandyellowlight (MochizukiandKamimura,1985)
and higher Chi levels particularly in fruit tissue,both characteristics
being opposite to the au phenotype. A mutant with enhanced anthocyanin
synthesiscouldbeveryusefulinthestudyofPcontrolofanthocyanin.
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3.PHOTOPHYSIOLOGYOF SEEDSAND SEEDLINGS OF CUCUMBER AND TOMATO

Cucumber (Cucumis

sativus

L.) and tomato (Lycopersicon

esculentum

L.) are

known to respond to both light absorption by phytochrome (P) and blue
(BL)/UV-A-receptor(s) (Thomas and Dickinson, 1979; Cosgrove, 1981; DrummHerrel and Mohr, 1982b; Gaba and Black, 1979). Numerous processes,
associated with growth and development of cucumber and tomato, have been
studied. Describing and comparing these different light responses gives an
insight into the photoregulation of growth and differentiation. In addition
the possible co-action of different photoreceptors in these species is
discussed. Responses ofother species are discussed where relevant.

3.1 Hypocotyl elongation

3.1.1 Short-term irradiation
Brief (5 min) irradiation of plants with red light (RL),establishing a
high Pfr/P ratio (<p)[where P is the totalphytochrome (Pr+ Pfr)and Pr and
Pfr are the RL- and far-red light (FR)-absorbing forms respectively)], or
BL, establishing an intermediate <p value, inhibits hypocotyl elongation in
both etiolated and de-etiolated seedlings of cucumber. This effect can be
reversed when immediately followed by abrief (10min) irradiation with FR,
establishing a low tp value (Meyer, 1968; Black and Shuttleworth, 1974;
Cosgrove, 1981;Gaba and Black, 1985b).
Brief irradiation with FRat the end ofa daily photoperiod (end-of-day
treatment) stimulates the elongation rate of light-grown (de-etiolated)
cucumber seedlings; this response can be reversed by RL (Gaba and Black,
1985a; 1987). A similar response can be elicited by BL; the extent of this
end-of-day BL effect is similar to the stimulation of hypocotyl growth
produced by aRL+FR mixture establishing the same ipvalue as established by
BL (Gaba and Black, 1987). This indicates that the <p value established at
the end of the lightperiod toagreat extent determines the elongation rate
insubsequent darkness(D).
Apart from similarity between the responses to short-term irradiation
with RL or BL there is also a clear difference: the time course of the
growth responses in RL and BL differs in many species. Detailed growth
measurements

with

etiolated

cucumber

seedlings

demonstrate

BL-inhibitionbegins within 60 sand a fast recovery occurs in subsequent D,

that
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whereas the RL-inhibition has a lag period of about 30 min and a slow
recoveryinD(Meyer,1968;Cosgrove,1981;CosgroveandGreen,1981).Other
speciesshowedsimilardifferences inlagperiodsafter irradiationwithBL
orRL: Sinapis (Cosgrove,1982),pea(Cosgrove,1981).
De-etiolatedcucumberseedlingsshowthesamedifferences:rapiddecrease
ofgrowthrateafter 5minexposuretoBLandafastrecoveryinD,whereas
theRL-inducedinhibitionstartsonlyafteranextended lagperiodof5-6h
andrecoversinDwithalagperiodofabout8h (GabaandBlack,1979;Gaba
and Black, 1983). However, shorter lag periods have beenreported fordeetiolated seedlings of several other species. Morgan and Smith (1978)
observedarapidincreaseinstemextensionrateofde-etiolated Chenopodium
album seedlings inducedby treatment ofthewholeplantwith supplementary
FRaddedtobackgroundwhitelight(WL)(lagperiodof7min).Thiswasalso
seen by Morgan et al. (1980) in similar experiments with de-etiolated
Sinapis

seedlings (lag period of 10-15 min).Apparently changes inP (Ü)

during the main light period canmanipulate growth ratewithinminutes in
light-grownplants.ThedifferencesbetweentheseresultsandthoseofGaba
andBlackmaybe aconsequence ofthedifferent lighttreatments,species,
tissueage,andpretreatmentconditionsused.
Experimentswith Sinapis seedlingshaveclearly shownthatsupplementary
FRhadno effectonthegrowth inhibitionby BLduring the first 5minof
the response (Cosgrove, 1982) and it was concluded that this rapid BL
inhibitionwasmediatedbyaspecificBL-photoreceptor.Theslowerresponse
withalagperiodofhourswasproposedasbeingmediatedbyP.
The complex response of de-etiolated cucumber seedlings toshort-term
irradiation with WL can be explained by assuming the involvement of two
different photoreceptors. After onset of the WL an immediate decrease in
hypocotyl growth rate was observed. After the 2-3 h irradiation period
recovery in D was rapid, but 2h later a second decrease ingrowth rate
occurredfollowedbyaslowrecovery (re-etiolation)(GabaandBlack,1979).
Itislikelythatthefirstdecreaseandthefirstrecoveryaremediatedby
the BL-photoreceptor, whereas the second decrease and the second recovery
aremediatedbyP.
Growth inhibition of tomato seedlings by short-term irradiation has
hardlybeen investigated; only responses toend-of-day FRpulseshavebeen
reported. Similartoresultswithcucumberseedlingsbriefirradiationwith
FR at the end of the daily photoperiod stimulated the elongation rate of
light-growntomatoseedlings (Tucker,1975;SelmanandAhmed,1962;Decoteau
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et al., 1988).
3.1.2 Long-term irradiation
Continuous irradiation with RL or BL inhibits hypocotyl elongation
compared to plants in D for both etiolated and de-etiolated seedlings of
cucumber and tomato (Meyer, 1958a; Meyer, 1958b; Meyer, 1968; Black and
Shuttleworth, 1974; Thomas and Dickinson, 1979; Koornneef et

al.,

1985).

However, irradiation with FR has different effects in etiolated and
de-etiolated seedlings. Etiolated cucumber seedlings are inhibited by
prolonged FR, however the effect becomes less apparent in older seedlings.
De-etiolation appears to diminish the sensitivity to FR (Black and
Shuttleworth, 1974). This phenomenon has also been observed in tomato
seedlings (Thomas and Dickinson, 1979).
The interpretation of suchhigh irradiance responses (HIR's)is clearly
not simple. This is especially true for the observation that continuous
irradiation with FR ismore effective in inhibiting hypocotyl elongation of
dark-grown seedlings ofboth cucumber and tomato thancontinuous irradiation
with RL (Thomas and Dickinson, 1979). Nevertheless, the dual-wavelength
experiments of Hartmann (1966) demonstrated that P can be implicated as the
photoreceptor responsible for the sharp response effectiveness at 716 nm in
the case of lettuce.The FRmaximum hasbeenexplained on thebasis of theÜ
ratiowhich results in themaintenance of thehighest amount of Pfr over the
experimental time period. It reflects a compromise between two competing
reactions: one reaction inwhich Pfr inhibits growth, and a second inwhich
the amount of P is reduced due to destruction of Pfr. The most effective
light shouldbe thatwhich establishes alevel of Pfr lowenough tominimize
the rate of Pfr destruction, yet sufficient to inhibit growth. While RL
maintains a higher <pvalue than FR at equilibrium it results in a rapid
depletion of the Ppool,whereas FRmaintains a lower q>value,but retains a
higher P concentration.
A gradual shift of the FR-HIR to a RL-HIR upon de-etiolation is
explained by similar reasoning. After prolonged irradiation the pool of
labile P (IP) is depleted due to destruction of Pfr. The remaining P is
generally considered asmore stable.The existence ofa smallpool of stable
P (sP)hasbeen indicated by destruction kinetics (Jabben et al.,
et al.,

1980;Heim

1981; Broekman and Schäfer, 1982) as well as by immunological

studies (Vierstra and Quail, 1986). More details are given in Chapter 4.
Where Pfr destruction is absent or in balance with P synthesis the effect
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willbe a shift of theHIRmaximum towardswavelengths establishing ahigh <p
value, i.e. towards RL.
This explanation of the FR-HIR peak of effectiveness is now generally
accepted, but clarification of the fluence-rate dependency often observed,
remains so far unresolved. If the HIR depended exclusively on the
maintenance of a specific <pvalue, itshouldbe independent of fluencerate.
The equation for photoequilibrium maintained in

vitro

after saturating

irradiation (Butler etal.,1964; Butler,1972),

<p-[Pfr]/[P]- e r$ r /(e r $ r +e f r $ f r )

(where e r and ef r are the extinction coefficients of Pr and Pfr,$ r and $f r
are the quantum efficiencies for photoconversion of Pr and Pfr) and dataof
others (Smith, 1975; Hayward, 1984; Kelly and Lagarias, 1985; Frankland,
1986) indicate that q>is a function of the wavelength and independent of
fluence rate. However, an extensive amount of data clearly indicate a
fluence-rate dependency of the HIR (e.g. cucumber: Meyer, 1958a; Meyer,
1959; Meyer and Engelsma, 1965;Gaba andBlack, 1985b;Thomas and Dickinson,
1979; tomato: Meyer, 1959; Thomas and Dickinson, 1979). One suggestion is
that there are one ormore dark (thermal)reactions whichmodify Pfr (Jabben
et

al.,

1982). If these dark reactions are sufficiently rapid, then the

photoequilibrium is never reached, because Pfr is removed by dark reactions
nearly as fast as it is formed by photoconversion from Pr. Thus the amount
of P in the Pfr form will depend on the rate ofphotoconversion of P, i.e.
on the fluence rate.
Several authors state, that Pfr alone can not account for all aspects
of theHIR. It isnecessary tohypothesize an additional feature,which isa
function of the rate of photoconversion of Pr to Pfr. It might act either
with Pfr (Schäfer, 1975; Mohr et al.,

1979; Johnson and Tasker, 1979;Wall

and Johnson, 1983) or independently of Pfr (Smith, 1970). A general
characteristic of most models designed to explain the fluence-rate
dependency of the HIR is the importance of the rate of photochemical
turnover (cycling) between Pr and Pfr which is a function of the fluence
rate.
What is also difficult to explain on the basis of P alone is the
effectiveness of BL in HIR's. Irradiation with BL establishes a specific <p
value (=!0.4), because both Pfr and Pr absorb to some extent in the BL
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spectral region, as can be seen in the absorption spectra of Pfr and Pr.
However, the inhibition of hypocotyl elongation of de-etiolated cucumber
seedlings by continuous BL is not the same as measured with light of other
wavelengths, maintaining a similar <pvalue (Gaba et al.,

1984). If only P

was involved, equal <pvalues should produce equal responses irrespective of
thewavelengths used. However, adding BL to abackground of high irradiance
yellow light (Thomas and Dickinson, 1979) or RL (Attridge et al.,

1984),

which is predicted to have no significant effect on the <pvalue maintained,
has a marked inhibitory effect on growth. In both cucumber and tomato
seedlings the inhibition of hypocotyl elongation by supplementary BL was
related to its fluence rate. The inevitable conclusion is that there is
co-action in the BL region between P and a separate BL/UV-absorbing
photoreceptor (cryptochrome).
Growth inhibition due to the BL/UV-photoreceptor may be distinguished
from those mediated by Pby several criteria, (i)BL acts directly upon the
hypocotyl ofboth etiolated and de-etiolated cucumber seedlings,whereas in
de-etiolated seedlings the influence ofRL ispredominantly mediated through
light absorption by the cotyledons,which relay the signal to the hypocotyl
below (Black and Shuttleworth, 1974;Cosgrove, 1981). (ii)Whereasvery low
fluence rates of RL are capable of inhibiting hypocotyl elongation of
de-etiolated

cucumber

seedlings,

fluence

3 fimol m" 2 s"l fail to inhibit (Attridge et al.,

rates

of BL

lower

than

1984). Adding FR to low

fluence rate BL (just above this threshold) decreases the inhibitory effect
of BL, suggesting that some Pfr is necessary for inhibition by BL (Gaba et
al.,

1984). This can be explained by the so called 'Presence Theory' (Gaba

and Black, 1987). This theory states that the BL/UV-A-photoreceptor requires
thepresence of aparticular amount of Pfr (or aparticular <pvalue) for its
action tobe expressed; high <pvalueswould enhance the effectiveness ofBL.
However,

the

alternative

explanation

that

BL enhances

the

effectiveness of P cannot be eliminated. This would result in additional
growth inhibition when BL is added to abackground irradiation establishing
a high <pvalue and also when irradiation with RL is preceded by BL, if the
'effectiveness amplification' can be preserved after the end of the BL
irradiation. Observations in favour of this explanation were made by Meyer
(1958a). The increase ofhypocotyl length ofetiolated cucumber seedlings in
BL (several days) after pretreatment with RL (48 h; 16 h RL/8 h D cycles)
was similar to the increase ofhypocotyl length of seedlings irradiated with
RL alone. Seedlings pretreated with 48 h BL followed by RL were inhibited
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more than seedlings irradiated withBLorRL alone. This indicates thatthe
inhibitory effect ofRLis increased by thepreceding BLirradiation. This
observationcanbeexplainedbythesocalled 'ResponsivenessTheory' (Gaba
and Black, 1987). This theory states that the only effect of BL isto
establishandmaintain responsivenesstoP.
Presence

Theory
Pfr
I

>Response

BL/UV-A-photoreceptor
Responsiveness

Theory
BL/UV-A-photoreceptor
I

Pfr

>Response

3.2Germination
Some seeds have an absolute light requirement for germination, whereas
others germinate in complete D. Both tomato and cucumber areexamples of
specieswhose seeds exhibitahighdarkgerminationoverabroad temperature
range (Mancinelli et al., 1966;Yaniv et al.,

1967). Thisispossiblydueto

the relatively high level ofresidual Pfrinthedryseeds:intomato ~40%
ofthespectrophotometry detectable PisPfr(Mancinelli et al.,

1967) and

in cucumber ~ 75% (Spruit and Mancinelli, 1969). This conclusion is
supported by the fact that when P in cucumber seeds is converted
predominantly tothePrformby irradiation oftheripe fruitswithFR,the
dark germination of seeds from these fruits, that have been subsequently
dried inD, is strongly reduced (Gutterman and Porath, 1975). Both tomato
and cucumber seed germination canbe inhibited by light, intermittent or
prolonged exposure usually being necessary. However, temperature plays an
important role indetermining theeffectivenessofalighttreatment.
In many dark-germinating seeds studied Pfrhas a promotive effect on
germination (Cone and Kendrick, 1986). Irradiation with light pulses
establishing low<plevelsusually inhibit germination,whereashigh <p levels
failtoinhibit.
At suboptimal temperatures germination of tomato seeds canbe inhibited
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by a single FRpulse (establishing a low <p level)and the effect is reversed
by a RL, BL or WL pulse (all producing ahigh <plevel) applied immediately
after FR (Mancinelli et

al.,

1966; Mancinelli et al.,

1967; Yaniv and

Mancinelli, 1968). At temperatures about 25 °C or higher the number of FRinhibited seeds in a population decreases. At these high temperatures
germination of tomato seeds canno longer be inhibited by a single FR-pulse
(Mancinelli et al.,

1967). According to Yaniv et al.

(1967) germination of

cucumber seeds can not be inhibited by a single FR pulse, but Frankland
(1986)reported that this inhibition ispossible if the FRpulse isgiven at
a suboptimal temperature (15 °C)within 40h of sowing. Suzuki and Takahashi
(1969) even managed to inhibit germination at 25 °C,but only when the FR
pulse was applied during the period 16-18 h after sowing. It is possible
that Pfr action at 15 and 25 °C is complete after 40 and 18 h D,
respectively. Therefore germination isno longer inhibitedby removal of Pfr
after these time intervals.
During prolonged irradiation experiments germination is still controlled
by P, but whereas the low fluence response (LFR), induced by short-term
light treatments, appears to be controlled by Pfr levels (<p)alone, under
prolonged irradiation the fluence-rate dependent P cycling rate (H),plays
an additional important role. This dual action of light may be represented
as photocontrol at two steps in the sequence of events leading to
germination, one promoted by Pfr, the other blocked by an inhibitory
photoreaction, dependent on the rate of P interconversion or cycling
(Bartley and Frankland, 1982; Frankland, 1986). In addition, the latter
reaction appears to be able to re-induce a Pfr requirement in cases where
the Pfrpromotive reaction appears tobe complete, i.e. where the seedshave
escaped FR reversibility.

Pfr promotes

H inhibits

i
->

4>

>

> Germination

Prolonged irradiationwith FR inhibits germination of tomato and cucumber
seeds both at high and sub-optimal temperatures. However, at temperatures
above 20 °C only very narrow band FR (730nm), establishing a very low<p
value (<0.02), can inhibit germination of cucumber seeds (Eisenstadt and
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Mancinelli, 1974). The Pfr level required to induce aparticular germination
percentage appears tobe lower athigher temperatures.
Whereas short irradiation with RL, BL or WL promotes germination after a
FRpulse,exposure toprolonged irradiation causes an inhibition or at least
a delay of germination of tomato (Yaniv and Mancinelli, 1968) and cucumber
(Eisenstadt and Mancinelli, 1974). This inhibition of germination can be
(partially) alleviated in subsequent D, but after prolonged FR, aRL pulse
is required for promotion of germination. Apparently, during prolonged
irradiation with RL, BL or WL conditions are unfavourable for germination
(the high H outweighing the stimulative effect of the relatively high <p
level maintained), but in subsequent D germination occurs because of the
relatively high residual q>value. After prolonged FR irradiation <pis low
and germination can only be

attained by a pulse of light establishing a

highcpvalue.
The possibility remains that photo-inhibition of germination by BL
involves a pigment other than P. Frankland (1986) reports that incucumber,
BLhas an inhibitory effect greater thanwouldbe predicted from the <pvalue
itmaintains. However, this 'extra' effect disappears when BL ismixed with
RL to give ahigh<pvalue.

3.3 Anthocyanin synthesis

The biosynthesis of anthocyanins in plant tissues either requires light or
is enhanced by it (Beggs et al.,

1986). In response to short irradiations

(minutes) with RL small amounts of anthocyanin are formed in several
species, e.g. cabbage,rye (Mancinelli, 1984a; 1984b;Mancinelli andRabino,
1985) and mustard (Lange et al.,

1971). The effect of a single RLpulse can

be reversed by a FR pulse applied immediately afterwards, indicating thatP
is involved. The extent of the RL/FR reversible response is small,
nevertheless significant (Mancinelli, 1985), when compared to the extent of
the response brought aboutby prolonged irradiations.However,no inductive,
RL/FR reversible anthocyanin production has been observed in dark-grown
seedlings of tomato, sorghum and turnip (Drumm and Mohr, 1978; Mohr and
Drumm-Herrel, 1981; Drumm-Herrel and Mohr, 1982a; Mancinelli and Schwartz,
1984; Mancinelli, 1985; Drumm-Herrel, 1987). A light pretreatment is
required, before an inductive response, working via P, can be observed in
these seedlings. The light-dependent enhancement of the inductive RL/FR
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reversible response isaffected by: (i)the duration and spectral quality of
the light pretreatraent, (ii) the duration of the dark intervalbetween the
end of the pretreatment and the application of the light pulse, and (iii)
seedling age (Mancinelli, 1985).
Whereas short irradiations are only capable of inducing the synthesis
of a small amount of anthocyanin, the synthesis of large quantities requires
prolonged exposures to high fluence rates. The general characteristics of
this response to prolonged irradiation are those typical of the HIR: (i)
requirement of prolonged exposures (hours to days) tohigh fluence rates of
visible and near visible light, (ii) the extent of the response is a
function of duration and fluence rate of the irradiation, and (iii) the
response does not show RL/FR reversibility (Downs, 1964; Hartmann, 1966;
Lange et al.,

1971; Mancinelli, 1985). The full expression of the HIR

requires prolonged exposures, but not necessarily continuous irradiation.
Intermittent light treatments were also very effective in inducing
anthocyanin synthesis. Irradiations given as cyclic treatments demonstrate
RL/FR reversibility, the extent of which is a function of the duration of
the dark interval between successive irradiations (Mancinelli et al.,

1974;

Mancinelli and Rabino, 1975; 1985). This type of treatment indicates the
involvement of P.
The spectral sensitivity of anthocyanin synthesis under prolonged
irradiation is different in different species. Three main groups of HIR
spectral sensitivity canbe distinguished (according toMancinelli (1983)).
Group I: UV/BL, RL and FR are all effective in inducing anthocyanin
synthesis, even though the relative effectiveness of the different spectral
regions may be different in different systems. Examples are mustard and red
cabbage (Mohr and Drumm-Herrel, 1981;1983;Sponga et al.,

1986;Mancinelli,

1984b). Group II:UV/BL and RL are active; the effect of FR is negligible.
Examples are apple skin sections, leaf disks of red cabbage and
polyrrhiza

Spirodela

(Mancinelli, 1977, 1980; Siegelman and Hendricks, 1958). Group

III: The UV/BL region is the only active region. Examples are sorghum and
wheat (cv. Schirokko) seedlings (Drumm-Herrel and Mohr, 1981; Mohr and
Drumm-Herrel, 1983). The spectral sensitivity of anthocyanin synthesis in
some other systems appears to be intermediate between these groups. For
example, in seedlings of tomato and rye maximum action is in the UV/BL
region as ingroup III,butRL and FR are also effective,although much less
than UV and BL (Drumm-Herrel and Mohr, 1982a; 1982b; Mancinelli and
Schwartz, 1984).
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Apart

from enhancing the inductive, RL/FR reversible

synthesis,

light pretreatments

also

influence

anthocyanin

subsequent

prolonged

irradiations; they cause a reduction in the photosensitivity of the HIR and
a change in spectral sensitivity (Mancinelli and Schwartz, 1984). It has
been suggested that this difference in sensitivity between dark- and lightgrown seedlings is the consequence of changes in the relative amount of IP
to sP, as indicated by results obtained in studies of the effectiveness of
intermittent light treatments on HIR anthocyanin synthesis (Mancinelli and
Rabino, 1985). P action in dark-grown seedlings might be mainly due to IP
which is lost rather rapidlyby destruction andwouldhave only limited time
to act. In light-grown seedlings a larger proportion of P action might be
exercised by sP which is relatively stable and would have an extended time
to act. This is consistent with the observation, that the differences in
effectiveness between intermittent light treatmentswith short and long dark
intervals between successive irradiations are more pronounced in dark-grown
seedlings than in light-grown ones, where action would be expected mainly
due to IPand sP,respectively (Mancinelli andRabino, 1985).
As discussed earlier in this chapter (3.1.2) it isdifficult to explain
the effectiveness of BL in HIR's on the basis of P alone. Results of
experiments based on the 'light-equivalence principle' have indicated that
cryptochrome is involved in the photoregulation of anthocyanin synthesis by
BL in tomato seedlings (Sponga et al.,

1986,Drumm-Herrel and Mohr, 1982a).

There was a significantly higher anthocyanin synthesis in tomato seedlings
after treatments with BL than after treatmentwith light from aRL+FR source
producing a similar Pphotoequilibrium and cycling rate (<P3L~<PRL+FR'^BL =
^RL+FR [where k isthe Pcycling rate]). This indicates that cryptochrome as
well as Pplay a role in this response.
The effect of the pretreatments has been interpreted as an increase in
responsiveness to Pfr (Drumm-Herrel and Mohr, 1982a; Oelmuller and Mohr,
1984). This responsiveness amplification can be mediated by P, a BL/UVphotoreceptor (cryptochrome) or a UV-B photoreceptor. Oelmuller and Mohr
(1985)proposed amodel to describe the mode of co-action between BL/UV and
light absorbed by P in the light-mediated synthesis of anthocyanin in
sorghum seedlings (Fig. 3.1).Pfr is suggested to be the terminal effector
involved in the photoregulation of anthocyanin synthesis, whereas the
cryptochrome-mediated process is required to establish responsiveness
towards

Pfr. The

interaction between

cryptochrome

and P in the

photoregulation of anthocyanin varies between species. In tomato it appears
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that this interaction is not obligatory, since pretreatment with RL or FR,
absorbed by P and not by cryptochrome, is also effective. When continuous
irradiation was applied to induce anthocyanin formation in tomato seedlings
without an inductive pulse at the end of the light treatment, BL, UV-A and
UV-B exerted a strong response, whereas FR and RL were only slightly
effective (Drumm-Herrel and Mohr, 1982a). It is therefore possible that in
tomato BL/UV only functions toenhance the responsiveness toPfr.

Cryptochrome
lN

sfastreaction
I
I
l

Phytochrome

-»Terminalphotoresponse
slowreaction

veryfastreaction

(appearanceofanthocyanin)

sfastreaction

I
I
UV-Bphotoreceptor

Fig. 3.1 Suggested mode of co-action between blue light (BL)/UV
and light absorbed by phytochrome in light-mediated anthocyanin
formation in the Sorghum seedling.
> :Temporal sequence of
events set in motion by the effector Pfr and leading to the
terminal response;
>:Light-dependent reactions which determine
the effectiveness of the effector Pfr (i.e. the responsiveness of
the anthocyanin-producing mechanism towards Pfr). The point of
action of UV-B, relative to the action of BL/UV-A
(via
cryptochrome), remains undecided at present. After Oelmüller and
Mohr (1985).
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4. PHYTOCHROME

4.1 Introduction

The photochromic photoreceptor pigment phytochrome (P) was postulated by
Borthwick et al.

(1952) on the basis of action spectra (i.e. the relative

effectiveness of different wavelengths of light for the induction and
reversion of several red (RL)/far-red light (FR)reversible responses). They
proposed that phytochrome is synthesized in darkness (D) in the RLabsorbing, inactive form (Pr) which can be phototransformed into the FRabsorbing,

active

form

(Pfr).

Upon

irradiation with

FR, Pfr is

photoconverted back to the inactive Pr form. The name phytochrome (meaning
'plant colour') was introduced by W.L. Butler some time later (Borthwick,
1972).

RL

->Pfr

Pr

FR

Attempts were made to detect phytochrome by physical means. Seedlings grown
in D were first examined, since these lack chlorophyll which would have
masked the postulated (blue-green) photoreceptor P. Since P displays
photoreversible shifts in absorption, it was possible to detect P in plant
tissueby spectrophotometry. Using the absorptionmaximum of Pr and Pfr (660
and 730 run respectively) as measuring beams the absorbance differences
between the two wavelengths were measured after actinic irradiation with RL
and FR. The total P is proportional to the difference in absorbance
difference (AA A) between 660 and 730 nm. Alternatively the absorbance
differences between 730 and 800 nm canbe monitored to prevent interference
from other pigments (e.g. chlorophyll) which absorb in the RL spectral
region. However, in this case the absorbance change will only be abouthalf
of that obtained with 660 and 730nm.
From the shape of the action spectra Borthwick et al. (1952) suggested
that P possessed an open-chain tetrapyrrole chromophore similar to that of
the algal photosynthetic antenna pigment C-phycocyanin. This prediction has
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been shown to be accurate (Rüdiger, 1986). Fig.4.1 illustrates the
structure of the chromophore, its similarity to C-phycocyanin, the
attachment of the tetrapyrrole to the apo-protein and the possible
conformationalchangesthatoccuruponphototransformation.

C- phycocyanin
Phytochrome(Pr)

Z-E isomers
syn-anti conformera

Fig.4.1ThechromophoreofphytochromeandC-phycocyaninwiththe
possible types of configurational change that could occur upon
phototransformation of phytochrome. (After Kendrick anddeKok,
1983)

ExtractionofPinitsnativestatehasproveddifficultbecauseofthehigh
susceptibility of P to proteolysis by endogenous proteases. The first
purifications of P yielded a protein with a molecular mass of 60kDa
('small' P).Using more rapid techniques and sources low in endogenous
proteasesPsampleswithbandscorrespondingtomolecularmassesof114,118
and120kDawereobserved.Thistypeofpreparationiscommonlycalled'120kDa' or 'large'P(Gardner et al., 1971;Pratt,1982).Morerecentlyitwas
discovered that the full-length molecule ('native' P) of Avena has a
molecularmassof124kDa(VierstraandQuail,1982,Vierstraet al, 1984).
However,thereappearstobesomevariability inapparentmolecularmassof
full-length P from different plant species (Vierstra and Quail, 1986).
Biochemical studies indicate that, in the native chromoprotein, the
polypeptide isfolded intotwoprincipal domains:aglobular,chromophorebearing, NH2-terminal domain andamore open, C00H-terminaldomain.These
two domains arelinkedbyaproteolytically vulnerable segment (Jonesand
Quail,1986;LagariasandMercurio,1985;Vierstra et al., 1984).
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Phototransformation-induced conformational changes of themolecule have
been indicated by studying the differential sensitivity to proteolysis of
the Pr and the Pfr form. A small segment of the NH2-terminal domain is
especially susceptible to cleavage when P is in the Pr form, while a small
region in the COOH-terminal domain ismore susceptible in the Pfr form (for
review seeVierstra andQuail, 1986).
It has been found that at least four genes code for P in etiolated
Avena seedlings (Hershey et

al.,

1985). Sequence analysis of the coding

region of a cDNA clone from Cucurbita enabled a comparison to be made
between the phytochromes of these two species (Sharrock et al.,

1986).

Within a short period the sequence analysis of P from a number of other
species should be available, thus enabling identification of highly
conserved regions of the molecule (M. Furuya and P.H. Quail, pers. comm.).
These data will provide information on conserved structural features of the
P molecules of monocotyledons and dicotyledons. Sequences involved in at
least two properties of the P molecule are expected to be conserved: (i)
those involved in interactions with the chromophore, since the spectral
properties of the photoreceptor from diverse sources are highly conserved;
and (ii) those involved in the biological 'active site' of the molecule,
since it is reasonable to expect that the molecular mechanism of P action
will be conserved between species (Quail et

al.,

1987). The level of

sequence homology in the NH2-terminal two-thirds of the polypeptide is
higher than in the COOH-terminal one-third. This suggests that the NH2terminal domain is more likely to be involved in critical structural and
functional properties of the photoreceptor.
Although spectrophotometric assays are very useful to detect and
quantify P they have some serious limitations, e.g. spectrophotometric
assayswill not detectnon-chromophore containing andnon-photoreversible P,
and the presence of chlorophyll, especially abundant in light-grownplants,
drastically alters AA A signals by screening and fluorescence artifacts
(Pratt, 1983).
Since P is a protein it is an excellent antigen. Immunochemical assays
of P offer several advantages over spectrophotometric assays, including
their high sensitivity, their ability to detect spectrally aberrant
molecules and their insensitivity to other pigments such as chlorophyll.
Their disadvantage is that they generally cannot, at the present time,
discriminate between the Pfr and Pr forms.
The current understanding of the chemical properties of P comes mainly
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fromthestudyofPextractedfrometiolatedtissue.Therearetwoprincipal
reasons for this situation. Firstly, chlorophyll in light-grown tissues
preventsspectrophotometryassayofP.Secondly,light-grownplantscontain
one or two orders of magnitude less P than etiolated plants (Pratt and
Cordonnier,1987).However,withthedevelopmentofmethods forpurifyingP
toahighdegreeandtheproductionofveryspecificmonoclonalantibodies,
immunochemical assays increase the possibilities of studying P,especially
inlight-grownplants.
TherehavebeenindicationsoftheexistenceofmorethanonetypeofP
fromseveralfieldsofresearch.Atfirstthese indicationsoriginatedfrom
hypotheses, attempting to explain apparent paradoxes (so called 'P
paradoxes') between physiological and in-vivo spectrophotometric data
(Hillman,1967;JabbenandHolmes,1983).Theysuggestedthatplantscontain
atleasttwopoolsofP:abulkpoolthatisinactive,atleastwithrespect
to some photomorphogenetic responses,andaquantitatively minor poolthat
isactive.Onthebasis ofphysiological (Mancinelli,1984;Mancinelliand
Rabino,1985)andspectrophotometric evidence (Jabben et al., 1980;Heimet
al., 1981;BroekmanandSchäfer,1982;JabbenandHolmes,1983)ithasbeen
proposed,thatthe 'bulk'ofthePinetiolatedorre-etiolatedseedlingsis
unstable, whereas the P in light-grown seedlings is relatively stable.
Immunological (Shimazaki and Pratt, 1985;Abe et al.,

1985; Tokuhisha et

al., 1985;VierstraandQuail,1986;Konomi et al., 1987)studieshavealso
provided evidence thatphytochromes from greenandetiolated seedlingsare
differentfromeachother.
Applying a procedure for rapid elimination of chlorophyll from Pcontaining extracts to permit spectral assay, itwas demonstrated thatP
from green tissue had a Pr absorption maximum at 4 to 15 nm shorter
wavelength than Pr from etiolated tissue (Tokuhisha et

al.,

1985).

Furthermore, the green-tissue molecule is not immunoprecipitated by
polyclonal or monoclonal antibodies against etiolated-tissue P and has a
proteolytic peptidemapdistinctfromthatofetiolated-tissueP(Tokuhisha
et al., 1985;Shimazakiet al., 1985).However,itisnotyetknownwhether
thegreen-tissuemoleculeisageneproductdifferentfromthatinetiolated
tissue or the same gene product that has been subsequently modified
(processed).
ThereisasyetnoagreedterminologyforthedifferenttypesofP.The
bulkpoolofPhasbeendescribed aslabile (IP)(JabbenandHolmes,1983;
Schäfer et al., 1984)or type I P (Smith andWhitelam, 1987;Nagatani et
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al.,

1987; Konorai et al.,

1987), whereas the P from light-grownplants,

proposedtobestable,hasbeendescribedaslightstable (sP)ortypeIIP.
In addition etiolated(-oat) P and green(-oat) P hasbeen usedby several
workers (e.g.PrattandCordonnier,1987;Tokuhishaet al., 1985).However,
the terms etiolated- and green-P are confusing, since both etiolated and
light-growntissue containboth Ptypes.Forexample,inembryonicaxisof
peaKonomiet al. (1987)detectedPIandIIafter12hincubationinD(ca.
0.2and0.05 fig/axisrespectively)andalsoPIandIIafter12hincubation
inthelight (bothca.0.05^g/axis).
Althoughevidencehasbeenpresented thattwotypesofPexistinboth
etiolated and light-grown seedlings, it isvery difficult to discriminate
betweenresponses controlledby IPorsP,sincebotharepresentandtheir
absorption spectra arepractically indistinguishable (PrattandCordonnier,
1987). Action spectra for responses controlled by bothwould thereforebe
similar.Photoreceptormutants,lackingoneofthePtypesoritsfunction,
couldprovideauseful tooltoascribearesponsetooneofthePtypes.In
thischapter thePcontentsofdark-andlight-grownplantsoftwopossible
Pphotoreceptormutantsandtheirisogenicwildtypesarepresented.

4.2Materialsandmethods
4.2.1 Plantmaterial
The longhypocotylmutants ofcucumber (Ih) and tomato (au)andtheir
isogenic wild types,as well as the 'high-pigment'mutant of tomato (hp)
usedinthepresentexperimentshavebeendescribedinChapter2.
4.2.2Dual-wavelengthassayofphytochrome
FormeasurementsofthePcontentofetiolatedandde-etiolatedtissue
acustom-builtdual-wavelengthspectrophotometerwasusedwiththemeasuring
beam set at 730 and the reference beam at 806 nm (Spruit, 1970). The
photoreversible difference in absorbance difference (AA A) following
saturating alternate actinic RL and FR irradiation isproportional tothe
total P present. The actinic light consisted of a 250-W quartz-iodide
projection lamp filtered through interference filters (Balzer B40 type,
Balzer Liechtenstein), 10 nm half band width at 50% of the transmission
maximum.
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4.2.3 Difference spectra ofphytochrome photoconversion
The difference spectra for Pphototransformationwere determined using
an Aminco DW-2a spectrophotometer equipped with Midan analyzer. Initially
the cuvettes were irradiated with saturating RL (660 nm). The spectrum was
scanned and recorded into the Midan analyzer. One cuvette was then
irradiated with saturating FR (730 nm) and the spectrum again scanned and
recorded. The two spectral scanswere then subtracted, amplified and plotted
to reveal the difference spectrum for P phototransformation. The actinic
lighthasbeen described in4.2.2.

4.2.4 Phytochrome measurement in light-grown tissues.
Although P spectrophotometry isnot feasible with green leaves, flower
petals often have sufficiently low levels of chlorophyll to enable
measurement (Spruit, 1971). P measurement is also possible in light-grown
tissue bleached with the herbicide Norflurazon. Bleaching is a consequence
of

the

inhibition

of

carotenoid

biosynthesis

photobleaching of chlorophylls (Rombach et al.,

and

the

resultant

1982). This technique is

therefore usually restricted to young seedlings that have sufficient food
reserves to sustain growth. The strategy adapted in this study was to grow
plants until they had several mature photosynthetic leaves and then
selectively treat the apexwith Norflurazon.

4.2.5 Sample preparation
For determination of difference spectra seeds were spread out on
moistened filter paper in Petri dishes in D at 25 °C. After a specific D
interval either seeds or seedlings were packed into 2 cuvettes (path length
5mm)and cooled to0 °C.
The P content of etiolated tissue was measured in intact dark-grown
hypocotyls and roots (tomato) or 5 mm segments of hypocotyls (cucumber)
packed into cuvettes with path length 6 mm for tomato and 2.3 mm for
cucumber. For the assay of P in flower petals, the petalswere removed from
plants (both cucumber and tomato) growing in a greenhouse during the summer
and immediately packed into the cuvettes (path length 2m m ) .For measurement
in bleached leaves, plants (both cucumber and tomato) were initially grown
in the phytotron under a WL/D regime of 16 h WL (8W m"^ [PAR, 36 /jmol
m"2 s~l])/ 8h D at 20 °C.After the plants were about 6weeks old the tips
of the plants were dipped into a solution of 10" 5 MNorflurazon (SandozAG,
Basel) twice a week, until the new leaves were devoid of chlorophyll. A
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uniform sample of leaves was selected for wild type and mutant, cut into
smallpieces and packed into the cuvettes (path length 2m m ) .

4.3 Results and discussion

4.3.1 Phytochrome indark-grown cucumber lh mutant andwild type.
The

wild

type

and

lh

the

mutant have

equal

amounts

of

spectrophotometrically detectable P inseeds (Fig.4.2).The increase inP
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Fig.4.2 The phytochrome (P)content of seeds during imbibition at
25 °C expressed as AA A73Q.8QQ mB ofwild type (o) and lh mutant
(•). Demonstrates similar P content and apparent P synthesis in
the lh mutant and itswild type.

level after 15 h D incubation and preceding germination indicates that
apparent synthesis of P inwild type and the lh mutant is similar. Ina few
experiments hypocotyls of dark-grown seedlings of the wild type and the lh
mutant were measured. The results showed similar high levels of P (Table
4.1). Difference spectra for Pphototransformation are also identical (Fig.
4.3). Apparently there is no difference inbulk IPbetween wild type and lh
mutant.
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Table 4.1. Photochrome content of etiolated and de-etiolated
tissue of cucumber. Note that, since the samples have different
scattering properties,comparison should onlybemadebetween wild
type andmutant for each particular tissue.

Phytochrome content (10 AAA73Q

800nm± S.E.)

Wild type

lh mutant

Etiolated
seedlings

3.92

4.10 ± 0.10

Bleached
leaves

1.30 ± 0.07

0.42 ± 0.06

Flower
petals

0.78 ± 0.06

0.37 ± 0.04

700

Wavelength(nm)
Fig.4.3 Difference spectrum for phytochrome photoconversion (farred irradiated minus red irradiated) in dark-grown seedlings of
the cucumber lh mutant and its wild type. No difference is
observedbetweenwild type andmutant.

4.3.2 Phytochrome in light-grown cucumber lh mutant andwild type.
Figure 4.4 and Table 4.1 demonstrate that the Pcontent ofboth flower
petals and bleached leaves in the lh mutant is about 35-50% of that in the
wild type.The difference between lh mutant andwild type could be
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Flowerpetals
wildtype

Bleachedleaves

Relativephytochromecontent

Fig.4.4 Phytochrome measurements in flower petals andNorflurazonbleached leaves of light-grown cucumber plants. Demonstrates that
the level of phytochrome is reduced in the lh mutant compared to
the wild type in light-grown tissues. Theactual AAA730-8OO nm*-n
wild type flower petals and bleached leaves were 0.78 ± 0.06 x
1 0 " 3 and 1.30 ± 0.07 x 10" 3 respectively.

attributed to sP being absent in the lh mutant. The detectable P in the lh
mutant is proposed to be the steady state level of IP.Only aminor pool of
sP is thought to be present in etiolated seedling. The proposed absence of
sP would therefore be impossible to detect in the presence of the large
background pool of IP. The reported spectral differences between IP and sP
lie in the red region of the spectrum (Tokuhisha et

al.,

1985). Since P

level is so low and the traces of chlorophyll and their reactions preclude
measurement in the red spectral region, measurements were restricted to 730
v 800nm. The conclusion about the absence of sP in the lh mutant is
therefore only tentative and confirmation will await the availability of
specific antibodies against sP and IP for cucumber.

4.3.3 Phytochrome in tomato au mutant andwild type.
Previous measurements of Koornneef et al.

(1985) and those presented

inTable 4.2 using dual-wavelength spectroscopy indicated that the au mutant
is deficient in photoreversible absorbance changes attributable to P or
possesses a pigment with an altered spectrum. Dual-wavelength analysis
cannot discriminate between these two possibilities. The in vivo difference
spectra presented in Figure 4.5 demonstrate that etiolated seedlings of the
aumutant contain less than 5% (which isthedetection limit)of theP level
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found in the wild type. This is in agreement with immunochemical data of
Parks et al.

(1987), which indicate that etiolated seedlings of the au

mutant are deficient in amajor immunodetectable protein (116 kDa) normally
present inthewild type. Ithasbeen demonstrated that thisproteinhas the
properties ofphytochrome.

Table 4.2. Phytochrome content of etiolated and de-etiolated
tissue of tomato. Note that since the samples have different
scattering properties comparison should only be made between wild
type andmutant for eachparticular tissue.

Phytochrome content (10^AAAyßQ.gporun - S.E.)
Wild type

au mutant

Etiolated
seedlings

7.98 ± 0.17 0.00

Bleached
leaves

0.95 ± 0.10 0.56 ± 0.03

Flower
petals

0.50±0.04 0.28 ± 0.03

hp mutant
6.56 ± 0.50

0.87 ± 0.12

nd

nd =not determined

Amutation affecting theproduction ofmRNA coding for Pcould result inthe
observed low P level.However, Sharrock et al. (1988) foundno evidence for
abnormal transcription of the P gene and they found that fully functional P
mRNA is present in the au mutant. Another explanation of the P deficiency
could be an abnormal instability of the synthesized protein. This
instability could be the result of (i) an alteration of a critical site or
region in the polypeptide chain so that it is degraded by the protein
turnover system of the cell, (ii) an abberation in the chromophore
biosynthetic pathway resulting inthe synthesis and attachment of an altered
chromophore could induce instability of the molecule, (iii) due to an
aberration in the chromophore, protein, or chromophore attachment step the
chromophore has not been attached and the incomplete molecule is unstable.
Evidence for pea and oat in which gabaculine, an inhibitor of chromophore
synthesis, was employed, argues against (iii) and indicates that the
chromophoreless polypeptide is stable (Jones et al.,

1986; Konomi and

Furuya, 1986; Elich and Lagarias, 1986). Finally, a specific degradation
pathway for Pcouldhavebeen altered so that the pigment isalways degraded
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within the cell. However, this explanation seems unlikely, since an altered
degradation pathway would undoubtedly lead to degradation of other proteins
and cause several other lesions inthemutant. In tomato there also appear

l^^fl^^!^
aumutant

500

600

700

800

Wavelength(nm)
Fig.4.5 Difference spectrum for phytochrome photoconversion (farred irradiated minus red irradiated) in dark-grown seedlings of
the tomato au mutant and its wild type. No phytochrome is
detectable inthemutant.

to be multiple genes coding for P. One has been mapped to chromosome 10,
whereas the au locus is situated on chromosome 1 (Koornneef et al.,
Sharrock et al.,

1986;

1988). While the other geneshave yet tobemapped it seems

unlikely that the au lesion isthe result of a single amino acidmutation of
theprotein.
The spectrophotometrically determined P content of both flower petals
and bleached leaves in the au mutant is about 40-50% of that in the wild
type (Table 4.2 and Fig. 4.6).The difference between au mutant and wild
type couldbe attributed to IP being absent in the au mutant. The detectable
P in the au mutant is proposed to be the level of sP. However, as with the
lh mutant of cucumber described above, the conclusion is only tentative and
confirmation will await the availability of specific antibodies against s?
and IP. Attempts using antibodies raised against other species have so far
failed to detect P in light-grown tomato (B.M. Parks and P.H. Quail, pers.
comm.).
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Flowerpetals
wildtype

Bleachedleaves

Relativephytochromecontent
Fig.4.6 Phytochrome measurements in flower petals and Norflurazonbleached leaves of light-grown tomato plants. Demonstrates that
the level of phytochrome is reduced in the au mutant compared to
the wild type in light-grown tissues. The actual AA A730-8OO n m ^ n
wild type flower petals and bleached leaves were 0.50 ± 0.04 x
1 0 " 3 and 0.91 ± 0.12 x 1 0 " 3 respectively.

4.3.4 Phytochrome in the tomato hp mutant.
Etiolated seedlings as well as light-grown, and Norflurazon bleached,
leaves of tomato wild type and the hp mutant appear to have equal amounts of
spectrophotometrically detectable P (Table 4 . 2 ) . The consequences of these
results w i l l b e discussed in Chapter 8 in relationship to anthocyanin
synthesis.

Acknowledgements

We thank SanodozAB Basel for the gift ofa sample ofNorflurazon.

4.4 References
Abe, H.,K.T. Yamamoto, A. Nagatani and M. Furuya (1985). Characterization
of green tissue-specificphytochrome isolated immunochemically frompea
seedlings. Plant Cell Physiol. 26,1387-1399.
Borthwick, H.A., S.B. Hendricks, M.W. Toole and V.K. Toole (1952). A
reversible photoreaction controlling seed germination. Proc. Natl.
Acad. Sei. USA 38,662-666.
Borthwick, H.A. (1972). History of phytochrome. In: Phytochrome, eds:K.
Mitrakos andW. Shropshire Jr.,Acad. Press Inc.London, 4-23.
Brockmann, J., and E. Schäfer (1982). Analysis of Pfr destruction in
Amaranthus
caudatus
L. -evidence for two pools of phytochrome.

51
Photochem. Photobiol. 35,555-558.
Elich, T., and J.C. Lagarias (1986). Phytochrome chromophore biosynthesis.
Both d-aminolevulinic acid and biliverdin overcome inhibition by
gabaculine. Photochem. Photobiol.43,38.
Gardner, G.,C. Pike, H.V. Rice and W.R. Briggs (1971) 'Disaggregation' of
phytochrome invitro, a consequence of proteolysis. Plant Physiol.48,
686-693.
Heim, B., M. Jabben and E. Schäfer (1981). Phytochrome destruction indarkand light-grown Amaranthus
caudatus
seedlings. Photochem. Photobiol.
34, 89-93.
Hershey, H.P., R.F. Barker, K.B. Idler, J.L. Lissemore and P.H. Quail
(1985). Analysis of cloned cDNA and genomic sequences for phytochrome:
complete amino acid sequences for two gene products expressed in
etiolated Avena. Nue. Acid Res. 13,8543-8559.
Hillman, W.S. (1967). The physiology of phytochrome. Ann. Rev. Plant
Physiol. 18,301-324.
Jabben, M.,and M.G. Holmes (1983). Phytochrome in light-grown plants. In:
Enc. of Plant Physiol. New Series 16B, eds:W. Shropshire Jr and H.
Mohr, SpringerVerlag Berlin,704-722.
Jabben, M.,B. Heim and E. Schäfer (1980). The phytochrome system in lightand dark-grown dicotyledonous seedlings. In: Photoreceptors and plant
development, ed:J. deGreefAntwerpenUniv. PressAntwerpen,145-158.
Jones, A.M., and P.H. Quail (1986). Quaternary structure of 124-kilodalton
phytochrome from Avena sativa L. Biochemistry 24,2987-2995.
Jones, A.M., C D . Allen, G. Gardner and P. Quail (1986). Synthesis of
phytochrome apoprotein and chromophore are not coupled obligatorily.
Plant Physiol. 81,1014-1016.
Kendrick, R.E., and J. de Kok (1983). Intermediates in phytochrome
phototransformation. Science Progress 68,475-486.
Konomi, K., and M. Furuya (1986). Effects of gabaculine on phytochrome
synthesis during imbibition inembryonic axes of Pisum sativum L. Plant
Cell Physiol. 27:1507-1512.
Konomi, K., H. Abe and M. Furuya (1987). Changes in the content of
phytochrome I and II apoproteins in embryonic axes of pea seeds during
imbibition. Plant Cell Physiol. 28,1443-1451.
Koornneef, M., J.W. Cone ,R.G. Dekens ,E.G. O'Herne-Robers, C.J.P. Spruit
and R.E. Kendrick (1985). Photomorphogenic responses of long hypocotyl
mutants of tomato.J. Plant Physiol. 120,153-165.
Koornneef. M., T.D.G. Bosma, J.H. de Jong, M.S. Ramanna and J.H. van der
Veen (1986). Yellow-green (yg-6) is an allele of aurea (au). Tomato
Genet. Coop.Report 36,8.
Lagarias, J . C , and F.M. Mercurio (1985). Structure-function studies on
phytochrome. Identification of light-induced conformational changes in
125-kDa Avena phytochrome in vitro. J. Biol. Chem. 260,2415-2423.
Lagarias,J . C , J.M. Kelly,K.L. Cyr andW.O. Smith,Jr. (1987). Comparative
photochemical analysis of highly purified 124 kiloDalton oat and rye
phytochrome invitro. Photochem. Photobiol.46,5-13.
Mancinelli, A.L., (1984). Red-farred reversibility of anthocyanin synthesis
in dark-grown and light-pretreated seedlings. Plant Physiol. 76,
281-283.
Mancinelli, A.L., and I. Rabino (1985). Effectiveness of intermittent light
treatments on anthocyanin synthesis in dark-grown and light-pretreated
seedlings. Plant Physiol. 78,203-206.
Nagatani, A., P.J. Lumsden, K. Konomi and H. Abe (1987) Application of
monoclonal antibodies to phytochrome studies. In: Phytochrome and
photoregulation in plants, ed: M. Furuya Acad. Press, Inc. Tokyo. 95-

52
116.
Parks, B.M., A.M. Jones, P. Adamse, M. Koornneef, R.E. Kendrick and P.H.
Quail (1987). The aurea mutant of tomato is deficient in
spectrophotometrically and immunochemically detectable phytochrome.
Plant Mol. Biol. 9:97-107.
Pratt, L.H., (1982). Phytochrome: the protein moiety. Ann. Rev. Plant
Physiol. 33,557-582.
Pratt, L.H. (1983). Assay of photomorphogenic photoreceptors. In:
Encyclopedia of Plant Physiology, New Series 16A, Photomorphogenesis,
eds: W. Shropshire Jr. andH.Mohr, Springer-Verlag Berlin,152-177.
Pratt, L.H., and M-M. Cordonnier (1987). Phytochrome from green Avena. In:
Phytochrome and photoregulation in plants, ed: M. Furuya, Acad. Press
Japan, 83-94.
Quail, P.H., C. Gatz, H.P. Hershey, A.M. Jones,J.L. Lissemore, B.M. Parks,
R.A. Sharrock, R.F. Barker, K. Idler, M.G. Murray, M. Koornneef and
R.E. Kendrick (1987). Molecular biology ofphytochrome. In:Phytochrome
andphotoregulation inplants,ed:M. Furuya,Acad. Press Japan, 23-37.
Rombach, J, J. Bensink, N. Katsura (1982). Phytochrome in Pharbitis
nil
during and after de-etiolation. Physiol Plant 56:251-258.
Rüdiger, W. (1986). Phytochrome: The chromophore. In: Photomorphogenesis in
plants, eds: R.E. Kendrick and G.H.M. Kronenberg, Martinus Nyhoff/Dr.
W. Junk Publ. Dordrecht,17-33.
Schäfer, E., B. Heim, E.Mosinger and V. Otto (1984). Action of phytochrome
in light-grown plants. In: Light and the flowering process, eds: D.
Vince-Prue,B.Thomas andK.E.Cockshull,Acad. PressLondon, 17-32.
Sharrock, R.A., J.L. Lissemore and P.H. Quail (1986). Nucleotide and amino
sequence of a Cucurbita
phytochrome cDNA clone: identification of
conserved features by comparison with Avena phytochrome. Gene 47,287295.
Sharrock, R.A., B.M. Parks, M. Koornneef and P.H. Quail (1988). Expression
of phytochrome, rbcS, and cab genes in phytochrome-deficient aurea
mutant of tomato.Mol.Gen.Genet. 213,9-14.
Shimazaki, Y.,and L.H. Pratt (1985). Immunochemical detection with rabbit
polyclonal and mouse monoclonal antibodies of different pools of
phytochrome from etiolated and green Avena shoots.Planta 164,333-344.
Smith, H., and G. Whitelam (1987). Phytochrome action in the light-grown
plant. In: Phytochrome and photoregulation in plants, ed: M. Furuya,
Acad. Press Japan,289-304.
Spruit, C.J.P. (1970). Spectrophotometers for the study of phytochrome in
vivo. Meded. Landbouwhogeschool,Wageningen 70-14: 1-18.
Spruit, C.J.P. (1971). Photoreactive pigments inflower petals. In: 2ndInt.
Congress on Photosynthesis, Vol II, eds: G. Forti, M. Avron and A.
Melandri, Dr.W. Junk Publ.The Hague,1673-1680.
Tokuhisha, J.G., S.M. Daniels, P.H. Quail (1985). Phytochrome in green
tissue: Spectral and immunochemical evidence for two distinct molecular
species of phytochrome in light-grown Avena sativa L. Planta 164:321332.
Vierstra, R.D., and P.H. Quail (1982). Native phytochrome: inhibition of
proteolysis yields ahomogeneous monomer of 124kilodaltons fromAvena.
Proc. Natl.Acad. Sei.USA 79,5272-5276.
Vierstra, R.D., M.-M. Cordonnier, L.H. Pratt and P.H. Quail (1984). Native
phytochrome immunoblot analysis of relativemolecularmass and invitro
proteolytic degradation for several plant species.Planta 160,521-528.
Vierstra, R.D., and P.H. Quail (1986). Phytochrome: The protein. In:
Photomorphogenesis inplants,eds:R.E.Kendrick andG.H.M. Kronenberg,
Martinus Nyhoff/Dr.W. Junk Publ.Dordrecht, 35-60.

53
5.LONGTERMGROWTHEXPERIMENTSWITHCUCUMBER

5.1Introduction
Cucumber seedlings have been used extensively in the study of plant
photomorphogenesis (Chapter 3).Both phytochrome (P)and a specific blue
light (BL)-absorbing photoreceptor (cryptochrome) are involved in the
regulation of development (Thomas and Dickinson, 1979; Cosgrove, 1981;
Drumm-Herrel and Mohr, 1982;Gaba and Black, 1985b). There appears tobe
interaction between these photoreceptor systems, but the nature of this
interactionhasnotyetbeenfullyelucidated.Experimentstodatehavebeen
equivocal,making it impossible toquantify therelative importance ofthe
twophotoreceptors.Mutantswhichlackonephotoreceptororitsactionwould
provide a useful means of estimating the nature of the photoreceptor
interaction. Photomorphogenetic mutants have been described for both
Arabidopsis

(Koornneef et al., 1980) and tomato (Koornneef et al., 1985;

Chapter 2).These mutants are characterized by their long hypocotyls and
pale green leaves when grown in white light (WL). Some have reduced
germination, reduced photo-induction of anthocyanin synthesis, and no
spectrophotometricallydetectablePinetiolatedseedlings.Thephenotypeof
some of the Arabidopsis

and tomato mutants isconsistent with thembeing

deficientinPand/oritsaction.
Recently, mutants of cucumber were identified which also have long
hypocotyls inWL (Robinson and Shail, 1981;Koornneef andvan derKnaap,
1983).Although lessextreme thanthe Arabidopsis

and tomatomutantsunder

glasshouse conditions,thislonghypocotyl (lh) mutantofcucumberexhibits
anapparentreducedchlorophyllcontentcomparedtothewildtype.
InChapter4itwasshownthatwildtypeand Ih mutantseedshaveequal
amounts of spectrophotometrically detectable P. The increase in P level
after 15 h dark (D)incubation,yet preceding germination, indicates that
apparent D synthesis of P in wild type and the lh mutant is similar.
Spectrophotometric measurements of P in flower petals and Norflurazonbleached leaves indicated that light-grown tissues contain 35-50% oftheP
level inthewild type (Chapter4).ThePdetectable inlight-grownplants
ofthe lh mutantwasproposedtobelabileP(IP)andthedifferencebetween
mutantandwildtypePlevelsrepresentstheleveloflight-stableP(sP)in
WL. The difference between responses of lh mutant and wild type will
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thereforereflectthequantitativeroleofthePdeficientinthe lh mutant.
Inthischapter theresultsofexperiments concerningelongationgrowthof
the lh mutantanditsisogenicwildtypearepresentedandthepossiblerole
of the different P types in several elongation growth responses is
discussed.

5.2Materialsandmethods
5.2.1Plantmaterial
The long hypocotyl (lh) mutant of cucumber used in the present
experimentshasbeendescribedinchapter2.
5.2.2Lightsources.
A description of the light sources used in these experiments canbe
found inappendix 'Lightsources'.The fluenceratesusedaregiveninthe
figurelegends.
5.2.3 Screeningunderbroadspectralbandlightsources
Seedsofwildtypeand lh mutantweresownintransparentplasticboxes
(10x10x8cm)on5layersoffilterpapersaturatedwithdistilledwater,and
placed inD for 3d forgerminationat25°C.Afterthistime10seedlings
wereselectedperboxwithapproximately thesamehypocotyllength,2boxes
beingusedforeachtreatment.Seedlingsweretransferred tocontinuousUVA, BL, RL,and FR.The D controls were kept inwoodenboxes coveredwith
blackpolythene andwereplaced ineach ofthelightcabinets.Inasecond
series of experiments seedlings were de-etiolated by a period of 8h WL
before transfer to the broad-band cabinets. The hypocotyls were measured
dailyunderadimgreensafelight,usingaruler.

5.2.4Seedlinggrowthincontinuouslight
Seeds ofwild type and lh mutantwere sown in10cmdiameterplastic
flowerpotsfilledwithpottingcompostandincubatedinDfor3dat25°C.
Seedlings ofapproximately the samehypocotyl length ofbothwildtypeand
lh mutant were selected prior to the onset of irradiation. At least 20
seedlings were used for each treatment. The length of each hypocotylwas
measured daily with a ruler over a period of several days. Inaddition,
epidermal cell lengths of plants grown in continuous D, WL or RL were
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estimated as described in 5.2.5. At the end of the experiments the following
parameters were determined: the area of cotyledons and leaves; the fresh and
dry weights of the hypocotyls, cotyledons and leaves; and chlorophyll a and
b content of leaves, cotyledons and hypocotyls by the method of MacKinney
(1941).

5.2.5 Estimation of cell length
A small amount of quick-hardening resin (Xanthopren) was spread daily
on the hypocotyls and peeled off after hardening. The resin contained an
impression of the epidermal cells from which an accurate copy wasmade with
polystyrene toluene which could be examined under the microscope. Mean
epidermal cell length was estimated by measuring representative cells of 5
to 10 impressions from independent hypocotyls. Wild-type cell lengths were
measured in the middle of the hypocotyl. Cell lengths of the lh mutant were
measured in the lower and upper part of the hypocotyl and then averaged to
estimate themean lengths of the epidermal cells,since cell length appeared
to increase linearly between the upper and lower part of thehypocotyl.The
estimated number of cells per hypocotyl was obtained by dividing the
hypocotyl length by the mean epidermal cell length and is not the actual
totalnumber of cells composing the epidermis of thehypocotyl.

5.2.6 Red/far-red reversibility experiments
Seeds of wild type and lh mutant were imbibed for 4h in distilled
water, rinsed 3 times in tap water and sown inmoistened vermiculite. After
90h at 25 °C in D etiolated seedlings were selected for approximately the
same hypocotyl length (7-9 cm). De-etiolated seedlings were obtained
similarly, but 90h after sowing they were transferred to WL for 30h at
25 °C, before selection for approximately the same hypocotyl length (wild
type: 6-7 cm; lh mutant: 8-9 cm).At the time of selection the seedlings
were transferred to fresh vermiculite. The following daily irradiation
schedules were given: D; 5min RL; 15min FR; 5minRL followed immediately
by 15 min FR. After 4 cycles the hypocotyl lengths and freshweights of the
cotyledons were measured. These results were then expressed as mean
percentage changewith respect to theDcontrols.

5.2.7 Simulated phototropism
De-etiolated seedlings were grown in the same way as described in
5.2.6., except that theWL treatmentwas extended to 54h in the case of the
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lh mutant. Thiswasnecessary toachieve the same developmental stage of the
cotyledons as in the wild type. After de-etiolation the seedlings were
selected for approximately the same hypocotyl length (wild type: 5-6.5 cm
and lh mutant: 7.5-9 cm)and transferred to freshvermiculite. One cotyledon
of each seedling was covered with aluminium foil. The seedlings were
maintained in D or irradiated with WL, RL or BL from above.After 24h each
seedling was removed from the vermiculite and photocopied. From the
photocopies the angle of curvature of each hypocotyl was estimated using a
protractor.

5.2.8 Treatments with gibberellin
Seeds of cucumber were imbibed in distilled water for 24h in D at
25 °C and then transferred for 24h to a gibberellin (GA4+7> solution (a
commercial gibberellin (GA) solution [Berelex, 27 /iM GA4 + 7] diluted to
concentrations in the range 10"-5 to 10" , as described in the figure
legends). This treatment is referred to as a 'seed soak'. The seeds were
then sown in plastic boxes (10x10x8 cm) on 5 layers of filter paper
saturated with distilled water and placed in D for 2d for germination at
25 °C. Seedlings used for irradiation with broad band light sources were
treated with 10"* GA4 + 7 and irradiated as described under 5.2.3. Seedlings
used for the GA dose-response curve were treated as described under 5.2.3,
but with a daily irradiation schedule of 8h WL (8W m"^ [PAR,
36jtmolm

s" ]and 16h D.

5.2.9 Presentation of results
Results are expressed as mean ± S.E. of representative experiments and
have allbeen repeated at least oncewith qualitatively similar results.

5.3 Results and discussion

Both the wild type and the lh mutant of cucumber showed similar high dark
germination. The reduction in germination observed in some experiments was
not related to the genotype but to the seedharvests from individual fruits.
Allowing fruits to ripen longer on the mother plant before harvest resulted
inconsistenthigh dark germination.
When D-grown seedlings of cucumber were transferred to continuous WL,
the difference in hypocotyl growth of the wild type and the lh mutant
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becomes obvious (Fig. 5.1).Preliminary examination of the cell lengths of
the epidermal cells (Fig. 5.1) indicated that the difference in length of
thehypocotyls appears tobe due to increased cell elongation rather thanan
increase incellnumber.

7//
i

I

Fig. 5.1 Seedlings of cucumber wild type and lh mutant germinated
in darkness for 4 d and transferred, when the hypocotyls were in
both cases about 4 cm long, to continuous white light
(45/umolm" 2 s"1) for 7d at 25 °C. The bar indicates 5 cm.
Demonstrates the delayed de-etiolation of the lh mutant and its
longer hypocotyl compared to its wild type. Below are
representative impressions of thehypocotyl epidermal cells,which
suggest that the difference in length of the hypocotyls lies
predominantly incell elongation. Thebar indicates 0.1 mm.
When germinated inD and transferred, either directly or after de-etiolation
by 8h WL, to continuous UV-A, BL, or FR,hypocotyl growth of thewild type
and of the lh mutant was very similar (Fig. 5.2).However, inRL, compared

to the wild type, the lh mutant shows a significant reduction in hypocotyl
inhibition. In continuous D (end-point determination, no safelight used) no
difference was observed inhypocotyl growth rates between the wild type and
the lh mutant. Only thewild type showed a slight inhibitionwhen exposed to
green safelight compared to the 'absolute'Dcontrol.
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Fig. 5.2 The increase in hypocotyl length ± S.E. in 7d of
etiolated and de-etiolated [pretreated with 8h white light (WL)
of 45jjmolm" 2 s"-*-]wild type and lh mutant in broad band light
sources (3.6/«nolm" 2 s" 1 ± 5%); UV-A, blue (BL), red (RL),
far-red (FR), or darkness (D). Seedlings were grown for 4 d in
darkness before transfer to the light. Demonstrates reduced
responsiveness of the lh mutant toRL compared to itswild type.
The lh mutant showed clear biphasic growth kinetics in WL (Fig. 5.3):an
initial rapid growth (about 3 d) followed by an extended linear growth
phase. In WL and RL there was only slight inhibition in the case of the lh
mutant compared to D. The wild type was strongly inhibited in both WL and
RL. The epidermal cells of the lh mutant were distinctly longer than those
of thewild type.Themean cell lengths of epidermal cells of the lh mutant
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Days
Fig. 5.3 Hypocotyl length± S.E. indarkness (A,A )andlight
(o,»), and estimated number of epidermal cell lengths per
hypocotyl (D,M) during growth in white light (WL [45/imol
m"2 s"1]) jrredlight(RL[14/anolm~2s"1])at25°Cofcucumber
wild type (open symbols) and lh mutant (closed symbols). The
actualmeancelllengthsofthehypocotylepidermalcellsoverthe
timeperiod 8-18d inwild typeand lh mutantwere6±0.3and
32±0.1/un respectively in WL and 11±1 and 32±1/un
respectively inRL. The arrow indicates the onset of continuous
irradiation. Demonstrates the initial rapid growth during which
celldivisionoccursandasecondgrowthphase,dominantinthe lh
mutant,whichispredominantlyaconsequenceofcellelongation.
and of thewild typewere 32±0.1 and 6±0.3 /imrespectively inWLand
32±1and11±1/imrespectivelyinRLoverthetimeperiod8-18d.Knowing
themeanepidermalcell- andhypocotyl-lengths,anestimatewasmadeofthe
number of cells per hypocotyl which indicated that the lh mutant and the
wild type have comparable numbers of cells per hypocotyl (Fig.5.3).From

60
these results it is clear that cell division inthe lh mutant ismoreor
less restricted to the first growthphasewhereas the secondlineargrowth
phaseobservedinWLispredominantlycellextension.
The reason for the 10-20 fold difference inhypocotyl lengthbetween
the wild type and the lh mutant that ultimately results inWL does not
appear tobe aconsequence ofdifferences incelldivision.Theestimation
of the number of cells per hypocotyl, although only an approximation,
revealed that inall cases during the secondphase ofgrowth,irrespective
of hypocotyl length, the estimated number of cells per hypocotyl was
remarkablyconstant,fallingintherange 500-700cells.Thedifferencesin
hypocotyl lengthbetween thewild typeand the lh mutantmustthereforebe
predominantly aconsequenceofcellelongation.Thiscanbethoughtofasa
preventionorretardationofcellmaturation.TheThompsonhypothesis(1954;
1959)proposes thatRLaccelerates allphases ofdevelopment ofplantcell
division,enlargementandmaturation,resulting inreducedcellnumbersand
size. It is therefore possible topostulate that it is the last phase of
cellmaturationwhichisretardedinthe lh mutant.
Examination of the chlorophyll content of the cotyledon (on a mg
chlorophyll per g fresh weight basis) revealed no difference between the
wild typeand the lh mutant inWLandRL.Therewas alsono difference in
chlorophyll a/b ratio.InWLasmallreductionofchlorophyllcontentofthe
leavesofthe lh mutantcomparedtothewildtypewasobserved.
Seedlings germinated in D or de-etiolated by 8h WLwere exposed to
dailyirradiationofapulseofRL,FR,orRLfollowedimmediatelybyFRto
test for the involvement ofP inelongation growth.Theresults (Fig.5.4)
demonstrate that in the case of the wild type both etiolated and
de-etiolated seedlings exhibit P control of hypocotyl elongation and
cotyledon expansion. The lh mutant, although exhibiting reduced response,
clearly has hypocotyl elongation growth andcotyledon expansioncontrolled
byP,althoughnotinde-etiolatedseedlings.
Thewild type and the lh mutantaresimilarwithrespectto:(i)rate
and percentage of seed germination, (ii) P content of seeds (Chapter4),
(iii)apparentPsynthesisinDwhichprecedesgermination (Chapter 4), (iv)
thehypocotylgrowthrateinDandtheirepidermalcelllengths (Fig.5.3),
(v)hypocotylinhibitionbyUV-AandBL(Fig.5.2),(vi)RL/FRreversibility
of hypocotyl growth of etiolated seedlings (Fig. 5.4). The process of
de-etiolation appears tobe retarded inthe lh mutantcompared tothewild
type (compare cotyledon expansion and hypocotyl inhibition in Fig.5.1).
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After de-etiolation the RL response of the lh mutant decreases dramatically
compared to thewild type.
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Fig. 5.4
Investigation of red (RL)/far-red light (FR)
reversibility of hypocotyl growth inhibition and cotyledon
expansion (cotyledon weight) of etiolated and de-etiolated
(pretreated with 8h white light [45/imolm"^ s"1])wild type and
lh mutant. The irradiation schedules consisted of 5min RL and
15min FR, sufficient to saturate phytochrome phototransformation,
and were given every 24h for 4 d. The seedlings were otherwise
maintained indarkness at 25 °C.Results are expressed as %of the
dark control ± S.E. Demonstrates significant RL/FR reversibility
ofhypocotyl growth and cotyledon expansion inboth wild type and
lh mutant in etiolated seedlings, but only in the case of wild
type inde-etiolatedseedlings.
On the basis of physiological (Mancinelli, 1984; Mancinelli and Rabino,
1985), spectrophotometric (Heim et al.,

1981;Brockmann and Schäfer,1982;
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Jabben and Holmes, 1983) and immunological (Shimazaki et al.,

1983;

Shimazaki andPratt,1985;Tokuhisha et al., 1985)evidence,theexistence
oftwopoolsofPhavebeenproposed: IP,predominant inD-grownseedlings,
and sP, predominant in light-grown seedlings. The observation of reduced
growth of hypocotyls upon re-etiolation of the de-etiolated wild type
compared to the lh mutant (theD-controlsinFig.5.2) isconsistentwith
the idea of sP functioning in the wild type but not in the lh mutant.
Determination of the P content of both flower petals and NorflurazonbleachedleavesindicatedthatthePcontentoflight-growntissueofthe lh
mutant is about 35-50% of that in the wild type (Chapter 4).If this
hypothesis is correct, the difference betweenmutant andwild typecanbe
attributedtosPabsentinthe lh mutant.Thedetectable Pinthe lh mutant
isproposed tobe thesteady state level ofIP.Ananalysis ofthemutant
using antibodies which recognize sP would be desirable to verify the
hypothesis. However, even if sP ispresentbut fails tofunction,this lh
mutant could provide an invaluable tool to answer the question,what the
relative importance isoftheIPandsPpools,andtheBL-photoreceptorin
light-grownplants.
Two experiments were designed inan attempt to ascribe afunctionof
theP,deficientinthe lh mutant,toaparticularphysiologicalresponsein
WL-grownplants.Manyspecies (Downs et al., 1957),includingcucumber(Gaba
and Black, 1985a), respond by increased elongation growth to a short
irradiationwithFRattheendofthephotoperiodinaWL/Dcycle.Thisendof-day FReffectwasstudiedforhypocotylelongation.Seedlingsgerminated
inDweretransferred toregimesconsistingof12hWL/12hD or12hWL/5
minFR/11h55minD.Figure5.5 demonstratesthatthewild-typehypocotyls
exhibitasignificantstimulationofgrowthinlengthasaresultofend-ofdayFR. Incontrast the lh mutantfails torespond.Thelackofanend-ofdayFRresponse istherefore ascribed tothePdeficient inthe lh mutant.
Ifthehypothesisproposedhereiscorrectthisresponseofthehypocotylto
lightismediatedbysP.
When one cotyledon is covered with aluminium foil and the plant is
irradiatedfromabovecurvaturetowardstheuncoveredcotyledonoccursinWL
and RL, but not in BL or D (Fig. 5.6).This response of de-etiolated
seedlingsduetoRLabsorption,presumablybyPinthecotyledons,described
earlierby Shuttleworth andBlack (1977), isclearly absentinthecaseof
the lh mutant.Thissuggeststhatthisresponse inlight-grownseedlingsis
anadditionalresponseregulatedbysP.
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While theprecisenatureofsPremainsunknown,itmaybeaproductof
a genedifferent from thatforIPor be a typeofPresultingfromposttranslationalmodificationoftheIPinaparticularcellcompartment.The
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Fig. 5.5 End-of-day far-red (FR)responseofhypocotylgrowthof
cucumber wild type (opensymbols)and lh mutant (closed symbols)
at25°C.Lighttreatment:3ddarkness (D)followedby15dwith
12h white light (WL)/12hD or 12hWL/5minFR/11h55minD.
Fluence rates:WL: 11.7 Wm"2 [PAR, 54/imolm~2 s"1];FR: 13.4
/jmolm~2 s .Demonstratesanend-of-day FRresponse inwildtype
which is absent in the lh mutant.Forclarity only theS.E.'for
thelastdatapointsareshown,otherswereall<5%ofthemean.
lh mutant is not defective with respect to the iP and its action in
etiolated plants, only with respect to the action of P in light-grown
plants.However,theseuncertaintiesdonotlimittheuseofthismutantfor
understanding the functionofthese differentphytochrome types.Amutant,
the de-etiolatedplants ofwhich fail to respond to theRL region ofthe
spectrum, will enable the relative roles played by BL in physiological
processes tobe studied unequivocally. As yet thishasbeen impossiblein
long-termirradiationexperiments.
The growth of the lh mutant and wild type under continuous BL of
relatively low irradiance (Fig.5.2;«4/xmolm"2s"1)suggested thatthey
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are both inhibited by BL. A question therefore arises: why does the lh
mutantgrowlonginWLcontainingaconsiderableBLcomponent?Inanattempt
toanswerthisfurtherlong-termgrowthexperimentshavebeencarriedout.

0 10 20 30 40 50

Hypocotylcurvature(degrees)
Fig. 5.6 Hypocotyl curvature of de-etiolated seedlings ofwild
type (pretreatedwith30hwhitelight (WL[45/jmolnT^s" 1 ])and
lh mutant (pretreated with 54h white light (WL [45>jmol
m s ]),inducedbywrappingonecotyledonwithaluminiumfoil,
in darkness (D);WL, 45/imolm~2 s ,blue light (BL),3.6lanol
m s or red light (RL),3.6/jmolm"''s"-*-given from abovefor
24h at25°C.Curvaturesareexpressedasdegrees±S.E.towards
theuncovered cotyledon.Demonstratescurvature inducedbyWLand
RLinthewildtypeandnoresponseinthe lh mutant.
Examination of the seedlings in growth experiments where inhibition in
continuous BLhasbeen observed (Fig.5.2) reveals thatat theendofthe
experimentstheplantshadonlycotyledons (no'true'leaveshaddeveloped).
It is therefore possible to put forward the working hypothesis that the
inhibitionofgrowthbyBListemporalandoccurswhilethefoodreservesin
the cotyledons arebeingutilized forgrowthand thattheplantsfailedto
develop long hypocotyls inthese long-term growth experiments because the
low BL fluence rates used could not sustain sufficient photosynthesis for
growth. Penny et al. (1976)demonstrated thatforcucumber,photosynthesis
bythecotyledonswasanabsoluteprerequisiteforgrowthanddevelopmentof
trueleaves.Inthecaseof Sinapis (Beggset al., 1980)evidenceforaloss
ofBLeffectiveness forinhibitionofhypocotylgrowthduringde-etiolation
has been published. While little is known about the temporal pattern of
activity of the different photoreceptors responsible for inhibition of
hypocotylgrowth incucumber (Chapter 3), theevidencefortheoperationof
a BL-photoreceptor, as well as phytochrome, is overwhelming (Attridge et
al., 1984;Cosgrove,1981;GabaandBlack,1984;Mohr,1986).
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To test this hypothesis 3-d old D-grown seedlings were first
transferredtocontinuousBL.After5d,halfoftheplantsweretransferred
tocontinuousWLcontaining thesamefluencerate intheBLspectralregion
asinthecontinuousBL.ExaminationofFig.5.7revealsthatthe lh mutant
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Fig. 5.7 Hypocotylelongationincontinuousbluelight(BL;0.8W
m"z [3.0jumolm"^ s ])andupontransfer fromBLtowhitelight
(WL; 7.0Wm"2 [PAR,32/imolm"2s"1];containing3/imolm"2s"1
BL) of cucumber wild type (open symbols) and lh mutant (closed
symbols) at 25°C. The arrow indicates the transfer to WL.
Suggests that the growth of the hypocotyl of the lh mutant in
continuous BL is restricted byphotosynthesis.Forclarity,only
the S.E. forthe lastdatapoints are shown,otherswereall<5%
ofthemean.
plantstransferredfromBLtoWLgrewlongerthanthosemaintainedinBL.In
addition, the wild type remained inhibited upon transfer to WL. This
increaseingrowthofthe lh mutantupontransfertotheWLisattributedto
increased photosynthesis, enabling the growth of the hypocotyl where
inhibition via phytochrome isabsent.Anindicationofthisisthatatthe
endoftheexperiment thewildtypeand lh mutanthaddevelopedtrueleaves
whentransferredfromBLtoWL,whereasincontinuousBLtheyhadnot.
To quantitatively confirm this result a more precise experiment was
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designed in which two identical cabinets, enabling simultaneous irradiation
of the plants with BL and RL, were used. Fig. 5.8 demonstrates that after
the

wildtype lh mutant
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Fig. 5.8 Hypocotyl elongation in continuous blue light (BL; 2.3
/xmol m s"-1-)with or without supplementary red light (RL; 13.2
jimolm s ) of cucumber wild type (open symbols) and lh mutant
(closed symbols) at 25 °C. The arrow indicates the onset of the
RL. Confirms that photosynthesis limits the growth of the
hypocotyl in continuous BL. For clarity only the SE for the last
data points are shown, otherswere all<5%of themean.
start of simultaneous irradiation with RL a significant increase in
hypocotyl length results in the case of the lh mutant, but not in the wild
type. At the end of the experiment both thewild type and lh mutant plants
had significantly higher dry weights in simultaneous BL and RL than those
maintained incontinuous BL alone (Fig. 5.9).Inaddition, thewild type and
lh mutant had a marked stimulation of the surface area of the true leaves.
However, the expansion of cotyledon and true leaf surface area in the
presence ofRL in thewild type isverymuch greater than the lh mutant.The
expansion of the cotyledons was previously demonstrated to be under P
control (Fig. 5.4).Since expansion of the cotyledons is a prerequisite for
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development ofphotosynthetic capacity, andphotosynthesis isa prerequisite
for further development of the seedling (Penny et

al,

1976) it can be

concluded that Paction, ifnot directly, indirectly results inthe
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Fig. 5.9 The dry weights of plants and the area ofcotyledons and
true leaves ± S.E. at the termination of the experiment outlined
in Fig. 5.8. Demonstrates that stimulation of leaf development
occurs in the presence of supplementary red light (RL) and that
the plants have a significantly higher dry weight than those
maintained continuously inblue light(BL).

development of the leaves..In other words, the enhanced growth of leaves in
the wild type is determined by two components: a strong P effect and a
photosynthetic effect, whereas

that of the lh mutant is predominantly

determined by thephotosynthetic effect.The paradoxical questionwhy the lh
mutant grows long inWL, is answered: the inhibition by the BLcomponent in
WL either stops or canbe compensated by enhanced photosynthesis, resulting
in enhanced elongation growth since inhibition by RL or WL working via P
fails to function. The difference in growth of the hypocotyls in continuous
BL between wild type and mutant observed in Figs. 5.7 and 5.8 can be
accounted for on the basis of the BL fluence rate used. What is important
here is the response to additional RL relative to the continuous BL control.
The long hypocotyl of the lh mutant isvery similar to that of a wild

68
typeplanttreatedwithGA.A 'seedsoak'ofthewildtypewith10"5MGA4+7
resulted in wild-type seedlings after 6d WL treatment with the same
hypocotyllengthastheuntreated lh mutantofthesameage(Fig.5.10).

-log[GA„]
Fig. 5.10 Gibberellin (GA4+7)dose-response curves of hypocotyl
elongation ofcucumberwild type (o)and lh mutant (•) after 5d
with a daily irradiation schedule of 8h WL (8W m"L [PAR,
36jxmolm - 2s"1]and16hdarknessat25'C.Controlsofwildtype
and lh mutantwithoutGA4 +7 were 32.5and56.2mm,respectively.
Demonstrates that the proportional response was similar inwild
typeand lh mutant.
There isalso striking similarity ofthebehaviourofthe lh mutanttothe
'giant' lv peamutant (Reid andRoss, 1988).Twopossibleways inwhicha
giant plant could arise by modification of GA metabolism are: an overproduction ofGA or an increase in sensitivity to GA. The levels ofGA's
havenotyetbeenmeasured forthe lh mutant.Theproportionalresponsefor
a givendose ofGA4+7 wasthesameinwildtypeand lh mutant (Fig.5.10).
This indicates that the lh mutant was not saturated by endogenous GA.
Furthermore, whereas the lh mutant, compared to the wild type,has long
hypocotyls inWLandRL (Fig.5.3),hypocotyllengthsofthe lh mutantand
thewildtypearesimilarinBLorUV-A (Fig.5.2).DifferencesinGAlevels
alonecouldnotexplainthisobservation.Inhibitionofhypocotylelongation
due to irradiation decreased inwild type seedlings treatedwithexogenous
GA (Fig.5.11). However, this decrease was similar inRL and BL treated
seedlings, indicating that the influence of GA was independent from the
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effect of the light treatments. It therefore appears likely that the lh
mutant isnot aGA over-producer.

wildtype

lh mutant

Fig. 5.11 Inhibition ofhypocotyl elongation ofcucumberwild type
and lh mutant seedlings with and without treatment with 10"*M
gibberellin (GA4+7; 'seed soak') in red (RL),green (GL),far-red
(FR),blue (BL) or UV-A light (3.6 fimol m" 2 s"1), given as % of
the apropriate dark-control. Demonstrates that the influence of
GA4 + 7 is independent of the effect of the light treatments.
Itcannotbe excluded that the hy-3 mutants of Arabidopsis,
(Koornneef et al.,

which contain IP

1980), show reduced levels of P in mature seeds (Cone,

1985) and physiological characteristics resembling P defiency, are of a
similar type as the cucumber lh mutant.

5.4 References
Attridge, T.H., M. Black and V. Gaba (1984). Photocontrol of hypocotyl
elongation in light-grown Cucumis sativus
L.,A synergism between the
blue-light photoreceptor andphytochrome. Planta 162,422-426.
Beggs, C.J., M.G. Holmes, M. Jabben and E. Schäfer (1980). Action spectra
for the inhibition of hypocotyl growth by continuous irradiation in
light- and dark-grown Sinapis
alba L. Plant Physiol. 66,615-618.
Brockmann, J., and E. Schäfer (1982). Analysis of Pfr destruction in
Amaranthus
caudatus
L. -evidence for two pools of phytochrome.
Photochem. Photobiol. 35,555-558.

70
Cosgrove, D.J. (1981). Rapid suppression of growth by blue light:
occurrence, time course, and general characteristics. PlantPhysiol.
67,584-590.
Downs, R.J., S.B. Hendricks and H.A. Borthwick (1957). Photoreversible
control of elongation of pinto beans and other plants under normal
conditionsofgrowth.Bot.Gaz.118,199-208.
Drumm-Herrel,H.,andH.Mohr (1982).Theeffectofprolongedlightexposure
ontheeffectivenessofphytochrome inanthocyaninsynthesis intomato
seedlings.Photochem.Photobiol.35,233-236.
Gaba, V., and M. Black (1984). Photocontrol of hypocotyl elongation in
de-etiolated Cucumis sativus L. Long term, fluence rate dependent
responsestobluelight.PlantPhysiol.74,897-900.
Gaba, V.,and M. Black (1985a). Photocontrol of hypocotyl elongation in
de-etiolatedCucumissativusL.Theend-of-dayresponsetophytochrome.
Planta164,264-271.
Gaba, V.,and M. Black (1985b). Photocontrol of hypocotyl elongation in
de-etiolated Cucumis
sativus
L. Responses to phytochrome
photostationarystateandfluencerate.PlantPhysiol.79,1011-1014.
Heim,B.,M.JabbenandE.Schäfer (1981).Phytochromedestruction indarkand light-grown Amaranthus caudatus seedlings. Photochem. Photobiol.
34,89-93.
Jabben,M.,andM.G.Holmes (1983). Phytochrome inlight-grownplants.In:
Enc.ofPlantPhysiol.NewSeries,eds:W.ShropshireJr.andH.Hohr,
SpringerVerlag16B,704-722.
Koornneef,M.,andB.J.vanderKnaap (1983).Anotherlonghypocotylmutant
atthe lh locus.CucurbitGenet.Coop.Rpt.6:13.
Koornneef, M., E. Rolff and C.J.P. Spruit (1980). Genetic control of
light-inhibited hypocotyl elongation in Arabidopsis
thaliana (L.)
Heynh.Z.Pflanzenphysiol.100,147-160.
Koornneef,M.,J.W. Cone ,R.G.Dekens ,E.G.O'Herne-Robers,C.J.P.Spruit
andR.E.Kendrick (1985).Photomorphogenic responses oflonghypocotyl
mutantsoftomato.J.PlantPhysiol.120,153-165.
MacKinney,G. (1941).Absorptionoflightbychlorophyllsolutions.J.Biol.
Chem.140,322.
Mancinelli,A.L. (1984).Red-far-redreversibility ofanthocyaninsynthesis
in dark-grown and light-pretreated seedlings. Plant Physiol. 76,
281-283.
Mancinelli,A.L.,andI.Rabino (1985).Effectivenessofintermittentlight
treatmentsonanthocyanin synthesisindark-grownandlight-pretreated
seedlings.PlantPhysiol.78,203-206.
Mohr,H. (1986).Coactionbetweenpigmentsystems,in:Photomorphogenesisin
plants, eds:R.E.KendrickandG.H.M.Kronenberg,MartinusNyhoff/Dr.W.
JunkPubl.Dordrecht,547-563.
Penny,M.G.,K.G.MooreandP.H.Lovell (1976).Theeffectsofinhibitionof
cotyledonphotosynthesis onseedlingdevelopment in Cucumis sativus L.
Ann.Bot.40,815-824.
Reid,J.B.,andJ.J.Ross (1988).Internodelengthin Pisum. Anewgene, lv,
conferring anenhanced response ingibberellin A]^. Physiol.Plant.72,
595-604.
Robinson, R.W., and J.W. Shail (1981). A cucumber mutant with increased
hypocotylandinternodelength.CucurbitGenet.Coop.Rpt.4:19-20.
Shimazaki,Y.,andL.H. Pratt (1985). Immunochemical detectionwithrabbit
polyclonal and mouse monoclonal antibodies of different pools of
phytochromefrometiolatedandgreen Avena shoots.Planta164,333-344.
Shimazaki, Y., M.-M. Cordonnier and L.H. Pratt (1983). Phytochrome
quantitation incrudeextractsof Avena byenzyme-linked immunosorbent

71
assaywithmonoclonalantibodies.Planta159,534-544.
Shuttleworth, J.E., and M. Black (1977). The role of cotyledons in
phototropismofde-etiolatedseedlings.Planta135,51-55.
Thomas, B., and H.G. Dickinson (1979). Evidence for two photoreceptors
controllinggrowthinde-etiolatedseedlings.Planta146,545-550.
Thompson, B.F. (1954). The effect of light on cell division and cell
elongationinseedlingsofoatandpeas.Amer.J.Bot.41,326-332.
Thompson,B.F. (1959). Far-red reversal of internode-stimulatingeffectof
redlightonpeas.Amer.J.Bot.46,740-742.
Tokuhisha,J.G., S.M.Daniels and P.H. Quail (1985). Phytochrome ingreen
tissue:Spectralandimmunochemicalevidencefortwodistinctmolecular
speciesofphytochrome inlight-grown Avena sativa L.Planta164:321332.

73
6.SHORTTERMGROWTHEXPERIMENTS

6.1 Introduction
Plants are capable of responding rapidly (within seconds or minutes) to
changes in the light environment. In order to detect rapid responses In
elongation growth, sensitive measuring methods have to be applied, since
growthratechangeswillbeatmostafew^mpersecond.Whileconventional
growth studies using a ruler provide valuable information over longer
periods, short-term changeswill provide additional information.Toobtain
high-resolutionmeasurements ofelongationchangesinseedlingsofCucumis,
Meyer (1968)used a displacement transducer (linearvariable displacement
transducer),which enabledaccuratecontinuousmeasurementofgrowth.Since
thattimedisplacementtransducershavefrequentlybeenusedtostudyrapid
growth responses to light (e.g. Penny et al., 1974;Gaba andBlack,1979;
Loveys,1979;Pikeet al., 1979;Morganet al., 1980;Cosgrove,1981;Bleiss
and Smith,1985;Kristie andJolliffe,1986;Garcia-Martinez et al., 1987;
Shinkle and Jones, 1988). Other, less frequently used techniques are
capacitance auxanometry (Gordon and Dobra, 1972), time-lapse photography
(Hart et al., 1982;Baskin et al., 1985)andvideo registration (Jaffe et
al., 1985;Yahalomet al., 1987).
Time-lapse photography and video registration have a great advantage
overothertechniques:there isnodirectcontactwiththeplant.Infra-red
light,whichhasno effect on growth,canbeused for theseobservations.
These techniques have oftenbeenused to study phototropic responses.The
useofcomputer-assisted imageanalysisasdescribedbyJaffeet al. (1985)
enables fully automated data analysis.This isan improvement compared to
the 'hand-controlled'tracingofpicturesorvideo images,asitprovidesa
muchhigherresolution.
Thehigh-resolutiongrowthmeasurementshavedisadvantagescomparedto
conventional ruler measurements: only a small number of plants can be
measured. Due to the variability in plant growth between individual
seedlings and possible variations in experimental conditions during the
individual measurements there is variability in the magnitude of the
measured responses. This canbe avoided by normalizing the growth ineach
experiment to growthunderparticular standard conditions,e.g. thegrowth
rateindarkness (D),andbytheuseofcomputer-aidedaveragingofmultiple
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measurementsofindividualseedlings.
Several short-term growthstudieshaveconcerned socalled 'transient'
phenomena.Suchtransients,whilenotmakinganysignificantcontributionto
the totalelongation,canprovide informationaboutexistingdifferencesin
kinetics of several growth responses (Cosgrove, 1981; Gaba and Black,
1983b). The transients appear during the transition of one steady-state
growth rate toanother.Theyhavebeenobserved aftertransitionfromDto
light or vice versa and after changing the fluence rate or light quality
(e.g. Meyer,1968;CosgroveandGreen,1981;Cosgrove,1982;GabaandBlack,
1983a; Child and Smith, 1987;Bleiss et al.,

1987). Transients ingrowth

rate have also been observed after application of growth regulating
substances,e.g.auxin(GreenandCummins,1974;PearceandPenny,1986).
Inhibition mediated by the blue light (BL) photoreceptor may be
distinguished fromthat via phytochrome (P)onthebasisofthekineticsof
growth inhibition (Chapter 3).This has been shown in experiments using
short-term growthmeasurements.BLinhibitsgrowthwithin60s,whereasthe
RL responsesbegin 15 to 90minafter theonsetofirradiation,depending
uponthespecies (Meyer,1968;Cosgrove,1981;1982).
In the present study,high-resolution growth measurements havebeen
used to compare the growth responses of the long-hypocotyl (lh) mutantof
cucumber and itswild type.Preliminary studieswere carried outmanually
using a horizontal microscope and a computer controlled growth meter was
subsequentlydesignedandconstructed.

6.2Materialandmethods
6.2.1 Plantmaterial
Thelonghypocotyl (lh) cucumbermutantanditswildtype (describedin
chapter2)wereusedintheexperiments.
6.2.2 Lightsources
A description of the light sources used inthese experiments canbe
found in appendix 'Light sources'and in6.2.5. The fluence ratesusedin
particularexperimentsaredescribedinthefigurelegends.
6.2.3 Preliminary 'manual'growthmeasurements
Seeds ofwild type and lh mutantwere sown inPetri dishes onfilter
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paper moistenedwith distilledwater and allowed to germinate inD at 25°C.
Seedlings were selected for study after 4 or 5d. The hypocotyl growth of
individual seedlings was monitored at 15 min intervals using a horizontal
microscope with the seedling silhouetted against a green safelight during
measurement. The D growth rate (periodic exposure to green safelight during
measurement) was followed until stable. The seedlings were then irradiated
from abovewith either narrow-band BL orRL. The growthwas monitored over a
2.5 h period and themean growth ratewas calculated.

6.2.4 Continuous growth measurements
Seeds of wild type and lh mutant were sown in earthenware flower pots
(dia. 12 cm) filled with amixture of 50%vermiculite and 50%perlite (v/v)
and saturated with water. After 4 d incubation in D at 25 °C 3seedlings of
similar height (=4 cm) were selected and each individual seedling was
carefully attached to the growth-measuring apparatus, manipulating the
seedlings for ca. 1minunder adim green safelight. The growth rate inD at
25± 0.3 °Cwasmonitored forat least4hbefore the start of irradiation.

6.2.5 The apparatus for continuous growth measurement
A schematic diagram of the custom designed growth-measuring apparatus,
constructed in the Laboratory for Plant Physiological Research, is shown in
Fig. 6.1 and 6.2. The apparatus was designed by W.J.M. Tonk andR.M. Bouma
and constructed from commercial and custom built components by J.v. Kreel
in collaboration with other members of the technical staff of the
laboratory. The measuring-device is mounted on a vibration-free table,
consisting of i heavy steel plate which rests on air cushions (« 132 kPa)
and fromwhich aheavy (=*300kg)base filledwith grit is suspended.
Three separate devices are mounted on one table, each enclosed in an
air- and light-tight, thermally isolated chamber. These chambers are
mechanically isolated from the table and measuring-devices. Humidified air
circulates through the three interconnected chambers and a climate-control
unit controls the air temperature, humidity and flow rate. To avoid
undesirable light reflections (and corrosion) all aluminum components are
anodized or painted black. The complete apparatus is enclosed in a
temperature-controlled room maintained at 25± 1 °C in D. A second set of
three measuring units isunder construction.
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Fig. 6.1. A schematic diagram of thegrowth-measuring apparatus
and the temperature-,humidity- andair flowcontrolunit:front
viewwithout thevibrationfreetableandwithonechamberopened
showing one measuring-device with a seedling attached to it
(above);sideviewshowingthevibrationfreetableunderneaththe
chambersandtheairflowinandoutofthechambers (below).(1)
climate control unit; (2) chamber; (3) measuring device; (4)
flower pot with seedling; (5)shelves for irradiation equipment
and inputandoutput devices; (6)hollow lidwith specialfilter
forauniform air flow; (7)air flowchamber; (8)vibrationfree
table.
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Fig. 6.2 A measuring device with a seedling (fibres for
irradiationnotshown).Detail (3)fromFig.6.1.
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A single board microprocessor (ARCOM, based on aARC41, Z8 Basic/DEBUG
computer with realtime clock/calendar for control, measurement and data
logging, Tekelec Airtronic, Zoetermeer; Fig. 6.3) controls thewhole system.
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Fig. 6.3. A flow diagram of the translation unit of the growthmeasuring apparatus.Measurement: (E)encoder; (C)counter.
Steering: (G) tacho generator; (DC) motor; (MAR) adjusting
amplifier; (F) function generator; (M) membrane; (PU) pick-up
element; (DI/0) digital input/output; (ADA16) analog/digital
converter; (>)amplifier. Formore detailed explanation seetext.

A special program has been written for the microprocessor to enable
selection of different parameters,e.g. cycle time and irradiation schedule.
The cycle time is the time interval between two consecutive adjustments of
the translation unit, i.e. the time between two growth measurements. The
minimum cycle time is I s . The microprocessor is connected to a personal
computer (PC)where further data-acquisition takesplace.
A 'measuring-unit' (-translation unit) is mounted on a column with a
motorized spindle (M12x3)and canbe raised or lowered toposition itat the
actual height of the plant (range = 70 cm). It is possible to place two
translation units on one column to enable differential measurement. The pot
containing the seedling is clamped to the base of the column. The seedling
is attached to the translation unit by ligature thread impregnated with
silicon rubber to avoid abrasive damage to the stem. In the experiments
described here the threadwas looped around thehypocotyl hook.
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Fig. 6.4. Thetranslationunitofthegrowth-measuringapparatus.
(1) DC motor with tacho generator and amplifier; (2) satellite
reduction gear; (3)optic incrementalencoder; (4)sledgemounted
on the spindle; (5)floating zero.Formore detailed explanation
seetext.
Thetranslationunit(Fig.6.4)consistsofanaluminiumbaseplatewiththe
followingdevicesattachedtoit:
1. A cylindrical coil DCmotor (Faulhaber)with tacho generator (Mattke
ARIB) combined with a four quadrant, linear adjusting amplifier MAR
9/03.
2. Asatellitereductiongear (1:10),typeUE30CC(Faulhaber).
3.

Incremental encoder (type UT 100 CC of Micro Control). This encoder
counts the number of rotations of aselected angle of themotor.For
the experiments presented a setting of 500 points per complete
revolution has beenused. However, it ispossible touse 1000points
perrevolutiontoimproveresolution.

4. Asledge,mountedbyhighqualityrollerbearings (Föhrenback,typeRS
040-130-050)onaprecisionspindle (M5x0.5).
5. The 'floatingzero'ismountedonthesledge (Fig.6.4).Thiscomponent
of the translation unit enables repeated indication of apreselected
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electricalsignal (equivalenttoapositionwithinafewnm)eachtime
ameasurementiscompleted.

Fig.6.5.Detaileddiagramofthe 'floatingzero'.(1)microphone;
(2) pick-up element with arm; (3) measuring-arm block; (4)
calibrated pull spring; (5) measuring arm. For more detailed
explanationseetext.
Thefloatingzero,inFig.6.4 (5),isillustratedindetailinFig.6.5and
consistsofthefollowingcomponents:
1. Amicrophone (A.K.G.,typeD58E)modifiedwith aMelinex I.C.I.75 /im
membraneandironassemblycap.
2. Apick-up element (B&O,typeMMC-4)with apartofthetangentialarm
(3152378) and a heavy-duty clock balance shaft mounted in sapphire
bearings.
3. Measuring-armblock (aluminium 52ST)coupled tothepick-up armwith
an adjustable gas-reduction spring from a gaslighter (BIC-B3). The
shadedblockwiththemeasuringarmisheldinpositionbymeansofthe
balanceshaft/sapphirecombination(2).
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4.

A calibrated stainless steel pull spring (Tevema-Barnes, type T-41030,
50-300 g linear adjustable), used to adjust the upward tension on the
plant.

5.

Themeasuring armwith a loop of thread.

The measuring arm from the floating zero is connected to theplant, via the
hollow tip,with an adjustable loop of thread. A constant upward tension is
maintained on the plant. Within the floating zero, this tension can be
regulated with an adjustable spring (4) from 1 to 20 g. For the experiments
described the upward tension was 1.2 g. A very small upward tension is
possible when bearings, transmissions and the pick-up signal amplifier of
the floating zero are tuned optimally. Each translation unit can be tuned
separately. This is necessary because of differences in the individual
components.
The sledge with the floating zero is mounted on a precision spindle
with an adjustment range of 10 cm. A DC motor raises or lowers the sledge.
The measuring arm is coupled, via a transmission, to the pick-up element.
The function generator induces a 1KHz vibration of the membrane. Thepickup needle touches themembrane and converts thevibration into an electrical
signal between 0 and 1 mV (Fig. 6.3). This AC signal is amplified and
converted to 0 - 5V DC and then converted to a digital signal. The ARCOM
microprocessor follows each translation unit in sequence, activating the
function generator and checking the level of the signal from the floating
zero. When the pre-set cycle time is reached and the signal is above a
certain pre-selected threshold value, themicroprocessor 'orders' the motor
to move upwards. The measuring arm is then raised with the sledge. Due to
the loop of thread attached to the plant and the spring that adjusts the
upward tension, the measuring arm tilts. The sapphire bearings, the balance
shaft and a friction-free transmission ensures that when the measuring arm
moves upwards the pick-up needle moves backwards. The tension of the needle
on the membrane reduces and the induced signal decreases. When this signal
decreases beneath a threshold value the motor stops. In the experiments
presented a threshold value of 30 mV was used. Simultaneously the encoder
counts the number of rotation angles of the motor on the spindle (Fig. 6.4
[3]). Inside the encoder are two metal discs with 500 equally spaced
apertures: one is stationary and one rotates simultaneously with the motor.
Two LED's arepositioned on one side of the discs and twophotodiodes on the
other. The light from the LED's is transmitted only when the apertures in
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both discs are lined up; during a complete revolution there will be 500
alternating light and D periods. The apertures of the two photodiodes are
positioned so that a light period on one detector corresponds to a dark
period on the other. Both photodiodes produce a signal each time a light
period has been detected. This results in two square wave signals from the
encoder to the counter, which are 90° out of phase. Direction of rotation,
and as a consequence the direction of the motor-movement, is determined by
observing which of the signals is the leading waveform. The information
concerning the extent and direction of the movement is relayed to the
microprocessor, where it is stored in a special memory. If the adjustment
can not be completed within one cycle time a special code is stored,
indicating this event, and the adjustment continues in the next cycle. The
total value, corresponding to the growth over the number of cycle times, is
subsequently stored at the cycle time atwhich the adjustment is completed.
Depending upon the desiredprecision, a thresholdvalue of 20 to 100mV
is set at which the motor stops. The pick-up signal determines {via the
adjusting amplifier and the reduction gear) the velocity of the motor
following growth of the plant. Decrease of the signal causes the motor to
slow down.When thisvelocity is too low themotor 'sticks'.This causes the
processor to keep 'trying' to adjust the measuring unit involved. When the
end velocity is too high an 'overshoot' occurs; the motor does not stop in
time. These effects result in a precision which is out of the required îm
range. These problems are caused by the satellite reduction gear of 1:10.
This value was estimated as appropriate during the development of the
apparatus,but appears tobe too low.With areduction gear of 1:20 ahigher
precisionwillbe possible.
In the experiment described the hypocotyl was irradiated just beneath
the hypocotyl hook. For this purpose, a two-armed optical fibre (1600 mm
long, 4 mm dia; Schott Nederland B.V.) in association with a projector
assembly fitted with a 250W quartz-iodide projection lamp was used. The
projector was equippedwith aheat-filter and an interference filter (Balzer
B40 type, Balzer Liechtenstein),658 nm or 459 nm, 10 nmhalf-bandwidth at
50% of the transmission maximum. The fibres were held in position by
adjustable clamps attached to special arms on the translation unit (not
shown in the figures). In this way the fibres follow the growing plant. It
is also possible to irradiate from 4 directions with additional fibres.
Furthermore, facilities for irradiation from abovewithwhite light (WL)for
photosynthesis

are under construction. The irradiation schedule is
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programmed inthemicroprocessor,which automatically switches the lights on
and off after a preselected number of cycle times and registers this
togetherwith the other data gathered at that specific cycle time.
The data stored in the buffer memory of the microprocessor are
collected, decoded and analyzed with aPC situated ina separate room. Using
a data-acquisition program written for the apparatus, it is possible to
normalize and smooth each individual measurement, average a large number of
measurements, calculate growth rates and lag periods with a resolution of
1 s and 1jim.Calculation of the growth rate of apart of theplant isalso
possible using differential measurement with two translation units on one
column. The results can be stored and displayed on terminal, printer or
plotter. The data are stored in a way that enables the use of several
commercially available dataprocessing programs (e.g.Lotus 1-2-3).

6.2.6 Data manipulation andpresentation of results
The increase in length was measured every 30 s in D, RL and WL, and
every 10 s in BL (-cycle time). The mean growth rates (c.f. Table 6.2) are
calculated using the individual growth rates from 1 h before onset of
irradiation, and the first and third (BL) or fourth (RL and WL)hour after
onset of irradiation. The lagperiodwas determined as follows.At first the
approximate time at which the inhibition started was estimated from the
figure. The mean growth rate inthehourbefore thispoint,usually equal to
the growth rate in D, was determined. The lag period was calculated by
determining the timebetween the onset of the irradiation and the last point
(=cycle time) atwhich the growth rate was higher than or equal to the mean
growth rate. The mean lag period has been calculated as suggested by Rich
and Smith (1986): the time between induction and first expression of the
response is determined for each individual replicate, and then averaged to
give amean lagperiod for thepopulation.
To enable detection of growth patterns below the noise level the data
were smoothed where necessary. Thiswas doneby repeated application ofaso
called '3-point running mean'.This treatment of the data reduces thenoise,
but also the time-resolution. However, in experiments with a cycle time of
1 s the resolution after applying 10 times a3-pointrunning mean isstill =
10 s. To prevent of loss of time resolution, smoothing was notperformed on
the data fromwhich the lagperiodswere calculated.
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6.3Resultsanddiscussion
The growth of the lh mutant andwild typeunder continuous BL irradiation
(Chapter 5) suggested that they are both inhibited by BL, whereas the
responsetoRLwasseverelyreduced inthe lh mutantcomparedtowildtype.
Thegrowthratesofplantsboth inDandupontransfertocontinuousBLand
RLwasmonitoredat15minintervalswiththeaidofahorizontalmicroscope
(Table6.1).IncontrasttoplantsremovedfromabsoluteD,whichshowedno
differenceinabsolutehypocotylgrowth(Chapter 5),wild-typedark-controls
in this preliminary experiment exhibited a small,but significantly lower
growth rate thanthe lh mutant. It isproposed that this isaresponseof
thewildtype, via. light-stableP(sP),totherepetitiveexposurestogreen
safelight. Despite the limitations of this technique it isclear fromthe
results thatthe growthrate ofhypocotyls issignificantly reducedduring
the 2.5 h BL irradiation period inboth thewild type and lh mutant.In
contrast,RLisconsiderablymoreeffective inwildtypethaninthemutant
in bringing about a reduction in growth rate. These results provide
additional evidence to that already presented in Chapter 5 that BL can
inhibithypocotylgrowthinthe lh mutantaswellasinthewildtype.

Table6.1.Measurementsofthemeanhypocotylgrowthrates±S.E.
(numberofplantsmeasured)of4-5 dolddark-grown lh mutantand
wild-typecucumberseedlingsmaintainedindarkness (D)andovera
2.5 h period after transfer to continuous blue (BL)orred (RL)
light (both = 15 Mmol m"2 s"1) at 25 °C, measured with a
horizontalmicroscopeundergreensafelight.

lh mutant

Wildtype
Treatment
D
BL
RL

Growthrate
(mmh"^)
1.38±0.08(26)
0.73±0.07(8)
0.65±0.09(10)

%D
100
53
47

Growthrate
(mmh"1)
1.60±0.09(28)
1.04±0.12(10)
1.34±0.13(11)

To enable a comparison of short-term growthkinetics ofwild type and lh
mutant their growth responses were monitored using an apparatus for
continuousgrowthmeasurement.Fig.6.6 and6.7 showthegrowthkineticsof
an individual seedling of wild type and lh mutant in D and during BL
irradiation,respectively. Growthcurvesofother individualseedlingswere

%D
100
65
84
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qualitatively similar. Mean values are given in Table 6.2. These results
confirm thepreliminary observations thatbothwild typeand lh mutantare
inhibited by BL. The first inhibition appears tobe temporary and occurs
with a mean lag period < 2 min (Table 6.3).The individual lag periods
measured were from a few seconds to a few minutes. After the initial
inhibition there issomerecovery,but thegrowth rateinBLremainslower
than inD, indicating againthatBL inhibitshypocotylgrowthinbothwild
typeand lh mutant.
Table6.2.Measurementsofthemeanhypocotylgrowthrates±S.E.
(numberofplantsmeasured)of4-5 dolddark-grown lh mutantand
wild-type cucumber seedlings maintained indarkness (D)andover
the first and the third (inblue light (BL))or fourth (inred
light (RL) and in white light (WL)) hour after onset of
irradiation. Measured with the growth-measuring apparatus.
Examples of individual growth curves and fluence rates used are
giveninFig.6.6 to6.11.

Wildtype
Firsthour
Treatment
D
BL
RL
WL

Thirdorfourthhour

Growthrate
(mmh"-*-)

%D

1.41±0.05(55)
0.68±0.04(16)
1.73±0.09(18)
0.41±0.03(12)

100
58
129
27

+
+
+
+

4
4
7
2

Growthrate
(mmh"1)

%D

0.88±0.03
1.19±0.06
0.42±0.04

11 ±1
89 ±7
29 ±4

lh mutant
Firsthour
Treatment
D
BL
RL
WL

Growthrate
(mm h'*-)

1.28±0.05(51)
0.66±0.05(17)
1.50±0.06(18)
0.47±0.08(12)

Thirdorfourthhour
%D
100±4
54 ±4
128±8
34 ±4

Growthrate
(mmh _ 1 )
0.96±0.06
1.22±0.04
0.44±0.06

%D

82 ±6
104±5
32 ±4

Growthofetiolatedseedlingsofwildtypeand lh mutantinRLisshown
inFig.6.8 and6.9,respectively.HypocotylelongationwasinhibitedbyRL
inwild type,but not significantly inthe lh mutant. However, the first
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hour in RL a growth promotion was observed inboth wild type and lh mutant.
This promotion has not been observed in the experiment with the horizontal
microscope.An important difference between the experiments was the geometry
of irradiation. In the experiment with the microscope the seedlings were
irradiated from above, directly on the cotyledons, while in the growthmeasuring apparatus only a small part of the hypocotyl was irradiated. This
could explain the different responses observed and it could explain why
growth promotionby RLhas notpreviously been reported. In addition, in the
growth-measuring apparatus the transitionwas from aperiod of several hours
absolute D to RL,whereas in the microscope experiments the plants received
repetitive exposures togreen safelight while the dark-growth ratewas being
determined.
The mean lag periods of wild type and lh mutant observed with the
growth-measuring apparatus are longer than those observed with the
horizontal microscope and those observed by Meyer (1968) and Cosgrove
(1981). This could also be a result of the different location of
irradiation. The influence of RL is predominantly mediated through light
absorptionby the cotyledons (Blackand Shuttleworth, 1974;Cosgrove, 1981).
When only the hypocotyl is irradiated the cotyledons possibly receive light
transmitted through the hypocotyl. This could cause a delay and a decrease
of the response.
InWL (Fig. 6.10 and 6.11) an initial inhibition occurs within minutes
after the onset of the irradiation and a second inhibition a few hours
later. This is likely tobe due to a temporal separation of the effects due
to the BL-photoreceptor and P as described by Gaba and Black (1979; Chapter
3).

Table 6.3 Mean lag periods (min) between the onset of the
irradiation and the first detectable response of cucumber wild
type and lh mutant seedlings. Measured with the growth-measuring
apparatus.

Treatment
BL
RL
WL

Wildtype

lh mutant

1.5± 0.5
147.6±10.3
1.2± 0.6

1.4± 0.5
162.8±13.3
0.6± 0.6

Inetiolated seedlings no large differences are observed ingrowth responses
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Fig. 6.6. The effectofblue light (BL; 34 fimol m"2 s"1incident
atbothsidesofthehypocotyl)onthehypocotylelongationofan
etiolated seedlingofcucumberwildtype.Thearrowindicatesthe
onsetofBL.Attachment of the seedling totheapparatusattime
0;cycletime10s.

Time(h)
Fig. 6.7.Theeffectofblue light (BL;34pmolm"2 s"1 incident
atbothsidesofthehypocotyl)onthehypocotylelongationofan
etiolatedseedlingofcucumber lh mutant.OtherwiseasFig.6.6.

Time (h)

Fig. 6.8. The effect of red light (RL;17/jmolm" 2 s" 1 incident at
both sides of the hypocotyl) on the hypocotyl elongation of an
etiolated seedling of cucumber wild type.The arrow indicates the
onset of RL. Attachment of the seedling to the apparatus at time
0; cycle time 30s.

o
a.

Time (h)

Fig. 6.9. The effect ofred light (RL; 17/imolm~ 2 s" 1 incident at
both sides of the hypocotyl) on the hypocotyl elongation of an
etiolated seedling ofcucumber Ih mutant.Otherwise as Fig. 6.8.
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Time (h)

Fig. 6.10. The effectofwhite incandescent light (WL;15mWm"^
incident at both sides of the hypocotyl) on the hypocotyl
elongation of an etiolated seedling of cucumber wild type.The
arrowindicatestheonsetofWL.Attachmentoftheseedlingtothe
apparatusattime0;cycletime30s.

Time (h)

Fig. 6.11. The effect ofwhite incandescent light (WL;15mWm"'
incident at both sides of the hypocotyl) on the hypocotyl
elongation of an etiolated seedling of cucumber lb. mutant.
OtherwiseasFig.6.10.
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ofwild typeand lh mutant.This isconsistentwiththeresultsfromlongterm growthexperiments (Chapter 5).Inchapter4 itwasproposedthatthe
lh mutant lacks sP. In etiolated seedlings the bulk P pool consists of
labileP(IP)andnodifferenceswereobservedbetweenPlevelsinetiolated
seedlingsofwildtypeand lh mutant.Thiscouldexplainwhythereisonlya
small difference between the responses of etiolated seedlings. It is
expected that short-term growth responses ofde-etiolated seedlings ofthe
wildtypeandthe lh mutantwillshowlargerdifferences,sincethere the sP
present in the wild type is expected to play an important role in the
control of elongation growth.Larger differenceshave indeedbeenobserved
inlong-termgrowthexperiments (Chapter5).
Thepresentexperimentsarethefirstcarriedoutwiththisgrowthmeasuring
apparatus.After further improvementoftheequipment,e.g.withrespectto
resolution, it will be possible to study responses within a fewseconds,
such as transient growth rate overshoots (Cosgrove, 1982;Gaba andBlack,
1983a;1983b;MorganandSmith,1978)andgrowthoscillations (Kristieand
Jolliffe,1986).Fig.6.12 showsthepreliminaryresultsfromanexperiment
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Fig. 6.12.High-resolutiongrowthmeasurementsofacucumberwild
typeseedlingindarknessat25°C.Thegrowthwasdeterminedwith
acycletimeof1s.
a.Rawdata.
b.Smootheddata(10xsmoothedwitha3-pointrunningmean).
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using a cycle time of 1 s. Smoothing of the curve certainly isrequired for
conclusions about the occurrence of oscillations in growth rate. Although
this procedure reduces the time-resolution it is still possible to measure
these oscillations with a time resolution of 10 s and a growth rate
resolution of 1 fims .
The equipment ishighly suitable for further experiments with seedlings
and full-grown plants. In these experiments the full potential of the
equipment will be utilized. This will enable the measurement of growth
responses within a few seconds or the monitoring of growth for several days
under temperature-,humidity- and air flow-controlled conditions,with fully
automated irradiation schedules and data-acquisition.
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7.LONGTERMGROWTHEXPERIMENTSWITHTOMATO

7.1Introduction
Insearchfornon-germinating,gibberellin (GA)responsivemutants,Vander
Veen and Bosma (Koornneef et al.,

1981) isolated a non-germinating, GA-

responsive tomatomutant,W616,characterizedbyanelongatedhypocotyland
yellow-green leaves. Complementation tests with earlier described long
hypocotylmutantsoftomatoandlinkagetestsrevealedthatW616wasallelic
with aurea (au) mutants. The au mutant resembled previously described
Arabidopsis

mutants characterized by an elongated hypocotyl when grownin

white light (WL),palegreenleaves,reduced germination, increasedapical
dominance and the absence of spectrophotometrically detectablephytochrome
(P)(Koornneefet al., 1980;Spruitet al., 1980;ConeandKendrick,1985).
Koornneefet al. (1985)showedthatthisaumutantoftomato,incontrastto
its wild type, showed little or no effect of light on seed germination,
anthocyanin synthesis andhypocotylelongation.Inadditionthechlorophyll
contentisreduced,thechlorophyll a/b ratioisincreasedandthestacking
of

the

thylakoids

in the chloroplast

is greatly reduced,

Spectrophotometrically detectable P is absent or strongly reduced in its
seeds, dark-grown hypocotyls, light-grown leaves, and roots.
Spectrophotometric (Chapter 4) and immunochemical (Parks et al.,

1987)

measurements have shown that etiolated tissue of the au mutant has a P
content < 5% of the wild type. Spectrophotometric measurements of P in
flower petals and Norflurazon-bleached leaves indicate that light-grown
tissues contain ,0-50%of thePlevel inthewild type (Chapter 4).TheP
detectable inlight-grownplants of the au mutant isproposed tobelightstable P (sP)and the differencebetweenP levels inmutant andwildtype
represents the steady state level of labile P (IP)inWL. The difference
between responses of au mutant and wild type must therefore reflect the
quantitative role of thePdeficient intheaumutant.Inthischapterthe
resultsofexperimentsconcerningelongationgrowthoftheaumutantandits
isogenic wild type are presented and thepossible roleofthedifferentP
typesinseveralelongationgrowthresponsesisdiscussed.
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7.2 M a t e r i a l s and methods
7.2.1 Plant material
The long hypocotyl (au mutant of the tomato cv. Moneymaker and its
isogenic wild type used in the present experiments have been described in
Chapter 2.Apart from its longhypocotyls, the au phenotype is characterized
by reduced seed germination, reduced chlorophyll content and reduced
anthocyanin levels (Koornneef et al.,

1985).

7.2.2 Light sources.
A description of the light sources used in these experiments can be
found in appendix 'Light Sources'. The fluence rates used are indicated in
the figure legends.

7.2.3 Germination and dark incubation
Dark germination of the au mutant was low and retarded compared to the
wild type (Koornneef et

al.,

1985). However, pricking each seed with a

sterile needle considerably increased the percentage of dark-germination of
the au mutant. This technique was used for both the au mutant and thewildtype seeds. To compensate for the retardation of germination of the au
mutant, seeds were sown 24 h before those of the wild type. Seeds of wild
type and au mutant were surface sterilised for 5min ina 1% (v/v)dilution
of a Na-hypochlorite solution (commercial bleach), washed for 30 min in
running tap water, pricked, sown in transparent plastic boxes (10x10x8 cm)
on 11 layers of filter paper saturated with distilled water, and placed in
darkness (D)for germination at 25 °C.

7.2.4 Screening under broad spectralband light sources
After 3 d (wild type) or 4 d (au mutant) incubation in D 10 seedlings
were selected per box with uniform hypocotyl length, 4 boxes being used for
each treatment. The seedlings were transferred to continuous UV-A, blue
(BL), green (GL),red (RL),and far-red (FR)light of 2.1 jrniolm" 2 s" 1 ± 5%.
The dark controls werekept inwoodenboxes coveredwithblack polythene and
placed in each of the light cabinets. The hypocotyls were measured daily
under a dim green safelight,using aruler.

7.2.5 Fluence-rate response toBL andUV-A
After 5 d (wild type)or 6 d (au mutant) incubation inD, 12 seedlings
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wereselectedperboxwithuniformhypocotyllength,4boxesbeingusedfor
each treatment.The seedlingswere transferred tocontinuousUV-AorBLof
differentfluencerates.Thedarkcontrolswerekeptinwoodenboxescovered
with black polythene and placed in each of the light cabinets.Hypocotyl
lengths were measured before (under a dim green safelight) and after the
24h irradiation period, using a ruler. The results are presented as %
inhibitioncomparedtothedarkcontrol.

7.2.6 End-of-dayfar-redexperiments
Seedsofwildtypeand aumutantweresowninearthenwareseedpansand
after14dweretransplanted into10cmdiameterplastic flowerpotsfilled
with potting compost. After a further 14d at 23°C indaily irradiation
schedules of 14hWL (35Wm"2 [PAR, 160A*molm"2s"1])and 10hDplants
wereselected foruniformheightandsubmittedtodailysupplementarylight
treatments. After the dailyWL period the following irradiation schedules
were given:D; 20minFR (20 ftmol m"2 s" 1 ); 20minFRfollowedimmediately
by10minWL.After5cyclestheplantswerereturnedto14hWL/10hDfor
two cycles and then the total length of the internodes wasmeasured. The
increase inheightoftheplants±S.E.isexpressedasapercentageofthe
initialheight oftheplantsontheday theyreceived thefirstend-of-day
FRtreatment.

7.2.7 Simulatedphototropism
Seedlingsweregrownindailyirradiationschedulesof16hWLand8h
D at 20 °C in earthenware seed pans (25x25x6 cm) filled with potting
compost.After 8dtheseedlingswereselectedforuniformhypocotyllength
and one cotyledon c2 each seedling was covered with aluminium foil. The
seedlingswereplacedincontinuousWL(11.7Wm

[PAR,53 ftmol m"^s )at

23°Cand irradiated from above.After 24h eachseedlingwasremovedfrom
the compost andphotocopied. The angle ofcurvature ofeachhypocotylwas
estimatedfromthephotocopiesusingaprotractor.
7.2.8 Presentationofresults
Resultsareexpressedasmean±S.E.ofrepresentative experimentsand
haveallbeenrepeated atleastoncewithqualitatively similarresults.In
some experiments the least significant difference (LSD)at the 5%levelof
probability isgiven,calculatedaccordingtothemethodofTukey (1977).
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7.3 Results and discussion

7.3.1 Screening underbroad spectralband light sources
When germinated in D and transferred to continuous irradiation with
broad band light sources of equalphoton fluence rate for4 d,both thewild
type and the au mutant showed similar hypocotyl growth in D and FR (Fig.
7.1). InRL and GL, incontrast to thewild type,no significant inhibition

wild type

FR

|aumutant|

RL
GL
BL
UV-A

^LSD

2

3

4

Increaseinhypocotyllength(cm)

Fig. 7.1 The increase in hypocotyl length of the au mutant of
tomato and its isogenic wild type grown for 4 d in broad band
light (2.1 Mmol m ' ^ s - 1 ± 5%) at 25 °C; far-red light (FR),red
light (RL),green light (GL),blue light (BL),UV-A or darkness
(D).Seedlings were grown for 3 d (wild type) or 4 d (au mutant)
in D before transfer to the light. The bar indicates the least
significant difference (LSD) at the 5% level between the dark
control and the light treatments.

was observed in seedlings of the au mutant. InChapter 4 itwas demonstrated
that etiolated seedlings of the au mutant have no spectrophotometrically or
immunochemically detectable IP.This deficiency of IPresults ina loss ofP
control of hypocotyl elongation in etiolated seedlings of the au mutant. In
BL and UV-A both wild type and au mutant were significantly inhibited
compared to the dark controls, but a smaller response was exhibited in the
case of the au mutant. Apparently inhibition of hypocotyl elongation due to
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a BL/UV-A photoreceptor is retained in the au mutant, despite the lack of
IP. This suggests that BL inhibition of elongation growth does not require
the presence of Pfr or it is dependent on an extremely sensitive process
regulated by the low level of Pfr present. To futher evaluate the role of
the P deficiency in the au mutant on the inhibition ofhypocotyl elongation
growthby BL andUV-A, fluence-rate response curveswere determined.

7.3.2 Fluence-rate response toBL andUV-A
Fluence-rate response curves for growth inhibition of etiolated
hypocotyls occurring during a 24 h period in BL and UV-A show a clear
difference in response range forwild type and au mutant (Fig. 7.2).The au
mutant requires ahigher fluence rate tobe inhibited to the same extent as
thewild type.The fluence rate of light sources usedwere probably nothigh
enough for the au mutant to reach the maximum inhibition asmeasured inthe
wild type. In both BL and UV-A the curve for the au mutant is shifted
approximately one order of magnitude to higher fluence rates. This
difference in inhibition by BL and UV-A between the au mutant and its wild
type represents a quantitative estimate of the role played by BL and UV-A
absorptionby 2P inthephoto-inhibitionofhypocotyl growth. The inhibition
at higher fluence rates in the au mutant could represent the BL/UV-A
photoreceptor working alone, or in co-action with any 'residual' P, either
IPor sPbelow detectionlimits.

7.3.3 End-of-day far-red experiments
Elongation growth of many species (Downs et al.,

1957), including

tomato (Selman and Ahmed, 1962; Tucker, 1975; Decoteau et al.,

1988)

increases as a result of a short irradiation with FR at the end of the
photoperiod in a WL/D cycle. This effect is reversed by a subsequent WL
pulse, indicating that P functions as the photoreceptor. A pronounced endof-day FR response was observed in both wild type and the au mutant (Fig.
7.3). Therefore P must be present and functional in light grown plants of
the au mutant. Since the deficiency in the au mutant lies in its ability to
accumulate IP it is proposed that sP, quantitatively similar in au mutant
andwild type, isresponsible for the end-of-day FReffect.
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Fig. 7.2.Fluence-rateresponsecurvesforinhibitionofhypocotyl
growthof the au mutant (•) oftomato anditsisogenicwildtype
(o)grownfor24h in(above)blue light (BL)and(below)UV-Aof
differentphotonfluenceratesat25 °C.Seedlingsweregrownfor
5d (wildtype)or6d (au mutant)indarknessbeforetransferto
the light. Results are presented as % inhibition
(1-[Li-Li/L d -LjJ)*100, where L± = length prior to the
lighttreatments,L<j=lengthafteranother24hDandL^-length
after 24 h irradiation. The actual growth of the dark controls
over the 24h period (L^-L^)for BLwas 8.9 ± 0.7 mm forthe
wild typeand 9.3 ±0.7mmfortheaumutantandforUV-A 9.9 ±
0.5mmforthewildtypeand9.7±0.9mmforthe aumutant.
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Fig. 7.3 End-of-day far-red light (FR)response of stem elongation
in au mutant of tomato and its isogenic wild type at 23 °C.Plants
grown for 28 d in daily white light (WL; 35Wm~ 2 [PAR, 160/zmol
m~ 2 s"1];14h) / dark (D- 10h) cycles were treated for 5dwith
20min FR (20/jmolm" 2 s " 1 ) ; 20 min FR immediately followed by 10
min WL; or D at the end of the daily light period. Results are
presented as % increase in height of the plants during the
end-of-day FR treatment. The actual increases inheightwere:wild
type: D, 43 mm; FR, 76.3 mm; FR/WL, 45.2 mm; au mutant: D, 21.5
mm; FR, 46.5mm; FR/WL, 22.7mm.

7.3.4 Simulated phototropism
When one cotyledon is covered with aluminium foil and the plants are
irradiated with WL from above, both wild type and au mutant curve towards
the uncovered cotyledon (37 ± 5 and 46 ± 7 degrees respectively). This
response of de-etiolated seedlings due to RL absorption, presumably by P in
the cotyledon, described earlier by Shuttleworth and Black (1977) for
cucumber seedlings, is exhibited by both the au mutant and wild type. In
view of the aforementioned end-of-day FR effect it is likely that this
response in light-grown seedlings isan additional response regulated bysP.
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8. PHOTOCONTROLOFANTHOCYANIN SYNTHESIS

8.1 Introduction

The biosynthesis of anthocyanins in plant tissues either requires light or
isenhanced by it (Chapter 3 ) .Interactionbetween twophotoreceptors inthe
photoregulation of anthocyanin production in sorghum seedlings was reported
by Downs (1964). Two photoreactions were observed: the first showed typical
properties of a high irradiance response (HIR): high irradiances and
exposure times of several hours were required. Ithad a maximum sensitivity
in the blue light (BL) spectral region at about 470nm. The second
photoreaction controlled the first one and showed a typical phytochrome (P)
response, requiring short exposure times and exhibiting red light
(RL)/far-red light (FR) reversibility. Recent studies have confirmed and
extended these findings (e.g.Vince and Grill, 1966;Mancinelli, 1983;1985;
Mohr et al.,

1984;Mohr, 1980;1986; Sponga et al.,

1986). The nature of the

interaction between the two photoreactions is still unknown, but a possible
mode of co-action has been suggested by Oelmüller and Mohr (1985). Their
scheme describing this suggested mode of co-action has been presented in
Chapter 3 (Fig. 3.1).Pfr is suggested as the terminal effector involved in
the photoregulation of anthocyanin synthesis, whereas the light-dependent
establishment of responsiveness towards Pfr is mediated by P itself, a
BL/UV-photoreceptor (cryptochrome) or aUV-B photoreceptor. The interaction
between cryptochrome and P in the photoregulation of anthocyanin varies
between species. Several species have an absolute requirement for a
pretreatment with BL or UV, whereas in other species FR pretreatments are
equally effective as BL or UV (Chapter 3).In tomato it appears that this
interaction isnot obligatory, since pretreatment with RL or FR, absorbed by
P and not by cryptochrome, is also effective. However, RL and FR are less
effective than BL or UV. When continuous irradiation was applied to induce
anthocyanin formation in tomato seedlings without an inductive pulse at the
end of the light treatment, BL, UV-A and UV-B exerted a strong response,
whereas FR and RL were only slightly effective (Drumm-Herrel and Mohr,
1982).
The experiments described in this chapter were designed to achieve a
better understanding of this interaction intomatoby utilizing mutants with
either an enhanced capacity for anthocyanin synthesis (the high
mutant)or adeficiency inlabile (2)P (the aurea,

au mutant).

pigment,

hp
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8.2Materialsandmethods
8.2.1 Plantmaterial
The isolation of the long-hypocotyl au mutant from wild-type tomato
(Lycopers icon

esculentum

Koornneef et

al.

Mill.) cv. Moneymaker has been described by

(1981; 1985). The mutant has been identified as a

photoreceptormutant (Chapter 4): theamountofPinetiolated seedlingsof
theaumutantis<5%ofthatdetectedinetiolatedwildtype.
The Moneymaker hp mutant used in these experiments was not completely
isogenicwiththewildtypeandwasderivedfromacrossbetweenMoneymaker
wild type and Webb Special (= hp mutant, LA 279),described by several
authors (Kerr,1960;Thomson et al., 1962)asaspontaneousmutantwithan
exceptionally high anthocyanin content. The au/hp double mutant has been
isolated from crossings between these au and hp mutants. The overall
morphologyofthe au/hp recombinantresembled theauphenotype (Fig.8.1.).
Inadditionseedsproducedbyselfingmutants, au and hp, andtheirisogenic
wild type of the cv. Ailsa Craig (obtained from the Glasshouse Crops
ResearchInstitute,Littlehampton,U.K.)wereused.

8.2.2Anthocyaninassay
Seedswere surface sterilized for 5min ina 1% (v/v)Na-hypochlorite
solution (commercial bleach), washed for 30 min inrunning tapwater and
sownintransparentplasticboxes (10x10x8cm)on10layersoffilterpaper
saturatedwithdistilledwater.Afterincubationfor84hindarkness (D)at
25"C the irradiation schedulewas started. Each treatmentwas terminated
with a 24hD period, after which anthocyanin extraction and assay was
started.Samplesof10seedlingsofuniformheightweretakenfromeachbox
and extracted with 1.2 ml acidified (1%HCl,w/v)methanol for48h inD
withshaking.AFolchpartitioningwasperformedafteradding0.9mlH2Oand
2.4mlchloroformtotheextractsandcentrifugationfor30minat4800rpm.
The absorbance of the top phase was determined with an Aminco DW-2a
spectrophotometer at 535nm. Inmostexperiments theresults representthe
mean±S.E.of4replicates foreachtreatmentandusuallyarethemeansof
twoormoreindependentduplicateexperiments.
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Fig.8.1. Scheme describing the isolation of the double mutant
(au/hp) of tomatowithout an a priori prediction of itsphenotype.
Between brackets description of the phenotype and conditions used
for selection (wt = wild-type seedlings with almost white
hypocotyls after 24h low irradiance red light (RL), short
hypocotyls inwhite light (WL); au-no visible anthocyanin after
24h low-irradiance RL, long hypocotyls in WL and reduced
chlorophyll content; hp- etiolated seedlings with red hypocotyls
after 24h low-irradiance RL, short hypocotyls in WL. (x =
crossed;® = selfed)

8.2.3 Light sources
The broad-band light sources for BL, RL and FR are described in
appendix 'Light Sources'.The fluence rate of the BL,used as pretreatment,
and of theRL and FRpulses was 3.6 /jmolm"''s_J-± 5%.

8.3 Results and discussion

After a 12h BLpretreatment, anthocyaninwas produced inboth the hp mutant
and thewild type (Fig. 8.2a). A pulse ofRL terminating the BL pretreatment

L
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resulted ina stimulation ofanthocyanin synthesis andapulse ofFRorRL
followed by FR reduced anthocyanin synthesis below thedark-control level
(BL pretreatment only). However, the response of the hp mutant was much
larger. The au mutant exhibited no significant anthocyanin synthesis under
these conditions (Fig.8.2.a).
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F i g . 8 . 2 . Anthocyanin c o n t e n t of tomato s e e d l i n g s of cv.
Moneymaker au, hp, au/hp and w i l d type a f t e r t r e a t m e n t w i t h a
p u l s e of r e d l i g h t (RL; 5 min, 3.6 //mol m"2 s " 1 ) , f a r - r e d l i g h t
(FR; 15 min, 3.6 /jmol m"2 s " 1 ) or RL followed by FR:
a. w i t h 12 h b l u e l i g h t (BL) p r e t r e a t m e n t (3.6 /imol m"2 s " 1 ) ;
b . w i t h o u t BL p r e t r e a t m e n t . Note t h e d i f f e r e n t absorbance s c a l e s .
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Without BL pretreatment no significant P control of anthocyanin synthesis
could be detected in seedlings of the cv. Moneymaker wild type and au
mutant. However, the hp showed a small, but significant, induction of
anthocyanin synthesis after a single RL pulse. This response to RLwas
reversed by a subsequent FR pulse (Fig.8.2.b). Similar results were
obtained withthewild typeand hp mutantofthecv.AilsaCraig (Fig.8.3.a
and b ) .These results indicate that theconclusion ofDrumm-Herrel andMohr
(1982)andMancinelli andSchwartz (1984), that single light pulses haveno
effect on anthocyanin synthesis in the tomato hypocotyl, should be
reformulated tostate that single lightpulseshavenomeasurable effect.In
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Fig. 8.3. Anthocyanin content of tomato seedlings of cv. Ailsa
Craig hp and isogenic wild type after treatment with apulseof
red light (RL; 5min, 3.6/rniolm" 2 s " 1 ) , far-red light (FR;
15min, 3.6/jmolm" 2s'^)orRLfollowedbyFR:
a.with12hblue light (BL)pretreatment (3.6/irnolm~ 2 s"1);
b. withoutBLpretreatment.Notethedifferent absorbance scales.
the hp mutant this effect was clearly detectable due to its enhanced
capacity foranthocyanin synthesis.Thecause ofthis enhanced synthesisis
still unclear. Preliminary measurements ofPinD-grown seedlings indicated
no differences inP content between wild type and hp mutant (Table 4.2in
Chapter 4) and therefore the difference does not appear tobe due toa
higher [Pfr]inthe hp mutant.Onthisbasis the hp mutantwasprovisionally
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designated asaphotoresponse mutant (Chapter 2 ) .However, another possible
explanation of theincreased anthocyanin synthesis isthat thesensitivity
of the hp mutant toPfrisincreased. A comparisonofthephoto-inhibition
of hypocotyl elongation of wild type and hp mutant could provide useful
information about possible differences in general sensitivity to Pfr.An
indicationofthishasbeenobservedbyvonWettstein-Knowles (1968). The hp
mutantusedintheir researchhadalowerhypocotyldryweight thanthewild
type when grown inthelight. Similar results havebeen shownbyMochizuki
andKamimura (1984). This points toincreased inhibitionbylight andcould
indicate that the hp mutanthasahigher sensitivity toPfrthanwildtype.
Perhaps more likely isthat theincrease inanthocyanin synthesis isdueto
amutationwhich influencesastepmuch further alongthetransductionchain
betweenphotoreceptorandresponse,possiblytheabsenceofaninhibitor(or
a 'substrate-competitor') of a crucial reaction inanthocyanin synthesis.
Whatever the final explanation, the hp mutant is a useful tool to study
anthocyanin synthesisbecauseofits'amplified'response.
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Without pretreatment with BL no anthocyanin could be detected in the
double mutant (au/hp).

However, after aBLpretreatment thismutant showed a

small (less than wild type), yet significant, RL/FR reversible response
(Fig. 8.2.a). Apparently a low level of Pbelow detection limits (either IP
or stable P (sP)) that is present in the au mutant is now sufficient to
induce a little anthocyanin due to the increased sensitivity as a result of
the hp gene.
To enable comparison of the differences between the wild type and the
three mutant genotypes a figure was constructed with the inductive RL
response (response to RL pulse -response to FR pulse {=A R (Drumm-Herrel
and Mohr, 1982)}) expressed as percentage of the response of the hp mutant
after BLpretreatment (Fig. 8.4.). It appears that the amount of anthocyanin
in the hp, produced in 24 h D after a BL pretreatment, has been amplified
about 10 fold as compared to the wild type.By extrapolation the inductive
RL response after one RL pulse in the case of the wild type is about 0.1%.
This would correspond to a difference in absorbance of =*2.10" ,which is
below detection limits. This explains why so far no effect of a single RL
pulse onanthocyanin synthesis in tomatohypocotyls hasbeen observed.

46

60

72

84

Incubationtime(h)
Fig. 8.5. Anthocyanin content of seedlings of tomato (cv.
Moneymaker) wild type (o) and hp mutant (•) as a function of the
dark (D)-incubation period preceding a 12h irradiation with blue
light (3.6/imolm"^s"^)and terminatedby 24h D.
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The anthocyanin synthesis in the au/hp mutant after a BL pretreatment
isabout 3% of themaximum response.The P level inthe au mutant is< 5% of
that in the wild type or the hp mutant (Chapter 4 ) , i.e. the absence of at
least 95% of the IP results in only 3% of the anthocyanin synthesis under
P-control in the hp mutant after BLpretreatment. This clearly suggests that
it is the 'bulk' IPpool in etiolated seedlings which isprimarily involved
in anthocyanin synthesis at this stage. Provisional observations indicate a
little anthocyanin in older plants of the au mutant. It is possible that
this is aresponse to the sP that accumulates in the light.
The 'timing' of theRLpulse appeared tobevery important. Inthe case
of the hp mutant themaximum inductive response to a single RLpulsewith BL
pretreatment was observed after 84h D incubation (Fig. 8.5).Apparently at
this time the seedlings have acquired maximum competence to respond toPfr.
Two pulses ofRL, the first after 72h D and the second

Moneymaker
wildtype

hpmutant

AlisaCraig
wildtype

D Ö
RL I
RL-RLI

Fig. 8.6. Anthocyanin content of tomato (cv. Moneymaker and cv.
AilsaCraig) seedlings ofwild type and hp mutant following one or
two inductive lieht pulses. The first pulse of red light (RL; 5
min, 3.6 jjmolm s )was given after 72h incubation in darkness
(D) and the second at 84h. Between and after the pulses the
seedlings were kept in D until the anthocyanin determination at
96h after sowing.
after a further 12 h D, were much more effective than one RL pulse in
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induction of anthocyanin synthesis during a 24h Dperiod in the case of the
hp mutant (Fig. 8.6). Wild type under the same conditions showed no
significant anthocyanin accumulation. Using the model proposed by OelmÀller
and Mohr (1985) (Fig. 3.1, Chapter 3) this can be explained as follows: P
controls the anthocyanin synthesis via two different routes.Firstly, as the
effector of the terminal response it sets inmotion the signal-transduction
chainwhich eventually leads to the appearance of anthocyanin. Secondly, it
determines the effectiveness of Pfr in mediating anthocyanin synthesis, in
other words in determining the responsiveness of the anthocyanin synthesis
towards Pfr. This responsiveness can also be established by a pretreatment
with BL orUV. The firstRLpulse isproposed to increase the sensitivity to
Pfr, afterwhich the inductive response of
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Fig. 8.7. Anthocyanin content of tomato (cv. Moneymaker and cv.
Ailsa Craig) seedlings of hp mutant following one or two inductive
light pulses. The first pulse was given after 60 h incubation in
darkness (D) (with 24 h D between two pulses) or after 84 h
incubation in D (with 6h Dbetween two pulses) and the second at
90h: one or two pulses of red light (RL; 5 min, 3.6 ^mol
m" 2 s"-*-); one or two pulses of far-red light (FR; 15min,
3.6 jumolm" 2 s ) ; two pulses of RL followed immediately by FR
(RL/FR). All treatments were terminated with a 24h D period
before anthocyanin determination.
the second pulse isenhanced. A treatment of twopulses ofRL separatedby a
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D period of 24h was less effective thanpulses with a 6h D interval (Fig.
8.7). Apparently the increased responsiveness toa secondpulse is gradually
lost if the D period is too long. This is in similar to the observation of
Mohr

and

Drurara-Herrel

(1983),

who

showed

that

the

'sensitivity

amplification' to Pfr induced by UV-B for anthocyanin synthesis of wheat
coleoptiles was completely lost if 12 h D separated the UV-B treatment and
the inductive RLpulse.
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9. GENERAL DISCUSSION

Physiological mutants offer a wide range of new possibilities in assisting
the study of higher plant photomorphogenesis. In the experiments described
in this thesis three such mutants have been used. In this chapter general
conclusions arepresented, togetherwith additional discussion, speculations
and suggestions for future research.
The mutants concerned are the long hypocotyl (lh)
and

the

aurea

(au)

(hp)

and high pigment

mutant of cucumber
mutants

of tomato.

Spectrophotometric as well as immunological evidence indicate that the au
mutant lacks labile phytochrome (IP), whereas the lh mutant has been
proposed to lack stable phytochrome (sP).While the au mutant appears tobe
a IP receptor mutant, the lh mutant could be a sP receptor mutant.However,
confirmation awaits the availability of species-specific antibodies which
can discriminate between IPand sP. InFigure 9.1 thepossible complementary
nature of themutants isvisualized. Since the level of sP in etiolated

sP sP
SP
JP

sP

JP

JP

wt

au

lh

wt

au

JP
lh

Dark-grownseedlings Light-grownseedlings

Fig. 9.1. Schematic illustration of the proposed phytochrome (P)
content (labile: IP and stable: s?) of dark-grown and light-grown
seedlings of wild type, tomato au mutant and cucumber lh mutant.
Note that the total P level in light-grown seedlings is
approximately 2%of the level indark-grown seedlings.

tissue is too low to measure spectrophotometrically, the phytochrome (P)
level in dark-grown seedlings of the lh mutant appears similar to that in
the wild type, whereas in the au mutant no P can be detected. Despite the
low level of P in light-grown tissue, both mutants were demonstrated by
spectrophotometry to contain about 50% of the P present in the wild type.
The P detected is proposed to represent sP in the the au mutant and IP in
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the lh mutant.
One of the first problems that canbe addressed with these mutants is:
which of the two forms of P isphysiological active? Formation of the farred light (FR)-absorbing form of P (Pfr) has been proposed to be the
physiologically active process in P action. Alternatively it has been
postulated that it is the loss of the red light (RL)-absorbing form (Pr)
which is the active process (Smith, 1983). Circumstantial evidence has
implicated the Pfr form of P as the physiologically active form (Borthwick
et al.,

1952), but mutants lacking P provide, for the first time, direct

evidence to support this hypothesis. Mutants such as au mutant of tomato
clearly have a reduced level of Pr in dark-grown seedlings, but are
elongated in darkness (D), like the wild type. If removal of Pr was the
active process inPaction themutantwouldbe expected tobe short.Mutants
possessing different levels of P, would also be very useful in determining
whether a response is due to the [Pfr] or Pfr/Ptotal ratio (<p).Until now
different P levels were only attainable by various pre-irradiation
schedules,which may selectively influence subsequent response sensitivity.
Why do plants posses a bulk IP pool in dark-grown plants? Hillman
(1972) attempted to attribute function to this pool, but concluded: "As to
what the function might be, there is simply no evidence". Paradoxes which
remain unexplained are the Zea and Pisum paradoxes. In Zea, a fluence of RL
sufficient to saturate a particular physiological response is insufficient
to cause a detectable conversion of P to Pfr. This response is apparently
saturated by a very small amount of Pfr. However, the effect of the RL is
reversible by a saturating FR pulse, even though the FR establishes a
measurable conversion ofPr toPfr, infactmore than theRLwhich effect it
reverses. This apparent paradox has been explained in terms of a limited
number of localized receptor sites towhich Pfr migrates (Raven andSpruit,
1973; Hendricks and VanDerWoude, 1983; Kraak, 1986). The P molecules bound
at these sites therefore consist of 100 % Pfr. This is higher than is
possible on photochemical grounds alone. It was further proposed that low
fluence FR, aswell asRL,produced sufficient Pfr to saturate the receptors
and initiate a response. Assuming that the bound Pmolecules reside at the
receptor sites, even if photoconverted back to Pr, the explanation of the
VLFR

by

longer

irradiation

periods

is possible.

FR

causes

photoconversion of most Pfr at the receptors to Pr, resulting in a low
photoequilibrium of the P at the receptors (cp< 0.05) and reversion of the
response.

the
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In Pisum aparadox isobserved when tissues fromplants,pre-irradiated
with RL and then kept in D, are later briefly irradiated with sources
establishing various photostationary states (cp) and then returned to D.
Those given a low <pvalue grow more than the corresponding dark controls
(pre-irradiated only), while those givenhigh<pvalues grow less. A response
similar to the dark controls isobtained bybrief irradiation establishing a
<pvalue of about 0.20. Thus, on thisphysiological basis, thepre-irradiated
tissue responds as though 20% of its P was Pfr. However, no Pfr could be
detected spectrophotometrically. Here again, as in Zea, the existence of a
small active fraction of P with properties different from the bulk pool
could explain this paradox. In this case there has to be a difference
between the pools in the rate(s) of Pfr reversion and/or destruction after
RL irradiation. The active fraction could either revert more slowly or
undergo a slower rate of destruction than thebulk P.
It is possible to speculate that the small active pool issP.However,
this implies that the bulk P pool, IP, is non-functional. It seems 'highly
inefficient' for the plant to expend energy, while living heterotrophically
on a limited food reserve, to make a large pool ofaphotoreceptor which is
non-functional. Kendrick and Spruit (1973) concluded: ".... all P can be
proposed to be potentially active and to trigger specific responses by
virtue of its localization inaparticular environment".
Experiments with the au mutant, lacking IP, have now provided direct
proof that thebulk pool of IP is indeed functional indark-grownplants.At
the fluence rates tested the au mutant ismore or less 'RLblind'. Fluence
rate response curves for BL demonstrate that the au mutant requires higher
fluence rates to obtain the same inhibition of growth as the wild type.
Since this mutant contains at most 5% of the P present inwild type it was
concluded that it was the absence of 95% IP that causes this difference.
This provides evidence that the bulk pool of IP is active in the control of
hypocotyl elongation. It has to be kept in mind that it still remains
possible that sP isalso reduced inthe au mutant inthe same proportions as
IP, causing the difference in fluence rate requirement described above.
However, the evolutionary argument that IP is functional at a time that
energy isatpremium seems overwhelming. Precise determinations of the exact
sP concentrations of dark- and light-grown tissues are clearly needed.
However,

this

is

impossible

using

spectrophotometric methods. The

development of new antibodies, which are capable of discriminating between
sP and IP, is required. These would enable accurate determination ofsP and
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IPlevels.
Considering the selective pressures for the evolution of light
perception in dark- and light-grown plants the existence of a large pool of
IPcanbe explained. The dark/light transition (de-etiolation) ofa seedling
takes place as the seedling approaches the soil surface. Until light is
perceived the strategy of the seedling is to grow as rapidly aspossible to
reach the surface using the stored reserves as energy source. Thishas been
called the strategy of dark-growth or scotomorphogenesis (Mohr and Schäfer,
1983). When the seedling perceives light a new strategy is adopted:
photomorphogenesis. The process of de-etiolation takes place and the
seedling starts using light as an energy source. To enable switching as
quickly as possible from scotomorphogenesis to photomorphogenesis after
emerging from the soil (or more precisely after anticipating the soil
surface a few mm below it) higher plants have evolved a very sensitive
photoperception system. High sensitivity could be accomplished in several
ways:
(i) The presence of a high concentration of P in the seedling. This
would increase the chance that the first few photons penetrating the soil
would convert some Pr molecules to Pfr which could then move to a limited
number of receptors and lead to de-etiolation.
(ii)A more sensitive P system. In this case a few Pfrmolecules would
suffice to induce a response. This could be accomplished by thepresence of
a small number of receptors for Pfr. This type of response is consistent
with the very low fluence response (VLFR). In such responses the
photoequilibrium established by a pulse of FR results in sufficient Pfr
molecules to saturate the response. Such responses lackRL/FR reversibility:
the character by which P involvement in a response is implicated. In these
cases only the actionpeak intheRL region of the spectrum implicates Pr as
photoreceptor in the VLFR (e.g. Blaauw-Jansen and Blaauw, 1976; Cone and
Kendrick, 1985).
After emerging from the soil this high sensitivity is no longer
necessary and the primary function of P is the detection of canopy shade.
The seedling now requires a system able to accurately monitor changes in
light quality, e.g. the RL/FR ratio (Smith, 1986). A small pool of aRL/FRreversible photoreceptor could fulfil this function. It is interesting to
note that from an evolutionary standpoint, P probably evolved for this
function and that its utilization to detect the dark/light transition is a
more recent adaptation. In other words, IP is a later evolutionary
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development associated with landplants.What the relationship between IPto
sP is remains an open question, but at this time it is uncertain as to
wether IP is a separate gene product or aprocessed form ofsP.
The availability of theaumutant of tomato,with less than 5% of theP
present in wild type, enables the the involvement of P in a VLFR to be
further studied. The amount of P in this mutant could be so low that a FR
pulse fails to convert enough Pr molecules to Pfr to induce aVLFR and thus
bring the VLFR within the range of RL/FR reversibility. Indeed such
reversibility of a VLFR could explain the observations of Sharrock et
(1988) in the au mutant. The induction of the Chi a/b binding protein

al.

(cab)

has been demonstrated, at least in part, to be under the control of a VLFR
in a number of species (Kaufman et al.,

1984). In the au mutant it appears

that the low level of induction of cab by RL is reversible by FR,while in
the wild type cab is strongly induced by FR. This result provides the first
indication that IP is the functional photoreceptor inVLFR's.
It is interesting tonote that the adultplants of the au mutanthave a
reduced chlorophyll content compared to the wild type and that this remains
the most striking feature of the au phenotype (Koornneef et al.,

1985). One

can speculate that the low level of IP present in light-grown plants of a
tomato

wild

type

retains

the

function

of

regulating

chlorophyll

biosynthesis, just as it does at the dark/light transition of a seedling at
the time of de-etiolation (Koornneef et al.,

1985; Sharrock et al.,

1988).

Whereas Pcontrol ofhypocotyl elongation inetiolated seedlings of the
au mutant is reduced by lack of IP, elongation growth of light-grown
seedlings appears still to be under P control. The classic end-of-day FR
response is clearly present in the au mutant, indicating that P is present
and functional. The sP type of P is probably involved in this response.
Additional evidence in support of this hypothesis comes from studies with
the Ih cucumber mutant. This mutant, which is proposed to lack sP or its
function, shows no end-of-day FR response. Furthermore, whereas elongation
of the internodes of the tomato au mutant is similar to that in its wild
type when grown under greenhouse conditions, pointing to (s)P control, the
cucumber lh mutanthas internodes much longer than itswild type, indicating
absence of Pcontrol in light-grownplants.
Apart from offering the possibility of ascribing functions to the
different P types,mutants also enable the study of the relative importance
of photoreceptors, for instance in the coaction between P and BL/UVphotoreceptor. Fluence-rate response curves for inhibition of hypocotyl
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growth by BL clearly show that inhibition is,at least inpart,mediated by
IP. However, a significant inhibition by BL is still observed in the au
mutant. Mohr and Drumm-Herrel (1983)have proposed that the function of the
BL/UV-photoreceptor is to enhance sensitivity to P. On this basis, the
higher BL fluence rate required in case of the au mutant toobtain the same
inhibition as wild type could be required to increase the sensitivity
sufficiently tocompensate for the reduced Pcontent (Fig. 9.2).Irradiation
of the wild type with 0.38 ftmol m~ 2 s" 1 BL causes 50% inhibition. Assuming
theaumutant contains 5%of the Ppresent inwild type, the same inhibition
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Fig. 9.2. Schematic illustration of the fluence rate dependency of
inhibition ofhypocotyl elongationbyblue light (BL)in etiolated
seedlings of tomato au mutant and wild type (wt). The fluence
rates at which inhibition of au mutant and wild type is 50% are
indicated by au^Q and wt5Q, respectively. Based on the data of
Fig. 7.2.
would occur in the mutant when irradiated with 7.8 /jrnolm~ 2 s

BL (= 20 x

0.38). In fact 50%inhibition of the aumutant occurs after irradiation with
13.2 /imolm" 2 s" 1 BL (=35 x 0.38). This calculation would indicate a P
content inthe au mutant= 3%of that inwild type.
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Theoretically it could be predicted that seedlings of the au mutant at
higher BL fluence rateswould respond toPcontrol to the same extent as the
wild type. To verify this hypothesis a study of P responses after aBLpreirradiation orby manipulation of <pby supplementary irradiation during aBL
irradiation is necessary. Comparable experiments were conducted by DrummHerrel and Mohr (1984) with seedlings of Sesamum

indicum,

indicating that

the growth rate after the end of a BLperiod canbe fully attributed to the
action of Pfr,as long as theresponsiveness amplificationby BLpersists in
the subsequent D period. They observed that the responsiveness decreases
during the D period. To detect P-controlled growth responses before
sensitivity is lost very sensitive measuring techniques are required. The
apparatus for continuous measuring of growth, described in Chapter 6, will
enable such experiments tobe conducted.
One observation does not appear tobe consistent with this hypothesis.
Continuous irradiation with white light (WL)should enhance the sensitivity
to P due to the BL component present and thus enhance the P response.
However, the hypocotyl of the au mutant grows long inWL. Drumm-Herrel and
Mohr (1984) have argued that the BL component in the WL used in such
experiments ispossibly below the threshold necessary to obtaina detectable
response. When WL is given at a fluence rate of 32jumolm
contains approximately 3 /imolm

s

s , this

BL (as described in Chapter 5, Fig.

5.7). This fluence ratewould only cause a small growth inhibition in the au
mutant as can been seen in Figure 9.2 (see also Chapter 7, Fig. 7.2).
Furthermore, thehigher ipvalue inWL (=0.72) as compared to the <pvalue in
BL (= 0.45) would increase the response, i.e. the threshold inWL should be
lower than the threshold inBL. It is thusunlikely that the fluence rate of
theBLcomponent of theWL inthese experiments wasbelow the threshold.
Coaction between P and a BL/UV-photoreceptor also plays a role in
anthocyanin synthesis. As with hypocotyl elongation it has been proposed
that the function of both P and the BL/UV-photoreceptor in this response is
to enhance the sensitivity of the system to Pfr (Oelmüller andMohr, 1985).
Without enhanced sensitivity induced by a pre-irradiation no P controlled
anthocyanin synthesis could be detected in tomato wild type seedlings after
an inductive light treatment. However, in the tomato hp mutant Pcontrol of
anthocyanin synthesis could be detected without a pre-irradiation. This hp
mutant appears to have an enhanced capacity for anthocyanin synthesis. It
was proposed, that this mutant has an increased sensitivity to Pfr.
Experiments are in progress to test this hypothesis. In the au/hp

double
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mutantanthocyaninsynthesiscouldonlybedetectedafteraBLpretreatment.
Thesensitivity amplificationinducedbythe hp mutationwasnotsufficient
to induce a measurable amount of anthocyanin synthesis in seedlings
containingaverylowPlevel.Furthermore,anthocyaninsynthesis inthe hp
mutantafteraBLpretreatmentfollowedbyaRLpulsewasfourtimeshigher
thanwithout a BLpretreatment. This indicates that theeffects oftheBL
pretreatmentandthe hp mutationwere,atleastpartially,additive.
It appears that anthocyanin synthesis in etiolated tomatoseedlings,
similar toPcontrolofhypocotylelongation,isalsocontrolledbyIP.The
mostlikelyexplanationofthesmallresponseinthe au/hp doublemutantis
aresponse toalowlevelofIPpresent.TheexistenceofalowlevelofIP
inthe aumutantisprobablythereasonwhyitcansurvive.Amutantlacking
all IPwould probably be lethal since itcouldnotundergo theprocessof
de-etiolation. This hypothesis can be enforced with the following
observations. The hp mutant contains a P level similar to thewild type,
whereas the au mutantandthe au/hp doublemutantcontainatmost5%ofthe
Plevelinwildtype.Anthocyaninsynthesis,inducedbypre-irradiationwith
BLand an inductiveRLpulse,increases10foldduetothe hp mutation.If
theRL/FR-reversibleresponse ofthe the hp mutantafter aBLpretreatment
is taken as 100%,then it is predicted that the responses ofwildtype,
au/hp double mutant and au mutantwillbe 10%,5%and0.5%, respectively.
ThesevalueswereindeedmeasuredintheexperimentsdescribedinChapter8.
TheRL/FR-reversibleresponseofthe au/hp doublemutantwasevenless:3%,
whichcouldindicatethatthePlevelwas~3%ofthatinwildtype.Sucha
prediction is compatible with the results of hypocotyl inhibition in
continuousBL.
The hp mutant with its enhanced anthocyanin synthesis offers an
excellentpossibilitytostudyPcontrolofanthocyaninintomatoseedlings.
This will be done in a forthcoming programme of the research group. The
distributionofanthocyaninintheseedlingsthenwillbestudiedindetail.
Preliminary results indicate that this differs with different light
treatments. It is possible that the study of the location of several
anthocyanin 'areas'(e.g.inthehypocotylbaseorinthehypocotylhook)in
a seedling,dependinguponage or light treatment,will reveal information
aboutthecapabilityofthedifferent tissuestosynthesizeanthocyanin.At
present it remains a mystery as to how or why one cell is capable of
anthocyaninsynthesiswhereasanotherisnot.
ThefunctionofPduringde-etiolationincludestheregulationofgene
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expression.Anumberofenzymeshavebeenshowntoappearorbedramatically
increased asaresultof de-novo synthesis followingphotoconversion ofP.
Theaumutanthasbeenutilized toattribute function,forthefirsttime,
toIP inthecontrol ofgeneexpression.ModulationoftheChi a/b binding
protein (cab) isseverelyreduced intheaumutant (Sharrocket al., 1988).
Using the mutants described in this thesis itshouldbepossible tostudy
thePcontrolofexpressionofothergenes.
Using genetic engineering techniques new possibilities of
photomorphogeneticmutantsarise:transgenicplants.Withtheuseofagene
transfer (transformation) system a foreign gene canbe inserted into the
plantgenomeandbefunctionalinitsnewlocation.Effectivetransformation
procedures have been developed that use Agrobacterium

tumefaciens

as a

vector (Horschet al., 1985)orthatintroduceDNAdirectlyintoprotoplasts
(Paszkowskiet al., 1984).Thereareseveralwaysinwhichtransgenicplants
have already added and will continue to add to the understanding of
photomorphogenesisinhigherplants:
(i)Thestudyoflightregulationatthegenelevel.Anumberoflight
regulatedgeneshavebeenstudiedindetail (Jenkins et al., 1983;Quailet
al.,

1987; Tobin, 1987; Aoyagi et al.,

in press; Kuhlemeier et al.,

in

press; and references therein) including the P gene (Vierstra andQuail,
1986).Anumberofthesegeneshaveup-stream sequenceswhichareimportant
in controlling photoregulation of the transcription process. Mutants in
which such sequences have been modified are providing useful tools in
identifying the functional DNA sequences (Hanley-Bowdoin and Chua, 1987).
These up-stream sequences havebeen isolated and introduced intoreporter
genes which are not normally light-regulated (Kuhlemeier et al.,
Strittmatter and Chua, 1987; Nagy et al.,

1987;

1988). In this way photo-

inducibilityhasbeenconferreduponthesegenes.
(ii) The construction of mutants with anti-sense RNA. Once a given
plant gene has been cloned it is possible to introduce a specifically
modified formofthatgeneintoaplant,whereitistranscribedintoaRNA
strand complementary to the RNA produced by the normal functional gene
(Weintraubet al., 1985;Lichtenstein,1988;Krolet al., 1988). Bindingof
thisanti-senseRNAtothenaturalRNArendersthelatternon-functional.In
thisway itshouldbepossible to 'titrateout'themRNAfromthePgene(s)
and thus produce transgenic plants lacking P(s).Such techniques should
provideadirectmethodforproducingphotoreceptordeficientplantswithout
involving mutagenesis and mutant selection. Such genotypes would be
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pleiotropic for the P action. If there are indeed two P types encodedby
different genes without much sequence homology, this may be a way of
producingplantsdeficientinonePtype.Thiswouldpermitthepurification
oftheothertypewithoutcontamination.
(iii)Thedesignofspecific selectionschemesforPresponsemutants.
AssumingthatitisnotPitself,butasocalled 'trans-actingfactor'that
ispartofthetransductionchainofP,whichinteractsdirectlywithlight
induciblepromotors,itmightbepossible toselectdirectly formutations
in these trans-acting factors.Schäfer (1987)andKarlin-NeumannandTobin
(1987) suggested constructing fusions of light-inducible promotors witha
suicide gene and then after insertion ofthe fusion into theplantgenome
and amutagenic treatment, selecting formutants that survive.A possible
candidateforsuchasuicidegeneisthe tms2 genefrom A. tumefaciens that,
when active, makes a plant sensitive to oc-naphaleneacetamide; a plant
(mutant)with anon-functional tms2 genewillbe resistant (Karlin-Neumann
and Tobin, 1987; Klee et al.,

1987). In addition one would expect in

resistentplantsalterationsin(some)photomorphogenicresponses.
Nagy et al.

(1988) have suggested several other uses of plants

transformed with specific constructs, that will help to understand the
relevantmolecularstructureofPitself.
This thesis has provided proof of the usefulness of mutants inthe
studyofphotomorphogenesisatthewholeplantlevel.Suchmutantswillalso
beofgreatbenefitforscientistsstudyingatthemolecularlevel.Although
recentlyemphasishasbeenontheuseofmolecular techniques,thestudyof
wholeplantphysiologywillremainindispensable.
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SUMMARY

Plants not only depend upon light as an energy source (photosynthesis),but
also utilize itas a source of information, enabling growth and development
to be tuned to the prevailing light environment (photomorphogenesis). A
number of photoreceptor pigments have evolved enabling information to be
sensed over the complete daylight spectrum. These include phytochrome(P),
operating predominantly in the red (RL)/far-red (FR) spectral range, blue
(BL)/UV-absorbing photoreceptor(s), operating in the BL spectral range and
UV-B photoreceptor(s). These pigments detect parameters of the light
environment, such as light quality, quantity, direction and duration, and
enable developmental responses to be controlled accordingly. Many processes
in plants are controlled by these photoreceptor systems, such as,
germination, elongation growth, apical hook opening, enzyme activity, leaf
expansion,phototropism and flowering.
The most extensively studied and characterized photomorphogenetic
photoreceptor in higher plants is phytochrome. Recently the existence of
multiple types of P has been suggested: labile P (iP) and stable P (sP).
Where in darkness IP is predominant, whereas both IP and sP are present in
similar quantities in the light. In addition to different P types there are
alsomultipleworking mechanisms ofP:very low fluence response (VLFR), low
fluence response (LFR) and high irradiance response (HIR). The BL/UVphotoreceptor(s) is/are hypothetical, being postulated on the basis of
action spectra. The chemical composition isstillunknown. The nature of the
UV-B absorbing pigment(s)has also yet tobe elucidated. The photoreceptors
co-act in several processes. However, the mode of this co-action and the
relative importance of the different photoreceptors isstillunclear.
The existence of different photoreceptors,multiple photoreceptor types
and working mechanisms means that photomorphogenesis is rather complex,
especially because their absorption spectra oftenoverlap. In this thesis it
has been shown how mutants, lacking a particular component of their
photomorphogenesis, canbe used. The relevance of the deletion inthe mutant
is indicated by the difference between the mutant and its isogenic wild
type. These mutants can be divided simplistically into three groups:
photoreceptor-, transduction chain-, and response mutants (Chapter 1 ) .Only
a fewphotomorphogenetic mutants areknown at thepresent, some of these are
described in chapter 2. The mutants used in the present experiments were:
the long-hypocotyl cucumbermutant (lh), and the aurea (au)andhigh pigment
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(hp) tomato mutants. Both the lh mutant and the au mutant are characterized
by an extremely elongated ('etiolated')hypocotyl when grown inwhite light
(WL). The hp mutant shows an enhanced pigment synthesis, especially
anthocyanin.
Spectrophotometric measurements indicated that the P content of
etiolated seedlings oftheaumutantwas< 5% (=detection limit)ofthatin
wild type (Chapter 4 ) .Using immunochemical techniques, carried out in
collaboration with Prof. P.H. Quail and coworkers (Plant Gene Expression
Center,USDA,Albany,USA),this observationhasbeen confirmed. Itappeared
that the P molecule was synthesized but not accumulated. Apparently itis
unstable,but thereasonwhy isnotyetclear. In light-grown tissue ofthe
au mutant with very low levels of chlorophyll (flower petals) or tissue
bleached as a result of treatment with a herbicide (Norflurazon-treated
leaves)theamount ofspectrophotometrically detectable Pwas50%ofthatin
similar tissue of the wild type. Itwas proposed that the au mutant isa
receptor mutant and that it lacks IP. However, detailed immunochemical
determination using specific antibodies against IP and sP are required to
confirm this conclusion. These antibodies arenotyetavailable.
The P content of seeds and etiolated seedlings of the lh mutant
appeared to be similar to that of the wild type. In light-grown tissue
(flowerpetals andbleached leaves)ofthe lh mutant thePcontentwasabout
50% of that in thewild type. It is proposed that this mutant lacks sPor
its function. Again, immunological determination is necessary to enable
conformation of this conclusion. This research is in progress in
collaboration with Prof. M. Furuya (Plant Biological Regulation, Frontier
Research Programs (RIKEN), Saitama, Japan).
Using these mutants several photomorphogenetic processes have been
studied.

In chapter

3 a review

is given of

photomorphogenetic

characteristics of tomato and cucumber as described in the literature.
Furthermore, current theories are discussed in relationship to the
photomorphogenesis of both species. The remaining chapters describe
experiments comparing the characteristics of the mutants and their wild
types.
In chapter 5the effect of irradiation on long-term growth ofcucumber
seedlings is described. It appeared that the responses to different
irradiations of etiolated seedlings of the lh mutant and itswild typeare
similar.After de-etiolationdifferences appear: thePcontrol ofelongation
is reduced inthemutant andde-etiolation isretarded. IncontinuousWLor
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RL the hypocotyl of the lh mutant is much more elongated than that of the
wild type. The (epidermal) cells are also much longer, being increased in
the same proportion as the hypocotyls. These results suggests that the
difference between wild type and mutant lies in the presence or absence of
sP.
Many species respond by increased elongation growth to a short
irradiation with FR at the end of the photoperiod. Cucumber also shows this
response. However, the lh mutants lacks this so called end-of-day FR
response. This suggests that this response in light-grown seedlings is
mediated by sP. An additional response possibly regulated by sP is
'simulated' phototropism. When one cotyledon is covered with aluminium foil
and the plant is irradiated from above curvature towards the uncovered
cotyledon occurs. This response of de-etiolated seedlings due to RL
absorption,presumably by P inthe cotyledons, isabsent inthe lh mutant.
Hypocotyl elongation of both wild type and lh mutant is inhibited by
BL. However, themutant is elongated inWL which contains aconsiderable BL
component. Experiments suggest that the low BL fluence rates used could not
sustain sufficient photosynthesis for growth. Furthermore, inhibition of
growth by BL ispossibly only temporary. InWL photosynthesis is sufficient
to sustain growth and the lh mutant elongates. However, under these
conditions thewild type is inhibited via P.
The long hypocotyl of the lh mutant isvery similar to that of a wild
type plant treatedwith gibberellin (GA).However, theproportional response
for a given dose of GA44.7 is the same in wild type and lh mutant.
Furthermore, whereas the lh mutant, compared to the wild type, has long
hypocotyls in WL and RL, hypocotyl lengths of the lh mutant and the wild
type are similar in BL or UV-A. However, the GA-mediated decrease of
inhibition is similar in RL- and BL-treated seedlings, indicating that the
influence of GA is independent from the effect of the light treatments. It
therefore appears likely that the lh mutant is not a GA over-producer.
However, at the present GA concentrations in lh mutant and wild type are
unknown.
In the literature a clear difference between the kinetics of hypocotyl
inhibition by BL and RL has been described. In order to detect such
differences very sensitive measuring equipment is required, since growth
rate changes can occur withinminutes. Preliminary studies carried out with
a horizontal microscope revealed that inhibition by BL occurred much more
rapidly than inhibition by RL (Chapter 6 ) .To enable very accurate growth
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measurements under controlled environmental

conditions

an computer-

controlled apparatus for continuous growth measurement was designed and
constructed in the Laboratory for Plant Physiological Research. A detailed
description of this apparatus is given in Chapter 6. Data-acquisition and
analysis with a computer enables the comparison of many individual plants.
Experiments with the growth measuring apparatus showed that inhibition of
elongation of etiolated seedlings ofboth lh mutant and wild typeby BLwas
observed after a fewminutes,whereas the inhibitionby RLwas only observed
after several hours. No significant differences occurred between etiolated
seedlings of wild type and lh mutant. However, the results of long-term
growth experiments suggest that there are clear differences between lightgrown seedlings. At the present time no de-etiolated seedlings have been
measuredwith the growthmeasuring apparatus.
The au tomato mutant, like the lh cucumber mutant, has an elongated
hypocotyl when grown in WL. Furthermore, germination is delayed, the
chlorophyll content reduced and only 5% of the P level present inwild type
can be detected in the au mutant. It is proposed that this mutant contains
no (or very little) IP (Chapter 4 ) .In chapter 7 the results are described
of experiments designed to study the role of IP inphotomorphogenesis. The
response

of wild

type

and

au mutant

are

compared

for

several

photomorphogeneticprocesses.
Etiolated seedlings of the au mutant are more or less 'RL-blind'. This
indicates a lack of P control in the mutant, apparently caused by the
absence of IP.However, inhibition ofhypocotyl elongation is still present
in the au mutant, although a higher fluence rate is required. It appears
that the 95%decrease of P content in the au mutant causes thisdifference.
It is proposed that this IP, absent in the au mutant, plays an important
role in hypocotyl elongation of etiolated seedlings. This provides direct
evidence that IP is functional. Previously itwas impossible to ascribe any
function to IP, despite the fact that IP is present in 'bulk' amounts in
etiolated seedlings. Two further experiments with the au mutant confirm
conclusions drawn from experiments with the lh cucumber mutant. Both the
end-of-day FR response, as well as the simulated phototropism were observed
in the au mutant, suggesting thatbothprocesses are regulated by sP.
Anthocyanin synthesis isone of theprocesses controlled by P. Previous
work suggested that one RL pulse is not sufficient to induce anthocyanin
synthesis in tomato seedlings. Pre-treatment with BL or UV-A increases the
sensitivity of the system towards P. However,experiments with the hp tomato
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mutant, with its enhanced anthocyanin synthesis, indicate P control of
anthocyanin synthesis after one RLpulse (Chapter 8).Inthe au mutantno
anthocyanin could be detected, even after a pretreatment with BL. Inthe
au/hp double mutant a significant amount of anthocyanin couldbe detected
(about 3%of theamount synthesized inthe hp mutant).Thisindicatesthat
the 95% P absent due to the au mutation plays an important role in
anthocyaninsynthesis.
In the last chapter several general conclusions and points of
discussionarepresented.OneoftheseconclusionsisthatPfristheactive
form of P. Until now no direct evidence was available concerning the
physiological active process in P action: the increase of Pfr or the
decreaseofPr.However,mutantswithareducedPcontent (andconsequently
less Pr) elongate in darkness to an extent similar to the wild type.If
decreaseofPrwastheactiveprocesstheywouldbeexpectedtobeshort.An
additional conclusion isthat IP,present inetiolated seedlings in'bulk'
amounts, is indeed functional. From an evolutionary standpoint this is
understandable,sinceitwouldbevery 'uneconomic'ifaplantsynthesizeda
largeamountofanon-functionalproteinatatimewhenitisdependentupon
limitedfoodreserves.
Themutants described inthis thesis appear tobeveryuseful inthe
studyofwholeplantphotophysiology.However,thesemutants canalsoplay
an important role in the study of gene regulation. Thishas alreadybeen
shownfor thephotoregulation of the gene forthechlorophyll a/b -binding
protein {cab) inthe au mutant.This studyhas demonstrated theusefulness
of photomorphogenetic mutants and indicates their potential for future
research.
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SAMENVATTING
Planten gebruiken licht niet alleen als energie bron (fotosynthese),maar
ookals informatiebron,waarbij groeienontwikkeling afgestemdwordenop
hetvoor deplantbeschikbare licht (fotomorfogenese). Er zijn eenaantal
fotoreceptoren, die het mogelijk maken informatie te verzamelen overhet
daglicht spectrum. Dit zijn: fytochroom (P),vnl. werkzaam in het rood
(RL)/ver-rood (FR) spectrale gebied, blauw licht (BL)/UV-absorberende
fotoreceptor(en) en praktisch uitsluitend in het UV absorberende UV-B
fotoreceptor(en). Deze pigmentenkunnenkwaliteit,kwantiteit, richtingen
duur van het lichtwaarnemen enontwikkelings processenhierop afstemmen.
Veelprocesseninplantenwordengereguleerddoordezefotoreceptoren,zoals
kieming,lengtegroei,enzymaktiviteit,fototropieenbloei.
Van deze fotoreceptoren is fytochroomhetmeestuitvoerigbestudeerd.
Sinds kort ishetbekend dat ermeerdere types Pbestaan: labiel (2P)en
stabiel (sP)P. Inhet donker isvoornamelijk IPaanwezig, terwijl inhet
licht 2P en sP in vergelijkbare hoeveelheden voorkomen. Behalve dat er
verschillende P types bestaan, zijn er ook nog verschillende
werkingsmechanismen van P: de zeer lage intensiteit respons (very low
fluence response: VLFR), lage intensiteit respons (low fluence response:
LFR) en de hoge intensiteit respons (high irradiance response: HIR). De
BL/UV-fotoreceptor(en) is/zijn nog hypothetisch. De aanwezigheid er van
wordt afgeleid uit aktiespectra, maar de chemische samenstelling is nog
onbekend.OokdeaardvandeUV-Bfotoreceptor(en)isnognietopgehelderd.
Defotoreceptorenwerkenindiverseprocessensamen.Hetisechternogniet
duidelijkhoe deze samenwerking verloopt enwatderelatieverolisvande
verschillendefotoreceptoren.
De aanwezigheid van diverse fotoreceptoren met meerdere types en
werkingsmechanismen maakt fotomorfogenese tot een zeer complex proces,
vooral ook omdat vaak de absorptie spectra elkaar overlappen. In dit
proefschrift wordt beschreven hoe mutanten, waarvan een deel van de
fotomorfogenese ontbreekt, gebruikt kunnen worden in het fotomorfogenese
onderzoek. Het belang van het ontbrekende deel wordt duidelijk door de
mutant te vergelijken met het wild type. Deze mutanten kunnen, sterk
vereenvoudigd,wordenonderverdeeld indriegroepen:receptor-,transductie
keten-, en respons mutanten (hoofdstuk 1). Er zijn nog slechts weinig
fotomorfogenese mutanten bekend, enkele daarvan worden beschreven in
hoofdstuk 2. De mutanten die voor het in dit proefschrift beschreven
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onderzoek werden gebruikt zijn: de lange hypocotyl mutant (.lh) van
komkommer, en de aurea (au) en 'high pigment' (hp) mutanten van tomaat.
Zowel de lh mutant alsde au mutantwordengekenmerktdooreenextralange
('ge-etioleerde')hypocotyl alsze inwit licht (WL)wordenopgekweekt.De
hp mutant vertoont daarentegeneenversterktepigment synthese,vooralvan
anthocyaan.
Uitspectrofotometrischebepalingenbleekdatge-etioleerdekiemplanten
vande au mutanttenhoogste5%(-detectiegrens)bevatvandehoeveelheidP
aanwezig inhetwild type (hoofdstuk 4). M.b.v. immunochemische technieken
(uitgevoerd in samenwerking met de onderzoeksgroep van Prof. P.H. Quail
(Plant Gene Expression Center,USDA,Albany,USA)werd ditbevestigd. Het
bleek dat het P molecuul wel gevormd wordt, maar niet geaccumuleerd.
Waarschijnlijk is het instabiel, maar het is echter nog niet duidelijk
waarom. In inhet licht opgegroeid weefsel waarin geen chlorofylvoorkomt
(bloemblaadjes)ofwaarinditisgebleekt (Norflurazon-behandelde bladeren)
vande aumutantbleekdehoeveelheidspectrofotometrischbepaaldePslechts
50% tezijnvandatinvergelijkbaarweefsel inhetwildtype.Hieruitwerd
geconcludeerd dat de au mutant een receptor mutant is en (bijna)geenIP
bevat. Erzijnechternauwkeurige immunochemischebepalingennodig,waarbij
m.b.v. antilichamen,specifiektegensPenIP,bovenstaandeconclusiewordt
geverifieerd.Dezeantibodieszijnhelaasnognietgeïsoleerd.
Het P gehalte van zaden en van ge-etioleerde kiemplanten van de lh
mutant bleek gelijk te zijn aan datvanhet wild type. Inlicht-gegroeid
weefsel (bloemblaadjes en gebleekte bladeren) van de lh mutant werd
spectrofotometrisch een P gehalte waargenomen dat ongeveer 50% is van de
hoeveelheid inhetwild type.Het iswaarschijnlijk datdezemutantgeensP
bezitofanderseenonwerkzame,spectrofotometrischniettedetecteren,vorm
ervan. Immunochemische techniekenzullenook inditgevalmoetenuitwijzen
ofsP inderdaad afwezig is.Ditonderzoekwordt ophetogenblikuitgevoerd
insamenwerkingmetdeonderzoeksgroepvanProf.M.Furuya (PlantBiological
Regulation,FrontierResearchPrograms (RIKEN),Saitama,Japan).
Met behulp van deze mutanten zijn verscheidene fotomorfogenetische
processenbestudeerd. Inhoofdstuk 3wordt eenbeschrijving gegevenvanin
de literatuur beschreven fotofysiologische kenmerken van tomaat en
komkommer. Bovendien worden enkele theorieën besproken in relatie totde
fotomorfogenesevan dezebeide soorten. Indedaaropvolgende hoofdstukken
worden experimenten beschrevenwaarin dezekenmerkenwordenvergelekenbij
demutantenenhunwildtypes.
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Onderzoek naar de invloed van licht op lange termijn groei van
komkommer kiemplanten wordt beschreven inhoofdstuk 5. Hieruit blijkt dat
ge-etioleerdekiemplantenvande lh mutant enhetwild typebijnaidentiek
reagerenopdeverschillendebelichtingen.Nade-etiolatietredenerechter
duidelijke verschillen op: de P controle van strekkingsgroei is sterk
gereduceerd inde lh mutant.Bovendien isde de-etiolatie sterkvertraagd.
IncontinuWLofRLwordtdehypocotylvande lh mutantveellangerdandie
vanhetwildtype.Ookde(epidermis)cellenvandemutantzijnveellanger,
vergelijkbaar met het verschil inhypocotyl lengte.Deze resultatenmaken
hetaannemelijk dathetverschiltussenwildtypeenmutantligtindeaanrespectievelijkafwezigheidvan(funktioneel)sP.
Veel planten reageren op een FR puls aan het einde van de dagdoor
extralangtegroeien.Ookkomkommervertoontdezerespons.Inde lh mutant
is deze z.g. 'end-of-day FR' respons echter afwezig. Hieruit wordt
geconcludeerd datsP,datontbreektofnietwerkzaam isindemutant,deze
responsreguleert.Eenandererespons,diewaarschijnlijkookdoorsPwordt
gereguleerd, is de 'gesimuleerde' fototropie. Als éénvan de cotylen met
aluminiumfoliewordtingepaktendeplantvervolgensvanbovenwordtbelicht
metWLofRL,gaatdekiemplantkrommen.Deze responsvange-de-etioleerde
kiemplantenwordtwaarschijnlijk veroorzaakt doorRLabsorptievanP inde
cotylen.Dezeresponsisechterafweziginde lh mutant.
Zowel de hypocotyl strekking vanhetwild type alsvan de lh mutant
wordendoorBLgeremd.WLbevatechterookBLentochwordtdemutantlang
inWL.UitexperimentenbleekdatderemmingdoorBLwerdveroorzaaktdoor
eentelagefotosynthesealsgevolgvandevrijlage,voorfotosyntheseniet
effectieve, lichtintensiteit. Bovendien is het mogelijk dat de remming
o.i.v.eenBL/UV-fotoreceptorslechtstijdelijkis.InWLisdefotosynthese
hoog genoeg om tekunnen groeien. Integenstelling totde lh mutantwordt
hetwild typeechter ooknoggeremddoorhetdeelvanhetlichtdatdoorP
wordtgeabsorbeerd.
Delangehypocotylvande lh mutantlijktergopdievaneenwildtype
behandeldmetglbberelline (GA).Wildtypeen lh mutantreageerdenechterin
gelijke mate op een behandeling met GA. Bovendien treed het verschil in
lengte alleenop inWLofRLenniet inBLofUV-A.HeteffectvanGAwas
echter vergelijkbaar inkiemplanten belicht met RLofBL.Ditwijsterop
dathet effectvan GA onafhankelijk wasvande lichtbehandeling engeeft
aan dat de lh mutant waarschijnlijk geen 'GA-overproducer' is. Er zijn
echterophetogenbliknoggeenGAconcentratiesbepaald inde lh mutantof
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hetwildtype.
Uit de literatuur blijkt dat er een duidelijk verschil is in de
kinetiek van de hypocotyl remming door BL en RL. Om dit nerschil
nauwkeurig(er) te kunnen meten isechter zeer gevoelige apparatuurnodig.
Het gaat om veranderingen in groeisnelheden die binnen een minuut kunnen
optreden. In eerste instantie is er een oriënterend onderzoek uitgevoerd
m.b.v. eenhorizontale microscoop (hoofdstuk 6).Hieruit bleek al dat de
remmingdoorBLveelsnelleroptraddanderemmingdoorRL.Omhetmogelijk
te maken deze metingen zeer nauwkeurig en onder gecontroleerde
omstandigheden uit te voeren aan zo veel mogelijk planten is er op het
Laboratorium voor Plantenfysiologisch Onderzoek een apparaat ontwikkeld
waarmee het mogelijk is groeiveranderingen waar te nemen binnen enkele
seconden. Dit computer gestuurde apparaat wordt uitgebreid beschreven in
hoofdstuk 6. Demeetgegevenswordeneveneensm.b.v. eencomputerverwerkt.
Ditmaakthetmogelijkgrotehoeveelheden individueleplantenmetelkaarte
vergelijken. Uit experimenten met deze continu-registrerende groeimeter
bleekdatzowelge-etioleerdekiemplantenvande lh mutantalsvanhetwild
typealnaéénminuutdoorBLwerdengeremd.DegroeiremmingdoorRLkonpas
na enkele urenwordenwaargenomen.Erwerdengeensignifikanteverschillen
waargenomen tussen ge-etioleerde kiemplanten van de lh mutant enhetwild
type.Opgrondvanderesultatenvanlange-termijngroeiproevenwordtechter
verwacht daterwelduidelijkeverschillenzullenzijnbijge-de-etioleerde
kiemplanten. Hieraan zijn echter nog geen metingen met de groeimeter
verricht.
Evenals de lh mutantvankomkommer heeftook de au mutantvantomaat
een extra lange hypocotyl in WL. Bovendien is de kieming vertraagd, het
chlorofylgehaltesterkverlaagdenkaneringe-etioleerdeplantennietmeer
dan 5% van de hoeveel P aanwezig inhet wild type worden aangetoond. In
hoofdstuk4wordtbeschrevendatdezemutantwaarschijnlijkgeenIPbevatof
inelkgevalzeerweinig.Inhoofdstuk7wordenderesultatenbeschrevenvan
experimenten,opgezetommeer inzichttekrijgeninderoldieIPspeeltin
defotomorfogenese.Hiertoewerdderesponsvande aumutantinverscheidene
fotomorfogenetischeprocessenvergelekenmetdievanhetwildtype.
Ge-etioleerdekiemplantenvandeaumutantblekenminofmeerRL-blind
te zijn. Dit wijst op een gebrek aan P controle in demutant,kennelijk
veroorzaaktdoorhetgebrekaanIP.Dehypocotylstrekkingvande aumutant
werdechterwelgeremddoorBLenUV-A.Deaumutantbleekechtereenhogere
lichtintensiteit nodig tehebben om indezelfde mate tewordengeremdals
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hetwildtype.Hetwijsteropdatde95%verminderingvandePconcentratie
inde au mutant ditverschil veroorzaakt.Hieruit wordt geconcludeerd dat
dit inde au mutant afwezige 2Peenbelangrijke rolspeelt indehypocotyl
strekkingvan ge-etioleerde kiemplanten. Dit is de eerste keer datereen
duidelijke funktie isgevondenvoor 2P.Totnutoe ishetnooitgelukteen
funktie te vinden van deze vorm van P, ondankshet feit dat 2P ingrote
hoeveelhedenaanwezigisinge-etioleerdeplanten.
Twee andere experimenten met de au mutant versterken conclusies die
werden getrokken naar aanleiding van experimenten met de lh mutant van
komkommer.Zowelde'end-of-dayFR'responsalsde 'gesimuleerde'fototropie
werden in de au mutantwaargenomen. Dit duidt op een regulatie vanbeide
processendoorsP.
AnthocyaansyntheseiséénvandeprocessendieduidelijkdoorPworden
gereguleerd. Erwordtverondersteld dathetnietmogelijk isomanthocyaan
synthese te induceren in kiemplanten van tomaat met één enkele RL puls.
Voordat deze inductieve P respons kan optreden moet het systeem eerst
gevoelig gemaakt worden voor P door voorbelichting met BL of UV-A.
Experimenten met de hp mutant van tomaat wijzen er echter op dat erwel
anthocyaanwordt gevormd na éénRL puls, maar dat dit teweinig isomte
kunnen worden waargenomen (hoofdstuk 8). De hp mutant heeft een sterk
verhoogde anthocyaan synthese,waardoor de respons op eenRLpulswelkon
worden waargenomen. De au mutant bevatte ook na een voorbelichting geen
anthocyaan.Eendubbelmutant,geïsoleerduiteenkruising tussen hp enau,
was echter wel in staat een meetbare hoeveelheid anthocyaan te
synthetiseren. Deze hoeveelheid was ongeveer 3% van de hóeveelheid
geproduceerddoorde hp mutant.Ditwijsteropdatde95%Pdieafwezigis
o.i.v.de au mutatie eenbelangrijke rolspeelt indeanthocyaansynthese.
Naast de regulatievanhypocotyl strekking inge-etioleerde kiemplantenis
ditwaarschijnlijkweereenfunktievan2P.
In het laatste hoofdstuk worden enkele algemene conclusies en
discussiepunten uiteengezet. Eénvan die conclusies is dat Pfr de aktieve
vormvanPis.Totnutoewasnognietechtbewezenwathetprimaireaktieve
fysiologische proces isindePreaktie:de toenamevandehoeveelheidPfr
of de afname van Pr. Het feit echter, dat mutanten met een gereduceerde
hoeveelheidP (endusookminderPr)inhetdonkerevenlangwordenalshet
wildtype,i.p.v.korteralsgevolgvanverminderingvanPr,wijsterechter
opdatPfrdeaktievevormis.
EenandereconclusieisdatIP,ingrotehoeveelhedenvoorkomendinge-
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etioleeerde planten,wel degelijk funktioneel is.Ditkon totnu toeniet
worden aangetoond. Uit een evolutionair oogpunt is dit ook wel
waarschijnlijk.Hetzouzeer 'oneconomisch'zijnvooreenplantomeengrote
hoeveelheid niet funktioneel eiwit te maken in een ontwikkelingsstadium
waarinalleenergienoguitreservevoorradenmoetwordengehaald.
De mutanten die in dit proefschrift zijn beschreven blijken zeer
geschiktomdefotofysiologievanheleplantentebestuderen.Echter,ookin
debestudering van gen regulatie kunnen deze mutanten eenbelangrijke rol
spelen.Ditisgeblekenuithetonderzoeknaardefotoregulatievanhetgen
voorhet chlorofyl a/b -bindend eiwit (cab) inde au mutant.Ditonderzoek
heeft de vele gebruiksmogelijkheden van fotomorfogenetische mutanten
aangetoondenpotentiëlemogelijkhedenaangegevenvoortoekomstigonderzoek.
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APPENDIX
Light sources

The light cabinets with broad-band light sources used in long-term growth
experiments were qualitatively the same as those described by DeLint (1960)
and Joustra (1970). The cabinets were situated in a dark rooms, kept at a
temperature of 25± 0.5 °Cand arelativehumidity of about65%.

Cabinet 'DeLintmodel':
The internal dimensions of these cabinets are: 60 cmwide, 100cmhigh
and 120 cm deep. They were equiped with fluorescent tubes or incandescent
lamps and with glass plates and appropriate Plexiglas filters. The shelves
were adjustable to enable variation of fluence rate. Separate cabinets were
used for each light quality. The fluence rates used in particular
experiments are described inthe figure legends.

Cabinet 'Joustramodel':
The internal dimensions of these cabinets are: 70 cmwide, 70 cm high
and 110cm deep. Thewalls of the cabinets aremade ofaluminium to optimize
the light distribution. Light sources aremounted inacompartment on top of
the cabinet. The lamp compartment provides space for 12 fluorescent tubes.
These cabinets were used for irradiation with white (WL), red (RL)or blue
(BL) light using the tubes and filters described below. The fluence rates
used inparticular experiments are described in the figure legends.

The fluence rate was measured with a photodiode meter (Optometer type
80X,United Detector Technology Inc.,SantaMaria, CA,USA).The calibration
of the Optometer was checked by comparison with a calibrated thermopile
(Kipp en Zonen, Delft, The Netherlands). The spectral quality of the light
sources was monitored with a Rofin-Sinar Spectralysor (Rofin-Sinar Laser UK
Ltd., Weybridge) coupled with a microcomputer. The relative energy
distributions are shown in Fig. 1. The values for [Pfr]/[Ptotal] (<p)were
calculated on the basis of the molar absorption coefficients for Pfr and Pr
from rye (kindly supplied by J.C. Lagarias) and quantum yield values as
reportedby Lagarias et al. (1987). A special computer program was developed
for these calculations, utilizing the relative spectral energy distribution
obtainedwith the light sources asmonitored by theRofin-Sinar Spectralysor
and energy fluence ratemeasurements. The program also enabled determination
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of (i)theminimum time necessary to obtainequilibrium of the Pundera
particular light source, (ii) the total photon fluence rate of a light
source, (iii) the photon fluence rate of a particular part of thewhole
spectrum of a light source, and (iv) the cycling rate of the P
photoconversionunderalightsource.
Specificationsoftheparticularlightqualities:
Whitelight:fluorescenttubestypePhilipsTL40/33withatransparentglass
plateasaneutralfilter.
UV-A light: Philips TL 40/08 with a transparent glass plate. Maximum
emission (*max) a t 359 nm; spectral half band width (HW) 38run.
Contributions from individualmercury (Hg)lines tothe totalemitted
energy were: 365 nm 0.8%; 404.7 + 407.7 nm 2.2%; 435.8 nm 0.35%.
Fluence ratewasmodifiedusingperforated aluminium sheets ontopof
thewoodenboxeswhichcontainedtheplasticboxeswithseedlings.
Blue light: Philips TL40/18 with 3mm Plexiglasblue 0248 (Röhmu.Haas).
A m a x at 442 nm; HW 75 nm. Contribution from Hg lines were: 365nm
0.07%;404.7+407.7nm 3.8%;435.8nm 17.7%;546.1nm0.34%.Fluence
ratewasmodifiedusing additional 3mm Plexiglasblue 0248plateson
top of thewoodenboxes containing theplastic boxeswhich contained
theseedlings.
Greenlight (GL):PhilipsTL40/17withasheetofyellowglass.A m a x at527
nm;HW42nm.ContributionsoftheHglineswere:435.8nm0.09%;546.1
nm4.9%;577+579nm1.02%.
Redlight:PhilipsTL40/103339with3mmPlexiglas red501.A m a x at658nm.
HW=18nm,mainpeak13nm.
Far-redlight (FR):Bankof60W240Vincandescentlampsoperatedat220V
withalayerof10cmrunningtapwaterand3mmPlexiglasred501and
3 mm blue 627. The energy of this light regime was calculated by
subtracting from the totalenergy the fraction transmittedby 3mmRG
780 (Schott u. Gen.) The resulting effective energy distribution is
giveninFig.1asabrokenline.

Inshort-term growth experiments,narrow-band BL (459nm)andRL(658
nm)were obtained from a quartz-iodideprojection lamp using interference
filters (Balzer B40 type,Balzer Liechtenstein),10nm half-bandwidthat
50% of the transmission maximum. The fluence rates used in particular
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experimentsaredescribedinthefigurelegends.
Greensafelight (fluencerate40nmolm

s"1)wasobtainedbywrapping

a Philips TL/33 fluorescent tube with 3 layers of No 39 Cinemoid (Rank
StrandElectric,London).

800nm

Fig. 1. Relative spectral energy distributions per nanometer of
thebroadbandlightsourcesusedinthisstudy.Mercurylinesare
notshown.(FromKoornneefet al., 1980).
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