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ABBREVIATIONS

A473, A650, absorbances at 473 and 650 nm, respectively

ACMA, 9-amino-6-chleoro~2-methoxyacridine

ALA, 5-aminolevulinic acid

ATP, adenosine triphosphate

BSA, bovine serum albumin

Chl(ide), chlorophyll(ide)

€672, C678, C685, chlorophyll(ide) with absorption maxima at 672,
678 and 685 nm, respectively

CMC, carboxymethylcellulose

CP, chlorophyll-protein complex

D, dark(ness)

D etioplasts, etioplasts isolated from dark-grown seedlings

EDTA, ethylenediamine tetraacetate

FMN, flavin moncnucleotide

FR, far-red {(light)

high WL, white light of high fluence rate

HIR, high irradiance respounse

HW, half band-width

Kay, the fraction of the gel phase of a gel bed which is available for
a substance

kDa, kilodalton

10XP, pellet resulting from centrifugation at 10,000 x g

10KS, supernatant resulting from centrifugation at 10,000 x g

LF, low fluence

LFR, low fluence response

low WL, white light of low fluence rate

MOPS, N-morphelino-3-propane sulfonic acid

mRNA, messenger RNA

NADPH, nicotinamide adenine dinucleotide phosphate

P, phytochrome, or total phytochrome

P628, P636 and P650, protochlorophyll(ide) with absorption maxima at
628, 636 and 650 nm, respectively

PChi(ide), protochlorophyll(ide)

Pfr, far-red absorbing form of phytochrome

PLB, prolamellar body

Pr, red absorbing form of phytochrome

R, red (light)

R etioplasts, etioplasts isolated from red pre-irradiated seedlings

RNA, ribonucleic acid

RNP, ribonucleoprotein

rRNA, ribosomal RNA

TCA, trichloroacetic acid

VLF, very low fluence

VLFR, very low fluence response

Vg, vold volume {the volume of the liquid phase of a gel bed)

Vi, total volume of a gel bed

WL, white light



1 GENERAL INTRODUCTION

Light is indispeunsible for life on earth. Without light, plants would be
unable to photosynthesize and so to produce oxygen and biomass on which other
living organisms depend. Chlorophyll (Chl) dis the prineipal pigment
responsible for 1light absorption in the process of photosynthesis. This
plgment is concentrated, in leaves of light-grown higher plants, 1ie special
organelles, the chloroplasts. Apart from enabling plants to photosynthesize,
light in various ways influences their growth and development
{photomorphogenesis). The principal pigment mediating many photomorphogenetic
responses is phytochrome (P). Generally speaking, only very small amounts of
light are required for photomorphogenic responses as compared to
photosynthesis.,

Seeds contain food reserves which enable the seedlings to grow for a period
of time without light. Apart from other differences with light-grown
seedlings, dark-grown seedlings of angiospermg are wunable to form Chl.
Instead of chloroplasts, the leaves contain "etioplasts" (Section 1.4.1) which
are able, by the action of red light (R), to develop into chloroplasts. At
least three photoreceptors control chloroplast development. P controls
several processes during Chl accumulation (Schopfer and Apel, 1983), TFor the
expression of these P induced processes, the light dependent reduction of
protochlorophyll(ide) (PChl(ide)) into  chlorophyll{ide) (Chl{ide)} is
required. In this process, PChl(ide) itself is the photoreceptor. Finally,
the presence of Chl is required for the formation of the intetnal chloroplast
structure (Mohr and Kasemir, 1975), The present study is mainly concerned
with functional and structural aspects of the first stages of the greening
process 1In seedlings and isclated etioplasts after transfer to light and with
the role played by P. Some general aspects of the initial photomorphogenic
processes 1in etioplasts and of the pigments involved are discussed in this
chapter.

i.1 Phytochrome

P is a photoreversible pigment widely distributed in the plant kingdom. P
dependent responses have been observed in anglosperms, gymnosperms, ferns,
liverworts, mosses and algae (Borthwick, 1972b), A few examples of such
responses are: photoinduction of seed germination, inhibition of hypocotyl
growth, induction of leaf expansion and regulation of flowering of
photoperiodically sensitive plants (e.g., Shropshire and Mohr, 1983},

P exists in two interconvertible forms characterized by different
absorption spectra. In completely dark-grown tissue only the R absorbing
form, Pr, is present, with an absorption maximum at 666 nm. When drradiated
with light of suitable wavelength, Pr is photoconverted into the far-red light
(FR) absorbing form, Pfr, with an absorpticn maximum at 730 nm (e.g., Pratt,
1979). Due to overlap of the Pr and Pfr absorption spectra, it is impossible
to convert all Pr to Pfr. A saturating R irradiation results in a



photeoequilibrium between Pr and Pfr with Pfr forming about 86% of total P
(Vierstra and Quail, 1983). When irradiated with FR, Pfr is predominantly
photoconverted back to Pr. Pfr is considered to be the physiclogically active
form of P {(e.g., Borthwick, 1972a; Pratt, 1979). In dicotyledons, Pfr slowly
reverts to Pr in the dark. This "dark reversion" appears to be absent in most
monocotyledons  (Frankland, 1972). Moreover, Pfr can be irreversibly
transformed to a colourless product both in dicotyledons and monocotyledons
(Keadrick, 1972; Frankland, 1972). This transformation is called phytochrome

destruction. In summary: R
Pr ———— Pfr 5 7

—_— 2
R;\\qEEf”// dark destruction

dark reversion
The P chromophore is an open—chain tetrapyrrole (e.g., Scheer and Krauss,

1979), The chromophore is covalently attached via a thio-ether linkage to
cystein on the apoprotein. The amino acid sequence of the 124 kileodalton P
apoprotein of Avena and 4its major proteolytic cleavage sites are known
(Vierstra and Quail, 1986)., The exact structure of the chromophore and the
changes upon phototransformation are still incompletely understood.
Photoconversion of Pr into Pfr invelves Z,E- (or cis, tranms-) isomerization of
the chromophore. However, the observed optical difference of Pr and Pfr is
best explained by a combination of changes in both the chromophore and the
protein environment (RUdiger et al., 1985). Several intermediates have been
detected in the Pr — Pfr and Pir — Pr phototransformations (Spruit and
Kendrick, 1973; 1977; for reviews see Kendrick and Spruit, 1977; Rlldiger and
Scheer, 1983).

R-FR photoreversibility, i.e. the effect of a brief R irradiation being
reversed by a subsequent FR d{rradiation 1is often used as a criterion for
involvement of P in a response of plants to light. However, we may expect
from the photochemical properties of the pigment, that responses of completely
dark-grown plants to light evoked by extremely small amounts of Pfr should not
be photoreversible by FR. 1In this case, the reversibility criterion breaks
down. "High irradiance responses" (HIRs), responses to prolonged FR, have
been shown also to be mediated by P (Mohr, 1972; Mancinelli and Rabino, 1978).
HIRs are dependent on fluence rate, suggesting that in these responses the
rate of interconversion of Pfr and Pr (or cycling) is important.

Although much research has concentrated on P since its detection in 1959
(Butler et al.), still many questions are unanswered, for example, its
localization within the cell and the primary mode of action of Pfr.

1.2 Investigations on the localization of phytochrome in plants

1.2.1 Distribution of phytochrome within the plant

Using an antibody—labelling method, Pratt aund Coleman {1974} studied the
distribution of P in etiolated seedlings. In maize seedlings, a relatively
uniform distribution was observed. Seedlings of oat, rye, barley and rice
showed high P concentrations in the tip of their coleoptiles and near the



shoot apex. High concentrations of P were observed near the leaf base of
rice, barley and rye. In dark-grown roots of ocats high P concentrations were
found in the root caps. Apparently, P is found primarily in morphogenically
active regions of a plant (Pratt et al., 1976). Evidence for inter-organ
control of P mediated effects has been obtained by Caubergs (1974); De Greef
et al. (1976) and Black and Shuttleworth (1976).

1.2,2 Subcellular distribution

Immunocytological techniques provided evidence that in dark-grown tissue,
Pr is distributed throughout the cytoplasm (Coleman and Pratt, 1974; Mackenzie
et al., 1974), Electron mlcroscopy indicated that P may also he associated
with various membranes. In dark-grown oat and rice seedlings, the diffuse
distribution of Pr changed within a wminute after R irradiation dinto an
association of P (as Pfr) with discrete but as yet unidentified regions within
the cell, about 1 pm in diameter (e.g., Pratt et al,, 1976; Epel et al.,
1980). Whether this translocation of P represents a binding of Pfr to
specific, biologically active receptor sites within the cell, 1s not known
(Pratt, 1983). The original diffuse distribution was slowly resumed over a
period of 1-2 h at 25 °C (Mackenzie et al., 1975) after FR irradiation.
Although in wheat, barley and rye this redistribution of P was not observed by
Mackenzie et al. (1978), different fixing and sectioning techniques have
shown its occurrence, at least, in wheat (Epel et al., 1980).

The immunocytochemically observed redistribution of P is possibly related
to "pelletability" of Pfr in vitro (Quail, 1983), In several papers (Quail,
1974; Marmé et al., 1974; 1976) specific binding of Pfr to particulate
material has been demonstrated. Binding was induced by in vivo R irradiation
in zucchini, maize and ocats, while in vitro R had a positive effect on
pelletability of P only in zucchini (Marmé et al., 1976), TIdentification of
the component(s) with which P becomes associated and the demonstration of a
possible biological significance of the binding reaction have not so far been
achieved (Quail, 1983).

Several attempts have been made to demonstrate P spectrophotometrically in
preparations of cell organelles. Associations of P with the plasma membrane
and endoplasmic reticulum (Marmé et al., 1976), mitochondrial and microsomal
fractions (Furuya and Manabe, 1976), nuclei (Wagle and Jaffe, 1980} and
etioplasts (e.g., Cooke et al., 1975; Ewvans, 1976) have been claimed.
However, a clear picture of the localization of P either in dark-grown,
de—etiolated (l.e., briefly irradiated) or green tissue has not yet been
obtained.

1.3 Primary effects of phytochrome

The primary mode of action of P is still a matter of discussion. In most
reactions, there are probably several steps between the initial action and the
final response, which often becomes measurable only after several hours. It
has been suggested (Mohr, 1972} that P might act by controlling gene activity.




P mediated changes in levels of rRNA (Thien and Schopfer, 1982) and =mRNA
(e.g., Gollmer and Apel, 1983) have indeed been observed. However, P
responses have been reported on a time scale that seems to exclude gene action
(for a review, see Quail, 1983). Membranes have been frequently proposed as
sites of action for P (e.g., Hendricks and Borthwick, 1967; Brownlee and
Kendrick, 1977). Several of the rapid P mediated events are likely to invelve
changes in membrane properties. It cannot be excluded, however, that these
changes are an indirect consequence of a more rapid primary event elsewhere In
the cell {Quail, 1983). The primary action of P may be different in different
cells and cell compartments {(Mohr, 1972; 1977). ZXendrick (1983}, on the other
hand, proposed a model of primary Pfr action at the membrane level, involving
ion transport.

1.4 Greening of dark-grown seedlings and the influence of phytochrome

1.4,1 Etioplasts

Young seedlings contain proplastids: small organelles with a poorly
developed thylakold system. 1In the light these proplastids directly develop
into chloroplasts. In dark-grown seedlings, proplastids develop into
etioplasts. FEtioplasts are generally slightly smaller than chloroplasts and
irregular-ellipsoidal in shape. Like chloroplasts, they have a double
wembrane envelope. However, instead of grana and stroma thylakoids, they
contain one or more so-called prolamellar bodies (PLBs) and some prothylakoids
radiating from the PLBs. A PLB is a three—dimensional lattice formed by
interconnected membrane tubules that are often arranged in a very regular way,

resulting in a '

'paracrystalline' structure (see e.g. Fig. 2.2 in Chapter 2).
The PLB probably mainly functions as a carrier for lipid components necessary
for the development of stroma and grana thylakoids (Virgin and Egneus, 1983).
Under natural conditions etioplasts are formed in the primary leaves or
cotyledons of seedlings germinating in the soil, before they are exposed to
light., Plastids containing PLBs are also observed in plants grown in light of
low fluence rate (e.g., Weler and Brown, 1970}, Etioplast-like organelles are

found in some algae, e.g. Euglena gracilis (Klein et al., 19%72). Tn gland

cells of tentacle heads of Drosera capensis etioplast—-like organelles were

observed (Kraak, 1974), even though the plants were light-grown. However,
these etioplast—like organelles do not contain regular, para-crystalline PLBs
but aggregates of tubules resembling disorganized PLBs instead, The
fully-formed etioplasts with large paracrystalline PLBs commonly studied in
the laboratory probably rarely occur in nature.

Etioplasts contain substantial levels of many components of mature
chloroplasts {(Virgin and Egneus, 1983) and 1in vivo are able to transform
rapidly into functional chloroplasts on exposure to 1light <{(Wellburn, 1984},
Etioplasts in dark-grown angiosperms contain no Chl but only relatively small
amounts of PChl(ide} a and PChl(ide) a esters (Section 1.4.3).




l.4.2 Ultrastructural changes in etioplasts during greening

Upon irradiation of dark-grown seedlings, the membranes of the PLBs 1lose
their paracrystalline structure {Gunning, 1965). This process, a re-
arrangement of the membrane tubules, is called tube transformation or PLB
dispersal and can take place in the dark after a brief irradiation. The
process is rapid in young seedlings; durations ranging from 1l min to 1 h have
been reported (Xirk and Tilney-Bassett, 1978). Following tube transformation,
perforated thylakolids (prothylakoids) grow out from the remains of the PLBs
("vesicle dispersal”, Gunning, 1965), The perforations in the thylakoids
disappear during the first hours of greening (Henningsen and BEoynton, 1974),
In young dark-grown seedlings PLB dispersal can also take place in the dark
following a brief irradiation. The membrane material for the thylakeids at
this stage 1is probably derived from the PLBs (Bradbeer et al., 1974). As
irradiation continues, membrane overlaps form, the "stacks" of two thylakolds
being the first stage of granum formation. Some phases of the light induced
ultrastructural development of etlioplasts are P mediated, e.g., the rate of
stroma thylakoid and grana formation (Girnth et al., 1379).

1.4.3 Protochlorophyll(ide) species and their photochemistry

PChl(ide} will be used as a term for both unesterified protochlorophyllide
and protochlorophyllide esters including protochlorophyll, irrespective of
whether they are divinyl or monovinyl species {(Cohen and Rebeiz, 1981), At
least three spectrally distinect PChl(ide) forms exist: P628, P636 and P650,
with absorption wmaxima around 628, 636 and 6530 num, respectively. On
irradiation at 77K, P628 fluoresces at 632 nm, while both P636 and P650
fluoresce at 655 nm {e.g., Kahn et al., 1970). Efficient energy transfer from
P636 to PH50 accounts for absence of a P636 fluorescence emission band.

General agreement exists on P6530 being a phototransformable specles (e.g.,
Shibata, 1957; Kahn et al., 1970) and P628 being nonphototransiormable.
Whether P636 is directly phototraansformable or serves as a precursor of P630
is uncertain (Sundqvist et al., 1980). 1In older dark-grown seedlings alwost
certainly only the non-esterified pigment {i.e., PChlide} can be photoreduced
(Griffiths, 1974b; Virgin, 1981). However, in young seedlings photo~-
transformation af PChl has been demonstrated {e.g., McCarthy et al., 1982).

The PChl(ide) content and the ratios of the varlous components vary with
the age of the seedlings. In young dark-grown seedlings the amount of
PChl(ide) is very low., In dark-grown bean leaves a maximum PChl(ide} content
was reached after 10 days (Akoyunoglou and Slegelman, 1968). Iun 3-day old
bean leaves 60% of PChl{ide) present was in the form of non-phototransformable
P628 (Klein and Schiff, 1972), most of the phototransformable pigment being in
the form P636, with smaller amounts of P650. During subsequent growth (from 3
to 7 days) the percentage of photoconvertible PChl(ide) increased, while P650
increased faster than P628 and P636. At the same time, PLBs were formed and
increased in size,




Most PChl(ide) is bound to proteins forming a PChl(ide) holochrome complex
{Kasemir, 1983b). The different absorption maxima of the PChl(ide) forms have
been proposed to be due to differences of aggregation of the molecules (e.g.,
Mathis and Sauer, 1972; Virgin, 1981), conformational differences of the
PChl(ide) holochrome {(Gassman, 1973a), differences in environment (Gassman,
1973b), binding to different kinds of protelns (Guignery et al., 1974) or
different modes of binding to proteins {(Boardman, 19686). Griffiths (1978;
1980} obtained evidence that photoactive PChl{ide), P636/650, exists as a
ternary complex with the enzyme PChl(ide) oxidoreductase and NADPH. The
enzyme 1s probably identical with, or part of, the PChl{ide} holochrome (Apel
et al,, 1980), '

The localization of PChl{ide)-protein complexes at the sub~organelle level
1s still a matter of debate (Kasemir, 1983a). Fluorescence and phase contrast
microscopy indicated PChl(ide) within etioplasts to be located in centres
(Boardman and Wildman, 1962). These centres corresponded in number and size
to the PLBs observed in electron micrographs of etioplasts and the conclusion
has been drawn that PChl{ide) 1is localized in the PLBs. However,
histoautoradiography and biochemical analysis showed that JH-PChl{ide)
synthesized from 3H-5-aminolevulinic acid (ALA) was not only localized in the
PLBs but also in the prothylakoids (Lafliche et al., 1972). LUtz and Klein
(1979) separated PLBs and prothylakoids of etioplasts of dark—grown oat
seedlings and, using saponin markers for the PLBs, concluded that PChl(ide) is
malnly localized 1in the prothylakoids, Ryberg and Sundgvist (1982) showed
that the prothylakolds of etioplasts of dark-grown wheat seedlings contain
about 60% of the total amount of PChl(ide) present. However, PLBs were found
to contaln a higher ratio of phototransformable to non—-phototransformable
PChl{ide) than the prothylakoid fraction.

l.4.4 Biosynthesis of protochlorophyll{ide)

The first stages in (P)Chl(ide) formation are probably the same as for the
synthesls of porphyrins in general. The pathway from the earliest Chl
precursor that has been unequivocally identified, ALA, to PChl is as follows
{(Virgin, 1972; Kirk and Tilney-Bassett, 1978; Castelfrance and Beale, 1983):

5-aminolevulinic acid (ALA) ATA-dehydratase » porphobilinogen (PEG)

——————————3 uroporphyrinogen III —-—trjir—"——Q coproporphyrinegen [II
2

¥ 05, - Hy protoporphyrinogen 1IX —1:12;-9 protoporphyrin IX _I_ﬁg-é

Mg-proto~IX monomethylester —3 = —» -3 Mg-2,4,-divinylpheoporphyrin al
-———> protochlorophyllide 2.

Available evidence suggests that formation of ALA in plants follows a
pathway different from that in animals and bacteria (Castelfranco and Beale,
1983), the details of which are still uncertain.

Phytochrome {through Pfr) has at least two contralling points in PChl{ide)




biosynthesis. The activity of the enzyme ALA-dehydratase 1s increased by
prolonged exposure to FR, which operates via formation of Pfr {Kasemir and
Masoner, 1975; Balangé and Lambert, 1980). However, the Pfr controlled
formatfon of ALA 1is probably a more important factor {Masoner and Kasemir,
1975; Kasemir, 1983a).

1.4,5 Photoconversion of protochlorophyll(ide) into chlorophyll{ide) and
subsequent regeneration of protochlorophyll(ide)

Light absorbed by PChl(ide) itself 1is effective 1in its photoconveraion
(e.g., Koski et al., 1951). A very short light treatment {a few ms) can
saturate the conversion (Madsen, 1963)., PChl{ide) phototransformation has
been observed in vive, 1in {isclated etioplasts, isolated PLBs and purified
PChl{ide) holochrome {e.g., Brodersen, 1976). After (partial) photocenversion
of PChl(ide) inte Chl(ide), energy transfer from P650 (and P636) to the newly
formed Chl(ide) is observed at -196 9C (e.g., Kahn et al., 1970; Sundgvist and
Klockare, 1975). The PcChl(ide) and <Chl{ide) wmolecules therefore must be
located in close proximity. The temperature dependence of PChl{ide)
phototransformation has been studied by Smith and Benitez (1954) and Sironval
and Brouers (1970)., At -196 °C no phototransformation is observed. At =70 9C
photoconversion is fairly rapid and extensive. Increase in temperature up to
40 9C increases the rate of phototransformation. Prolonged heating of leaves
at 40 °C or short heating at 53 °C destroys the phototransformation capacity
(Smith and Benitez, 1954).

After phototransformation of PChl{ide} in dark-grown seedlings by a
light=flash, new PChl{ide) is formed in subsequent darkness. The rate of the
so—called PChl{ide} regeneration is strongly dependent on the age of the
seedlings (Akoyunoglou and Siegelman, 1968). No lag phase in PChl{ide)
regeneration was observed in dark-grown bean seedlings younger than 5 days,
while in older seedlings the duration of the lag phase increased with
increasing age: 1n ll-day old seedlings it lasted 60 min., Virgin {1955)
showed the rate of Chl(ide) formation during a 2 h irradiation at medium
fluence rate to equal the rate of PChl{ide) regeneration Iin darkness.

By examining the effect of FR following a brief R irradiation, a possible
influence of Pfr on the PChl(ide) regeneration rate was studied. No
significant effect of Pfr was detected in these experiments (Akoyunoglou,
1970; Spruit and Raven, 1970; Jabben et al., 1974), only in older seedlings a
small effect of Pfr was observed after a few hours of darkness {Akoyunoglou,
1970; Spruit and Raven, 1970), However, Pfr formed by a R pre-irradiation
several hours earlier, appears to stimulate PChl{ide) regeneration (Virgin,
1958; Augustinussen and Madsen, 1965; Jabben et al., 1974; Jabben and Mohr,
1975). A quantitative correlation between the effect of Pfr on the rate of
PChl(ide) regeneration and the initial rate of Chl(ide) accumulation in light
was shown by Jabben et al. (1974},




1.4.6 Chlorophyll{ide) species and their transformation

When older dark-grown seedlings of anglosperms containing relatively high
concentrations of P650 are briefly irradiated,- a Chl(ide) a species with
absorption maximum around 678 nm (C678) is formed. During subsequent darkness
the absorption maximum first shifts to 684 nm (Bouner, 1969) and then back to
672 nm (Shibata, 1957), The latter shift has become known as the Shibata
shifec. Esterification of Chlide a with phytol (via geranylgeranyl Chlide,
Benz et al., 1980) takes place simultaneously with (Sironval et al., 1963) or
after (Akoyunoglou and Michalopoulos, 1971) the Shibata shift. Finally, a
stable photosynthetlically active form €677 is slowly formed (e.g., Virgin,
1972}, Recently, short—lived species intermediate between P650 and C678 have
been detected (e.g., Inoue et al., 1981; Belyaeva and Litvin, 1981).

Stimuilation of the rate of the Shibata shift by PEr has been claimed by
Jabben and Mohr (1975) and stimulation of the rate of phytylation of Chlide a
by Liljenberg (1966) and Kasemir and Prehm (1976).

1.4.7 Chlorophyll accumulation

When older dark~grown angiospermn seedlings are continuously irradiated,
after the 1initial photoconversion of PChl(ide) into Chl{ide) a rather slow
phase of Chl {including Chlide) accumulation or even a temporary decrease in
total Chl 1s observed (e.g., Raven, 1972): the so—called lag phase in Chl
accumulation. Rapid Chl accumulation takes place after the lag phase and
proceeds until the pigment content approaches that of the mature, green leaf.
The duration of the lag phase is dependent on seedling age (Sisler and Klein,
1963; Akoyunoglou and Argyroudi-Akoyunoglou, 1969) and on the fluence rate.
At high fluence rate the lag phase is extended, probably because of
photobleaching of Chl (e.g., Raven, 1972; Virgin, 1972).

The 1lag phase in Chl formation is eliminated or shortened by
pre~irradiation of dark-grown seedlings with a low R fluence (working through
Pfr), followed by several hours of darkness (Withrow et al., 1957; Mitrakos,
1961; Kasemir et al., 1973; Raven, 1973). Although hardly any reversion of
this R effect by FR is obtained in some plant species (Virgin, 1961; Raven and
Spruit, 1972) P has been shown to be involved in the response in these specles
as well (Raven, 1973).

1.5 Transport model for phytochrome

In 1973, Raven and Sprult proposed a transport model for phytochrome
accounting for their observatlons on effects of various pre-irradiation
treatments on Chl accumulation in white light (WL). FR reversibility of the
effect of R appeared nore pronounced in briefly R pre-irradiated
("de-etiolated") seedlings than in seedlings previously grown in complete
darkness. Even green 'safelight" caused a significant de-etiolation,
resulting 1in an increase of FR reversihility, The increase in R/FR
reversibility is accompanied by a marked decrease in sensitivity of the



seedlings to R (Raven and Shropshire, 1975).

In agreement with data of immunocytological studies (Section 1.2) the
transport model assumes that initially, Pr 1is distributed troughout the
cytoplasm of plant cells. This soluble P will be called "bulk P". Pfr
molecules formed by dirradiastion of dark—grown seedlings are proposed to
migrate to receptors in the cells, thereby eliciting a physiological response.
A small fraction of total P is proposed sufficlent to saturate the receptor
gites, predicting a high sensitivity of dark—grown seedlings to R. The small
amount of Pfr formed by FR would be sufficient to saturate a significant
proportion of the receptor sites and therefore very limited reversion by FR of
the effect of R is anticipated. The model further assumes that binding of Pfr
to the receptors is irreversible. Dark reversion of Pfr into Pr was proposed
to occur at the receptors, so that after a dark period of sufficient duratiom,
a second R pre~irradiation results in an additional response, However, a
considerably higher R fluence would now be needed to give a similar effect as
produced by the first R pre*irradiaéion, as no concentration of Pfr occurs
this time. The small percentage of Pfr formed by FR would now have no
noticeable effect and therefore this second R effect would be largely
reversible by FR. ‘

Interestingly, the P transport model also provides an  attractive
explanation for the "Zea" paradox (Hillwan, 1967). In maize, a small fluence
of R insufficfent to cause a spectrophotometrically detectable conversion of
Pr into Pfr, saturates the R induced enhancement of a phototropic response to
blue light (Briggs and Chon, 1966). Paradoxically, the R effect was FR
reversible, even though the FR irrvradliation produced more Pfr than the R
irradiation that it reversed. Assuming that Pfr has migrated to the reaction
centres before the FR irradliation, these observations are accounted for by the
transport madel,

1.6 Aim of the investigations

The success of the transport model in explaining a number of otherwise
enigmatic physiological responses, asks for a more direct confirmation of its
basic assumptions. In particular, the reality of the proposed receptors and
their activation by winute fractions of cellular P after i{its photo=~
transformation to Pfr has to be demonstrated. A plausible candidate for the
receptor sites for P is the etioplast. An increase of the P content of the
etioplasts after irradiation of cowmpletely dark—grown seedlings, as implied by
the model, would provide evidence bath in favour of the model and for the
etioplasts being a site of action of Pfr. Consequently, etioplasts were
isolated from dark-grown and R pre-irradiated seedlings and their P content
was measured spectrophotometrically (Chapter 4).

As malze etioplasts were the main object of the present studies, a detailed
investigation of the influence of P on the lag phase in Chl accumulation in
this species was made (Chapter 3). This appeared to be of even more interest
since in monocotyledons probably no Pfr dark reversion occurs (Frankland,
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1972). This provided a pessibility to test the P transport model, since the
medel as originally proposed predicts that a second R pre—irradiatlon will
have no additional effect if there is no Pfr dark reversion at the receptors.

The diversity of P controlled processes related to Chl accumulation
complicates the analysis of these processes in the intact plant. The isolated
etioplast provides an attractive system to investigate the development of the
photosynthetic apparatus on a sub-cellular level., In addition to the above
investigations, evidence has been sought for a direct influence of P in this
respect on the etioplast. Possible P involvement in the following aspects of
development of the photosynthetic apparatus was examined in isolated
etioplasts: ultrastructural development (Chapter 5), PChl(ide) regeneration
(Chapter 6) and changes in the spectral properties of the plastid pigments
after a light pulse (Chapter 7).
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2 MATERIALS AND METHODS

2.1 Plant material

Seeds of Zea mays L. cv. Capella were obtained from Van der Have B.V,
(Kapelle Biezelinge, The Netherlands), seeds of Pisum sativum L. cv, Krombek
and Phaseolus vulgaris L. cv. Dubbele Witte z. dr. from S$luis and Groot
{Enkhuizen, The Netherlands), seeds of Avena sativa L. ¢v. Condor from

Kweekhedrijf Zelder {Ottersum, The Netherlands) and seeds of Hordeum vulgare
L. ¢v. Julia from Proefbedrijf Nude (Wageningen, The Netherlands).
Dr. ir., A.W. de Jong (Kweekbedrijf Zelder) kindly provided seeds of the
genetically homogeneous maize varietles 227 and WJ. Seeds of Zea mays L.
cv. Capella were treated with Captan anthra,.

2.2 Cultivation of seedlings

In initial experiments, seeds of maize, barley and pea were imbibed for 6 h
under dim daylight before sowing. 1In later experiments all seeds were sown
without previous socaking. Seeds were sown in pots filled with sterilized
potting compost in dim daylight and the seedlings were grown subsequently in
complete darkness as descrlbed by Raven (1973) at a tempetrature of 22 ©C,
Plants were used at an age of 8 days in wmost experiments.

2.3 Equipment for irradiations

2,3.1 Equipment for pre—irradiations

In most experiments red (R) pre~irradiation consisted of 5 min R
fluorescent light (Philips TL 40, colour 15) at an irradiance of 0.85 W m~2 (5
pmol w2 g71) at the top of the leaves. Maximum emission of this light source
was at 658 nm. In the experiments described in Chapter 3, pre-irradiations
were given with different fluences of R and far-red light (FR}. For wvarious
low fluences of R, the R flucrescent light was used for different periods and
at different distances of the light source from the plants. Alternatively, a
Leitz Prado 500 slide projector equipped with a 667 nm interference filter
{Balzers, Liechtenstein, half band-width (HW) 21 nm) was wused. A range of
fluence rates was obtained by combining this source with neutral glass filters
(type NG, Schott und Gen., Mainz, W. Germany). For high fluence rates of R
and FR, the "Xenosol V" irrvadiation equipment described by Spruit et al.
(1979) was used. For R irradiation, Baird Atomic interference filters with
transmission waxima at 655 nm or 666 nm (UW 15 om) were used and for FR
irradiation Baird Atomic interference fillters with transmission maxima at
731 om (HW 19 nm) or 750 nom (HW 20 nm). Fluence rates were measured with a
wavelength corvected photodiode meter (Optometer 80 X, United Detector
Technology Inc.,, Santa Monica, California, USA). The fluence rates at the top
of the leaves were 17 W m™2 (95 pmol w2 s~1) for the 655 nm filter, 35 W w2
(195 pmol m2 s”1) for the 666 nm filter, 23 W m~2 (140 pmol m~2 s71) for the
731 um filter and 10 W m~2 (65 pmol m~2 s71) for the 750 um filter.
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2,3.2 Equipment for continuous irradiation with white light

Greening of plants took place in a controlled climate room at 20 °C wunder
white fluorescent tubes (Philips TL 40 W/33). The light was attenuated by a
dense metal wire screen to give a low fluence rate of about 7 W m 2 at the top
of the leaves. Alternatively, the plants were irradiated in an aluminium
cabinet (Joustra, 1970) at 20 °C under similar white fluorescent tubes at a
fluence rate of 8.5 W m~2 at the top of the leaves (low WL). High fluence
rate white light (31 W w2, high WL) was obtained from white fluorescent tubes
{(Osram-L, 115 W/20 Sa) placed above and at two sides of the plants.

2.3.3 BSafelights

During isolation and purification of etioplasts in the cold room a dim
green safelight was sometimes used. This safelight, with maximum emission at
about 525 nm, was obtained from a green monophosphor fluorescent tube (Philips
TL 40/17), wrapped in 2 layers of no. 62 blue Cinemoid (The Strand Electric
Corp.) and 2 layers of no. 46 orange-yellow Cinemoid. The fluence rate of
this safelight was 0.3 oW m~2 (1073 pmol m~2 s71), Acetone extracts of leaf
pigments were prepared under a similar green safelight. However, in this case
only one layer of blue Cinemolid and one layer of orange-yellow Cinemoid were
used. The fluence rate of this safelight was 0.9 oW o2 (4 x 1073
pmol m~2 g=1),

2.4 Isolation of etioplasts

Leaves were harvested f€rom 8&-day old dark-grown or R pre-irradiated
seedlings. At this age, leaves of monocotyledons used were usually still
completely within the coleoptile. As removal of the coleoptiles took too much
time, leaves and coleoptiles were harvested together and subsequently cut in
pieces of 5-10 mm. Leaves from pea seedlings were collected together with a
small pért of the epicotyl hook. Harvesting was done either in complete
darkness or under a dim green safelight at room temperature or at 4 9C. All
further operations were performed at 4 ©C either in darkness or under a dim
green safelight.

The leaf material was ground 2 or 3 times during 4 s with isolation medium
using an  Ultraturrax homogenizer, The medium consisted of 0.15% M
Na/K-phosphate buffer, pH 7.3, containing 9% (w/v) sucrose, 0,2% (w/v) bovine
serum albumin (BSA) (Sigma, fraction V) and 45 mM 2-mercaptoethanol. A tissue
to buffer ratio between 0.3 and 1 was used. The pH of the homogenate was 7,0,
In some experiments MOPS buffer, pH 7.5, was used instead of phosphate buffer.
This buffer contained 25 mM N-morpholino-3-propane sulphonic acid, 3 =M EDTA
(disodium salt)}, 250 mM sucrose, 0.2% (w/v) BSA and either 14 or 45 mM
2-mercaptoethanol. The leaf homogenate was filtered twice through 4 layers of
Nytal gauze {pore diameter about 20 pm)., The filtrate was centrifuged for 5
min at 130 x g to remove most of the nuclei and intact cells, The resulting
supetnatant was centrifuged for 5 min at 1,700 x g. The pelleted etioplasts
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were resuspended in isolation medium by dispersing them gently with a fine
brush. The etioplast suspension was centrifuged again for 5 min at 1,700 x g,
yielding a "crude, washed etioplast pellet".

2.5 Purification of etioplasts by use of a Sephadex G-30 {(coarse) column

Wellburn and Wellburn {1971a) developed the Sephadex G-30 (coarse) column
method for purification of isolated etioplasts. This method has the advantage
over density gradient centrifugation that isotonic media can be used. Intact
etioplasts and also mitochondria (Quail, 1977; Hilton and Smith, 1980) readily
pass through the c¢olumn, while nuclei, membranous fragments and broken
etioplasts are reported to tremain on the top of the column (Wellburn and
Wellburn, 1971a).

A column of 40 cm length and 2.6 cm diameter, equipped with a flow adaptor
(Pharmacia, Sweden, type K26/40) was used. The Sephadex G-50 (coarse) beads
were allowed to expand overnight in excess isolation medium (Section 2.4) at
4 OC, 2-mercaptoethanol being added only shortly before preparation of the
column., The Sephadex suspension was stirred before pouring it in the gel
reservoir on top of the c¢olumn. TIsolation medium was run immediately through
the column at a rate of 3-4 ml min~l, When the column had packed, the gel
reservolr was replaced by the flow adaptor and flow of isolation medium at the
original rate was brought about by a peristaltic pump. Since the standard 10
pm  bed support nets became blocked by the crude etioplast preparations, they
were replaced by Nytal nets (Section 2.4),

Etioplasts were isolated as described in Section 2.4. However, the
centrifugation step at 130 x g could be omitted since nuclel and cells
remained on the top of the column. The crude, washed etioplast pellets were
resuspended in 4 ml of isolation medium and loaded on the top of the column.
This was done by injecting them carefully by means of a 10 ml plastic syringe
with a 0.9 x 50 mm needle in a short tube connected with the columm by a LV-4
laboratory valve (Pharmacia). Flow of isolation medium through the column was
stopped during loading of the etioplasts on the column and resumed immediately
afterwards. A small fraction of the eluate was continuously monitored at 254
nm with a LKB 8300 A Uvicord 11 to detect fractions containing nucleic acids
and their derivatives. 1In initial experiments the remainder of the eluate was
collected by a LKB 7000 Ultrorac fraction collector. In Fig. 2.1 an elution
profile of oat etioplasts is shown, being representative also for maize,
barley, bean and pea etioplasts. The elution profiles did not show a shoulder
on the main peak. 1In this respect, they resembled those of Evans (1976) and
Hilton and Smith {1980) but not those of Wellburn and Wellburn (1971a).
Fractions forming the main peak were divided into three portions: fractions
collected before maximum absorption at 254 nm was reached, fractious collected
around the maximum and those appearing subsequently. The fractions were
examined by means of light and electron microscopy. No differences were found
other than in number of etioplasts per wl. In fractlons forming the low,
broad gsecond peak no distinct cell material was detectable by light
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Fig. 2.1 Elution profile obtained by Sephadex G-50 {coarse) column
purification of a ecrude, washed etioplast preparation from 8-day old
dark—grown oat seedlings.

microscopy. In later experiments, the fraction collector was no longer used
and eluate was collected as soon as the absorbance at 254 nm increased until
the main peak had passed.

Phase contrast microscopy indicated that less than 1% of the etioplasts 1in
the eluate was broken. In electron micrographs about 10%Z of the etiocplasts
appeared broken, however, during preparation of samples for electron
microscopy (Section 2.15) etioplasts may have become damaged. In our
experience, the Sephadex G-50 (coarse) column could be used with equal
effectiveness for the purification of etioplasts from dicotyledoncus and
monccotyledonous plants. Fig., 2.2 shows electron micrographs of a crude,

washed maize etioplast preparation and a Sephadex G-30 purified preparation.
2,6 Further purification of etioplasts using a discontinuous sucrose gradient

Hilton and Smith (1980) showed that carotenoids (markers for etioplasts)
and the wmitochondrial membrane marker enzymes cytochrome ¢ oxidase and
succinate dehydrogenase elute simultaneously on a Sephadex G-50 (coarse)
column. Obviously, it is impossible to separate etioplasts from mitochondria
by the Sephadex G-50 technique., A discontinuocus sucrose gradient (Hilton and
Smith, 1980) was used to obtain etioplast preparations free from mitochondrial
contamination. Eluate of the Sephadex G-50 {(coarse) column containing
etioplasts was centrifuged at 1,700 x g and the pellet was resuspended in 2 -ml
isolation medium. Such suspensions were layered on to discontinucus sucrose
gradients consisting of 7 ml 55 or 65% (w/v) sucrose, 11.2 ml 40% sucrose and
7 ml 25% sucrose. The tubes containing the sucrose gradfents were centrifuged
in a swing-out rotor in an Omega 11 ultra centrifuge {Heraeus-Christ) for 20
min at 8,000 x g. According to Hilton and Smith (1980), the fraction banding
at the 40/25% interface contains extractable carotenoids and high cytochrome c
oxidase activity, while the fraction banding at the 55/40% interface also
shows a peak of extractable carotenoids but lacks cytochrome ¢ oxidase
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Fig. 2.2 Electron micrographs of etioplast preparations from 8-day
o0ld dark—grown maize seedlings, a. a crude, washed etioplast prepara-—
tion, b. a Sephadex G-30 purified etioplast preparation. The arrow
indicates a broken etioplast.

activity. The different fractions were studied by means of light and phase
contrast microscopy. The fraction banding at the 40/25% interface consisted
of about equal amounts of broken and intact etioplasts. The fraction banding
at the 55/40% interface consisted mainly of intact etioplasts with a small
percentage of broken etioplasts. Intact etioplasts were also found in the
pellet, even if 65% instead of 55% (w/v) sucrose was used.

The 55{or 65)/40% interface fraction was centrifuged at 1,400 x g for 5-10
min either at room temperature or at 4 ©C, The 40/25% interface fraction was
centrifuged at 16,000 x g for 20 min at 2 °C, The pellets were carefully
mixed with 0.5 g CaC03 for phytochrome (P) measurement,

2.7 Gel filtration on Sepharose CL-2B

Gel filtration on Sepharose CL-2B (Jose, 1977) was used to separate any
ribonucleoprotein (RNP)-absorbed P (Quail and Gressel, 1976) from membrane—
associated or "true" etioplast P. Erioplasts were purified in the ahsence of
B3A by the Sephadex G-50 method and resuspended in 2.5 or 5 ml 35 mM MOPS
buffer, pH 7.0, containing 1 mM EDTA and 14 mM 2-mercaptoethanol (Jose, 1977).
Gel filtration using Sepharose CL-2B was carried out at rcom temperature under
a dim green safelight on a K26/40 column (Pharmacia, Sweden) at a {low-rate of
0.5 ml minl. Fractions (5-6 ml each) were eluted with 25 mM MOPS, pH 7.0,
containing 14 mM 2-mercaptoethanol. The void velume (V,} and total bed volume
(V¢) of the column were determined with Blue Dextran 2000 (Pharmacia) and
potassium iron(Il)cyanide (K4[Fa(CN)g].3H20), respectively, both being eluted
with 150 mM NaCl. Blue Dextran was detected spectrophotometrically in
fractions eluted from the column at 620 nm. Potassium iron(II)cyanide was
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monitored at 750 nm after addition of 0.2 ml of a concentrated ammonium iron
sulphate (NH;Fe(S04)2.12H20) solution to the fractioms.

2,8 Estimation of chlorophyll, protochlorophyll and carotencid content of
leaves and etioplast preparations

Concentrations of chlorophyll(ide) {Chl(ide)), protochlorophyll{ide)
(PChl(ide)) and carotencid pigments in leaves and etioplast preparations were
estimated after extraction in acetone/water (final concentration B80% (v/v)).
Appropriate samples of whole leaves or segments were weighed on a "Centrogram'
balance {(Chaus Scale Corp. model 311) under a green safelight, The samples
were ground in acetone in a mortar with a little purified sea sand (Merck,
Darmstadt, Germany) and a small amount of CaC03 was used to minimize
phecphytin formation (Brulnsma, 1963). The leaf extract was filtered through
a glass filter (Schott und Gen., Mainz, Germany, type 3D3) under suction and
the residue on the filter was extracted a second time, Combined extracts were
routinely clarifted by centrifugation for 30 min at 16,000 x g at 2 °C, In
the experiments described in Chapter 3, the opal glass method of Shibata et
al. (1954) was used to minimize the effect of light scatter.

For pigment determinations in acetone extracts of etioplast preparations,
25 ml 80% acetone was added to the pelleted etioplasts. The pellet was
resuspended and the suspension was centrifuged for 5 min at 1,400 x g at room
temperature, The supernatant showed very little light scattering. In the
pellet Chl{ide), PChl(ide) and carotencids were no lounger detectable.

The extracts were kept 1n darkness a few hours until wmeasurement. The
absorption of the extracts was measured in cuvettes with either 1 or 5 cm path
length (depending on pigment concentration) in a Zelss model PMQ II spectro—
photometer. Any absorption at 800 nm, if present, was subtracted from the
absorption at other wavelengths as a correction for remaining light scatter.
Pigment concentrations of extracts containing mixtures of PChl(ide) and
Chl{ide) were calculated using equations of Anderson and Roardman (1964). For
extracts containing negligible amounts of PChl(ide), equations derived from
Arnon (1949) and Bruinsma (1963) were used (see also Raven, 1973). Acetone
extracts containing water and mixtures of Chlide and its esterified
derivatives exhibit slightly different absorption maxima between 663 and 667
am (Raven, 1973; Scheutjens, 1975). The absorbance at the red maximum was
used in the calculations.

As a measure of the concentration of carotencids, the absorbance at 473 nm
in 80% acetone was taken {Bottomley, 1970; Raven, 1973). The contribution of
other pigments (mainly Chl b} to the absorption at this wavelength was
corrected for when appropriate using data of MacKinney {(1941) of specific
absorptlon coefficients of Chl a and Chl b in 80% acetone at 473 nm,

In some experiments {Chapter 3), in vivo measurements were used to estimate
the relative Chl content of leaves. Sections of the outer half of the rolled
primary maize leaves, at a distance of 2 to 4 cm from the apex, and the outer
half of bean leaves were taken for the measurements. For each measurement one
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leaf piece was used. A pliece of white paper giving about the same scatter was
used as a reference. The absorption of the leaves was measured at 672.5 nm in
a Cary l4 spectrophotometer. The absorptions at 590 and 730 nm were used to
estimate the baseline.

2.9 Estimation of phytochrome content

The P content of samples was estimated spectrophotometrically using the
spectrophotometer described by Spruit (1970) in its dual wavelength mode of
operation., The measuring beam was at 730 nm and the reference beam at 806 nm.
Cuvettes with a volume of about 0.2 ml and a path length of 1.6 mm (Fig. 2.3)
were used. CaC03 was used as a scattering agent (Butler, 1962). For
measurements of the P content of a leaf homogenate or supernatant, samples of
0.2 ml were added to cuvettes filled with dry CaC0j3., When the P content of an
etioplast preparation was measured, 1 g of CaC03 was carefully mixed with the
etioplast pellet and the cuvette was filled with the homogeneous mixture. For
a representative example of such a P measurement see Fig. 2.4,

P content is expressed in absorbance units. Differences in absorbance of
about & x 1073 A (AA)730-806 as a result of P phototransformation by actinic
irradiation were the smallest differences that could be detected.

W
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Fig. 2.3 Cuvettes used for measurements of the phytochrome content of
etioplast preparations (1) and for absorpticn measurements (2) and
fluorescence wmeasurements (3) of (proto)chlorophyll(ide} 1in etioplast
preparations. 8. hlack "Plexiglass", b, clear "Plexiglass”, c.
phosphor bronze sheet, 0.2 mm thick. Depth of the cells: {1) 1.6 mm,
(2) and (3) 0.2 mm. The front cover was mounted with tape (1), with
screws (2) or with clamps (3).
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Fig. 2.4 A representative example of a phytochrome measurement of a
maize etloplast preparation. Phytochrome measurements were made at
room temperature or at 0 ©C, Actinic irradiations to interconvert Pr
and Pfr were of 1 or 2 min duration and traces were recorded during
1 min after each actinic irradiation. At least three altermating R
(653 nm) and FR (732 oum) actinic irradiations were given during each
measurement. Cal.: calibratfon signal, & x 103 A A,

2.10 Estimation of protein content

Protein was assayed by the method of Lowry et al. (1951) using BSA (Sigma,
fractlon V) as a standard. The Folin-Ciocalteu’s phenol reagent used in this
method is intensely coloured by 2-mercaptoethancl. Therefore, proteins in
preparations containing 2-mercaptoethanol were precipitated by 5% trichloro-
acetic acid (TCA), washed and dissolved in distilled water before adding the
reagent. BSA present in etioplast preparatiouns was removed by washing the
etioplasts in isolation medium without BSA.

2.11 Studies of protochlorophyll(ide) regeneration and the Shibata shift
using absorption spectrophotometry

PChl{ide) regeneration was studied by absorption  spectrophotometry.
Absorption spectra of leaves and etioplast preparations were measured in a
Cary 14 spectrophotometer. For monocotyledons, leaf pieces 2-4 em from the
apex of the outer half of the rolled leaf were used. One or two layers of
leaves or leaf pieces were mounted behind an opening in a piece of brass. A
suitable piece of "opaline" perspex sheet or one or two pleces of white paper
mounted behind an opening of similar size were placed in the reference beam.
For the recording of difference spectra, one or two layers of comparable
leaves or leaf pieces were used as a reference, Absorption spectra of
etioplasts were measured in dense suspensions contained in 10 pl microcuvettes
with a light path of 0.2 mm (Fig. 2.3). After the recording of an absorption
spectrum of dark-grown leaves or etloplasts from 400 te 800 nm at room
temperature, no photaconversion of PChl(ide) into Chl{ide) by the measuring
beam could be detected.

Spectra were measured with the Cary spectrophotometer at different
temperatures using an optical cryostat, in which the samples could be
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irradiated in situ (Spruit, 1970). Spectra were recorded before and after
various dark periods following a R (649 nm) drrvadiation sufficient to
photoconvert all phototransformable PChl(ide} into Chl(ide) (4-12 s, depending
on the sample). PChl{ide) regeneration in the dark after R was also measured
directly according to the method of Jabben and Mohr (1975}, Absotrption
changes at 650 nme were recorded immediately after the R pulse, using 720 nm as
a reference wavelength. The Shibata shift was similarly wmonitored, by
recording absorption changes at 690 nm,

2.12 Fluorescence spectrophotometry

Fluorescence spectra of leaves and etioplast preparations were measured at
77K. The spectrofluorimeter was equipped with an analog differentiator (Fig.
2,5)., The excitation source was a 250 W 24 V quartz-halogen incandescent
lamp. Excitation 1light was filtered through 20 mm of saturated copper
sulphate solution and an interference filter (Balzers, B 40, 425 nm, HW 12 nm)
plus a 2 mm BG 12 filter (Schott und Gen., Mainz). Alternatively, a small
high-pressure mercury lamp with a similar copper sulphate filter plus 4 mm BG
12 was wused. To separate the fluorescence light from excitation light
scattered by the sample, filter F3 was inserted between the sample and
monochromator, This filter consisted either of one layer of yellow Cinemoid
no. 1 (The Strand Electric Corp.) plus 3 mm GG 495 (Schott und Gen.) or of
3 mm yellow Plexiglas (RBhm und Haas, Darmstadt) plus one layer of yellow
Cinemoid.

Fig. 2.5 Spectrofluorimeter. La: excitation light source; Lj, Ly, Li3:
lenses; F1, F3: filters (see text); Fz: 20 mm saturated CuSO4-solu-
tion; M), M2, M3: mirrors; Mon.: grating monochromator; PM: photo~-
multiplier; PS: multiplier power supply; DVM: digital voltmeter;
Dr.,: multi-speed drive; Rec.: recorder; SC: gample cell (inside
cryostat).
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Fig. 2.6 Low temperature sample holder for fluoreacence studies.
br: brass; cu: copper; cc: sample cell compartment; sc¢: sample cell
(see Fig. 2.3); sp: phosphor bronze springs (2). Liquid nitregen
charge: 110 ml, Cryostat not shown.

Brass sample holders were constructed for leaves and for etioplast
preparations (Fig. 2.6). The cuvette used for etioplast samples is shown in
Fig. 2.3. Sample holders were placed inside optical cryostats and were filled
with liquid nitrogen for measurements at 77K, It took 3 min after additiom of
liquid nitrogen into the sample holder before the temperature had dropped
below 93K as measured with a thermocouple inside the sample holder. If more
rapid cooling was desired, the samples in their holders were immersed in
liquid nitrogen for 60 s before insertion into the optical ecryostat.

Fluorescence probes were added to etioplast preparations to indicate the
concentration of etioplasts present in the measuring cuvette. Ideally, a
fluorescence probe or indicator should have one or more emission bands located
outside the spectrum of the etioplasts. Moreover, the probe should not
influence the characteristics of the etioplasts and their spectra (peak
positions, peak heights and rate of shifts). Several compounds were tested:
fluorescein, acridin yellow, acriflavin, rivancl, rhodamin B, quinacrin,
erythrosin, eosin, folie acid, flavin mononucleotide (FMN) and 9-amino-
6-chloro-2-methoxyacridine (ACMA). Acriflavin was the only  compound
acceptably meeting the c¢riteria mentioned above. Its peak position is at
516-520 nm and a minor band is found at 372 nm. At 620 nm all probes,
including acriflavin, showed some fluorescence, however at wavelengths above
640 nm fluorescence by acriflavin was negligible.

When etioplast suspensions to which acriflavin was added were washed in
isolation wmedium, the height of the acriflavin fluorescence peak at 518 nm
considerably decreased. Apparently, part of acriflavin is not or only weakly
bound to the etioplasts. Therefore, carboxymethylcellulose (CMC) was added to
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ptevent the etloplasts to sink to the bottom of the cuvette. A solution of
Sg CMC and 12,3 mg acriflavin in 200 ml distilled water was dialysed twice
during 24 h. 9% (w/v) sucrose was added to the dialysed solution. About 20
drops were added to an etioplast pellet and carefully mixed with a fine brush.
Samples from this mixture were taken for recording fluorescence spectra. No
influence of CMC and acriflavin on fluorescence characteristics of etioplast
preparations were detected,

Since 2-mercaptoethancl has a destructive effect on the phototransform-
ability of PChl{ide} (Schopfer and Siegelman, 1968; Gassman, 1973a), this
compound was omitted from the isolation medium for etioplasts after the first
centrifugation step at 1,700 x g (Section 2.4).

2.13 Swmoothing and differentiation of spectra

The different absorption and fluorescence bands of the PChl{(ide) and
Chl(ide) specles in dark-grown and short—term irradiated leaves and etioplast
preparations overlap to some extent. In such cases, maxima in the spectra deo
not correspond to the true maxima of the components. Moreover, the peak
heights observed do not vreflect the relative contributions from the
components., In the case where one band 1is small in comparison to other
overlapping band(s) and only a shoulder is formed by the small band, 1t 1s
impossible to accurately determine the position of its maximum and its height
by direct inspection of the spectrums In such cases the determination of
derivative spectra can be helpful. First as well as higher derivatives can be
used to establish the location of peaks in a spectrum {(Vandeginste and De
Galan, 1975). If the original spectrum contains only a single band, its
maximum corresponds to a passage through zero In derivatives of odd order and
to the extreme values (maxima and minima) in even-order derivatives (Fig.
2.7a}. This alsc more or less holds for two or more overlapping bands as
illustrated in Fig. 2.7b. Witk increasing order of the derivative, the
sharpness of the bands increases, resulting in improved resolution. On the
other hand, the number of extremes increases with increasing order of the
derivative. To determine the number of the different components of the
fluorescence or absorption spectra and their parameters: peak wavelength,
height and HW, second and fourth derivatives of the spectra were used. The
second derivatives were obtained either on-line by an analog differentiator or
by the use of a suitable cowputer program. Fourth derivatives were obtained
exclusively by computation.

With electronic analeog differentiation, the speed of scanning through a
spectrum determines the shape of the derivative spectra. Essentially, such
spectra are derlvatives of a photomultiplier current against time. For this
reason, the scanning speed has to be kept constant during a recording. On the
other hand, the wavelength dependence of spectrometer transmission and
spectral response of the photomultiplier enter into the output and tend to
distort the derivative spectra obtained in this way. Fortunately, the
response of the RCA 31034 multiplier was remarkably flat over the wavelength
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Fig. 2.7 Examples of a Gaussian band (a) and a Gaussian band pair (b)
and their first to fourth derivatives.

interval examined and the distortions introduced in this way proved to be
small. A second practical problem is that the need for rigorous electrical
filtering of the signal before the first and between the £irst and second
differentiation, dintroduces a time delay which translates into a wavelength
shift between the original spectrum and its derivatives, Moreover, the
magnitude of the shift depends on the scannling speed. To overcome this
problem, the spectra were routinmely scanned twice at the same speed, once from
low to high, the second time from high to low wavelength values. The average
peak position between each pair of runs has been taken as the true wavelength.

For the computer calconlations of second and fourth derivatives, the
IMSL-routine DCSEVU (IMSL, 1984) was used on a DEC-10 computer. Spectra were
digitized by hand at 1 om intervals, with the result that the spectra are
already smoothed to some extent by eye. However, further smoothing was
necessary. The original data and, when a fourth derivative was determined,
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also the second derivative were smoothed by the IMSL-routine ICSSCU (IMSL,
1984).

2.14 Deconvolution of spectra

The computer program "ACCU" for curve  analysis was kindly supplied by
Dr. W. Verwer (Laboratory for Biophysics, University of Utrecht). This
program was used to 1lmprove the band parameters found by derivative
spectrophotometry (Section 2.13). The program was originally developed in the
Shell Development Laboratory in Emeryville {(California) and is described by
French et al. (1967) as the RESCL or RESOLV program. The program was
modified by Mr. A. Keetman and Mr. G. van Eck (Department of Computer Science,
Agricultural University, Wageningen) for use on a DEC-10 computer.

Raw data of spectra were entered in digital form at 1 nm wavelength
intervals. Approximate values for maxima, heights and half-widths of bands
estimated by derivative spectrophotometry were also entered. The shape of the
bands can he specified in the program as Gaussian and/or Lorentzian. The
assumption that absorption and fluorescence bands of PChl(ide) and Chl({ide)
are symmetric and Gaussian and/or Lorentzian in shape probably is not
completely realistic. For absorption bands, the tails of Gaussian bdands are
slightly too low while the tails of Lorentzian curves are far too high (French
et al., 1972; Jabben et al., 1974). However, although an intermediate form
might give a better fit, satisfactory rtesults were obtained both for
absorption and fluorescence spectra using Gaussian curves alone,

During each iteration all parameters are adjusted within certain specified
limits to give a better fit to the original curve. Weighting factors and
damping factors can be set to improve the results of each iteration. The
program ends after a number of iterations specified by the operator or when
the change of standard error is within the limit specified. The final output
can be given as plotted curves of the calculated bands, their sum and the
original data. The error curve 1s plotted below the analyzed spectra.
Examples of such deconvolutions are shown in Chapters B and 7.

2,15 Electron microscopy

For electron microscoplical studies of etloplasts "in situ”, gmall (about 4
mm?) leaf pieces were fixed. The leaf pileces were taken at a distance of
about 2 cm from the apex of a primary monocotyledonous leaf or out of the
middle of a dicotyledonous leaf. During WL treatment in vitre, etioplast
suspensions in the incubation medium described by Wellburn and Wellburn (1973)
were rotated at 4 rpm, Fixation of leaf pieces was carried out for about 3 h
and fixation of isolated etiopiasts for 2 h at room temperature or overnight
at 4 O0C in darkness in 5% (v/v) glutaraldehyde in 0.025 M Na/K-phosphate
buffer, pH 7.3, containing 5% (w/v) sucrecse. Post-fixation was carried out
for a similar periad din 1% (w/v) 0s04 in 0.025 M Na/K-phosphate buffer, pH
7.3, containing 5% ({(w/v) sucrose, Dehydration was carried out at room
temperature through a graded ethanol series followed Dy propylene oxide. All
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manipulations were performed under a dim green safelight or in darkness until
the material was fixed and dehydrated. The material was embedded in Epon 812
or in Spurr’s resin. Electron micrographs were taken of different parts of
etioplast pellets, No differences were observed between top, bottom and other
parts of the pellet,

In order to quantify the volume of the prolamellar body, a welight method
used by Horton and Leech (1975) was adopted. The areas of etioplasts (small
sections were disregarded) and their PLBs were cut out of photocopy paper and
weighed., Weight was consistently proportional to the area of the paper.

2.16 Statistics

Standard deviation: S.D.= E:(x-i)zl(n-l), where ¥ is the mean value and n
is the number of samples.

Standard error of the mean: S.E.g=5.D./ V.

Coefficient of variatiom: S.D./X x 100%.

Results are expressed as mean *= standard error of the mean, The Student’s
t-test was used to test whether the difference between two means 1is
statistically significant.
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3 THE INFLUENCE OF RED AND FAR-RED PRE-IRRADIATION ON CHLOROPHYLL
ACCUMULATION 1IN CONTINUOUS WHITE LIGHT

3.1 Introduction

Raven and Shropshire (1975) demonstrated that in dark-grown pea seedlings,
sengitivity for red light (R) potentiation of rapid chlorophyll (Chl)
accumulation in continucus white light (WL) 1s extremely high (very low
fluence response or VLFR). After a previous R pre-irradiation, the
sensitivity decreases substantially {(low fluence response or LFR). These
observations were explained by Raven and Spruit (1973} on the basis of the
phytochrome (P) transpeort model. Dark reversion of receptor—associated Pfr to
Pr forms an essential aspect of this model, Frankland (1972) demonstrated
that in contrast to dicotyledens, Pfr dark reversion appears to be absent 1in
monocotyledons. The predictions of the model were therefore tested for maize
as a member of the latter group.

Since photobleaching of newly formed pigments could be a cause of the lag
phase in Chl accumulation, greening in WL of high fluence rate was also
examined. Carotenoids probably play a role in protecting Chl against
photobleaching (Frosch et al,, 1979; Klockare et al., 198l; Malhotra et al.,
1982). Therefore, a possible R effect on carotenoid content of maize
seedlings was studied. '

In this chapter Chl will be used as a collective term for chlorophyllide
and its esters, and similarly protochlorophyll {(PChl) for protochlorophyllide
and its esters.

3.2 Results

3.2.,1 Variation in rate of greening

In vivo measurements of the Chl content of individual maize leaves after a
5 h WL period showed considerable variation, even for seedlings grown together
in a plant pot. Leaf sections taken at a distance of 2.5 to 3.5 cm from the
apex of "long" and "medium long" leaves on average had a higher Chl a content
than those of "short" leaves {Table 3.1}, However, also within classes of
seedlings with a certain leaf length the rate of greening was variable,
Coefficients of variation (Chapter 2, Section 2.16) were similar for two
genetically homogeneous maize varieties Z27 and WJ and for ecv. Capella. For
the experiments described in this chapter 8-day old seedlings of cv. Capella
were used, unless otherwise indicated.

3.2.2 Greening in white 3Iight of low fluence rate and the effect of red
pre—irradiation

When dark-grown maize seedlings were placed in WL of rather low fluence
rate (8.5 W m2) {low WL), after the first rapid formation of Chl(ide) a from
endogenous PChl(ide) a, further Chl a accumulation proceeded slowly during the
first 3 h (the "lag phase"} (Fig. 3.1). Over the following ¥ h the rate of
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Table 3.1 Relative chlorophyll concentration in "long"”, "medium
long” and "short" .B-day old malze leaves after 5 h of white
fluorescent light (8.5 W m~2) measured as the height of the
absorpticon peak at 672.5 nm (means of 12 experiments each).

Sample Leaf Relative No. of leaves
length peak height per experiment
(cm) at 672.5 nm

Long leaves 8-9 41 % 2 6

Medium long leaves 7-8 38 £ 1 8

Short leaves 6-7 321 6

Chl a accumulation more than doubled. After 7 h the rate became somewhat
slower agaln, but was still faster than during the lag phase, 8-day old
dark-grown seedlings of the maize varieties Z27 and WJ showed lag phases
similar to that of cv. Capella,

When a brief standard R pre-irradiation {5 win 658 nm, 0.85 Wm 2 or 5
pmol o2 g1y yas given 16 h prior to low WL, Chl a accumulation immediately
started at an increased rate (Fig. 3.1). After 3-4 h in low WL, the rate of
Chl a accumulation increased slightly and after 6~7 h it slowed down to the

10

1 1 1 |
C 5 10 15 20 25
Period of low WL (h)

Fig. 3.1 Chlorephyll a (Chl a) accumulation in 1 cm leaf sections (17 mg
fresh weight) of 8-day old maize leaves after transfer to continuocus white
fluorescent light (WL) of low fluence rate {8,5 W m~2) at 20 °C. Q:
dark—grown seedlings, ®: seedlings pre-irradiated with a standard fluence
of red light (R) 16 h prior to WL. Resulta have been corrected for the
amount of Chl a (0.06 pg per leaf section) formed during R pre-irradiation.
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same level as that for dark—grown seedlings. A R pre-irradiation 4 or 40 h
prior to low WL had the same potentiating effect as a R pre-irradiation 16 h
prior to low WL (see also Section 3.2.4).

3.2.3 Greening in white 1light of high fluence rate and the effect of red
irradiation

When placed in WL of high fluence rate (31 W n2) (high WL), after 15 min
of drradiation a quantity of Chl a was formed similar to that in low WL.
During the following 7 h the amount of Chl a hardly 1increased
(Fig. 3.2); after 7 h almost 10 times less Chl a had accumulated than after
7 h low WL (Fig. 3.1). After 20 h high WL, the quantity of Chl a was still
approximately 7 times smaller than that formed after 20 h low WL,

Pre—irradiation of dark-grown seedlings with a standard fluence of R 16 h
prior to WL strongly stimulated Chl a accumulation in high WL. However, in R
pre-irradiated seedlings the Chl a accumulation rate was also lower 1un high
than in low WL: after 7 h high WL about half as much Chl a had accumulated as
in low WL.

3.2.4 Effects of various pre-irradiation treatments on greening in white
light of low fluence rate

Using the method of Raven (1973), the effects of different pre-irradiation
treatments on Chl a accumulation rate in low WL were studied. 1In these
experiments a standard R pre-irradiation consisted of either 5 min R (658 nm)
at an irradiance of 0.85 W m—2 (5 jmol m? g71y or alternatively 20 s R (655

1
10 1
Pericd of high W

(h)

Fig. 3.2 Chlorophyll a (Chl a) accumulation in 1 cm leaf sections (17 mg
fresh weight) of B-day old malze leaves after transfer to continucus white
fluorescent light (WL) of high fluence rate (31 W m~%) at 20 °C. 0:
dark-grown seedlings, ®: seedlings pre-irradiated with a standard fluence
of red light (R) I6 h prior to WL. Results have been corrected for the
amount of Chl a (0.06 pg per leaf section) formed during R pre-irradiation.
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nmq at an irradiance of 17 W m~2 (95 pmol o2 s~1) at the top of the Lleaves.
Both dirradiations were considered to be saturating with regard to Pr — Pfr
phototransformation.

The amount of Chl a accumulated after 5 h low WL was twlce as high for
maize seedlings pre-irradiated with a standard fluence of R as for dark-grown
seedlings. The potentiating effect of a standard R pre-irradiation on Chl a
accumulation in low WL was taken as 100%., Potentiating effects of other
pre-irradiation treatments were calculated as follows (see Raven, 1973):

Ct - Cd

potentiation = —————- x 100%

Ct - Cd
where Cd = Chl a content without an inductive light treatment, Cr = Chl a
content resulting from a pretreatment with a standard R fluence 16 h befaore
low WL and Ct = Chl a content resulting from a 1light pretreatment of given
wavelength and fluence 16 h before low WL; Chl a was determined after a 5 h
period of low WL.

The potentiating effect of a standard R pre—irradiation 16 h prior to low
WL was rteduced to 48% by 2 or 5 min FR (750 um, 10 W m~Z or 65 umol m~2 s~1)
given after R. On the other hand, the FR treatment alone resulted in 20Z
potentiation {Table 3.2}, One min FR was slightly less effective than
2 or 5 min FR, suggesting that with this fluence photostationary equilibrium
was not completely attained. Compared with results published for pea (Raven,
1973), the potentiating effect of FR pre~irradiation was only small for maize
seedlings and FR gave a better reversion of the effect of R, TIn this respect,
bean is intermediate between pea and maize (Raven, 1973; see Table 3,2).

For pea seedlings, the potentiating effect of R was nearly twice as large
when a dark {interval of 40 h instead of 16 h was inserted between R and WL
(Raven, 1973; see Table 3.2), but for maize seedlings the potentiating effects
of R given 16 h and 40 h before low WL were not significantly different (Table
3.2). 1In majze, the reversion by FR given immediately after R was more
pronounced when the pre-irradiations were followed by a dark period of 40 h
instead of 16 h. The potentiating effect of FR alone, correspondingly
decreased. Similar results were published for bean seedlings (Raven, 1973;
see Tahle 3.2),.

3,2.5 Effects of a second pre-irradiation

Calculations of percentage potentiation by two successive pre-irradiations

were as follows:
Crit2 = ¢dld2
potentiation = —-————— x 100%
Crir2 - Ccdld2

where Cdld2 = Chl a content without any inductive light treatment, Crld2 =
Chl a content resulting from a pretreatment with a standard R fluence given
40 h before low WL and Crlt2 = Chl a content resulting from a pretreatment
with a standard R fluence 40 h hefore WL, followed by a second light
pretreatment of given wavelength and fluence 16 h before low WL; Chl a was
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determined after a 5 h periocd of low WL.

For pea and bean, the effects of two successive R pre-irradiations

have

been reported by Raven (1973) to be almost additive. MHowever, for maize seed-

lings the potentiation resulting from two R pre-irradiation treatments was on-
ly about 1.3-fold that resulting from a single R pre—-irradiation (Table 3.2).

Table 3.2 Effects of various red {(R) and far-red
irradiation treatments on chlorophyll a8 accumulation

fluorescent light (WL) (8.5 W n~2) in previously dark grown

pre-
white

malze,

pea and bean seedlings (data of pea and bean seedlings from Raven,
1973). Note that the pre-irradiation treatments were different for
maize. Chlorophyll a was measured after 5 h WL, The effect of a
standard R pre-irradiation (given 16 h prior to WL in the case of a
single pre—irradiation treatment and 40 h prior to WL in the case

of two treatments) was taken as 100% and the effects of

other

treatments are presented as a percentage of the effect of this

standard pre—irradiation treatment.

Pre-irradiation treatment Effect (%)

40 h 16 h maized pea bean?
before WL before WL

- RD 100 100 100
- R/FRA 48 = 8 (21)e 91 83
- FRC 20 2 5 (20) 88 48
R - 102 198 107
R/FR - 28 £ 5 (11) - 30
FR - 12 £ 2 ( 5) - 20
R R 147 {31) 279 181
R R/FR 98 + 4 (17) 221 108
R FR 67 £ 5 (13) 187 -
R/FR R 122 2 5 ( 7) - -

4 the age of the seedlings at the time of WL irradiation was 8 days
for maize, 7 days for pea and 10 days for bean. Data for pea

from Raven (1973, Fig. 51) and for bean from Raven

Figs. 38, 48 and 52)

(1973,

b R pre-irradiation for maize seedlings: S min 658 nm, 0,85 W m™2
(5 pmol m2) or 20 a 655 om, 17 W w2 (93 pmol x™2), for pea and

bean seedlings: 1 min 651 nm, ~3 W w2 (16 pmol nw2)

C FR pre—irradiation for maize seedlings: 2 or 5 wmin 750 wom, 10
Wl (63 pmol m'z), for pea and bean seedlings: 1 min 739 nm,

4.15 W m~2 (26 Pmol m"z)

d pr pre—irradiation followed R pre—irradiation immediately

€ the number of experiments is given within parentheses
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Contrary to the effect of a single R pre-irradiation, the effect of a
second R pre-irradiation has been claimed to be completely reversible by
subsequent FR in bean seedlings. In pea seedlings, FR reversibility of R
potentiation also seemed increased for the second R preirradiation {Raven,
1973). However, the present results with maize seedlings show that a FR (750
nm) pre-irradiation 16 h prior to low WL still partially reversed the effect
of a R pre-irradiation given 40 h prior to low WL (Table 3.2). For bean
seedlings, no comparable data were reported. In pea seedlings (Raven, 1973;
Raven and Shropshire, 1975) a ¥R pre-irradiation 16 h prior to low WL also
slightly decreased the effect of R 40 h prior to low WL. Consequently, FR
photoreversibility can better be expressed as {(R)-(R+FR}}/{(R)-(FR)}, where
(R) is the percentage potentiation by R only, (R+FR) is the percentage
potentiation by R followed by FR immediately and (FR) is the percentage
potentiation by FR alone. Expressed in this way, In maize and in pea (less
evident) the effects of both a first and a second R pre-irradiation were
60-80% reversed by subsequent FR.

3.2,6 Effect of pre—-irradiation on carotenoid formation in white light

In 8-day old dark-grown maize seedlings appreciable amcunts of carotenoids
are present. R pre-irradiation did not significantly ianfluence the amount of
carotenolds as measured by the absorption of leaf extracts at 473 nm in BOZ
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Fig. 3.3 Carotenoid accumulation in 1 cm leaf sections (17 mg fresh
welght) of 8-day old wmalze leaves after transfer to continuous white
fluorescent light (WL} of low fluence rate {B.3 W m~2) at 20 °C. O:
dark-grown seedlings, ®: seedlings pre-irradiated with a standard fluence
of red 16 h prior to WL. Carotenclds were measured by the absorbance at
473 pm of extracts of the leaf sections in 80% aqueous acetone. Results
are expressed as percentage of dark controls.



_31_

acetone in water, During irradiation of previously dark—grown maize seedlings
with low WL, the caroteancid content tends to increase (Fig. 3.3). Although
the determination of carotenoids shows considerable variation, the results in-
dicate a slight R induced stimulation of carotenoid synthesis in low WL. This
R stimulation was partially reversed by 2 or 5 min FR (750 nm) {Table 3.3)}.
When 8-day old dark-grown maize seedlings were placed in high WL, the
carotenoid content initially showed a slight decrease (Fig. 3.4). However,

Table 3.3 Influence of various red (R) and far-red 1light
(FR) pre-irradiation treatments on carotenold content of
8-day old maize seedlings after 5 h of white fluorescent
light (WL) (8.5 W m~2). Results are expressed as percentage
of non-pretreated controls.

Pre-irradiation Percentage of No. of
treatment control without experiments

pre—irradiation
40 h 16 h
before WL before WL

= R 129 + 3 44
- R/FR 111 £ 3 21
- FR 106 £ 4 20
R - 141 £ 7 9
R/FR - 109 = 7 6
FR - 105 = 4 5
= o
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Fig. 3.4 Carotenold accumulation in 1 em leaf sections (17 mg fresh
weight) of 8-day old maize leaves after transfer to continuous white
fluorescent light (WL) of high fluence rate (31 W m2) st 20 °C. 0:
dark-grown seedlings, ®: seedlings pre-irradiated with a standard fluence
of red I6 h prior to WL, Carotenoids were measured by the absorbance at
473 nm of extracts of the leaf sections in 80% aqueous acetone. Results

are expressed as percentage of dark controls.
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after 16-20 h of high WL the carotenoid content had increased. R  pre-
irradiation did not significantly influence carotenoid formation in high WL,

3.2.7 Fluence-response curves for red potentiation

The logarithmic fluence-response curve for R potentiation of rapid Chl a
accumulation 1in WL has been interpreted to be monophasic (Kraak and Spruit,
1985), However, the data given in Fig, 3.5 can satisfactorily be fitted by a
biphasic curve as well. The results in Fig. 3.5 are plotted on the assumption
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Fig. 3.5 Logarithmic fluence-response curves for R potentiation of rapid
chlorophyll a (Chl a) accumulation in white light (WL) of low fluence rate
(8.5 Wm2) in 8-day old dark-grown maize seedlings. Open symbols:
potentiatton of a single red light (R) pre-irradiation 16 h prior to WL.
Closed symbols: the additional potentiation of a second R pre-irradiation
16 h prior to WL, subsequent to a standard R fluence 40 h prior to WL. The
mean potentiating effect of fluences higher than 1 mmel m~Z has been taken
as 100% for both R pre-irradiations. Chl a was determined after 5 h WL.
The wmean amount of Chl a formed after a 5 h WL period was 2.28 times that
in the non-pretreated controls after a single R pre—irradiation at fluences
higher than 1 mmol w%; after a second R pre-irradiation at these fluences,
the mean Chl a was 2,90 times that 1in the non-pretreated controls.
Exposure times ranged from 4 to 1200 s at the following wavelengths: o3
658 nm, & : 667 om, & : 655 pm, O : 666 nm. Irradiances at the top of the
leaves were 5, 95 and 195 pmol m~2 s~1 for the 658, 655 and 666 um 1light,
respectively, Irradiances of the 667 nm light were obtained using neutral
glass filters (maximum 1 pmol w2 g1y,
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that all fluences above 1 mmol m™2 (i.e., the fluence required to attain the
maximum percentage of Pfr possible) saturate potentiation. The large scatter
in the data makes firm conclusions difficult. However, in vivo spectroscopy
of maize leaves confirmed that in the VLFR region, 0.05 - 1 pmol w2 R, 10-20%
potentiation is obtained. Upon a second R pre-irradiation, no evidence for a
VLFR was observed. Both & single and a second R pre-irradiation showed a
considerable response 1in the LFR range. On  average, a single R
pre-irradiation at fluences higher than 1 mmol n2 yielded 2.28 times more
Chl a in a 5 h WL period than the non-pretreated controls, while after two
subsequent R pre-irradiations at these fluences 2,90 more Chl a was formed
than in non-pretreated controls.

3.3 Discussion

Maize seedlings grown 1in complete darkness for B8 days show  the
characteristic lag phase in Chl a accumulation (Virgin, 1978) when placed in
low WL (8,5 W m~2), Most of this 1lag phase is eliminated by a short R
pte-irradiation, followed by a dark period (Fig. 3.1). The optimum duration
of the dark period between R pre-irradiation and WL is dependent on the plant
species and also appears to be age dependent (Virgin, 1956; Akoyunoglou, 1970;
Raven, 1973), For 8-day old malze seedlings, the effect of R was the same
whether followed by a dark period of 4, 16 or 40 h.

In high WL (31 W o~2) Chl a accumulation was inhibited compared to low WL
during the first hours of irradiation (Fig. 3.2). Newly formed Chl is
probably photobleached at this high irradiance (e.g., Dorsman et al., 1977;
Axelsson and Selstam, 1979; Ryberg, 1980}, Although R pre-irradiation did net
completely prevent this, its large effect indicates that besides exerting a
stimulating effect om the Chl biosynthesis system (Chapters 6 and 7), R also
stimulates the formation of a protection mechanism against photobleaching of
Chl. A similar conclusion was reached for mustard seedlings by Celze-Karow et
al, (1983). Carotenoids are thought to play an important role in protection
of Chl against photobleaching (e.g., Malhotra et al., 1982}. In contrast to
reports in the literature, under out experimental conditions R pre-irradiation
had no effect on total carotenoid content of seedlings in subsequent darkness
and little effect on the rate of carotenoid formation in WL (Figs. 3.3 and
3.4), The present results agree with those of Cohen and Goodwin (1962) who
found that although R stimulates carotenoid synthesis in 4~ or 5-day old maize
seedlings, R stimulation is negligible in maize seedlings of more than 6 days
old, R dependent formation of specific carotenoids and/or association of Chl
molecules with carotenoids may be crucial for the protection of Chl against
photobleaching {see Chapter §),

Logarithmic fluence-response curves for rapid Chl accumulation in WL for
pea (Raven and Shrepshire, 1975; Spruit et al., 1979}, bean (Spruit et al.,
1979} and maize (Fig. 3.5) have been interpreted as biphasic. The VLFR and
LFR range for malze are very similar to those observed for other biphasic
fluence responses in this (e.g., Vanderhoef et al., 1979) and other plant
species {(e.g., Cone, 1983). Within the error limits of the data, the
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fluence-response relationships shown ia Fig, 3.5 saturate at I mmol m—2 R,
corresponding to that fluence which attains the maximum percentage of Pfr
possible. Previous workers have provided evidence for additional potentiation
above this level in pea (Raven and Shropshire, 1975) dimplicating the
involvement of a high irradiance reaction {HiIR, Chapter 1, Seetion 1.l1)}. ©On
the basis of the present data it is impossible to eliminate the involvement of
an HIR and obviously more detalled studies at high fluences would be of
interest. The present data clearly demonstrate some response in the VLFR
range in the case of dark-grown seedlings in agreement with Raven and
Shropshire (1975), Additionally, after preliminary irradiation ("de—etiola-
tion") the response is restricted to the LFR range. This decrease in
sensitivity for R was explained for pea by the P transport model of Raven and
Spruit (1973). The wodel predicts a second R pre-irradiatiom to have an
additional potentiating effect after dark reversion of receptor-bound Pfr to
Pr. Since in maize no Pfr dark reversion has been demonstrated (Frankland,
1972), no effect of a second R pre-irradiation was expected, contrary to
observation. However, the possibility has to be considered that in contrast
to bulk P {(Chapter 1, Section 1.5}, Pfr present at the receptors is subject to
dark reversion in malze (see Chapter 8 for further discussion).

In maize, a R pre-irradiation 40 h prior to low WL proved still partially
reversible by FR given 16 h prior to WL. This implies the presence of Pfr
active in potentiation, 24 h after R, despite the fact that Pfr destruction
occurs in bulk P during the dark period (Chapter 4, see also Chapter 8). A
second pre-irradiation, 16 h prior to low WL, will inevitably influence the
Pfr level left after the first R pre-irradiation. Taking this inte account,
the extent of FR reversibility proved similar for a single and a gecond R
pre-irradiation in maize seedlings. Also, the difference in FR reversibility
between completely dark-grown and "de-etiolated” pea and bean seedlings
claimed by Raven (1973) should be similarly considered. R potentiation in
previously dark-grown seedlings is predicted by the transport model (Raven and
Spruit, 1973} to be non-photoreversible by FR during the period of migration
of Pfr to the proposed receptors. The claimed lack of photoreversibility by
FR of R potentiation in dark-grown pea seedlings was explained in this way
(Raven, 1973). However, there are indications that the half-life of migration
is only a few seconds at room temperature {e.g., Spruit et al., 1979; Pratt,
1979) implying that migration was complete at the end of a 5 min or even a
20 s R pre-irradiation. In this case, a R pre-irradiation is predicted to be
reversible by subsequent FR. In maize, the potentiating effects of both a
first and a second R pre-irradiation appeared only partially reversed by FR.
Therefore, an alternmative explanation for the incomplete photoreversibility
has to be found. Most likely, a rapld escape of potentiation from Pfr control
takes place. For several P reactions an escape from Pfr control within 5 min
has been reported (e.g., Jabben and Mohr, 1975; Girnth et al., 1978; Warner et
al,, 1981). However, part of the R potentiation In maize seedlings remains
under Pfr control even over prolonged dark periods (see above).
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4 THE PRESENCE OF PHYTOCHROME IN ETIOPLASTS

4,1 Introduction

Cooke et al. (1975) were the first to report the presence of phytochrome
(P) in  wheat etioplasts. They detected P spectrophotometrically in
preparations purified by the Sephadex G-50 (coarse) column method of Wellburn
and Wellburn (197la). Evans (1976), Evans and Smith (1976a,b) and Hilton and
Smith (1980) observed P in barley etioplasts obtained by a similar procedure.
However, Quail (1977) claimed that P co-eluting with oat etioplasts on a
Sephadex G-50 column was not detectable in the etioplast pellet after
centtifugation of the column eluate at 3,000 x g.

Preparations of etiloplasts purified by a Sephadex G-50 column  are
contaminated by mitochondria (Chapter 2, Sections 2.5 and 2.6). Therefore, it
remains possible that P detected in these preparations is associated with the
contaminating mitochendria. That P Ls present in or on mitochondria has been
reported by Manabe and Furuya (1974) and Billett and Smith (1978). However,
Hilton and Smith (1980) showed that a small part of P present in the Sephadex
6-50 column eluate was consistently assoclated with the pure etioplast
fraction of the eluate recovered from a discontinuous sucrose gradient.

The authors reporting the presence of P in etioplast preparations have
always isolated etioplasts from dark—grown seedlings under a green safelight.
Since Raven in 1973 had already shown that even a minimal fluence of  green
safelight c¢an cause de-etiolation of seedlings, the possibility has to be
considered that a minute amount of the far-red light (FR) absorbing form of P,
Pfr, formed by the safelight becomes asscclated with the etioplasts. For this
reason etioplasts were isclated in complete darkness. If the etioplasts are
the targets for Pfr of the transport model, it is to be expected that they
will be enriched in P after red light (R) irradiation.

4,2 Results

4.2.1 Phytochrome assay — general aspects

In liquids with a relatively high P content, for example a filtered leaf
homogenate, P was readily detected spectrophotometrically im cuvettes with a
10 mm path length. For measurements of P in e.g. etloplast preparations, a
scattering agent such as CaC03 had to be added to inerease the optical
path length and hence the detection level. However, P measurements in 10 mm
cuvettes with CaCO3 added were not reliable {Table 4.l1), probably because the
samples are so highly opaque that most of the light reaching the
photomultiplier has not traversed the sample, but has e.g. followed a path by
multiple reflections along the side walls of the cuvette. Moreover, the low
light fluence transmitted by such samples greatly reduces the signal-to-noise
ratic. The optimum path length for P measurements in our samples mixed with
CaC03 proved to be 1.6-2.0 mm. Cuvettes with a path length of 1.6 mm were
used unless otherwise indicated. The coefficient of variation (Chapter 2,
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Table 4.1 Spectrophotometric assay of the phytochrome (F)
content (10% A (AA) 730/806) in a supernatant obtained by
centrifugation of a filtered leaf homogenate of dark—-grown
maize leaves at 1.700 x g, in black-sided cuvettes of
different path lengths. The cuvettes with a2 path length of
10 mm contained 2 ml samples to which 2 g CaC0q was added.
- The cuvettes with a path length of 1.6 mm contained
approximately 0.2 ml samples plus approximately 0.3 g CaCD3,

Sample Apparent P content

10 mm cuvette 1.6 mm cuvette
Supernatant (undiluted) 10.5 15.9
Duplicate sample 28.3 20.3
Supernatant {diluted 1:1) 38,7 8.4
Duplicate sample 19.9 8.4

Section 2,16) for the measurements was about 15%. Several other scattering
and stabilization media for P measurements in etioplast preparations were
tried, These included Ficoll, hydroxyethylcellulose and Sephadex  G-~50
(coarse), but none of these proved satisfactory. The spectrophotometrically
detectable P content of samples did not significantly decrease during storage
for several days at -18 ©¢C,

4.2.2 Estimation of the phytochrome content of various fractions obtained

during etioplast isolation and the Sephadex G-50 procedure

P was observed in most fractions obtained during etioplast isolation and
purification (Fig., 4.,1). 98-99% of P measured in the leaf homogenate remained
in the supernatant upon centrifugation at 1,700 x g. After washing and
centrifugation of the first pellet containing the etioplasts, about 65% of P
present in the pellet remained in the supernatant. During elution of the
resulting pellet (a "erude, washed etioplast preparation') on a Sephadex G~50
column, additional P was lost. This P was possibly assoclated with (broken)
etioplasts and other cell components which remained on the column7 After
centrifugation of the column eluate at 1,700 x g, the amount of P in the
supernatant was near the detection limit., Although the pellet (a "Sephadex
G~50 purified etioplast preparation') contained only a small proportion of the
P originally present in the leaf homogenate, its P signal usually was far
above the detection limit (Chapter 2, Fig. 2,4). The P detectable in Sephadex
G-50 purified etioplast pellets was not removed by (repeated) washing of the
pellet in isolation buffer (Table 4.2).

P was detected in preparations of purified etioplasts 1isolated from R
pre-irradiated maize seedlings (R etioplasts) as well as from dark—grown
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seedlings (D etioplasts), even if the etioplasts were Isolated and purified in
complete darkness. Addition of Mg2* either as 10 or as 100 mM MgCly to the
isolation medium had n¢ influence on the amount of etioplast-associated P both
in D and in R Sephadex G-50 purified etioplast preparations., Small quantities
of P were also detected in Sephadex G~50 purified D and R etioplast
prepatations from pea, bean and oats,

4,2,3 Phytochrome in etioplast preparations free from mitochondria

The discontinuocus sucrose gradient procedure of Hilton and Smith (1980) was
used to separate mitochondria from etioplasts. Both D and R malze etioplast
preparations purified by the Sephadex G-50 column technique were used. In
both cases about 50% of P originally present in the preparations appeared to
be present in the purified etioplasts recovered from the fraction banding at
the 55/40% or 65/40% sucrose interface as well as from the pellet at the
bottom of the sucrose gradient (Chapter 2, Section 2.6).

The pellet obtained by centrifuging the fraction banding at the 4&0/25%
interface at 16,000 x g contained about 15% of the P content of the original
etioplast preparation. According to Hilton and Smith (1980) this fraction

Leaves homogenized by Ultraturrax

filtration through 4
layers of Nytal (2 x)

Homogenate

centrifugation,
5 min at 130 x g
T 1

Pellet Supernatant
{discarded)

centrifugation,
5 min at 1,700 x g

Pellet Supernatant
(discarded)

washing; centrifupation,
5 min at 1,700 x g

Crude, washed Supernatant
etioplast preparation (discarded)

Sephadex G-50 column
Eluate containing etioplasts

centrifugation,
5 min at 1,700 x g

Sephadex G-50 Supernatant
purified etioplast (discarded)
preparation

Fig. 4.1 Scheme of etioplast isclation and purification.
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Table 4.2 Phytochrome (P} in Sephadex 6-530 purified
malze etioplast preparations after washing, as a
percentage of P in the non-washed preparation.

Pretreatment of P present after washing (%)
intact seedlings

1 x washing 2 x washing
Dark grown plants 88 n.d.
5 min R 4+ 25 min D2 84 n.d.
5mnR+2h?D 89 81
Smin R+ 4 hD 109 n.d.

SminR+35h0D 81 100

4 p: dark period between red light (R) pre-irradiation
of intact seedlings and etloplast 1solation
n.d.: not determined

contains both mitochondria and etioplasts, Counts of etioplasts showed that
the fraction contaired about 10 x less etloplasts than the combined fractions
containing pure etioplasts. The etioplasts of the 40/25% diunterface fractionm
are predicted to contribute about 5% of the total P content, leaving 10% for
possible asscciation with mitochondria. About 35% of P originally present in
the preparations was not recovered from the pellet at the bottom of the
suctose gradient plus the 55/40% or 65/40% and 40/25% interfacas.

We can tentatively conclude from our experiments that at least 504 of P
measured in Sephadex G-50 purified maize etioplast preparations is present in
or on the etioplasts and not in the contaminating mitochondria.

4,2,4 Gel filtration on Sepharose CL-2B

In Cucurbita pepo, two types of association of P with particulate cell
material have heen demonstrated (Quail, 1975; Jose, 1977). One of them is
formed by an association of P with ribonucleoprotein (RNP) and is cousidered
to be an artifact. The other is proposed to be a binding of P to a membrane
fraction. Separation of membrane-assoclated from dissolved and RNP-adsorbed P
was obtained by linear sucrose gradients (Quail, 1975} and gel filtration on
Sepharose CL-2B (Jose, 1977), The latter technique was used to examine
whether P present in the etioplast preparations here was RNP—adsorbed.

After elution of Sephadex G-50 purified etioplast preparations on Sepharose
CL-2B, P was detected in two protein bands with Kyy (see Abbreviations)
similar to those in Cucurbita pepo. Apparently some RNP-adsorbed P was
present in our etioplast preparations. However, the etioplast band contained
at least 50% of P present in the original etioplast preparation.

4,2,5 Suborganelle localization of phytochrome

Etioplasts were isolated from dark-grown and red light (R) pre-irradiated
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maize seedlings in MOPS huffer (Chapter 2, Section 2.4) and purified by the
Sephadex G-30 column method. The purified preparations were fractionated into
envelope, prolamellar bedy and stroma fractions by the methed of Mackender and
Leech (1974) as modified by Evans and Smith (1976a), see Fig. 4.2, MOPS
buffer without sucrose was used as a lysis medium,

After exposure to the lysis medium for 15 min at 4 ©C, many etioplasts
appeared still intact when examined by phase contrast microscopy. The
possibility exists that under these conditions the envelopes first have become
slightly opened and then reconstituted. Therefore, the etioplasts were
sonicated in the lysis medium until phase contrast microscopy indicated that
all etioplasts were broken.

In agreement with results of Evans and Smith (1976a), P was demonstrated
only in the 20 KP fraction (Fig. 4.2) containing the plastid envelopes. In
the other fractions P signals were at or below the detection limit.

Lysed etloplasts
in MOPS buffer

centrifugation for 10 min
at 3,000 x g

r ' |
Pellet {(3KP) Supaernatant (3KS)
containing
prolamellar centrifugation for 30 min
material at 20,000 x g
I I
Pellet (20KP) Supetnatant (20KS5)
containing contalning stroma
envelope and other constituents
membranes

Fig. 4.2 Fracticnaticn of lysed etloplasts.

4.2.6 Phototransformation difference spectrum of phytochrome

To confirm unequivocally the presence of P in the etioplast preparations, a

phototransformation difference spectrum was constructed. Measurements of
{ A) were made at 0 ©C at several wavelengths between about 630 to 780 nm,

with the rteference beam at 806 nm. One etioplast preparation was used for
each spectrum, After uweasurements at three different wavelengths, a
measurement at 730 nm was included as a control. These control measurements
showed that the P content did not decrease significantly during the measuring
period of several hours.

The phototransformation difference spectrum for P in a c¢rude, washed D
etioplast preparation from pea leaves 1is shown in Fig. 4.3. The FR peak
(FRmax) was found at about 726 nm and the R peak (Rmax) was between
660 and 670 nm, The d1sosbestic point in the difference spectrum was located
between 680 and 690 nm. The ratio of the absorption peaks at Rmax (A Rmax)
and FRmax (A FRmax) was about 1.2 : 1, which falls within the range normally
observed in vivo (Grill, 1972; Spruit and Kendrick, 1973).




—40-

1 i il Il _—
620 660 700 740 780
Wavelength (nm)

Fig. 4.3 Phototransformation difference spectra {(Pfr —> Pr) of A : a
crude, washed etioplast preparation from 8-day old dark-grown pea leaves,
O: a Sephadex G-50 purified etioplast preparation from 8-day old dark-
grown maize leaves (only the far-red part fs shown), O: a homogenate of
8-day old dark-grown malze leaves.

The phatotransformation difference spectra for P in Sephadex G-50 purified
etioplast preparations from dark-grown or R pre-irradiated maize seedlings had
a FRmax between 725 and 730 nm (Fig., 4.3). The 620 - 690 nm region of these
spectra could mnot be measured with precision due to time— and irradiation
dependent changes in PChl(ide) and Chl(ide) content. In the pea etioplast
preparation used for the measurements shown in Fig. 4.3, (P)Chl{ide) pigments
probably did not appreciably interfere with the P measurements for the
following reasous. (i) In pea etioplast preparations the ratio P:(P)Chl{ide)
appeared to be much higher than in maize etioplast preparations. (1i) The pea
etioplast preparation was kept overnight at 4 ©C in darkness and probably had
lost its ability for PChl{ide) regenmeration (see Chapters 6 and 7}.

The phototransformation difference spectrum for P in a filtered maize leaf
homogenate (Fig. 4.3) appeared "normal”™ (Quail, 1974). The Rmax was found
between 660 and 670 nm, the FRmax at about 730 nm, the isosbestic point at
about 685 nm and the A Rmax : A FRmax ratio was about 1 : 1.

4.2.7 Phytochrome content of etioplasts isolated from dark-grown or red
pre-irradiated maize leaves

Under our experimental couditions, R pre-irradiation (5 min 658 nm, 0.85
Wm?2 or 5 pmol m~2 s~1) did not significantly influence the fresh welght of
malze and pea leaf material over a subsequent 16 h dark period, Also the
total amount of carotencids per gram leaf fresh weight as indicated by the
absarbance at 473 nm (A473) was not significantly influenced by R pre-
irradlation (Chapter 3). Therefore, the 4473 nm in 80% acetone/water (vfv} was
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used as an estimate of the number of etioplasts in a maize or pea etioplast
preparation,

When A (AA) 730-806 values were normalized to an A473 of 1.0, the P
content of R maize etioplasts slightly exceeded that of D etioplasts
(Fig. 4.4). The difference was significant (p<0.05) for ecrude, washed
etioplasts and just below significance for Sephadex G-50 purified etioplasts
{Student’s t-test}. The P content of etioplasts isolated in green safelight
from dark-grown maize gseedlings was slightly higher than that of D etioplasts
isolated in complete darkness, but lower than that of R etioplasts for both
types of preparationms.

4,2.8 Estimation of the percentage of leaf phytochrome present in etioplasts

About 10-15% of leaf P remained in the residue upon filtration of the Ieaf
extract. Therefore, as an estimation of the P content of the leaves 115% of
the P content of the leaf homogenate was taken. The proportion of the
combined leaf etioplasts present in preparations in which P was measured was
estimated assuming a linear relatiounship between the etioplast content of
leaves and etioplast preparations and the carotenoid absorbance at 473 nm in
their 80% acetone/water (v/v) extracts., Under the experimental conditions
here, addition of CaC03 resulted in an approximately l4—-fold amplification im
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Fig. 4.4 Phytochrome content of etloplasts isolated from 8-day old maize
leaves after varlous dark periods following red (R) pre-irradiation. The
phytochrome content is expressed as A (A A) 730-806 for preparations of

A473 = 1.0, a. crude, washed etioplast preparations, b., Sephadex G-50
purified etioplast preparations. The full lines represent the average of
the data points. d: average value for etioplasts from 8-day old

dark-grown maize leaves. The vertlcal bars represent the standard error of
the mean.
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signal both for homogenate and for supernatant samples, Although no exact
data are available for etioplast samples, it is estimated that addition of
CaC03 increased their P signal at least 10-fold, making both types of
preparations comparable, Assuming the P content of'Sephadex G—50 preparations
belng representative of the P content of etioplasts in vive, about 1.7% of
total maize leaf P appeared associated with D etioplasts., For pea etioplasts,
this percentage was about 1.3%.

In R pre-irradiated wmalze leaves, Pfr dark destruction occurred as
indicated by the decrease 1in P content of the leaf homogenates (Fig. 4.5).
Due to the scatter in the values it was not possible to establish the kinetics
of the reaction, The half-time agrees with that normally found for Pfr dark
destruction {(e.g., Stone and Pratt, 1978). After a dark peried of 4 h at
22 °C, 25-30% of the amount of P present in homogenates of dark-grown leaves
remained. As the P content of R etioplasts remained essentially constant
(Fig, 4.4), the percentage of total leaf P assoclated with the etioplasts
increased over this perilod. A regression line calculated for such data
suggests a small but statistically insignificant increase of the P content of
etioplasts soon after R pre-irradiation from approxzimately 1.7% to 2.4% (Kraak
and Spruit, 1985).

Although only limited data were obtained for pea etioplasts, they were
qualitatively similar to those obtained with maize etioplasts.

4,2,9 Pr and Pfr dark reactions in etioplast preparations

During storage of eticplast preparations in darkness at room temperature,
their spectrophotometrically detectable P content decreased. We have studied
whether the rate of this decrease was different for Pr and Pfr. After
measuring the P content of Sephadex G-50 purified etloplast preparations from
dark-grown seedlings, the preparations were irradiated with actinic R or FR

730-806

A(AA)

o) 1 1 I ]
e} 4 8 12 16

Dark period atter R {(h)

Fig. 4.5 Phytochrome content of 8-day old malze leaves after various dark
periods following red iight (R) pre-irradiation. Phytochrome was measured
in leaf homogenates and 1s expressed as A (AA) 730-806 per 100 g of leaf
material. d: phytochrome content of 8-day old dark-grown maize leaves.
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Fig. 4.6 Spectrophotometrically detectable phytochrome in datkness at
room temperature after a terminal red {(R) (0O) or far-red light (4)
irradiation 1n a. etioplast preparations from dark-grown maize leaves,
b. homogenates of similar leaves. The original phytochrome content of the
preparations was taken as 100Z.

for 2 min, The cuvettes were subsequently kept in darkness at 22 ©C and after
a specific time dinterval their P content was again measured. Before all P
measurements, PChl{ide) was photoconverted into Chl(ide) by a 3 min R
irradiation, Fig, 4.6 shows a limited loss of both spectrophotometrically
detectable Pr and Pfr in maize etloplast preparations as well as in maize leaf
homogenates during a storage period of 6 h at 22 ©C, The rate was slow
compared to Pfr dark destruction in vive (Fig. 4.5).

Direct spectrophotometric demonstration of Pfr dark reversion in etioplast
preparations proved impossible. Even when FR was given as a first actinic
irradiation, measurements of Pfr were unreliable because photoconversion of
PChl(ide) into Chl{ide) interfered with the measurements.

4.3 Discussion

Ne completely satisfactory procedure for the isolation of undamaged
etioplasts of high purity with a high yield exists. Sephadex G-50 purified
etioplast preparations are contaminated by witochondria (Evans, 1976; Quail,
1977; Hilton and Smith, 1980). In electron micrographs of our Sephadex G-30
purified etioplast preparations, mitochondria were occasionally observed. The
activity of triose phosphate isomerase (Quail, 1977) and the presence of
cytoplasmic RNA (Evans, 1976) in these preparations have been indications of
other contaminants. However, the presence of P remaining after (repeated)
washing and further purification of Sephadex G-50 etioplast preparations on a
discontinuous sucrose gradient and on Sepharose CL-2B support the conclusion
that a substantial fraction of the pigment detectable in these preparations 1s
assoclated with the etioplasts. Etioplast-associated P appears to be mainly,
if not completely, present in or on the etioplast envelope (Section 4.2.5;
Evans and Smith, 1976a). Phytochrome phototransformation difference spectra
of maize etioplast preparations showed large deviations in the R region due to
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interference by PChl{ide) and Chl(ide) pigments. However, the difference
spectrum for P in a pea etlioplast preparation leaves no doubt that the
absorption changes measured at 730/806 nm in etioplast preparations are mainly
due to Pr — Pfr interconversioms. The absorption maximum of Pfr present in
pea and maize etloplast preparations was between 726 and 730 nm, i.e.
slightly lower than in vivo (e.g., Quail, 1974). Vierstra and Quail (1982)
showed that native 124 kilodalton (kDa) Pfr from Avena has 1its absorption
maximum at 730 nm. On incubation as Pr, this maximum shifts to 722 nm,
concomitant with a proteclytic degradation to 118 and 114 kDa P. On the baeis
of its FRmax,' it can be concluded that P in etioplast preparations and in
maize leaf homogenates only partidlly shows this degradation.

It is difficult to exclude the possibility that P becomes attached to the
etioplast membranes during isolation of the etioplasts. Bound P, detected in
vitro, does not necessarily imply that P is alsoc bound in vive (e.g., Pratt,
1979). On the other hand, it is possible that P molecules associated with
etioplasts in vivo are released during leaf homogenization and subsequent
procedures. Crude, washed etioplast preparations contain more P on a
carotenoid basis than Sephadex G-50 purified preparations. - This may indicate
that P is lost from etioplasts during purification, but other possibilities
exist {Section 4.2.2). 1In this counection, the results of Brownlee et al,
(1979) are of interest. They found that the large amount of Pr associated
with particulate material at low pH could be decreased by washing in media of
high pH. Tt is not known whether a low pH prevents the release of native Pr
or causes a non-speclfic association of Pr, Other factors apart from pH might
also influence the amount of P detectable in etioplast preparations. However,
1t has been shown hete that the association of P with etioplasts is not
dependent on the presence of divalent cations such as Mg2+, wheraas
pelletablility is enhanced by these ions (Pratt and Marmé, 1976)}. Also, gel
filtration on Sepharose CL-2B showed that most of the P present in etioplast
preparations is not bound to ribonucleoproteins, Evidence for P forming an
intrinsic component of the etioplast is provided by an in vitro effect of P on
the amount of extractable gibberellins by etioplasts (Cooke and Saunders,
1975; Cooke and Kendrick, 1976; Evans, 1976). However, the physiological
meaning of this effect is not clear,

If the P content of Sephadex G-50 purified etioplast preparations does
indeed reflect the in vivo P content of etioplasts, the results here indicate
that etioplasts of dark-grown maize seedlings contain 1.74 of total leaf F
{Section 4.2.8). Assuming that the P concentration in cells of dark-grown
seedlings is about 107 M (Kendrick aund Frankland, 1983), a plant cell with a
volume of about 103 P3 would contain about & x 109 P molecules., At a
concentration of about 1.7% of P, about 103 P molecules would be present in
the combined etioplasts of such a cell., Since there are on an average about
100 etioplasts per cell (Leech, 1984), one etioplast would then contain about
103 P molecules. If the etioplasts contain only 25-50% of P present in
Sephadex G-50 preparations (Sections 4.2.3 and 4.2.4), still some hundred P
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molecules would reside in or on each etioplast.

Results shown in Sections 4.2.7 and 4.2.8 suggest that R pre-irradiation of
maize seedlings may result 1in a small increase of the quantity of P in the
etioplasts, Smith et al, (1978) reported that when mixtures of the
160,000 x g  supernatant of the homogenate of etiolated barley leaves
(containing soluble P) and Sephadex G-50 purified etioplasts were R irradiated
in wvitro, the amount of pelletable P per mg protein increased two-fold. The
authors suggested that Pfr molecules form dimers., TIf one of the two molecules
forming a dimer 1s a component of the etioplast membrane, then subsequent
centrifugation would pellet the dimer. Roth-Bejerano and Kendrick (1979) also
found an approximately two-fold increase of pelletable P per mg protein after
in wvivo or in vitro R irradiation in 1,000 x g and 20,000 x g pellets of crude
homogenates of eticlated barley leaves. Brownlee et al. (1979) similarly
speculated that this two-fold increase might result from the formation of
Pir:Pfr dimers after irradiation, one Pfr molecule being a mnative

membrane-associated molecule and one Pfr molecule binding via this molecule
and to a steroid component of the membrane. However, the results here with
maize and pea etioplasts do not support the dimer hypothesis. The inerease of
the P content of the etioplasts after R irradiation, if any, was less than
two—-fold,

The P transport model of Raven and Spruit (1973) assumed that the Pfr
receptors are devoid of P in dark-grown plants. On the assumption that the
etioplasts are the sites of the Pfr receptors, a revised model should
incorporate that 1in dark-grown plants these receptors are already partially
occupled by P molecules in the R absorbing form, since P was detected iIn
etioplasts 1isolated in complete darkness form dark-grown seedlings. In
agreement with the original model, we now postulate that wunoccupied receptor
sltes for P molecules are present in etioplasts and that only Pifr molecules
are able to bind to these sites. Following R irradiation, Pfr meclecules
formed in the cytoplasm are proposed to migrate to the etioplasts and become
active in potentiation of rapid Chl accumulation in white light (WL). It
appeared important to examine whether a relatively small increase in amount of
P molecules per etioplast would be sufficient to explain the considerable
decrease in sensitivity for R potentiation following R pre-irradiation. Since
the quantity of P in the cytoplasm vastly exceeds that in the etioplasts, in
the original as well as in the revised model small fluences of R would form
enough Pfr molecules outside the etioplasts to saturate the Pfr receptor sites
of the etioplasts. However, any P originally associated with the etioplasts
would then still be mainly in the Pr form., To give an illustration: results
shown in Section 4.2.8 suggest that about 0,7% of total P may migrate to the
etioplasts after a standard R pre—irradiation. As a standard R irradiation
results in formation of the maximum percentage of Pfr possible, we may assume
that all Pfr binding sites then become occupled., A fluence just sufficient to
form 0.7% of Pfr in the cytoplasm might be sufficient to saturate the receptor
sites in the etioplasts, though higher fluences are required if the etioplasts
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Fig. 4.7 Proposed model of migration of Pfr from the cytoplasm to the
etioplasts following a low fluence of red light (R}, transforming 0.7% of
Pr into Pfr. 1: dark-grown, 100% Pr; 2: low R fluence: 0.7% Pfr formed
in cytoplasm and receptor organelle; 3: after migration of Pfr, the
receptor organelle has about 30% Pfr, the cytoplasm 1less than O0.7%.
c: cell, t: receptor {or target) organelle,

have to "compete" for Pfr with other organelles and membranes. A R fluence
which converts 0.7% of cytoplasmic P into Pfr would also convert 0,7% of Pr
originally present in the etloplasts into Pfr. Since we have found that about
1.7%2 of total leaf P initially resides in the etioplasts, we calculate that
after the migration process is complete, 30% of P present in the etioplasts
{2.4% of total P) is in the Pfr form (see Fig. 4.7). Obviously, migration to
the etioplasts of a fraction of cytoplasmic Pfr, too smzll to be spectro—
photometrically detectable, would meet the requirements of the model,

We may expect that a further potentiation of rapid Chl accumulation o¢ccurs
when the remainder of Pr in the etioplasts is phototransformed into Pfr. As
additional migration of Pfr is impossible, considerably higher R fluences are
required to give an appreciable additional potentiating effect by conversion
of the organelle Pr. In case a first R pre-irradiation 1s saturating with
regard to Pr — Pfr phototransformation, either occurrence of Pfr dark
reversion in the receptor sites or resynthesis of receptor sites has to be
postulated for a second R pre-irradiation to give an additional potentiating
effect (see Chapters 3 and 8 for further discussiom).

The postulated migration of about 0.7% of total P to the etioplasts after R
irradiation is statistically not significant. Therefore, nec supporting
evidence was obtained from our measurements for the P tramsport model of Raven
and Spruit (1973). Although P was consistently found assoclated with
etioplasts, it remains uncertain whether the in vivo P acts directly upon the
etioplasts 1iu controlling rapid Chl accumulation in WL. A different approach
was therefore followed in an attempt to obtain information on this peint
{Chapters 5, 6 and 7).




47~

5 ULTRASTRUCTURAL DEVELOPMENT OF ETIOPLASTS IN SITU AND IN VITRO UFPON
IRRADIATION .

5.1 Introduction

Greening and ultrastructural development of eticplasts into chloroplasts
are interconnected. For example, the presence of chlorophyll (Chl) appears to
be a prerequisite for the formation of grana {Mohr and Kasemir, 1975). The
greening process (e.g., Raven, 19%73; Kasemir, 1983b) as well as ultra-
structural development of etioplasts (Bradbeer and Montes, 1976; Girnth et
al,, 1979) is documented to be under the control of phytochrome (P).

lsolated etioplasts display ultrastructural changes upon irradiation (Kohn
and Klein, 1976; Wellburn and Wellburm, 1971b,c: 1973a,b). An effect of P
upon etioplast development 1in vitro has been concluded by Wellburn and
Wellburn (i973h), however according to others (Bradbeer et al., 19743
Bradbeer and Montes, 1976) their experiments are not wholly convincing.

We have examined, whether red light (R) pre-irradiation affects the
ultrastructural development of etieplasts in white light (WL) both in situ and
in vitro under conditions similar to those in Chapter 3. However, a WL period
of 1 h instead of 5 h was used, since after longer periods in WL little
further development of isolated etioplasts is shown and etioplasts begin to
deteriorate {Wellburn and Wellburn, 1973b).

Initial experiments were carried out with maize etioplasts. Maize leaves
contain two types of plastids: bundle sheath and meseophyll plastids.
According to Klein et al. (1975}, in l0-day old dark-grown maize leaves a
circular arrangement of thylakoids, radiating out from the prolamellar body
{(PLB} is typical of mesophyll etioplasts and a straight arrangement typical of
bundle sheath etioplasts. However, in the present electron micrographs the
distinction between bundle sheath and mesophyll etioplasts was usually not
evident. Since both types of etioplasts might show different developmental
changes which would complicate the analysis of effects of a R pretreatment,
further experiments were conducted with etioplasts from seedlings of octher
species.

5.2 Results

5.2,1 The wultragstructure of maize, bean and oat etioplasts after Sephadex

G—50 purification

Sephadex G-50 purified maize and oat etlopiast preparations contain mainly
intact etioplasts with a continuous double outer membrane (envelope) and a
dense stroma. The etioplasts are similar in appearance to the corresponding
etioplasts in dintact leaves, though more rounded. "Broken'" or 'damaged"
etioplasts are swollen and contain only lightly stained stroma (Fig, 2.2,
Chapter 2). Although electron micrographs of isolated bean etioplasts usually
showed an intact envelope, the internal structure of these etioplasts was
unlike that in situ. Tubules, crystal-containing bodies (Gunning, 1965) ox
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Fig. 5.1 Electron micrographs of etioplasts of B8-day old oat
seedlings, a-d in situ, e—f in vitro, a. in a dark (D)-grown leaf, b.
in a leaf pre-irradiated with red 1ight (RY (5 min 658 nm, 35
pmol o2 5—1), 8 h after R pre-irradiation, c¢. in a leaf after 55 min
of white light (WL} (2 W m2), d. in a leaf after 5 min R followed by
8h D and 55 min WL, e. etloplast isclated from a R pre-irradiated
leaf, f. as e, after 55 min WL in ¥vitro.
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crystallites (Wellburn and Wellburn, 1971a) and magnograna (e.g., Klein and
Bogorad, 1964) were found as isclation artifacts in bean etioplasts, Oaly
remnants of PLBs were observed, while bean etioplasts in situ contained
paracrystalline PLBs. Obviously, bean etioplasts are not suitable for studies
on effects of 1light treatments on the ultrastructural development of
etioplasts in vitro.

Etioplasts of 8~day old maize and bean seedlings frequently contained one
or more starch grains, which were often surrounded by a thylakoid-like
membrane. The many free, mostly large, starch grains seen in electron
micrographs of purified etioplast pellets suggest that specifically etioplasts
containing the larger sized starch grains are susceptible to rupture, in
etioplasts of 8-day old oat seedlings starch grains were seen less frequently
and were generally small.

The PLBs in etioplasts of dark-grown maize, bean and oat seedlings were
mostly paracrystalline (Gunning and Jagoe, 1967) in appearance. An example
for ocats is shown in Fig. 5.la. Also (slightly) irregular, but tight, PLBs
(Fig. 5.1d), and in oat etioplasts some atypical PLBs (Gunning, 1965) were
seen. After 1 h of WL reacted (Weler et al., 1970} or loose (Horton and
Leech, 1975) PLBs were present (Fig. 5.1¢). 0Oat etioplasts sometimes
contained a stromacentre {Gunmning, 1965; Wellburn and Wellburm, 197la) which
is praobably composed of molecules of ribulosediphosphate carboxylase (Gunning
et al,, 1968; Kirk and Tilney-Bassett, 1978). Incipilent grana (short
thylakoid overlaps) were observed in etioplasts of maize, bean and oat
seedlings even wher grown in complete darkness (D). Etioplast electron
micrographs showed numerous ribosomes. Osmiophilic globuli were observed both
inside and outside the PLBs.

Effects of irradiations were studied with respect to four morphological
characteristics: PLB structure, FLB volume, the number of thylakoids with a
length of at least one third or at least twe thirds of the length of the
etloplast (medium long and long thylakoids, respectively) and the number of
incipient grana with twe or more stacks. Maize and bean etioplasis were found
unsuitable for these studies for the reasons mentioned above, Therefore tha
results are mainly restricted to oat etioplasts.

5.2.2 Changes in prolamellar body structure upon irradiation

About 80% of the etioplasts in 8-day old dark—grown oat leaves contained
PLBs with a paracrystalline appearance (Fig. 5.13), the remaining 20% showing
irregular but tight PLBs (Table 3.1). After 55 min of WL of low fluence rate
(2w m"z), the percentage of paracrystalline PLBs had considerably decreased
and many loose PLBs were observed (Fig. 5.lc).

After R pre—irradiation of the plants (5 min 658 om, 0.85 W m2 or 5
Fmol m=2 s‘l), followed by 8 h of D, almost all PLBs had a regular,
paracrystalline appearance {(Fig. 5.1b}. After 55 min WL wmost PLBs in R
pre-lrradiated oat leaves still had a tight, paracrystalline or slightly
irregular appearance (Table 5.1; Fig. 5.ld).
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PLBs 1in etioplasts isolated from R pre-irradiated oat seedlings (R
etioplasts) were very similar in structure to those in situ {Fig. 5.le),
After 55 min WL in vitro the structure of the PLBs had changed (Fig. 5.1f).
However, the effect of R pre—irradiation, apparent upon etioplasts in intact
oat leaves, was not observed in isclated etioplasts (Table 5.1).

5.2,3 Changes in prolamellar body volume upon irradiation

The area of PLBs compared to total etioplast area, which gives an
indication of the PLE volume, was quantified by a weight method described by
Horton and Leech (1975) (Section 2.15)., It was verified that observed changes
in relative PLB area were not due to changes 1in total etioplast area.
Moreover, the number of etioplast micrographs without PLB can be regarded as a
criterion for the volume of the PLB (Henningsen and Boynton, 1974).

The average PLB volume in etioplasts imn situ slightly increased after R
pre—-irradiation. After 55 win WL the PLB volume in previously dark—grown oat
leaves had hardly changed. However, in R pre-irradiated leaves the PLB volume
decreased somewhat during 55 wmin WL. Differences observed were not
significant (Student’s t—test). However, results obtained by the method of

Table 5.1 Structure of prolamellar bodies (PLBs) of oat etioplasts after
different light treatments.

Sample Light treatment Percentage of PLBs with the following No. of
structure: PLBs
———— studied

paracrystalline (slightly) reacted
(including irrvegular, {loose)
atypical PLBs) tight

plastids na 80 20 - 20
insitu SwmiaBRP+8nD 95 4 - 52
55 min WLC 27 32 41 37
Smin R+ 8 hD
+ 55 min WL iz 69 - 35
plastids 5 min R+ 6 h Dd 95 5 - 162
in vitro S min R+ 6 h D
+ 55 min WL® 6 47 47 122

4 n: darkness

b R: a standard red light pre-irradiation (5 win 658 nm, 0.85 W m? or 5
pmel o s—1)

€ WL: white light (2 W w™2)

d rreatment in vivo

exr in vivo, WL in vitro
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Henningsen and Boynton (1974) were consistent with the results of the weight
method shown in Fig. 5.2.

A similar small, but significant (Student’s t~test) decrease in PLB area to
that in situ was observed in isolated R etioplasts after 55 min WL in vitro
(Fig. 5.2).

5.2.4 Growth of thylakoids

In oat etioplasts, the number of medium long aund long thylakoids (Section
5.2.1) showed a small increase in situ after a brief R irradiation (similar
results were obtained with maize). During 55 min WL the 1length of the
thylakolds considerably increased. The increase was similar in dark—grown oat
leaves and in R pre-irradiated leaves (Fig. 5.3).

Though significant (Student’s t—test), the increase of thylakolid length of
R etioplasts during 53 min WL in vitro was small cowpated to that in situ.

5.2,5 Formation of incipient grana

In etioplasts of dark-grown oat leaves, incipient grana with 2 stacks were
observed. In similar malze etfioplasts grana with 3 stacks were also seen. In
both oat and maize leaves, K pre-irradiation resulted in a small increase in
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Fig. 5.2 Mean prolamellar body (PLB) area as a percentage of total
oat etioplast area (see text) after wvarious 1light treatments,
Treatments of in situ plastids: D: darkness, R: 5 min red light (R)
(658 rm, 5 pmol n~2 s~1) followed by 8 h D, W: 55 min of white light
(WL) (2 W m2), R+W: 5 min R followed by 8 h D and 55 min WL.
Treatments of in vitro plastids: R: 5 min R followed by 6 h D in
vivo, no light treatment in vitro, R+W: 5 min R followed by 6 h D 1in
viva and 55 min WL in vitro. The bars indicate standard errors of the
mean. The numbers within parentheses denote the number of plastid
electron wmicrographs studied. ©Qat seedlings used for the experiments
were 8 days old,
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Fig. 5.3 Mean number of stroma thylakofds with a length of at least
one third (medium long thylakoids) or two thirds (long thylakoids) of
the plastid length after various light treatments (see Fig, 5.2) of
oat etioplasts. The bars indicate standard errots of the mean. The
numbers withip parentheses denote the number of plastid electron
micrographs studied. Oat seedlings used for the experiments were 8
days old.
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Fig. 5.4 Mean number of incipient grana per plastid electron
micrograph after various 1light treatments (see Fig. 5.2) of oat
etioplasts. The bars indicate standard errors of the mean. The
numbers within parentheses denote the number of plastid electron
micrographs studied. Oat seedlings used for the experiments were 8
days old.
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the average number of incipient grana per etioplast. During 55 min WL,
formation of dincipient grana with 2 (sometimes 3) stacks took place to a
greater extent in R pre—irradiated than in dark-grown oat leaves (Fig. 5.4),
More than 3 stacks were not observed iIn oat etioplasts in the present
experiments. Bean etloplasts in situ contained grama with up to 5 stacks
after R pre-irradiation and even 6 stacks following a subsequent WL period of
75 nin,

The mean number of incipilent grana did not increase during 55 min WL in
isolated R oat etioplasts. After 55 min WL, some isolated etioplasts differed
from those in situ in possessing some (long) thylakoids running partially
adjacent to each other, resembling the magnograna observed in isolated bean
etioplasts (Section 5.2.1).

5.3 Discussion

In cat seedlings, R pre—irradiation appeared to retard PLB transformation
from a tight (mostly paracrystalline) into a loose form. Ryberg and Virgin
(1978) suggested that the disruption of PLBs in WL is faster with PLBs in a
paracrystalline form than with those which are locse, The present results,
although sometimes not significant, support this suggestion: after 55 min WL
the PLB volume had not changed or even slightly increased in previously
dark-grown oat leaves, but decreased in R pre—irradiated leaves. Irradiation
can have two effects on the size of the PLB. R pulses or continuocus far—-red
(FR) irradiation cause the formation of large, paracrystalline PLBs in mustard
seedling etioplasts (Kasemir et al., 1975), WL irradiation can induce an
immediate decrease of the PLB volume (Henningsen, 1970; Girnth et al., 1979).
Results shown by Bradbeer et al. (1%974) indicate an increase in PLB volume

after about 10 min of R and a decrease after prolonged R irradiation. In the
experiments here, first an increase in PLB volume may have been induced by WL
and a subsequent decrease may have been accelerated by R pre-irradiatioh.
However, changes in PLB volume were small in these experiments.

An effect of R pre-irradiation on the WL mediated PLB transformatien as
observed in our experiments was also reported by Girnth et al. (1979) for
mustard seedlings. Four R pulses were given in their experiments, the first
three of which were followed by 4 h of D and the last by 12 h D. Their
characterization of PLBs was based both on the arrangement of the PLB tubules
and on the location of plastoglobuli. However, in our experiments the
location of plastoglobuli did not change in WL. Girnth et al, (1979)
reported cthat the effect of R pulses could be reversed by 756 nm FR
(reversibility being lost after 5 min) and concluded that P was involved,

Girnth et al., (1978) found ‘that in mustard seedlings, R pulses Increased
the number of stroma thylakoilds having a length of at least two thirds of the
length of the etioplast section after 1 h WL. FR reversibility was
demonstrated and again escape from reversibility occurred within 5 min., The R
pulses themselves did not increase the number of long thylakoids in their
experiments as observed here in oat seedlings (Section 5.2.4). On the other
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hand, in oat seedlings R pre-irradiation hardly influenced the rate of growth
of thylakoids in WL,

The present results on the effect of R on the rate of formation of
incipient grana in WL agree with those of Giranth et al. (1978}, Although FR
Teversibility was not examined, it appears likely that in oat seedlings R
pre-irradiation 1s also working via P.

Changes in ultrastructure occurring in 1isclated etioplasts have been
studied by several authors. Light induced changes of PLB transformation have
been reported by Wrischer {1973a,b), Horton and Leech (1975} and Kohn and
Klein (1976) for maize etioplasts and by Wellburn and Wellburn (1971b} for oat
etioplasts. Light induced changes in PLB volume were reported by Kohn and
Klein {(1976) and light induced stroma thylakoid formation and incipient grana
formation by Wellburn and Wellburn {1971b) and Kohn and Klein (1976). In the
experiments here, WL induced PLB transformation was observed together with a
decrease in PLB volume in etioplasts isolated from R pre-irradiated oat
seedlings. Some thylakoid growth was alsoc observed but ne formation of
incipient grana. With regard to the PLB transformation, an effect of in wvive
R pre-irradiation was only apparent in etioplasts in leaves and not in
isolated etioplasts. Apparently some factor from the cytoplasm is required
for the expression of the R effect (see Chapter 8). The decrease of the PLB
volume in WL, which appeared controlled by R, occurred similarly im both
isolated etioplasts and in situ. However, changes in PLB volume were small.
Consequently, in order to obtain statistically significant results much larger
numbers of electron wmicrographs should be examined. TIn addition, since the
ultrastructure of isolated etioplasts after only 1 h of low WL showed some
deviations from that observed in situ, priority was given to a study of
spectral changes in isolated etioplasts which can be observed on a shorter
time scale (Chapters 6 and 7).
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6 PROTOCHLOROPHYLL(IDE) REGENERATION IN MAIZE LEAVES AND ISOLATED ETIO-
PLASTS - ABSORPTION STUDIES

6.1 Introduction

Isolated etioplasts contain  phototransformable protochlorophyll(ide)
(PChl(ide)). After photoconversion to chlorophyll(ide) (Chl(ide)} by a red
light {(R) pulse, subsequent regeneration of photoactive PChl(ide) can be
ohserved (Griffiths, 1974a; 1975)., 1In intact leaves, the rate of PChl{ide)
regeneration is contreclled by the far-red light (FR) absorbing form of
phytochrome, Pfr {Virgin, 1958; Augustinussen and Madsen, 1965; Jabben et al.,
1974; Jabben and Mohr, 1975). This chapter reports on experiments almed at
studying the effect of phytochrome (P) on PChl(ide) regeneration in isolated
etioplasts from 8—day old maize leaves. A possible effect of P on the Shibata
shift (Chapter 1, Section l.4.6) was also studied. A stimulation of the rate
of the Shibata shift by Pfr was reported by Jabben and Mohr (1975) for mustard
seedlings and by De Greef (1978) for bean seedlings. However, Klockare (1979;
1980) found no stimulation of the Shibata shift in wheat secedlings by
continuous long wavelength FR, which phototransformed part of P into Pfr and
stimulated Chl biosynthesis, A very slow "Shibata-like" shift has been
observed in etioplasts isclated from 8-day old dark—-grown malze seedlings by
Horton and Leech {1975)., Spectra published by Griffiths (1974a; 1975) show a
more rapid dark shift of the absorption maximum of newly formed Chl{ide) in
etioplasts isolated from 7-day old barley seedlings.

6.2 Results

6.2.1 Absorption spectra - general aspects

The absorption spectra were recorded with a Cary 14 spectrophotometer at
nigh sensitivity and had a low signal—-to-noise ratio. Also, unavoldable small
differences in light scattering between sample and reference dependgd on
wavelength. Therefore, the absorption bands were superimposed upon a sloping,
curved baseline, precluding a direct determination of peak positions. For a
number of absorption spectra, curve analysis was applied using the computer
program ACCU {Chapter 2, Section 2.14). Estimations of peak positions, peaks
heights and half band-widths (HWs) have to be entered into the program. The
noise in the original spectra made it impossible to use derivative
spectroscopy {Chapter 2, Section 2.13) in order to ohtain values for these
parameters. Therefore we used data of Jabben et al. (1974) for the PChl(ide)
components and data of Virgin and French (1973) for Chl(ide) components.

6.2,2 Protochlorophyll{ide) species in 8-day old dark—grown maize leaves and

isolated etioplasts

Curve analysis indicated three PChl(ide) bands with peak positions at 629,
638 and 652 am and HWs of about 25, 17 and 16 nm, respectively, In malze
leaves and isclated etioplasts. Values for both peak positions and HWs agree
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satisfactorily with those determined by Jabben et al. (1974). To conform to

the literature the bands

will be referred to as P628, P636 and PB50.

The ratic of the peak heighis of the three bands differed considerably in vivo
and in wvitro. Compared to the band of P628, the band of P636 was lower and
the band of P6530 considerably higher in intact leaves (Fig., 6.la) than in

Absorbance

Error_a A Q ﬂﬁ i {1 ﬁ ﬂ[ :
X
340

Wavelength (nm)

Flg. 6.1 Absorption spectra and their components of twa superimposed
8-day old dark~grown maize leaves f{a) and a crude, washed etioplast
preparation from similar leaves (b}. Data points were rtead at 2 nm
intervals from the original spectra and are plotted., The line through the
points represents the sum of the component curves. The erroer of fit at

each point 18 shown,

with its magnification factor, below the spectra.
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isolated etioplasts (Fig. 6.1b). During storage at room temperature,
4 or 0 9C, the P650 content of etloplasts decreased further,

6.2.3 Protochlorophyll(ide) photoconversion

When samples of dark-grown maize leaves or isolated etioplasts were briefly
irradiated at room temperature or at O 9C with saturating R (645 nm}, P650
almost completely disappeared (Figs. 6.2 and 6.3). The absorption increase
due to newly formed Chl{ide) was about 2.5 times as large as the absorptiom
decrease at 650 nm. Curve analysis showed that a small band at about 650 mm
temained after R irradiation, 1irrespective of its duration (8 s to 1 min).
Curve analysis also showed that part (about 50%) of P636 disappeared upon R
irradiation, which was directly evident on examination of several difference
spectra of leaves and isolated etioplasts (Fig., 6.4). Photoconversion of P628
was not observed.

6.2.4 Protochlorophyll(ide) regeneration

In the dark following R irradiation, both in intact leaves and isclated
etioplasts photoactive PChl{ide) {(mainly P650) reappeared. As was the case
for leaves, P650 regeneration c¢ould be observed repeatedly in etioplast
preparations, however in contrast to leaves the amount of regenerated P850 in
isolated etioplasts gradually decreased.

The rate of P650 regeneration was examined by monitoring absorbance changes
at 650 nm, using 720 nm as a reference to correct for wavelength—independent
baseline changes (method of Jabben et al., 1974). Initially it was verified

Absorbance

1 |
620 660 700
Wavelength (nm)

Fig. 6.2 Absorption spectra of 2 superimposed 8-day old maize leaves,
recorded at a fast speed at room temperature. Non-irradiated { ),
after 12 s red light (R) (649 nm) followed by 2 min (- = =), 5 min (-.-.-
and 11 min (..... ) of darkness.
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that the shift of the peak position of Chl(ide) observed in malize leaves
(Section 6.2.5) had no significant influence on the measurements at 650 nm.
Assuming that the absorption bands are Gaussian in shape (Chapter 2, Section

2.14) they can be described (e,g., Talsky et al., 1978) as )
L J2sHOA-AL D
AN Apax ©

max
where A 1is the absorbance at wavelength ‘K s Apax is the maximum absorbance
(or peak height), 25 is the distance between the 2 inflection points of the
band and max 18 the peak position. The value for s 1s related to HW as
28 = 1.67 HW. The Chl(ide) band in maize leaves before the Shihata shift has
its maximum at about 685 nm (C685) and a HW of about 17.5 nm (Section 6.2.5),
During the Shibata shift the peak positiomn of the band shifts to 672 nm (C672)
and its HW Increases to 19 nm. We calculate that at 650 nm, C685 and C672
contribute 0,001% and 2.1%, respectively, of their maximum absorbance., The
final absorbance Iincrease at 650 nm during P650 regeneration was 100-150% of

2

Absorbance

Absorbance

[
\

600 550 700 600 850 700

Wavelength (nm) wavelength (nm)
Flig. 6.3 Absorption spectra of etloplast preparations, a. a crude,
washed preparation from 8-day old dark-grown malze leaves, non-irradiated
( ) and after 12 s red light (649 nm) followed by 2 min (- - =), 11 min
(-.—.=) and 35 min (.....) of darkness, b. a crude, washed preparation fram
8-day old maize leaves red pre-irradiated (5 min 658 nm, 5 pmol m 2571y 17
h prior to etioplast isclation, non—irradiated ( ) and after 12 s red
light (649 nm) followed by 1 min (- - =), 3 min (-.-.-), 4.5 min (— -—)
and 21 min {(.....) of darkness.
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AAbsorbance

A Absorbance

Fig. 6.4 Absorption difference spectra {(red minus dark) of a. two
superimposed 8-day old maize leaves irradiated with saturating red 1light
(r) (649 om), previously dark-grown leaves, - - —~ leaves

pre—irradiated with R (5 min 658 om, 5 pmol w2 5=1) 7 h before recording

of the spectrum, b. etioplasts isolated from 8-day
a crude, washed preparation, R irradiated at 22 °C, -~ - — a

leaves,

old dark-grown maize

Sephadex G-50 purified preparation, R irradiated at 0 °C.

the initial absorbance decrease as a
40-60% of the
contribution of C685 to the absorbance
3.5-5% of the
can be attributed to the absorbance of

insignificant, however
regeneration coincides with the end of
initial absorbance increase at 650 nm

(Fig. 6.5). Similarly, in isolated

650 nm are probably not significantly influenced by the

Chl(ide).

The absorbance of P636 at 650 nm is
wavelength,
and subsequent regeneration of the

rather than of P650 alone,

result
absorbance increase at 685 nm (Fig. 6.4; Section 6.2.3).

of P6530 photoconversion, i.e.

The
at 650 nm caleculated from these data is
absorbance increase at 650 nm in leaves
co72, Since the beginning of P650
the Shibata shift {see below)}, only the
to the Shibata shift
absorption measurements at
shift of

could be due
etioplasts
wavelength

about 14% of the wvalue at 1ts peak

Therefore, absorbance changes at 650 nm represent photoconversion
total
However, as the major part of these changes is due

photoconvertible PChli{ide) pool

to P650, they are referred to here as P650 photoconversion and regeneration.

In 8-day old dark—-grown malze leaves, P630 regeneration in the dark
following P650 photoconversion showed a lag phase of several wminutes
(Fig. 6.5). The duration of the 1lag phase is dependent on temperature

(Fig. 6.6).
observed.

A standard R pre~irrvadiation

At 0 ©C, even after 1 h of darkness (D) no P650 regeneration was

(Chapter 3, Section 3.2.2) given
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Fig. 6.5 Absorption changes at 650 nm and 630 nm, using 720 nm as a
reference, in darkness at 22 9C following irradiation with a saturating 10
s red light (R) (649 nm). The durations of the lag phase of P650
regeneration and the Shibata shift are defined by the crossing of the
extrapolated dashed and detted lines, respectively, with the base line.
8-day old dark (D)-grown maize leaves without (a) and with (b) R
pre-irradiation (5 min 658 nm, 5 PmOl m~Z g~1) 17 h pricr to measurement.

several hours before PChl(ide) photoconversion shortened the lag phase (Fig,
6.6} in 8-day old seedlings, This effect was even more pronounced -in 9-day
old seedlings (Table 6,l). The effect of R was partially reversible by FR
(Table 6.1) indicating involvement of P, which is in agreement with the

16+

(min}

12r

phase

Lag

Y626 27 = T T

Temperature (°C)

Fig. 6.6 Duration of the lag phase in P650 regeneration (for its
definition see Fig. 6.5) in 8-day old dark-grown malze leaves in the dark
following protochlorophyll(ide) photoconversion as a  function of
temperature and red (R) pre—-irradiation. Open symbols: dark-grown leaves,
closed symbols: leaves pre-irradiasted with R (5 min 6538 nom, 5

pmel w2 s7l) 5022 h prior to the measurements.
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literature {Section 6,1). Contrary to intact leaves, P650 regeneration in
isolated etioplasts showed no lag phase (Fig. 6.7).

After the lag phase, the absorbance at 650 nm in 1intact 1leaves increased
approximately linearly with time for several minutes (Fig. 6.5}, after which
the rate slowed down. In some experiments, P650 seemed to reach a steady
state level after about 30-40 min, corresponding with 100-150% of the initial
dark level. However, in other experiments the absorbance at 650 nm continued
to increase slowly. This appeared independent of temperature or R pre-~
irradiation. The rate of P650 regeneration after the lag phase was higher in
R pre-irradiated Iintact leaves than in dark controls {(e.g., Fig. 6.5 and
Table 6.1). Again, FR gave a partial reversion of the R effect (Table 6.i).
Results of similar experiments with etioplasts are summarized in Table 6.2,
In isolated etioplasts, unlike leaves, P650 regeneration was observed at 0 °C,
Even at this temperature, the absorbance at 650 nm increased at the beginning
of measurement (15-30 s after R irradiation) without a lag phase, In order ta
estimate the absorbance at 650 nm immediately after PChl(ide) photocouversion,

Table 6.1 The effect of various pre-irradiation treatments on P650
regeneration and the chlorophyll(ide} Shibata shift at 22 O9C in
darkness following photoconversion of P650, Data are given for two
superimposed B8~ or 9-day old dark-grown malze leaves. P650 photo-
conversion was brought about by 17 s red light (R) (649 nm). Data are
results of two independent experiments for 8-day old leaves and of
one experiment for 9-day old leaves.

Sample Pre-irradiation P650 regeneration Shibata
treatment shift
lag phase half timed (min)
(min) (min)
8-day old pb 8.8 8.9 9.1
leaves RCE+ ~1 h D 6.3 4.5 6.8
R/FR® + ~19 h D 8,0 5.5 7.5
FRAd + ~19 h D 9.0 7.4 9.4
9-day old D 13.5 12.0 10.8
leaves R+ 22hD 6.4 4,5 6.6
R/FR + 22 h D 7.6 6.5 9.1

@ time after the lag phase until 50% of the amount of photoconverted P650
was regenerated

b p: darkness

€ R: 655 nm (1.9 mmol m~2 given fn 20 s)

d FR: far-red light of 750 nm (20 mmol m~2 given in 5 min)

e R/FR: FR followed R immediately"

The data in the table are accurate to about 1X.
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Fig. 6.7 Absorption changes in darkness at 22 °C following irradiation
with 8 8 saturating R (649 nm) in a crude, washed etioplast preparation
from 8-day old dark-grown maize seedlings, measured at 630 nm (22}, 650
(Q), 670 nm () and 680 nm (A), using 730 nm as a reference.

nm

differences with the final level were plotted logarithmically against time and
the resulting straight line was extrapolated to time zero. Irrespective of R
pre—irradiation in vivo, the final level of regenerated P650 was between 20%
and 70% of the initial amount of P650 in crude, washed etioplast preparations

{13 experiments) and about 100% in Sephadex G-50 purifled preparations (2
experiments). A final level was reached after about 30 min at room
temperature. At 0 ©C, regeneration was much slower (Table 6.2) and continued
for several hours. After prolonged dark periods at room temperature (1 h or
longer), the absorbance at 650 nm decreased again, probably as a result of
Table 6.2 P650 regeneration in etioplasts 1isolated from B-day old
dark-grown or red pre-irradiated malze leaves (D and R etioplasts,
respectively).
Sample Temperature Half time? of Fraction of No. of
(oC) P650 P650 experiments
regeneration regenerated
(a) (%)
D etioplasts 0 725 24 2
23 % 2 104 = 19 52 = 10 6
R etioplasts 23 ¢ 2 179 + 37 55 £ 12 7
4 pime for 50% of the final absorption increase at 650 nm to be

obtained




-63-

etioplast deterioration. There was no indication in isclated etioplasts of
the enhancement of the P650 regeneration rate by R pre-irradiation that was
observed in leaves.

6.2.5 Wavelength shifts of chlorophyll(ide) bands

Immediately after a brief R irradiation, malze leaves showed an absorptlon
maximum at 685 nm (Fig. 6.2), The initfal rapid shift from about 678 to 685
nm reported in the literature (e.g., Bonner, 1969) was not observed at room
temperature. However, at 77K the absorption maximum of newly formed Chl(ide)
was at 679 nm when leaves were frozen in liquid nitrogen immediately upon R
irradiation and at 683 nm when a dark period of 1-2 min was inserted between R
and cooling.

Within several minutes after R irradiation at room temperature, the
absorption maximum shifted from 685 (HW 17.5 nm) to 672 nm (HW 19 nm)
(Fig., 6.2), This shift is referred to as the Shibata shift, A small band at
672 nm appeared to be already present in spectra recorded within 1-2 min after
R irradiation. 1In such spectra, the ratic C672 : C685 was about 1 : 3,
During the Shibata shift the ratlie increased to about 4 : 1. The method of
Jabben and Mohr (1975) was adopted to study the duration of the Shibata shift
{(for its definition see Fig. 6.3). After irradiation of the leaves in the
sauple compartment of the spectrophotometer, the abgsorption change at 690 nm
was measured, wusing 720 nm as a reference. The first reliable measurements
were made about 30 s after a 4~-12 s R irradiation. In several experiments a

-
[=2)
1

(min)
o

shift

Shibata

Y 25 2 a4 26 28

Temperature (°C)
Fig., 6.8 Duration of the Shibata shift (for its definition see Fig. 6.5)
in 8-day old dark-grown maize leaves as influenced by temperature and red
light (R) pre-irradiation. Open symbols: dark-grown leaves, closed
symbols: leaves pre-irradiated with R (5 min 658 nm, 5 pmol m2 =1y 5 to
22 h prior to the measurements. 0: data from absorption measurements, A :

data from fluorescence measurements (Chapter 7).
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small initial increase in the 690 nm absorption was observed, probably caused
by the initial fast shift of the Chl{ide) peak from 678 to 685 nm. Kinetics
of the changes at 690 nm have already been shown in Fig. 6.5.

A strong temperature dependence of the duration of the Shibata shift .in
leaves was ohserved (Fig., 6.8). At 0 OC no absorption decrease at 690 nm or
absorbance increase at 672 nm occurred for at least 1 h. A standard R
pre—irradiation shortened the duration of the Shibata shift (Fig. 6.8). The R
effect appeared to be partially reversed by FR (Table 6.1) implicating the
involvement of P. In all experiments, P6530 regeneration in maize leaves did
not start until the Shibata shift was (almost)} complete.

Although in fluorescence emission spectra of etioplast preparations shifts
of the peak position of newly formed Chl{ide) were clearly observed (Kraak and
Spruit, 1980; Chapter 7), similar shifts were unot obvious in absorption
spectra. Curve analysis showed that the 676 nm Chl(ide) absorption band of
etioplasts after irradiation could be fitted with considerably smaller error
using 2 bands with peak positions at 672 and 685 nm than with a single band at
676 nm. The HWs of the 2 bands were similar to those in intact leaves. The
ratio €672 : C685 immediately after R irradiatfon was much higher (about
1 : 1) in isolated etioplasts than in intact leaves (about I : 5). The slow
absorption decrease at 680 nm and absorption increase at 670 um (Fig. 6.7)
indicate a slight increase of the ratio in darkness following R irradiation.

6,2.6 Stability of newly formed chlorophyll(ide)

Newly formed Chl(ide)} appeared less stable in isolated etioplasts than in
intact leaves, During contimuous recording or after a storage period inm
darkness, a marked absorption decrease attributed to Chl{ide) destruction was
observed in etioplast preparations. Instability of newly formed Cnhl(ide) was
also observed in isolated barley etioplasts (Griffiths, 1975).

6.3 Discussion

Photoconversion and subsequent dark regeneration of P650 was demonstrated
in 8-day o0ld dark-grown leaves and isolated etioplasts from maize by
absorption (difference) spectrophotometry. The kinetics of P630 regeneration
in 1isolated etioplasts differed considerably from those in leaves. At room
temperature, P650 regeneration in isolated etioplasts started at a high rate
immediately after a brief R treatment, whereas a lag phase of several minutes
was observed in intact leaves. At 0 °C, P650 regeneration occﬁrred in
isolated maize etioplasts (Section 6.2.4) confirming the observations in
barley etioplasts {Griffiths, 1975). However, in intact maize leaves no P650
regeneration was observed during 1 h at 0 ¢C. Virgin (1955} found no evidence
for P650 regeneration at 0 °C in barley leaves after a dark period of § h,

In maize leaves the amount of regenerated P650 was 100-150% of rthe amount
before photoconversion and 1in etioplast preparations only 20-100%Z. The low
regeneration in isolated etioplasts may be due to simultaneous degradation of
P650, A decrease of P650 absorption during storage of maize etioplasts was
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observed, confirming the observations of Horton and Leech (1972; 1975},
Griffiths (1974b; 1975) reported a substantial decrease in photoconvertible
PChl{ide) when barley etioplasts were lysed. Disappearance of the absorption
band of P650 can be due to denaturation of the holochrome protein {Gassman,
1973; Dujardin, 1976) or to a ({reversible) alteration of the PChl{ide)-
lipoprotein complex to a non-photoconvertible form (Horton and Leech, 1972;
Gassman, 1973a), Alternatively, disaggregation of dimeric P650 into a
monomeric form ({e.g., Butler and Briggs, 1966) might be the cause of the
disappearance of the P650 absorption band., According to Henningsen (1970),
physical treatments inducing a derangement of the tubular membranes of the
prolamellar body (PLB) result in formation of photoactive P636 from P650 and
complete denaturation of the PLE membranes results in formation of
photoinactive P628, It is possible to speculate that during storage of
isclated etioplasts P650 decreases as a result of alteration of the PLB
structure after disruption of the plastid envelope. However, electron
micrographs of broken etioplasts show a PLB structure similar to that of
intact etioplasts (see Chapter 2, Fig. 2.2). In vivo transformation of P650
by H25 dinto P636 and/or P628 has been observed to be reversible (Gassman,
1973a). Griffiths (1975} showed that addition of NADPH to an etioplast
membrane preparation with maximum absorption around 630 nm restored their P&30
(and P636) content. This observation provides an alternative explanation for
the decrease of the P630 content during storage of etioplasts, Leakage of
NADPH from the etioplasts upon deterioration of the etioplast envelope may
cause transformation of P650 to photoinactive PChl(ide).

In maize leaves, P650 photoconversion gave rise to C685 and some C672. The
presence of a Chl(ide) absorbing at 668-672 nm immediately after P650
photoconversion has been reported by several authors, e.g. Klockare and
Virgin (1983). In the experiments here with maize leaves, the ratio
C672 : C685 after P650 photoconversion was low and 1increased considerably
during the Shibata shift. 1In isolated etioplasts, about 50% of newly formed
Chl(ide) was already in the C672 form at the time of the first measurements
(1-2 min after photoconversion of P650). Hardly any increase of C672 was
observed in subsequent darkness.

It has been observed {e.g., Goedheer, 1961; Brodersen, 1976) that mno P650
regeneration occurs as long as all Chl(ide) is still in the C685 form. The
measurements here with intact leaves confirm this. Under all conditions, the
completion of the Shibata shift was observed to coincide with the start of
P650 regeneration. Also the data for isolated etioplasts, where fast P650
regeneration occurs, agree with these observations since a large proportion of
Chl(ide) was already present as (0672 soon after R irradiation. The above
observation is commonly explained by assuming that C685 formed by
photoreduction of P650 is still attached to the holochrome protein (e.g.,
Henningsen et al., 1974). Only after removal of Chl{ide) can new PChl(ide)
become attached to the protein., Dissociation of Chl(ide) from the holochrome
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1s assumed to take place during or after the Shibata shift. Binding of free,
photoinactive PChl{ide) to the holochrome protein could then result in
regeneration of PG50, Indeed, during regeneration of P650 a concomitant
decrease of P628 was observed (Fig. 6.7). On the other hand, Oliver and
Griffiths (1982) proposed that in leaves C685 is stable until a significant
amount of PChl(ide) has accumulated by de novo synthesis. Dissociation of
Chl(ide) from the holochrome, accompanied by the absorption shift of &85 to
672 nm, is then induced by PChl(ide).

The aim of the present experiments was, to examine the effect of Pfr on
PH50 regeneration in isolated etloplasts. In malze leaves, formation of Pfr
shortens the duration of the Shibata shift as well as the lag phase of P650
regeneration. Moreover, the rate of P650 regeneration after the lag phase is
higher in the presence of Pfr. In isolated etioplasts from dark-grown and R
pre—-irradiated plants there was no lag phase in P650 regeneration. The rate
of P650 regeneration in isolated etioplasts appeared unot to be increased when
the leaves had received R pre-irradiation., In the following chapter (7), a
possible influence of Pfr on the rate of the dark shifts of the fluorescence
emission maxima of newly formed Chl(ide), both in intact leaves and isolated
etloplasts is described.
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7 THE SHIBATA SHIFT IN MALZE LEAVES AND LSOLATED ETIOPLASTS - FLUORESCENCE
STUDIES

7.1 Introduction

Absorption studies {(Chapter 6) indicate that the rate of the Shibata shift
in maize leaves 1s stimulated by the far-red light (FR) absorbing form of
phytochrome, Pfr, In isolated maize etioplasts, the 77K fluorescence emission
maximum of newly formed chlorophyll(ide) (Chl{ide)) was observed to shift to
shorter wavelengths (blue shift) at room temperature (Kraak and Spruit, 1980).
In this chapter, the effect of red light (R) pre-irradiation on the rate of
this in vitro "Shibata-like" fiuorescence shift is examined. Data on P650
regeneration were obtained concomitantly and are compared with those obtained
from absorption studies. A few experiments with bean leaves and bean
etioplast preparations, containing only mesophyll cell plastids, were included
to examine whether their fluorescence characteristics differed from those of
maize, containing both  mesophyll cell and bundle sheath plastids.
Protochlorophyll{ide) (PChl{ide)) photoconversion and dark shifts of the 77K
fluorescence emission maxima of newly formed Chl(ide) were also examined in a
holochrome preparation from bean leaves,

7.2 Results

7.2,1 TFluorescence spectra — general aspects

In this chapter, fluorescence emission spectra measured at 77K will be
considered, unless otherwise indicated. $Spectra were recorded from 500 to 800
nm. Curve analysis was applied to the 620-710 nm region. Flucrescence
studies of changes in pigment composition meet with some complications that
are not observed in absorption spectroscopy. Energy transfer from Pé&36 to
P650 and from P650 (and P636?) to Chl{ide) occurs and, moreover, during or
following shifts of fluorescence maxima of newly formed Chi(ide), changes in
fluorescence yield are to be expected (Thorme, 1971a,b; Van der Cammen, 1982).
Fartunately, changes 1n fluorescence yield of Chl(ide) observed at room
temperature {Section 7.2,10) appeared not to occur at 77K, Therefore, the sum
of the Chi(ide) peaks of spectra of maize leaves could be used as an internal
standard., For etioplast preparations coutaining carboxymethyl cellulose (CMC)
and acriflavin (Chapter 2, Section 2,12), acriflavin fluorescence was used as
a standard. Comparing this with the method used for leaves confirmed the
validity of the above procedure.

7.2.2 Derivative spectira

The use of derivative spectroscopy in the resolution of composite bands has
been outlined in Chapter 2, Section 2,13, The various GChl{(ide) and PChl(ide)
bands were not completely resolved in second derivative spectra of leaves and
etioplast preparations. On the other hand, in fourth derivatives the noise
was often tao large to allow an accurate estimation of the band parameters.
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Considerable trial and error was therefore involved before the most suitable
parameters could be introduced in the "ACCU" program for curve analysis, the
criteria being a small standard error and a minimum number of bands.

7,2.3 Fluorescence spectra of dark grown maize leaves and isolated etioplasts

The fluorescence emission spectra of an 8-day old maize leaf and isolated
etioplasts are shown in Fig, 7.1. The mala band at 656 nm (F656) originates
from P650 and P636 (Kahn et al., 1970) and a weaker band at 630 nm (F630) can
be ascribed to P628. A very weak band around 643 nm was sometimes visible in
the zero order spectra. DUerivative spectra revealed this band in all spectra
and it is proposed that it is due to emission from P636 (e.g., Kahn et al.,
1970). Calculated half band widths (HWs) are 16.5 nm for F630, 15 nm for F643
and 10 nm for F656, both for leaves and etioplasts. Vibrational bands, i.e.
emission bands originating from vibrational energy levels of PChl{ide), are
responsible for the long-wavelength tails of the spectra.

In isolated etioplasts, the relative height of F636 appeared considerably
lower than in leaves (Table 7.1), in agreement with results of absorption
studies (Chapter 6). Data from spectra of etioplast preparations containing
CMC and acriflavin showed that during storage of etioplasts at 4 ©C in
darkness, the height of ¥656 further decreased. After storage for 20 h, only
about half of F656 remained. Concomiltantly, F630 and F643 increased to about
150% and 130% of their original magnitudes, respectively. Decreased energy
transfer from P636 to P650 wmay be the reason for the increase of F643, rather
than an increase in the absolute amount of P636., However, P628 is probably
formed from P650 during storage of etioplast preparations.

7.2.4 Photoconversiou and subsequent regeneration of protochlorophyll(ide)

When dark-grown leaves or etioplast preparations were irradiated at room
temperature for 4 s with 649 nm (25 W w2 or 135 pmol m~2 51}, saturating
PChi(ide) photocenversion, 77K fluorescence emission at 656 nm was
considerably reduced and emission bands of Chl{ide) were observed (see Figs.
7.2 and 7.3 and Section 7.2.5)}. Experiments with freshly isclated etioplasts
containing CMC and acriflavin showed that on an average F630/F518 (the height
of F630, divided by the height of the acriflavin emission band at 518 am) and
F643/F518 in spectra of preparations frozen to 77K immediately after R were
97% and 107%, respectively, of the wvalues in non-irradiated preparations.
This indicates that P628 (F630) is not photoconverted by R, ia agreeﬁent with
absorption studies. The latter indicated that part of P636 is photoconverted,
whereas its fluorescence (F643) slightly increases. This apparent discrepancy
may be explained by a simultaneous decrease of energy transfer from P836 to
P650, FEnergy transfer from P636 (via P650?) to Chl(ide) may also occur
{Thorne, 197la) but with lower efficiency than energy transfer from P636 to
P650,

Peak positions and HWs of F630 and F643 in leaves and etioplasts after R
irradiation were similar to those Iin non-irradiated samples. However, both
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Fig. 7.1 77K fluorescence emission spectra of 8-day old dark-grown malize
leaves (a), a crude, washed etloplast preparation isolated from similar
leaves (b) and a protochlorophyll(ide) holochrome preparation from 10-day
old dark-grown bean leaves (c) fitted by the sums of Gaussian components by
the "ACCU" computetr program. Data points were read at | pm intervalas from
the original spectra and ate plotted. The 1line through the points
represents the sum of the component curves. The difference between
ocbserved and computed fluorescence at each point 1is shown, with its
magnification factor, below the spectra. Excitation was at 425 nm. The
spectra have been corrected for instrument response.
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derivative spectra and curve analysis couslstently showed fluorescence
emissfon by the small amount of P650 remaining after R irradiation (Section
6.2.3) to have its peak at somewhat shorter wavelength (654.5 nm) than in
non-irradiated samples (656 nm). The HWs of F656 and F6534.5 were similar.

In leaves, the low level of this F654.5 remained essentially constant
during the filrst few minutes after R (Figs. 7.2 and 7.4), which is in
agreement with results of absorption studies. After this lag phase,
fluorescence emission by P650 both increased and shifted from 654.5 to 656 nm.
Energy transfer from excited PChl(ide) to Chl{ide) slows down the increase of
F636, whereas energy transfer from P636 to P650 also influences the magnitude
of F656. Therefore, determinations of the duration of the lag phase of Fb656
re-appearance  as shown in Table 7.2 can only be an approximation.
Nevertheless, as was the case in absorption studies, a strong temperature

Table 7.1 Relative heights of the protochlorophyli{ide) fluorescence
emission bands at 77K in variocus samples as computed by the ACCU computer
program. For etioplast preparations, only data of spectra recorded
shortly after etioplast isolation are used.

Sample Relative height? of Na. of
spectra

F630 F643 F655 examined

D maize leavesP 10 7 a3

R maize leaves® 15 7 78 3

D bean leavesd 10 7 83 1

D malze etioplasts® 30 13 57 [

R maize etioplastaf 33 12 55 6

D bean etioplasts® 35 13 52 1

D bean PChl(ide) holochremeh 8 28 64 2

2 Percentage of the sum of the heights of the three protochlorophyll(ide)
bands
8—-day old dark-grown maize leaves
C 8-day old maize leaves pre—irradiated for 2 or 5 min with 658 nm light (5
pmol m2 =1y (R) about 16 h prior to recording of the spectra
l11-day cld D bean leaves
Grude, washed etioplast preparations from 8-day old D maize leaves
£ Crude, washed etioplast preparations from 8-day old maize leaves
pte~irradiated for 0.5, 2 or 5 min with R about 1& h prier to etioplast
isolation
€ Crude, washed etioplast preparation from [0-day old D bean leaves
Protochlorophyll(ide) holochrome from 10-day old D bean leaves in
glycerol-tricine buffer 3:1, pH 8.0

o
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Fig. 7.2 77K fluorescence emission spectra of 8-day old previously
dark-grown maize leaves, cooled immediately (a) and after a dark period of
4 min (b} or 20 min (c) at 22 °C following irradiation with saturating red
light (4 s 649 nm, 134 pmol w2 5~1), Excitation was at 425 nm. See also
Fig. 7.1.
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Fig. 7.3 77K fluorescence emission spectra of a crude, washed eticplast
preparation from 8—day old dark-grown maize leaves, cooled immediately (a)
and after a dark pericd of 1.5 min (b) or 10 min (c)} at 22 9C fellowing
irradiation with saturating red light (4 s 649 nm, 134 pmol m 2 s71).
Excitation was at 425 nm. See also Fig. 7.l.
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Fig. 7.4 Relative heights of the 77K fluorescence emission bands of the
various protochlorophyll(ide) and chlorophyll{ide) pigments in spectra of
8-day 0ld maize leaves recorded after various dark {D) periods at 22 °C

following a saturating red irradiation (4 s 649 nm, 134 pmol w2 s~1) (R).

All fluorescence spectra were normalized for the sum of the
and 692 nm,

b

effect was observed in maize leaves.

short

O : F655,

&1 F680,

at 680
dark-grown maize leaves,

bands

ANt F692, a,

maize leaves red pre-irradiated (5 min 658 nm, 5 pmol m™2 s-1) about 16
h prior to recording of the spectra.

(2

In agreement with absorption studies,

a

or 5 min ) R pre-irradiation (658 nm, 0.6 or 1.5 wmol m~2) appeared
to decrease the duration of the lag phase.

Table 7.2 Estimated

F655 re—appearance

duration of the lag phase of
in 8-day old dark-grown (D) and

red pre-irradiated (R) maize leaves (see Table 7.1
for details) at various temperatures.
Temperature Estimated lag phase (min)
(°C)
D  leaves R leaves
13 10-304 n.d.
19 9 8
20 7 n.d.
22 5.5 4
24 4 3
4 after 30 min a substantial amount of Fb655 had

re—appeared
n.d,, not decermined
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Spectra of etloplasts were made with samples from a stock stored at 4 9C in
darkness. The period between recording of the first and last spectrum of a
series was usually in excess of 10 h, It was observed that within a given
time dinterval, less F656 re—appeared after photoconversion of P650 in "aged
etioplasts" than in fresh samples, Taking this into account, F636
re-appearance in isolated etioplasts was observed without a lag phase (Figs.
7.3 and 7.5)., After a prolonged dark period following R irradiation, the F656
level decreased. Table 7.3 shows data on the duration of the dark periods
after which half the final level of F656 was reached at various temperatures.
Although the data are only provisional, they indicate that R pre-irradiation
in vivo has no significant effect on the rate of F656 re-appearance in
isolated etioplasts. These data agree with data from absorption studies
(Chapter 6).

7.2.5 The initial red shift of the main chlorophyll(ide) band in maize leaves
and isclated etioplasts

Isclated etioplasts contain relatively small amounts of photoconvertible
PChl(ide) compared with intact leaves (Chapter 6; Section 7.2.3).
Consequently, only small amounts of Chl{ide) are formed by in vitro R
irradiation, In etioplasts isolated from R pre-irradiated maize leaves (R
etioplasts), shifts of the emission maxima of in vitro formed <Chl(ide) are
partially obscured by the relatively large Chl{(ide) band resulting from the R
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Fig. 7.5 Relative heights of the fluorescence emigsion bands at 77K of the
various protochlorophyll(ide) and chlorophyll{ide) pigments in spectra of
etioplasts isoclated from 8-day old maize leaves, recorded after various
dark periods following a saaturating red 1irradiation (4 s 649 nm, 134
jpmol w2 871} (R) in vitro. Spectra were normalized for the sum of the
bands at 674-677 nm and 692 nm (a, b), or acriflavin fluorescence was used
as an internal standard (c). O : F655, N : F674-677, O : F692. a. a
crude, washed etioplast preparation from dark grown leaves, at 22 ©C, b. a
similar etioplast preparation as in a, at C 9C, ec. 8 crude, washed
etioplast preparation from leaves pre—irradiated for 30 s with 6538 um red
light (0.85 W w2 or pmol o2 g1} 17 n prior to etioplast isolation, at
22 oC.
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Table 7.3 Half-time of F655 re-appearance in etloplasts
isolated from B-day old dark-grown or red pre-irradiated
maize seedlings (D and R etioplasts, respectively) (see
Table 7.1 for details) at varlous temperatures,

Temperature Half time of P655 re—appearance (min)
(o¢) :
D etloplasts R etioplasts
19 1 n.d.
20 n.d,. 2
21 2 1
23 0.5
24 0.5 n.d,

n.d., not determined

pre-irradiation. Therefore, in later experiments an in vivo pre-irradiation
of 0.5 or 2 min instead of 5 min 658 am (0.85 W m~ % or 5 pmol 12 571) was
given. Although such treatments photoconverted only part of PChl(ide) into
Chl{ide), they resulted in 65 and 85%, respectively, of the potentiation of
rapid Chl a accumulation in white 1light by a standard R pre-irradiation,
respectively {(Chapter 3, Fig. 3.5).

In spectra of leaves frozen to 77K immediately after a saturating 4 s
irradiation with R of 649 num, two Chl{ide) fluorescence bands are present
{(Fig. 7.2a): a main band at 692 nm which originates from C685 and a weaker
band at 674 nm visible as a shoulder in the spectra, which can be ascribed to
C672. The corresponding bands in isolated etioplasts were observed at 688 and
674 nm (Fig. 7.3a). In maize leaves, only the last part of the shift of the
main band from 630 to 694-696 nm (e.g., Gassman et al., 1968) could be
uobserved: within a dark period of 10 s at room temperature the peak position
shifted from 691.8 to 692.8 nm. These bands will be referred to collectively
as F692, In isolated etioplasts, a red shift of the main fluorescence peak
was more proncunced. The peak shifted from 688 to 692 nm within 1 min at room
temperature (Fig. 7.3). At 0 °C, the duration of this shift was about 3 min
(Table 7.4), To conform to the situation in leaves, the initial main Chl{ide)
band in isolated etfoplasts will be referred to as F692. No effect of in vive
R pre-irradiation on the rate of the initial red shift in isolated etioplasts
was detected (Table 7,4).

7.2.6 The Shibata shift in maize leaves and 1solated etioplasts and the
effect of red pre-irradiation

In intact leaves, F692 hegan to decrease and a band at 680 nm (F680) was
formed after a dark period of 1 - 2 minutes following R irradiation (Figs.
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7.2 and 7.4) (Shibata shift). In isolated etioplasts, unlike in leaves, F692
decreased and F674 increased immediately in the dark following R irradiation
(Figs. 7.3 and 7.5). After its initial fast increase, the ratio F674 : F692
continued to increase slowly in several experiments.

For reasons dicussed below {Section 7.2.7)}, the decrease of the F692 band
was used as a measure for the Shibata shift rather than the change of the
ratio F692 : F680. Such data fit in well with those derived from absorption
measurements (Chapter 6, Fig. 6.8). Fluorescence studies support the
conclusion of absorption studies that R pre—irradiation appears to decrease
the duration of the Shibata shift in maize leaves,

In etioplasts stored for several hours at 4 OC in darkness ("aged
etioplasts”), the amount of F674 formed upon photoconversion of PChl{lde) was
as high as, or even higher than in fresh etioplasts. However, the amount of
F692 formed was considerably lower, Therefore, the storage period before
PChl(ide) photoconversion has to be taken into account. In one experiment the
etloplast samples were irradiated in rapid succession, which appeared the best
procedure, In this experiment the duration of the "Shibata-like" shift was
relatively long (Table 7.5}, suggesting that "ageing" of etioplasts increases
the rate of the “Shibata-like" shift. Tt is therefore conceivable that in
"ideal", completely native etioplasts, rates approaching those in intact
leaves could be observed. The data shown in Table 7.5 suggest a small
increase in the rate of the "Shibata-like"™ shift ian isolated etioplasts
induced by R pre-irradiation in vivo. However, results were variable and
further experiments with simultaneously irradiated etioplasts would be needed

Table 7.4 Estimated duration of the Initial red shift
of the fluorescence maximum of newly formed
chlorophyll(ide) from 688 to 693 nm in etloplasts
isolated from 8-day old dark-grown or red pre—irradiated
maize leaves (D and R etioplasts, respectively) (see
Table 7.1 for details) at various temperatures.

Temperature Duration of the red shift (=)
{o0)
D etioplasts R etioplasts
0 165 n.d.
19 55 n.d.
20 n.d. 60
21 n.d. 50
22 50 n.d.
23 40 45
25 30 n.d.

n.d., not determined
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to examine whether the difference between etioplasts isolated from dark—grown
and R pre-irradiated plants is statistically significant,

7.2,7 Other shifts in maize leaves and isoclated etioplasts

Immediately after R irradiation, the fluorescence spectra of maize leaves
showed a weak band at 674 nm in addition to the main band at 692 om (Fig.
7.2). The ratio ¢f the peak heights of the bands was 1 : 3, i.e. similar to
the ratio of the peak heights of the corresponding absorption bands. After a
-2 min dark period, the peak height of "F674" increased and a red shift of
the peak was obvious {in derivative spectra and curve analysis. Near
completion of this wavelength shift, F680 had appeared and a weak band at
about 669 um was observed (Fig. 7.2c). The HWs of the "intermediate forms"
between F674 and F6B0 exceeded those of F674 and F680 by several nm. It is
now proposed that the intermediate forms are in fact composed of both F674 and
F680, the latter being formed in increasing amounts from F692 by the Shibata
shift. Indeed, curves could be fitted equally well with one intermediate form
and with two bands, with peaks at 674 and 680 nm (Fig. 7.2b). The band at 669
nm may then be formed by a blue shift from F674 (see Section 7.3). Since P650
was present in insignificant amounts at the time F669 was first detected
(Fig. 7.4), F66Y can not be attributed to a vibrational band of P650.

In isolated etioplasts, a red shift of F674 to 677 mm was observed which

Table 7.5 Estimated half time of the "Shibata-like"
fluorescence shift in etioplasts isolated from 8-day old
dark-grown or red pre-irradiated malze seedlings (D and R
etioplasts, respectively) {see Table 7.1 for details} at
various temperatures.

Temperature Half time of the “Shibata-like" shift {(s)
(oc)
D etioplasts R etioplasts
0 180 n.d.
19 40 n.d.
20 - 20
21 45 35
22 1002 n.d.
23 30 25
24 20 n.d.

8 The etioplast samples of this series were irradiated in
rapid succession soon after isolation and after an
appropriate dark period at 22 ©°C were cooled and stored at
77K until measurement

n.d., not determined
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was faster but less complete than the similar one iIn intact Jleaves: its
duration was less than 1 min at room temperature and about 3 min at 0 ©C. No
lag phase was observed for this shift ia isolated etloplasts. As in the case
of leaves, F677 1in isolated etioplasts is probably composed of F674 or Fo69
and F68l. The complicated behaviour of bands in the 669-680 nm region led to
the decision te use the decrease of F692 rather than the ratio F692 : F680 as
a measure for the Shibata(~like) shift (Section 7.2.86).

7.2.8 Fluorescence characteristics of bean leaves, etioplasts and proto-—
chlorophyll(ide) holochrome

The fluorescence spectra of primary leaves from ll-day old dark-grown bean
seedlings and etioplasts isolated from 10-day old bean seedlings, resembled
spectra of maize leaves and etioplasts with regard to peak positions, HWs and
ratio of the heights of the PChl(ide) bands. Following R irradiation, similar
shifts of Chl{ide) emission peaks in bean leaves and etioplasts were observed
as in the case of maize.

A PChl(ide) holochrome preparation in glycerol-tricine buffer 3:1, pH 8.0,
was obtained from 10-day old dark-grown bean leaves. The fluorescence
spectrum of non~irradiated PChl(ide) holochrome showed a main peak at 633 nm
with distinct shoulders at about 630 and 644 nm (Fig. 7.1). Maximum emission

Apsorbance

450 500 S50 600 650 700 750 Ao
Wavelength {nm}

Fig. 7.6 77K absorption spectra of a protochlorophyll{ide) holochrome
preparation from 10-day old dark-grown bean leaves in glycerol-tricine

buffer 3:1, pH 8.0, non-irradiated; -— — : warmed to 5 °C,
irradiated for 3 min with red lighc (649 mnm, 134 pmol m~2 s~1) (R) at 5 °C
and subsequently recooled to 77K; - - ~ : warmed to 5 °C, R irradiated

for 3 min at 5 9C, kept in darkness for 210 wmin at 19.5 °C and
subsequentely recooled to 77K,
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Fig. 7.7 77K fluorescence emission spectra of the bean
protochlorophyll{ide) holochrome preparation of Fig. 7.6, cooled to 77K
immediately after drradiation for 6 = with red light (649 nam, 134
pmol nZ s~y (R) (ﬁ) or after a dark period of 30 min (b) or 126 min (c)
following R irradiatiom at 19.5 ©C, Excitation wavelength: 425 nom. See
also Fig. 7.1.
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by P650 at 653 nm as compared to 656 nm for leaves was also observed by
Kahn et al. (1970). Whereas 1in 1intact leaves a fluorescence hand at F654.5
remains after R irradiation, F653 in the holochrome preparation proved largely
photoconvertible, The band with maximum emission at 642 nm was relatively
high in bean PChl(ide) holochrome as compared to F643 in bean and maize leaves
and etioplasts (Table 7.l1). The 77K absorption spectrum of bean PChl{ide)
holochrome showed a peak at 639 nm and only a shoulder at 652 mm (Fig. 7.6),
in agreement with data of Kahn et al. (1970). Upon cooling to 77K, the
absorption maximum of P636 shifts siightly to the red and the P650 absorption
1s increased more than the P636 absorption (Kahn et al., 1970). Apparently,
the ratio of P650 : P636 in bean PChl(ide) holochrome is even lower than in
etioplasts. Consequently, relatively less energy cam be transferred from P636
to P650 and emission by P636 is observed at 643 nm (Fig. 7.1),

Immediately after photoconversion of PChl(ide) holochrome, the 77K
fluorescence emission maximum of the main Chl(ide) band was at 686 nwm (Figs.
7.7 and 7.8). Second and fourth derivative spectra and curve analysis
revealed a second Chl{ide) band at 671 nm. During a dark period at room
temperature following photoconversion, the low temperature ratio F671 : F686
increased slowly (Figs. 7,7 and 7.8), A similar "Shibata-like" shift was also
obsetved in holochrome absorption spectra (Fig., 7.56).

7.2.9 77X fluorescence emission maxima of chlorophyll(ide) formed by in vivo
red pre-irradiation of high and low fluence

77K fluorescence emission spectra of maize leaves R pre—irradiated during 2
or 5 min (658 nm, 0.6 and 1.5 mmol m‘z, respectively) about 17 h prior to
cooling and of etioplasts isolated from similar leaves showed a main band at
680 nm and weaker bands at 669 and 692 nm. However, spectra of etioplasts
isolated from leaves pre-irradiated with a subsaturating fluence of R (150

.
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Fig. 7.8 Relative heights of the 77K fluorescence emission bands of the
various protochlorophyll{ide) and chlorophyll{ide} pigments in spectra of
the bean protochlorophyll(ide) holochrome preparation of Fig. 7.6, The
spectra wete recorded after varlous dark periods at 19.5 9C following
irradiation for 6 s with red light (649 nm, 134 pmol w2 s71) (R),
O: F652, ¥ F671, A : FéB6,
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pmol m~2) showed a major band at 674 nm and weaker bands at 680 and 692 nm.
Also, in a sample of etloplasts igsolated from dark-grown leaves, in which
PChl(ide) was only partially photoconverted in vitro, the ratioc F674 : F692 at
77K was much higher than in similar samples following saturating irradiation.

7.2.10 Changes in fluorescence yield of chlorophyll(ide) in maize leaves _and

isolated etioplasts at room temperature

Maize leaves and isolated etioplasts were examined at room temperature for
possible changes in Chl(ide) fluorescence yield as observed in bean leaves
(Thorne, 1971la,b; Van der Cammen, 1982), Samples were irradiated within the
fluorimeter with blue excitation light {see Sectiom 2,12). P650 was rapidly
photoconverted at this temperature. As soon as the light was turned on, the
fluorescence emlssion spectrum was repeatedly scanmed from 660 to 700 nm
(Figs. 7.9 and 7.10). The first reliable measurements were about 25 s after
the onset of the irradiation, In maize leaves, a slight initial decrease of
the fluocrescence yield of Chl(ide) formed by photoconversion of P650 was
observed. The emission maximum shifted from 685.5 nm to 678 nm. Before this
shift was completed, the fluorescence yield started to increase wuntil after
about 8 min at room temperature a final level was attalned, which was almost
250% of the original level.

In etioplasts, the shift of the emission maximum of Chl{ide) was from about
684 nm to 680 nm, This shift took place immediately after the onset of
irradiation and was accompanied by a decrease rather than an increase of the
Chi(ide) fluorescence yield (Figs, 7.9 and 7.10),

Relative fluorescence

660 700 660 700
Waveiength (nm)

Fig. 7.9 Fluorescence emission spectra at room temperature during
continuous irradiation with blue excitation light (425 nm). a. spectra of
an 8~day old dark-grown maize leaf, recorded at 21 °C. Peaks reached after
about 25 s (1), 55 8 (2), 2 min (3), 3 min (4), 5 min (5) and 8 min {(6), b.
spectra of a crude, washed maize etloplast preparation from dark grown
leaves, recorded at 22 9C. Peaka reached after about 20 s (1), 40 s (2),
1.5 min {(3), 3 min (4), 4.5 min (5), 8 min (6) and 11 min (7).
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Fig. 7.10 Changes in peak height {(Q) and peak position (A} of
chlorophyll(ide) fluorescence emission bands at room temperature during
continuous irradiation with blue excitation light (425 nm) (B), a. an
8~day old dark (D)~grown maize leaf, at 21 ©C, b. a crude, washed
etioplast preparation from similar leaves, at 22 °C,

7.3 Discussion

Visual inspection of 77K fluorescence emission épectra of maize leaves and
isolated etioplasts reveals a shift of the peak position of newly formed
Chl(ide) in darkness at toom temperature. However, the existence of
overlapping bands and the occurrence of simultaneous shifts complicated
kinetic studies. Particularly 1in the case of R pre~irradiated samples
Chl(ide) resulting from the pre-irradiation masks wavelength shifts of newly
formed Chl{ide}). 1In such cases, curve fitting was indispensible. However,
derivative spectroscopy as well as curve fitting have their pitfalls (Shrager,
1983; Vandeginste and De Galan, 1975). Application of these methods teo
fluorescence spectra of maize leaves ylelded results, essentially in agreement
with data in the literature, both with respect to the various PChl(ide) and
Chl(ide) components and to wavelength shifts, therefore indicating their
usefulness. Gaussian curves provided a satisfactory fit for the bands in the
620-710 nm region of the spectra.

In 77K spectra of leaves and etioplasts from maize, four PChl{ide) bands
were detected. In addition to the main bands at 630 om and 656 nm, a
fluorescence emission band at 643 nm was observed. This band can be
attributed to P636, since a fluorescence emission peak at 643 num was observed
in spectra of leaves contalning high levels of P636 after treatment with
5-aminolevulinic acid (ALA) (e.g., Sundqvist and Klockare, 1973). Also in
spectra of bean PChl{ide) holochrome with a high P636 : P650 ratio (Kahn
et al., 1970; Section 7.,2,8) had a pronounced band at 643 nm. A 77K
fluorescence band of P636 has not been previously reported in etiolated leaves
older than 6 days without ALA treatment. Following saturating photoconversion
of PChl(ide) by R, a small band remained around 654.5 nm in leaves and
etioplasts, i.e. at slightly shorter wavelength than photoconvertible F656.
In absorption spectra a corresponding persistent band around 650 nm was
observed, in  agreement with data of Virgin and French (1i973). A
non-photoconvertible PChl(ide) species with maximum 77K emission at 649 nm was
detected by El Hamouri and Sironval (1980) after incubation of isolated

I
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cucumber etioplasts., The F654.5 : F630 and Fb54.5 : F643 ratios in isolated
etioplasts were similar to those in intact leaves and did not increase during
storage at &4 °C in darkness. In 77K fluorescence spectra of bean PChli(ide)
holochrome, a phototransformable band was observed at 653 instead of 656 nm.
Apparently, in this sample the configuration of the holochrome protein 1is
altered somewhat by the 1isolation procedure resulting in a change of the
fluorescence emission maximum of P650, without affecting 1its capacity for
phototransformation.

In agreement with results of Horton and Leech (19725 1975) for maize
etioplasts and of E1l Hamouril and Sironval (1980) for cucumber etioplasts, a
decrease of the etioplast P650 content was observed during storage.
Concomitantly, P628 was observed to increase, suggesting that P628 is formed
from P650. Whether P636 changed during storage can not be concluded from
these fluorescence studies (Sectiom 7,2.,3). However, absorption measurements
showed the ratio P636 : P628 in isolated etioplasts to be higher than in
leaves, so that apparently part of P650 is also transformed to P636 during
isolation,

Absorption spectroscopy proved more sulitable than fluorescence emission
spectroscopy for studies on P650 regeneration in darkness. However,
fluorescence studies confirmed results of absorption measurements in that R
pre-irradiation shortens the duration of the lag phase In P650 regeneration in
maize leaves. In absorption as well as fluorescence studies P650 regeneration
without a lag phase was observed in isolated etioplasts. No stimulation by in
vivo R pre-irradiation on the rate of P650 regeneration in isolated etioplasts
could be observed.

Both in leaves and in isolated etloplasts, photoconversion of PChl(ide)
resulted in "immediate" formation of some F674., At the same time, F6%2
{leaves) and F688 (etloplasts) were formed. In etioplasts isclated from
seedlings pre-irradiated with a low R fluence, F674 was the dominant Chl(ide)
band. This band probably corresponds to F675 observed by Litvin and Belyaeva
{(1971) in bean leaves after low irradiance or short-time irradiation. Léing
and SA&rvAri (1974) have repotrted the presence of F674 in maize leaves and
suggested that it represents a PChl(ide)-Chl(ide) dimer or aggregate.
According to Litvin and Belyaeva (1971) this form is rather stable, however
Lang and S4rvari (1974) reported a blue shift from 675 to 670-672 um of the
fluorescence maximum when partially phototransformed leaves were kept in the
dark for 5-10 win, After complete photoconversion of PChl(ide) in maize
leaves a similar shift of the fluorescence maximum from 674 to 669 mm is
likely from the present experiments (Section 7.2.7). However, in maize
seedlings which were pre—irradiated with a non—saturating R fluence, F674 was
apparently stable,

The initial 77K fluorescence emission maximum of the main Chl{ide) band
formed 1in isolated maize etioplasts by a brief saturating R irradiation,
shifted from 688 to 693 nm during a dark period of about 1| min at room
temperature. In maize leaves, this initlal red shift appeared to be more



rapid and only the last part was observed. According to Bonner {(1969), in
6-day old maize leaves the shift is complete after 20-30 s at 25 9C. In bean
PChl(ide) holochrome such a red shift was not detected, in agreement with
Schultz and Sauer (1972). Oliver and Griffiths (1982) ohtained evidence that
the Chi{ide) forms before and after the initial red shift, C678 and C685,
respectively, represent ternary complexes of the enzyme protochlorophyllide
reductase with Chl(ide) and either NADP* (C678) or NADFH (C685). The NADPH
required for the shift can be supplied by the high level of endogenous NADPH
found in etioplasts In dark-grown plants (Mapleston and Griffiths, 1978).
Lack of NADPH in holochrome preparations is held responsible for the absence
of this shift (Oliver and Griffiths, 1982). A low supply of NADPH in isolated
etioplasts may then explain the relatively slow rate of the shift in this
object. El Hamouri and Sironval (1980) reported that after Irradiation of
isolated cucumber etioplasts, the 77K fluorescence emission maximum of
Chl(ide) was at 688 nm. However, when a NADPH regenerating enzyme system was
added before irradiation, the maximum was found at 696 nm. In addition to the
effect of NADPH, the red shift has been ascribed to a re-arrangement of newly
formed Chl(ide) (Mathis and Sauer, 1973), which is consistent with the change
in fluorescence lifetime observed by Van der Cammen and Goedheer (1980), The
shorter lifetime of the species after the shift iIndicates a greater
interaction with its molecular environment, The corresponding decrease in
fluorescence yileld at room temperature observed by Thorme (1971a) in bean
leaves, was hardly detectable in the present exeriments with maize leaves
(Section 7.2.10}, probably because of the rapidity of the shift. In isolated
maize etioplasts, a decrease in fluorescence yield did occur, however no red
shift of the Chl(ide) fluorescence emission peak was observed at room
temperature. The decrease in fluorescence in isolated etioplasts is most
likely caused by photobleaching of Chl{ide).

A Shibata(-like) blue shift of the Chl(ide) emission maximum from 692 to
680 nm was observed in maize and bean leaves, isolated etioplasts and hean
PChl(ide) holochrome. Analysis of a number of spectra taken in the course of
the shift consistently pointed te the presence of ounly the two components F692
and F680 in this wavelength interval, no indications of {ntermediate peak
position heing observed. This suggests interconversion of two discrete
pigment forms, rather than a continuous wavelength shift, as e.g. caused by a
gradual change 1in the physical environment, That no isoshestic point was
seen, may be explained by simultaneous changes in the level of a number of
other pigments having appreciable fluorescence in the same region. The 77K
emission maxima of the two Chl(ide) species invelved 4in the Shibata(~like)
fluorescence shift were at shorter wavelengths in the holochrome preparation
than in leaves and isolated etioplasts, which may be attributed to a different
conformation or some denaturation of the holochrome protein during isolation.
The duration of the shift differed In the various preparations. The high
glycerol concentration of the medium is probably the cause of the slow rate of
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the shift ian the PChl{ide) holochrome preparation (cf. e.g., Brodersen,
1976). In contrast to the initial red shift, which was slower in isolated
etioplasts than in leaves, the Shibata(-like) fluorescence shift appeared
considerably more rapid in 1isolated etioplasts. In experiments with bean
leaves, Thorne {197la) also cobserved that the rates of the initial red shift
and the Shibata shift are not necessarily proportional. TInterestingly, ALA
treated leaves having a high P636/P650 ratio typical of isolated etioplasts,
similarly show a rapid Shibata-like shift (Klockare and Sundqvist, 1977;
Oliver and Griffiths, 1982), In very young dark-grown leaves, as well as 1in
the alga Euglena, where P636 is the only photoconvertible PChl(ide) species,
Chl(ide) has its absorption maximum at 672 nm immediately after R irradiation
and there is no Shibata shift (Klein and Schiff, 1972), Similar results were
obtained with frozen and thawed leaves {(Butler and Briggs, 19%66). Nielsen
(1975) observed that in a barley mutant producing only photoconvertcible
PChl(ide), the Chl(ide)} absorption maximum was at 684 nm and no Shibata shift
to 672 nm occurred. However, C672 was formed in this mutant after ALA feeding
which results in formation of PChl(ide) (probably both P628 and P636) with
absorption maximum around 633 am, These observations suggest that the
presence of initially photo—inactive PChl(ide) is a prerequisite for the
Shibata shift. The Inactive PChl(ide) possibly causes Chl(ide) to dissociate
from the holochrome protein. This suggestion is supported by the observation
of Oliver and Griffiths (1982), that the absorption maximum of Chl{ide) formed
by irradiation of etioplast membranes enriched in photo—active PChl(ide),
remains at 684 nm. Only upon addition of exogenous PChl(ide), the maximum
shifts to 672 nm, Tt remains unclear whether the C672 which is formed either
by a rapid Shibata shift or directly without a Shibata shift and the C672
formed from C684 by a slow 5Shibata shift, are identical. Van der Cammen and
Goedheer (1980) showed that €672 in bean leaves after freezing and thawing has
a longer fluorescence lifetime than C672 after the Shibata shift, indicating
that the interaction of €672 with its surroundings is less for the form after
freezing and thawing. Possibly, inability of isolated etioplasts to
incorporate Chl{ide) at specifiec sites of the mewbranes protecting them
against photobleaching and dematuratlion, 1s the reason for the instability of
newly formed Chl(ide) in the isolated organelles.

Both absorption and fluorescence measurements indicate that R pre-=
irradiation increases the rate of the Shibata shift in 8-day old malze leaves.
Data obtained with isclated etioplasts were too variable to demonstrate a
stimulation of the in vitro shift by in vivo R pre-irradiation. The results
presented in Chapter 6 and in this chapter show that isolation of etloplasts
and storage at 4 °C 1n darkness drastically influence the kinetics of both
P850 regeneration and wavelength shifts of newly formed Chl(ide)., Even if
better techaiques become available for the isclation of etioplasts, it appears
doubtful whether an effect of an 1in vitro R pre-irradiation can be
established. Only a positive effect of R could provide evidence for a direct
action of Pfr upon the etloplasts with regard to Chl accumulation.
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8 GENERAL DISCUSSION

8,1 Sensitivity of plants to R potentiation of rapid chlorophyll accumulation

The action of phytochrome (P) in the development of etioplasts to
chloroplasts has been studied in seedlings of maize. This plant was chosen in
preference to pea and bean (Raven, 1973), since etioplasts, isolated from the
latter proved insufficlently stable for in vitro studies (e.g., Chapter 5),
Maize seedlings proved less sensitive to red light {(R) potentiation of rapid
chlorophyll {Chl) accumulation in white light (WL) than pea. However,
dark-grown maize seedlings clearly shew a small vresponse imn the very low
fluence vresponse {VLFR) region. Sengitivity of R pre-irradiated maize
seedlings to a second R irradiation was considerably lower and such plants
only 'showed a low fluence response (LFR). This decrease in sensitivity upon
de—etiolation is common in photomorphogenic reactions of plants, although the
opposite effect has also been observed (Beggs et al., 1980). A decrease in
gsensitivity was observed for photocontrol of hook opening in bean seedlings
(Klein et al., 1967), of elongation of pea segments (Fox and Hillman, 1968),
of hypocotyl elongation of Cucumls seedlings (Black and Shuttleworth, 1976)
and of wheat seedling growth (Smith et al., 1985). Probably related to this
phenomencn are the biphasic fluence-response curves observed for inhibition of
maize mesocotyl elongation (Vanderhoef et al., 1379), for stimulation of oat
coleoptile growth and for mesccotyl growth inhibition (Mandoli and Briggs,
1981), for geotropic reactions of oat coleoptiles (Blaauw-Jansen and Post,
1985) and for seed germination (e.g., Blaauw—Jansen and Blaauw, 1975; Small et
al., 1979; Cone, 1985; VanDerWoude, 1985). 1In most of these cases, a VLFR is
observed at fluences of 107% to 107! pmol w2 R, which produce 0.1% Pfr or
less. The LFR on the other hand 1s observed at fluences of about 1l to
103 pmol m‘z, producing from 1 to 86% Pfr (Cone, 1985; Vierstra and Quail,
1983), VLF and LF responses have also been observed for the phytochrome (P)
induced Iincrease in transcript abundance of mRNA of the 1light-harvesting Chl
a/b binding protein (Kaufman et al., 1985). Fluence-response curves for R
induction of rapid Chl accumulation for pea (Raven and Shropshire, 1975;
Spruit et al., 1979), bean (Spruit et al., 1979) and maize {Chapter 3) are
more or less biphasiec, however for bean a '"VLFR" and a "LFR" were observed at
fluences higher than in most other cases. In malze seedlings, the VLFR is
saturated at about 1 pmol w2 R, resulting in about 0.1-1% Pfr, and within the
error limits of the data the LFR appears to saturate at about 1 mmol m 2 R
which attalons the maximum % Pfr possible.

Several hypotheses have been put forward to explain biphasic respounses to
R, some of which may also provide an explanation for the decrease in
sensitivity of pea and maize seedlings to R, or loss of the VLFR, upon
de-etiolation. Small et al. (1979) proposed that induction of germination in
lettuce seed is under the contrel of two processes acting in series, the firest
being extremely sensitive to Pfr, the second wmuch less so. A similar
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mechanism might also be involved in R potentiation of rapid Chl accumulation.
Several P controlled processes related to Chl accumulation in WL have been
reported (Schopfer and Apel, 1983). An indication for at least two different
initial actions of Pfr is provided by the observation of Jabben and Mohr
(1975) that the effect of a R pulse on the rate of protochlerophyll(ide)
(PChl({ide)) regeneration in mustard seedlings remains fully reversible by a
far-red light (FR) pulse for more than 5 min, while reversibility of the
effect of a R pulse on the duration of the Shibata shift is lost within 2 min.
Effects of P on processes both inside the etioplasts (e.g., synthesis of
5-aminolevulinic acid (Masoner and Kasemir, 1975)) and outside the organelles
(e.g., induction of the appearance of mRNA activity for the nuclear coded
apoprotein of the light-harvesting Chl a/b protein complex (Apel, 1979)) give
additional support for the idea that more than one P controlled process is
involved in induction of rapid Chl accumulation inm WL, It would be
interesting to determine the sensitivity of these processes te R in the light
of Small’s hypothesis, Blaauw—Jansen (1983) proposed the existence of a Pfr
destroying enzyme which was assumed to become active at a certain critical
level of Pfr, accounting for a plateau or even for a decrease in response, the
latter iuncreasing again when the enzyme becomes saturated upon increasing Pfr
formation. In this model, the decrease in sensitivity to R upon de—etiolation
in maize and pea seedlings requires the assumption that the enzyme remains
active throughout the dark period of 24 h between both R pre-irradiations.
Cone et al. (1985) attempted to explain similar complex fluence responses on
the basis of a Pfr dependent VLFR changing the response to the LFR range. A
mechanism of P action based on interaction of dichromophoric P with receptors
was proposed by VanDerWoude (19853), He assumed that P exists in three
intercouvertible species, viz. Pr:Pr, Pr:Pfr and P{fr:Pfr and that a VLFR
involyves interaction of Pr:Pfr with a specific receptor X. Photoconversion of
at least one of the two chromophores of a dimer into Pfr would induce binding
of P, The VLFR to Pr:Pfr is thought to be dependent om the state of the
membrane. For an explanation of the decrease in sensitivity to R induced by
de-etiolation, it is essential that P remains bound te X after dark reversion
of Pr:Pfr or Pfr:Pfr to Pr:Pr. A decrease in sensitivity to R, or 1loss of
VLFR, wupon de-etiolation is also readily explained by the P transport model
proposed by Raven and Spruit (1973) (Chapter 1, Section 1.5). This model,
which will be discussed im wmore detail in Section 8.4, is simllar in some
aspects to that of VanDerWoude (1985) but does not require the existence of P
dimers.

8.2 Phytochrome in etioplasts

With regard to poteuntiation of rapid Chl accumulation, etioplasts are
candidates for the sites of action of P, Cooke et al, (1975) and Smith and
coworkers (e.g., Evans and Smith, 1976a,b) had already demonstrated the
presence of P in etioplasts {solated wunder a dim green safelight,
Spectrophotometric measurements of etioplast preparations cobtained in complete
darkness from completely dark-grown maize, pea and bean leaves (D etloplasts)
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showed that P was already associated with the organelles in darkness {Chapter
4}. The P content of &tioplasts isolated from leaves of R pre—irradiated
maize seedlings (R etioplasts) marginally exceeded that of D maize etioplasts.

It can not he excluded that P measured in etioplast preparations is an
isolation artifact, However, some evidence for etioplast-associated P being
involved in potentiation of rapid Chl accumulation in WL is provided by the
observation that the potentiating effect of a R pre-irradiation of maize
seedlings is still partially reversible by FR even after a dark period of 24 h
(Chapter 3, Table 3.2). This implies the presence of Pfr molecules at that
moment, whereas P measurements of leaf homogenates show disappearance of Pfr
as a result of in vivo dark destruction in bulk P withip 4 h of darkness after
R irradiation, The amount of P associated with etioplasts did not decrease
during the first 12 h of datkness (Chapter 4, Fig. 4.4), indicating that no
dark destruction occurs in etioplast-associated Pfr. Different rates of Pfr
dark destruction in a single plant species have been reported: in Amaranthus,
Brassica and Pharbitis seedlings, the initial fast Pfr destruction is followed
by a slow Pfr disappearance after a low Pfr/P ratio has been reached (Heim et

al., 1981; Brockmann and Schifer, 1982). Slow destruction rates or even
complete stability of Pfr have been obhserved in tissues grown for a long
period in light (Jabben and Holmes, 1983). However, evidence exists that P in
light—-grown tissue is a different species from that in etiolated tissue
(Tokuhisa et al,, 19853). Tt is attractive to attribute at least that part of
R potentiation which shows a long-term reversibility by FR, to stable
etioplast-associated Pfr.

8.3 Phytochrome and developmental processes In isolated etloplasts

Direct evidence for involvement of etioplast-associated Pfr in the
potentiation reaction was sought by studying several 1light-induced
developmental processes related to Chl accumulation and possible P involvement
in isolated etioplasts. For comparison, these processes were also studied in
¥ivo,

Some limited ultrastructural development in WL was shown by isolated R oat
etioplasts. However, this did not parallel development in vivo. Preliminary
experiments described in Chapter 5 show that prospects of detecting In witro
effects of Pfr on ultrastructural development of etioplasts are not very
promising.

When isclated maize etioplasts are briefly irradiated, chlorophyll(ide)
(Chl{ide)) 1is formed from phototransformable PChl(ide). TIn suhsequent
darkness, regeneration of phototransformable PChi{ide} (mainly P650) occurs
(Chapter 6). The lag phase of several minutes iIn P650 regeneration as
ohserved in vivo was absent 1n 1solated etioplasts. Also, contrary to the
situation 1in wvivo, no ' effect of Pfr on the rate of P650 regeneration was
observed. Moreover, the proportion of PChl(ide) that was photoconvertible in
vitro appeared to be lower than in vive. Curve fitting of 77K fluorescence
emission spectra with Gaussian components was applied to study the kineties of
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wavelength shifts of the fluorescence maxima of newly formed Chl{ide) (Chapter
7). Although the results have to be interpreted with caution, similar shifts,
except for differences in their duration, appear te occur in vivo and in
vitro. In wvivo, the duration of the Shibata shift was shortened by Pfr, but
this was less evident in isclated etioplasts.

Observations on regeneration of photoconvertible PChl(ide) in vivo are in
agreement with reports in the literature (e.g., Kasemir, 1983b) in that Pfr
appears to increase the biosynthetic capacity of seedlings to form Chi(ide)
via a stimulation of PChl{ide} formation. However, the lag phase in Chl
accunulation is more pronounced when greening occurs in WL of high irradiance
(Virgin, 1972; Raven, 1973; Chapter 3). Raven (1973) alsec observed that at
G °C, the initial photoconversion of PChl{ide) yielded significantly more
{about 50%) Chl{ide) in green (529 nm) than in R (650 nm). This indicates
that photodestruction of Chl(ide) also plays a role in the lag phase and
indeed Pfr has been shown to protect Chl against photodestruction (E;EL’
Oelze—Karow et al., 1983). Singlet oxygen formed by energy transfer from
Chi(ide) triplet states is probably responsible for Chl(ide) photodestruction
and may ultimately lead to damage of other systems, e.g., prolamellar bedy
(PLB) structure and enzymes involved in PChl(ide) synthesis (Dorsman et al.,
1977; Ryberg et al., 1981). A stimulation of the rate of the Shibata shift
(Jabben and Mohr, 1975; Chapters 6 and 7) may be part of the protection
mechanism by Pfr, since Axelsson (1976) has shown that €685, the Chl{ide) form
preceding the Shibata shift, is 4-5 times less photastable than the €672 form
present afterwards. Carotenocids play an important role in protection agalust
singlet oxygen (Krinsky, 1978). Although the bulk carotenoid content of maize
seedlings was not increased by R pre-irradiation, R induced a slight
stimulation of carotenoid formation in subsequent WL (Chapter 3). Association
of Chl and carotenoids in pigment-protein complexes within the thylakoid
membranes is probably required for protection of Chl. A relationship may
exist between the rate of the Shibata shift and the rate at which Chl and
carotenoids become incorporated into such complexes. The apoprotein of a
major complex, the light-harvesting Chl a/b protein complex, 1s synthesized on
cytoplasmic ribosomes (Apel and Kloppstech, 1978). Both the amount of mRNA
activity (Apel, 1979) and the steady-state level of mRNA sequences enceding
the apoprotein (Gollmer and Apel, 1983) are controlled by Pfr. Probably, the
two constituent polypeptides of the apoprotein are synthesized as soluble
precursors which are  transported across the plastid envelope by a
post-translational mechanism, converted there to their smaller mature form and
inserted into the thylakeids {Schmidt et al,, 1980), Although the apoproteins
of some Chl-proteln complexes -(CPs) appear to be synthesized within the
plastids, that of at least one other CP, the minor Chl g/é‘complex CP29, is
under nuclear control (Green, 1982). It is not yet known whether newly
synthesized Chl(ide) molecules in previously dark-grown or R pre-irradiated
seedlings are bound immediately to the final protein complexes, With the
present techniques, the proteins of these complexes are detectable only after
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about 1 h or more irradiation. More early labile CPs have been detected
(Tanaka and Tsuji, 1985}, the synthesis sites of which are not known.
However, the apoprotein of the ternary NADPH-PChl{ide) oxidoreductase complex
is also synthesized in the ¢ytoplasm and the role of the cytoplasm in
providing plastids with structural proteins and other compounds which are
essential for their developmert into chloroplasts becomes more and more
appreciated.

Changes of both ultrastructure and spectral characteristics of etioplasts
which occur upon isclation may at least partially be attributed to disturbance
of pigment-protein complexes. For example, isclation of etioplasts results in
a decrease of phototransformable PChl{ide) which forms part of the ternary
NADPH-PChl(ide) oxidoreductase complex {(Griffiths, 1978), 2z major constituent
of the PLB. Dehesh and Ryberg {(1985) argue that the paracrystalline structure
of the PLB is dependent on the presence of this complex. An alteration of the
complex, which may be caused either by insufficient NADPH (Chapter 7) or by a
lack of supply of the apoprotein from the cytoplasm, may account £for both a
decrease of photoconvertible PChl{ide) {(Chapters 6 and 7) and the modified
behaviour of isolated etioplasts with regard to PLB transformation ({(Chapter
3). Failure of isolated etioplasts to successfully incorporate newly formed
Chl{ide) within Chl-protein complexes may account for the lability of newly
formed Chl(ide) (Chapter 6) and its semsitivity to photodestruction (Chapter
7). Furthermore, it is conceivable that isclated etioplasts ate unable to
form incipient grana (Chapter 5) because they lack essential polypeptides
synthesized in the cytoplasm.

Although the above findings suggest that P control of ultrastructural
development, P650 regeneration and Shibata shift is malinly exerted from the
cytoplasm, they do not necessarily imply that etioplast—associated P 1is mot
involved in Chl accumulation in WL. 1Isolated etioplasts may lack one or more
factors originating in the cytoplasm, essential for the expression of the
effect of etioplast-associated P on the above mentioned processes.
Fractionation studies (Evans and Smith, 1976b; Chapter 4) have shown that P
may be localized exclusively in, ot attached to, the plastid envelope. This
may point to a control by etioplast-associated P of the permeability of the
plastid envelope for e.g. apoproteins of Chl-protein complexes as well as
other essential compounds, such as metabolites from mitochondria {(Wellburn,
1984}, Indeed, evidence for Pfr mediated changes in envelope permeability of
both etioplasts and mitochondria has been presented by Hampp and Schmidt
(1977).

8.4 The locus of phytochrome action

Chioroplast development as well as numerous other processes under P
control are often characterized by biphasic fluence-response relatiounships
which are difficult to interpret. It is 1indeed remarkable that the VLFR
occurs upon transformation to Pfr of only one in a hundred thousand Pr
molecules, or even less. Previous irradiation with R or even with green
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"safelight" (Raven, 1973} results in loss of the VLFR. In such cases
sensitivity to further activation decreases by several orders of magnitude.
This behaviour is very clearly shown by the greening process in pea seedlings
(Raven and Shropshire, 1975) and in maize seedlings (Chapter 3). An
attractive explanation for these effects appears to be offered by the
phytochrome transport model, originally proposed by Raven and Sprult (1973)
and discussed in Section 1.5 and Chapter 4. The present experiments suggest
that, upon an initial irradiation, migration of some 1% of total cytoplasmic P
to maize etioplasts as Pfr is possible, leading to a 1local Pfr/P ratic of
about 30%. This amount of mnmigration satisfies the requirements of the
transport model. Although it is notable that a pre-irradiation with a R
fluence producing not more than 1% Pfr saturates the VLFR in maize seedliungs
(see Section 8.1) as well as in pea seedlings (Spruit et al., 1979}, this dees
not prove that the etioplast 1is the only, or even the main target of Pfr
migration in terms of the model. However, even if a (high) concentration of
Pfr in other organelles is demonstrated, this would not necessarily invalidate
the model. Nevertheless, some minor modifications of the original scheme seem
te be necessary to adapt it to the present observations.

Raven and Spruit (1973) observed that in seedlings of pea, bean and maize,
the potentiating effect of R is not or only partially reversible by FR.
However, if the R irradiation was followed, after an appropriate dark
interval, by a second R irradiation, the additional potentiation by this
second R in pea and bean was largely or completely FR reversible, These
findings were successfully explained by thelr model assuming that the
migration of Pfr is slow: FR being ineffective if applied during migration.
In Chapter 3 it is showa that, 1f the effect of FR as such is accouanted for,
in maize both a first and a second R pre—-irradiation are 60-80% reversible by
FR. This may also apply to pea where it is more difficult to demonstrate,
since the potentiating effect of a first FR pre-irradiation is about equal to
that of R® (e.g., Raven and Spruit, 1973) due to the large VLFR. On the basis
of the model, an initial R pre-irradiation is predicted to be reversible by FR
when Pfr migration is cowplete before FR irradiation starts (20 s in the
present experiments}, FR given after R will then revert receptor—bound Pfr to
Pr and further binding by Pfr will be blocked since all receptor sites are now
occupied. Intevestingly, the Zea paradox (Hillwman, 1967; Chapter 1, Section
1.5) can be explained in a similar way. Indeed, z study on the time course of
reversibility of the R effect by FR in bean provided evidence for a half Llife
of PLr migration of only about 3 s at room temperature (Spruit et al.,, 1979;
Spruit, 1980). Such a rapid migration is in agreement with data from
immunclogical studies (Pratt and Marmé, 1976) and pelletability studies {(Quail
and Briggs, 1978). The occurrence of a second reaction which rapidly escapes
reversibility by FR may account for the observed incomplete reversibility of
the effect of R (see also Spruit et al., 1979). On the other hand, in maize
seedlings the VLFR induced by a first R pre-irradiation is small in comparison
to its effect in the LFR range, so that a possible difference in reversibility
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of a first and a2 second R pre-irradiation would hardly be observable.

The potentiating effect of a second R pre-irradiation given 24 h after a
standard R pre-irradiation of maize seedlings is compatible with the P
transport model when after the initial R irradiation Pfr dark reversion te Pr
takes place at the receptors. In view of the small fraction of total cellular
P bound to the receptors, this 1s not necessarily in disagreement with the
established fact that in maize no dark reversion can be observed
spectrophotometrically. 1In this respect, observations of Cordonnier et al.
(1985) are of interest. Addition of a monoclonal antibody to a preparation of
124-kilodalton oat P, which in the absence of antibody did not exhibit Pfr
reversion, induced reversion of Pfr to Pr. Binding of Pfr to receptor sites
in the cell might, as well as binding to¢ antibody, result in Pfr reversiom to
Pr. The observation that the LFR upon a second R pre-irradiation is smaller
than after a first R (Table 3.2}, suggests that Pfr dark reversion may not be
complete at the time of a second R pre-irradiation., This is compatible with
the long-term reversibility by FR of the effect of a first R, discussed above,
However, the interpretation of the additional potentiation of Chl accumulation
by a second R pre-irradiation must be cautious, since 24 h 1s a sufficlent
period for many changes to occur during etioplast development, including the
possible synthesis of new receptor sites.

Although the results of the present studies can be explained without the
assumption of P tramsport, they are equally comsistent with the transport
model as proposed by Raven and Spruit (1973) and do not contradict the
assumption that the postulated receptor sites are located in or on the
etioplasts. It appears attractive to attibute the VLFR to migration of Pfr to
the etioplasts and/or other organelles or membranes. Part of the LFR may be
attributed to photoconversion into Pfr of Pr already residing in the
etioplasts in darkness,

However, though there is now evidence that P is assoclated with etioplasts,
no appreclable P effect on developmental processes could be observed once
these organelles were removed from their natural environment, The effect of P
on the level of gibberellins extractable from isolated etioplasts found by
Cooke et al. {(1975) and Evans and Smith (1976a) suggests that
etioplast—associated P may be physiologically active, In the present study,
indirect indications for involvement of etioplast—associated P in potentiation
of rapid Chl accumulation in WL were obtained. It appears highly likely that
for the development of etioplasts into chloroplasts, P processes associated
with the etioplasts as well as with other cell components are important.
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9 SUMMARY

This thesis is concerned with the role played by phytochrome (P) in the
development of etioplasts into chloroplasts.

Previously dark-grown maize seedlings are not as sensitive as pea seedlings
to very low fluences of red 1light (R) with regard to induction of rapid
chlorophyll (Chl) accumulation in white light (WL), but a very low fluence
response (VLFR) has been established in this plant species as well, Much
higher fluences of a second R pre-irradiation are required to give an
additional effect (low fluence response or LFR). When the effect of far-red
light (FR} as such is accounted for, the effects of both a first and a second
R pre-irradiation are 60-80% reversible by FR in maize seedlings. In high
irradiance WL, the lag phase of Chl accumulation is of considerably longer
duration, This indicates that photodestruction of Chl plays a role in the
cccurrence of a lag phase in Chl accumulation,. R has a relatively large
effect in high irradiance WL (Chapter 3).

Phytochrome (P) was measured spectrophotometrically for the first time in
purified etioplast preparations obtalned in complete darkness from dark-grown
seedlings (D etioplasts) (Chapter 4)}. The P content of etioplast preparations
from R pre-irradiated seedlings marginally exceeded that of D etioplasts.
While the total P content of maize leaves, as measured In homogenates,
decreased after R irradiation as a result of Pfr dark destruction, the P
content of etioplasts from similar seedlings remained constant.

Attempts to demonstrate a physiological effect of etioplast-associated P
were not successful. Preliminary studies on ultrastructural development of
etioplasts {Chapter 3) showed that the in vitro development during I h WL did
not completely parallel development in situ, An effect of in wvivo R
pre—irradiation on prolamellar body transformation, which was evident in situ,
was not observed in vitro. In situ, formation of incipient grana in WL was
stimulated by R pre—irradiation, however, isolated etioplasts proved incapable
of forming incipient grana.

In the dark, fellowing a short irradiation, regeneration of
phototransformable protochlorophyll{ide) (PChl(ide)) was observed in isolated
etioplasts (Chapters 6 and 7). However, regeneration kinetics differed from

those in vivo and no effect of 1n wvivoe R pre-irradiation could be
demonstrated. 1In vivo, the rate of PChl(ide} regeneration was increased by
Pfr (Chapter 6).

Wavelength shifts of the 77K fluorescence emission maxima of newly formed
chlorophyll{ide) {(ChL(ide)) after a short irradiation wete studied in leaves
and isclated etioplasts, Derivative spectroscopy and curve fitting were
applied to study kinetics of these shifts (Chapter 7). The first shift, a red
shiftr, was slower in isolated etioplasts than in leaves. No effect of R
pre-irradiation was observed on the rate of this shift. The subsequent blue
shift, the so—called Shibata shift, was more rapid, but less complete in
isolated etioplasts than in leaves. Whereas in leaves the rate of the Shibata
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shift was increased by Pfr, this was hardly, if at all, detectable in isolated
etioplasts. The amount of phototransformable PChl(ide) decreased and the rate
of the Shibata shift increased during storage of isoclated etioplasts at 4 ©C
in darkness. Newly formed Chl{ide) proved unstable in isolated etioplasts.

The above results point to a decisive influence of the cytoplasm on the
development of etioplasts in WL. In this respect, polypeptides of Chl~protein
complexes synthesized in the cytoplasm may play an important role. However, a
direct dinfluence of etioplast—associated P in the development of etioplasts
into chloroplasts, e.g. ou permeability of the etioplast envelope, can not
be excluded. Evidence for such an effect is found in the observation that the
potentiating effect of a R pre-irradiation with regard to rapid Chl
accumulation in WL is still partially reversible by FR after a dark period of
24 h, While Pfr in bulk P had already disappeared due to dark destruction
after 4 h of darkness, the amount of P assoclated with etioplasts appeared not
to decrease {see above). It is attractive to attribute at least that part of
R potentiation which shows a long-term reversibility by FR, to apparently
relatively stable etloplast—associated Pfr.

The results are discussed in relation to the phytochrome tramsport model of
Raven and Spruit (Chapter 8). It is concluded that, though they do not
provide a direct support for the model, they are not in disagreement with it.
The transport model still appears to give an attractive explanation for a
nunber of P responses, such as the VLFR and the Zea P paradox.
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10 SAMENVATTING

De invloed wvan fytochroom op de ontwikkeling wvan etioplasten tot
chloroplasten vormt het centrale thema van dit proefschrift. Het onderzoek
was vooral gericht op de z.g. aanloopfase bij chlorofylvorming in wit licht.

Door een korte voorbelichting van 8 dagen oude kiemplanten van mais met
rood licht wordt inactief fytochroom, Pr, omgezet in de actieve vorm Pfr. De
aanloopfase bij chlorofyl-accumulatie in wit licht is dan vrijwel afwezig,
Volledig 1in het donker opgegroeide kiemplanten zlin gevoellg voor zeer lage
doses rood licht, maar bij een tweede rood-belichting zijn veel hogere doses
vereist om cen effect te verkrijgen (Hoofdstuk 3). Belichting met ver-rood
licht, onmiddellijk na belichting met rood licht, doet het effect van =zowel
een eerste als een tweede roodbelichting voor een groot deel teniet. In wit
licht van hoge intensiteit is de aanloopfase bij chlorofylaccumulatie langer
dan in wit licht wvan lage intensiteit. Dit wijst erop, dat afbraak van
chlorofyl onder invlged wvan licht een oorzaak is wvan deze aanloopfase.
Voorbelichting met rtood 1licht  Theeft een relatief grote invlced op
chlorecfylaccumulatie in wit licht van hoge intensiteit.

Voor het eerst werd fytochroom spectrofotometrisch gemeten in preparaten
van gezuiverde etioplasten, die in volledig donker waren geiscleerd uit
kiemplanten die in volledig donker waren opgekweekt ("D etioplasten")
(Hoofdstuk 4). De hoeveelheid fytochroom in ptreparaten van etioplasten uit
rood-voorbelichte planten was iets groter dan in It etioplasten, echter het
verschil was nauwelijks significant, De totale hoeveelheid fytochroom in
maiskiemplanten nam ten gevolge van donkerafbraak van Pfr sterk af na een
voorbelichting wmet tood licht, in tegenstelling tot de hoeveelheid in
etioplasten uit rood-voorbelichte planten.

De afname van gevoeligheid wvoor rood licht na voorafgaande roodbelichting
kan verklaard worden met een transportmodel voor fytochroom, dat in 1973 werd
gepubliceerd door Raven en Sprult. De bovengencemde resultaten kunnen met dit
model in overeenstemming wotrden gebracht, als het model enigszins wordt
gewijzigd. Hierbij wordt aangenomen, dat de receptor-plaatsen, waar de door
een  roodbelichting in het cytoplasma gevormde Pfr-moleculen zich velgens het
model zouden concentreren, zich In of op de etioplasten bevinden. In
tegenstelling tot wat in het corspronkelijke model verondersteld werd, blijken
de receptor-organellen dan reeds in kiemplanten, die in het donker zijn
opgegroeid, fytochroom (in de Pr-vorm) te bevatten., De aanwezigheid van
Pr-~moleculen in de etioplasten van ia het donker opgegroeide kiemplanten biedt
een goede verklaring voor het tweede deel van de dosis-effect curve voor
inductie van snelle chlorofylaccumulatie in wit licht (“low fluence response”
of LFR). Activering van de etioplasten door Pfr, dat zich na verhuizing
vanuit het cytoplasma in deze organellen concentreett, zou juist het eerste
deel ("very low fluence response” of VLFR} van deze curve verklaren.
Verhuizing van slechts een klein, spectrofotometrisch nauwelijks meetbhaar,
deel wvan de totale hoeveelheid <fytochroom wult het c¢ytoplasma naar de




~06—

receptoren kan kwantitatief de grote gevoeligheid voor Pfr van kiemplanten die
volledig in het donker gegroeid =zijn en de afname in gevoeligheid na een
eerste belichting, goed verklaren. Dat zowel het effect van een eerste, als
dat van een tweede roodbelichting grotendeels door ver-rood licht omkeerbaar
zijn in wmalsplanten, maakt eerd tweede wijziging van het model noodzakelijk,
In het ocorspronkelijke model werd verondersteld, dat Pfr na een roodbelichting
langzaam verhuist, zodat de ver-roocd-belichting tiljdeuns de verhulzing
plaatsvindt, In plaats daarvan wordt nu verondersteld, dat de verhuizing
plaatsvindt voor het begin van de ver-rood-belichting. Een snelle
"ontsnappingsreactie”™ =zou dan verklaren dat het effect van rood licht nlet
geheel door wer-rood licht teniet  wordt  gedaan. Evenals in  het
oorspronkelijke model wordt aangenomen dat Pfr, dat zich in de receptoren
heeft geconcentreerd, daar aanwezig blijft. Bij een tweede roodbelichting kan
dan niet opnieuw een concentratie van Pfr in de receptoren plaatsvinden. Om
het effect van een tweede roodbelichting in maiskiemplanten in overeenstemming
met het model te kunnen verklaren, wordt aangenomen dat donker—omzetting van
Pfr in Pr in de receptoren plaatsvindt.

Pogingen om een fysiologlsch effect van het in de etioplasten aanwezige
fytochroom rechtstreeks aan te tomen, door processen die in vivo door
fytochroom beinvloed worden in geisoleerde etioplasten te bestuderen, hebben
geen positief resultaat opgeleverd.

De ontwikkeling van de ultrastructuur van geisoleerde etioplasten verliep
niet geheel parallel aan de ontwikkeling van etioplasten in bladeren
{Hoofdstuk 5}, In bladeren werd een invlced van rood~voorbelichting op de
verandering wvan de prolamellaire lichamen geconstateerd, maar niet I1n
gelsoleerde etioplasten. Het begin van de voruming van grana in etioplasten in
bladeren werd gestimuleerd door rood-voorbelichting, maar gelisoleerde
etioplasten bleken niet in staat grana te vormen,

In het. donker na een korte belichting vond, zowel in bladeren als in
geisoleerde etioplasten, opnieuw vorming wvan licht-omzetbaar protochloro-
fyi(lide) plaats (Boofdstuk 6)., In bladeren versnelde rood—voorbelichting de
vorming van deze  voorloper wvan chlorofyl, maar in etioplastem uit
rood~voorbelichte kiemplanten was de snelheid van vorming niet hoger dam in
etioplasten wuit in volledig donker opgegroeide planten. De kinetiek van de
regeneratie van protochlorofyl(lide) in geisoleerde etioplasten verschilde van
die in bladeren.

Het fluorescentie-maximum bij 77K wvan chlorofyl{lide), dat door een
lichtflits wuit protochleorofyl{lide) wordt gevormd, verschuift in het donker
bij kamertemperatuur. De kinetiek van de optredende verschuivingen en de
invloed wvan rood-vaorbelichting daarop, werden bestudeerd bij bladeren en
geisoleerde etioplasten (Hoofdstuk 7). Hierbij werd gebruik gemaakt van
afgeleide spectra en het ontleden van spectra in Gauss—krommes. De eerste
waarneembare verschuiving van het maximum, naar langere golflengtes, bleek
langzamer plaats te vinden in geisoleerde etioplasten dan in bladeren,
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Rood-voorbelichting had geen invloed op de snelheid van deze verschuiving. De
daaropvolgende verschuiving, naar kortere golflengtes (de Shibata shift), vond
in geisoleerde etioplasten sneller, maar minder volledig, plaats dan in
bladeren, In bladeren nam de snelheid van de Shibata shift toe na
rood-voorbelichting, maar eenzelfde effect van in vivo voorbelichting werd bij
geisoleerde etioplasten uiet of nauwelijks waargenomen. In gelsoleerde
etioplasten nam de hoeveelheid licht-omzetbaar protochlorofyl{lide) af, en de
snelheid van de Shibata shift toe, naarmate de etioplasten langer bewaard
werden bij &4 ©C in het donker. Pasgevormd chlorofyl(lide} bleek in
gelsoleerde etioplasten instabiel te zijn,

Deze resultaten wijzen op een grote 1nvloed wvan het cytoplasma op het
vermogen van etioplasten om zich te ontwikkelen onder invloed van wit licht.
Hierbij =zouden polypeptiden wvan chlorofyl-eiwit complexen, die in  het
cytoplasma gevormd worden, cen belangrijke rol kunnen spelen, Toch sluiten de
resultaten een invloced wvan in de etloplasten aanwezig fytochroom op de
ontwikkeling wvan etioplasten tot chloroplasten nlet uit. Het in etioplasten
aanwezig fytochroom zou bijvoorbeeld de permeabiliteit wvan de dubbele
membraan, die de organellen omgeeft, kunnen beinvloeden. Door de volgende
waarnemingen wordt een invlced wvan {In etiloplasten aanwezig fytochroom
aannemelijk gemaakt. Het effect van een rood-voorbelichting op
chlorofylaccumulatie in wit licht bleek na een perlode van 24 uur nog
gedeeltelijk omkeerbaar te zljn door ver-rood licht. Reeds 4 uur na een
roodbelichting leek Pfr door dounkerafbraak verdwenen te =zijn, alleen de
hoeveelheid fytochroom 1in etioplasten bleek constant te hlijven (zie boven).
Het is aantrekkelijk om tenminste dat deel van het effect van rood licht, dat
na lange tijd nog owkeerbaar is door ver-rood, toe te schrijven aan Pfr, dat
kennelijk in de etioplasten betrekkelijk stabiel is.
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