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1. G E N E R A L I N T R O D U C T I O N 

It has been known for a long time that visible light drastically influences the 
appearance of a plant (RAY, 1686). As an example, plate 1 shows seedlings of 
higher plants that were either raised in the dark or in continuous white fluo­
rescent light. It illustrates the differences between seedlings grown in the 
absence of light and light-grown ones of the same age. 

In dark-grown seedlings of the dicotyledonous plants pea (Pisum sativum L.) 
and bean (Phaseolus vulgaris L.), leaf unfolding and expansion hardly occurs, 
whereas stem or hypocotyl strongly elongate. Also the number of leaves is 
greatly depressed. Just below the leaves, a characteristic curvature in the stem 
or the hypocotyl can be observed, the so-called plumular hook. The mono-
cotyledonous plant maize (Zea mays L.) under the same conditions produces 
long, relatively narrow and still fairly rolled leaves. Also, the root system of 
dark-grown seedlings is poorly developed. 

For the present investigation the observation is important that the colour of 
the leaves of the dark-grown seedlings of plate 1 is yellow instead of green. 
Analysis shows that pigments absorbing in the blue wavelength region of the 
spectrum, such as carotenoids, are the coloured compounds, predominating in 
dark-grown seedlings, and that chlorophylls are present only in minute quanti­
ties. The main pigment, absorbing in the red region is protochlorophyll. It 
accumulates, however, only in an insignificant amount as compared with that 
of chlorophyllous pigments present in a mature green leaf. 

Generally, plants grown in darkness are called 'etiolated' (etioler = to 
bleach). CHARLES BONNET may have been the first to use this term in 1754 
(WASSINK et ah, 1957). The word implies that it should only be a useful term for 
dark-grown seedlings of Angiosperms, since several more primitive plants are 
able to synthesize appreciable amounts of chlorophylls in the dark. Also light-
grown plants that have remained in darkness over a long period, are often de­
signated as etiolated as well (e.g. HARRIS and NAYLOR, 1967). In plant ecology, 
the term etiolation is often used in cases of growth of plants in low light inten­
sities. In this paper we will call plants raised in complete darkness: 'dark-
grown' ; the term 'de-etiolated' will be used for plant material, raised in complete 
darkness but thereafter exposed to radiation for a time so that they have under­
gone a photobiological change of some sort. 

Generally, when dark-grown seedlings are brought into the light, they ap­
proach a 'normal' appearance within a few days. One of the first changes, visible 
to the naked eye is the greening of their leaves owing to chlorophyll formation. 
The plants also rather quickly unfold and expand their leaves and open their 
plumular hooks. 

It is obvious that these ultimate photomorphogenic effects are the result of 
numerous biophysical and biochemical processes. Of special interest are the 
photoreceptor pigments involved and the chain of events between the pigment 

Meded. Landbouwhogeschool Wageningen 73-9 (1973) 1 



fn c o m L o r S flW S6edli?,S °f h igher Plants t h a t were e i ther r e a r ed in the dark (right) or 

^TTm^^^Z^1112 sec) 0eft) at 2 5 ° C : A: pea cv-« 

Meded. Landbouwhogeschool Wageningen 73-9 (1973) 



and the ultimate photoresponse(s). This aspect of plant photomorphogenesis 
has been studied extensively, and a variety of photoreceptor systems and possible 
reaction mechanisms are known (see reviews as written by: PARKER and 
BORTHWICK (1950), WASSINK and STOLWIJK (1956), MOHR (1962), and HILLMAN 

(1967)). Much attention has been focussed on phytochrome, that appears to 
trigger many formative effects such as seed germination, development of seed­
lings, movements of plant parts, flowering, etc. In most cases, a very small 
amount of light energy is required to trigger the photoresponse (e.g. WITHROW, 

1959). Many photoresponses, however, including some involved in the de-etiola­
tion process, still await for the elucidation of their photoreceptor systems. 

An important aspect of the process of de-etiolation is the development of the 
photosynthetic apparatus. The products of light energy conversion in photo­
synthesis are indispensable for the development of the normal plant and, ulti­
mately, determine its quality as a source of energy for animal and man. Aside 
of this, the action of morphogenic pigment systems is another basic functional 
aspect of higher plants. In mutual interaction and cooperation productive (light 
energy fixing) and morphogenic (stimulation sensitive) processes determine the 
ultimate appearance of a (higher) plant. 

Against this background, the present study, concerned with the greening of 
dark-grown seedlings transferred to light can provide information about an 
important pathway in the role of light in the life of plants. 
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2. S U R V E Y OF T H E P I G M E N T S I N V O L V E D 

Understanding of the subsequent experimental data may be facilitated by the 
following brief enumeration of some general properties of the main pigments 
involved. Certainly, these surveys will be far from complete. Therefore, also 
reference will be made to some recent books and reviews. 

2.1. PROTOCHLOROPHYLL 

Seedlings of Angiosperms, reared in the dark, accumulate protochlorophyll 
as a temporary end product, since light is required for its transformation into 
chlorophyll-a. The chemical structure of a protochlorophyll, isolated from 
pumpkin seed coats has been elucidated by FISCHER and coworkers (1939), who 
identified it as magnesium vinyl pheoporphyrin-a5 phytyl (methyl) ester. Upon 
extraction in organic solvents, the pigment shows a characteristic absorption 
band in the red wavelength region and a very pronounced peak in the blue, their 
positions depending upon the solvent used (fig. 1). 

More recent investigations, however, showed that the main protochlorophyll 
type pigment in leaves of dark-grown seedlings of higher plants is not protochlo-

FIG. 1. Absorption spectrum of 
protochlorophyll in methanol 

WaveLength ( nm) (From KOSKI et al, 1951). 
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rophyll, but the non-phytylated compound, protochlorophyllide, or magnesium 
vinyl pheoporphyrin-a5 (LOEFFLER, 1955; WOLFF and PRICE, 1957). Protochloro-
phyll is also present, but in much smaller amounts (about 20 %, depending upon 
age and species of the plant). These findings raised certain problems in nomen­
clature, since the word 'protochlorophyll' was generally used in the literature to 
refer to both pigments, irrespective of whether they are esterified or not. Ac­
cording to a proposal of KIRK (1967), we will use in this paper, from now on, 
the words protochlorophyllide ester (Pchlide ester) and protochlorophyllide 
(Pchlide) when their distinction is needed. Protochlorophyll (Pchl) will be used 
as a collective term, or when the nature of the pigment is not completely estab­
lished. There is experimental evidence, indicating that Pchlide ester is not photo-
transformed at all, or at a much slower rate than Pchlide (WOLFF and PRICE, 

1957; VIRGIN, 1960). In vivo, Pchl has its absorption peak in the red wavelength 
region at 650 nm with a shoulder around 636 nm (SHIBATA, 1957). The absorp­
tion around 636 nm may be attributed to Pchlide ester. Upon extraction with 
organic solvents, Pchl immediately loses its phototransformability. However, it 
is possible to obtain Pchl in cell-free extracts that does retain the ability to 
undergo phototransformation (KRASNOVSKY and KOSOBUTSKAYA, 1952; SMITH, 

1952). This active form of Pchl - called Pchl holochrome by SMITH and collab­
orators (1957) - appears to be a complex of Pchl chromophore and protein. 

Pchlide phototransformation in vivo or as purified holochrome, is a very fast 
process. The photoact can be completed within a few milliseconds (e.g. MADSEN, 

1963). Phototransformation is not observed at liquid nitrogen temperature, but 
there is a fairly rapid conversion at -70 °C (SMITH and BENITEZ, 1954). Action 
spectra for Pchl phototransformation with peaks in the blue (445 nm) and red 
(650 nm) wavelength regions (FRANK, 1946; KOSKI et al., 1951), clearly point to 
Pchl as photoreceptor for its own conversion. 

2.2. CHLOROPHYLL 

A comparison of the empirical formulae for chlorophyll-a (Chl-a) and Pchl 
shows that the latter differs from Chl-a in having 2 hydrogen atoms less. This 
implies that its phototransformation is accompanied by a reduction. The nature 
of the hydrogen donor is still unknown, but it seems to form an intrinsic part of 
the holochrome, since Pchlide phototransformation occurs even after extensive 
purification. 

The first more or less stable product of the phototransformation absorbs 
around 684 nm (SHIBATA, 1957). Generally, this absorption maximum is as­
cribed to chlorophyllide-a (Chlide-a). During the next 30-60 minutes at room 
temperature, a shift to 673 nm occurs (SHIBATA shift). This shift may be sup­
posed to be the result of phytolization of Chlide-a, yielding chlorophyllide-a 
ester (Chlide-a ester). Finally, the 673 nm-peak shifts back very slowly to 
677 nm which is about the position of the main absorption peak of Chl-a 
in the red wavelength region in a mature green leaf (KRASNOVSKY, 1960). 
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Generally, this shift is ascribed to aggregation of Chi molecules in the thylakoids. 
Chl-formation during the greening process is accompanied by drastic changes 

in the internal structure of the etioplast (ROSINSKY and ROSEN, 1972). Pchl is 
assumed to be located in the so-called prolamellar body, which appears to be a 
complex network of tubular membranes having the appearance of a crystal 
lattice. Upon Pchl phototransformation the prolamellar body loses its crystal­
line appearance and lamellar membranes extrude from the disrupted prolamellar 
body, giving rise to thylakoids. After prolonged irradiation the primary lamel­
lae, over certain regions, become double, which is the initial stage of granum 
formation. 

Recent books and reviews on Pchl and Chl-a: VERNON and SEELY (1966); 
KIRK (1967, 1970); VIRGIN (1972). 

2.3. PHYTOCHROME 

Phytochrome is a blue-green pigment, probably belonging to the open-chain 
tetrapyrroles, such as the bile pigments (e.g. RUDIGER and CORRELL, 1969; 
RUDIGER, 1972). Until now, it has only been detected spectrophotometrically 
in higher plants and in very few lower plants. Angiosperm phytochrome exists 
in two interconvertible forms, one with maximum absorption in the red region 
of the spectrum at around 660 nm (Pr), the other in the far red around 730 nm, 
(Pfr). Red light is the most effective in forming Pfr from Pr, whereas for the back-
reaction far red light is most suitable. This is schematically represented in the 
following way: 

660 nm 
P ~ >Pe 

730 nm 

It is generally assumed that only phytochrome in the Pfr-form is physiologically 
active. 

The concentration of phytochrome in plants is extremely low, and especially 
sensitive spectrophotometric equipment is required for its detection (BUTLER 

et al., 1959; SPRUIT, 1970). In principle, the techniques involved are based upon 
the photochromic behaviour of the pigment. Those tissues that contain sub­
stantial amounts of chlorophyllous pigments, however, are inaccessible to 
spectrophotometric estimation of phytochrome. In such cases, only physiologi­
cal evidence reveals the presence of the pigment, and generally, the criterion of 
red-far red photoreversibility of the physiological photoresponse(s) is used as 
such (e.g. MOHR, 1957). In the course of the present study, however, some 
doubts are raised against the general validity of the criterion. 

Pfr is known to undergo a number of dark reactions. In dark-grown mono-
cotyledonous tissue, Pfr formation is followed by a gradual decrease in photo-
reversibility during continued darkness. This process depends upon temperature 
and requires oxygen (BUTLER et al, 1963; DE LINT and SPRUIT, 1963); it seems 
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to involve a complete disappearance of Pfr without any concomitant formation 
of other pigments, and is called phytochrome decay. 

In dicotyledons, disappearance of Pfr mostly is accompanied by dark trans­
formation of Pfr to Pt ('dark reversal'), which does not require oxygen (BUTLER 

and LANE 1965). In light-grown tissue such as cauliflower heads and white parts 
of variegated leaves, only dark reversal can be detected (BUTLER and LANE 

1965; SPRUIT, 1970). The same holds true for purified phytochrome extracts of 
both'monocotyledons and dicotyledons (BRIGGS and RICE, 1972). 

Initially, it was hoped that profound study of phytochrome dark reactions 
would lead to an understanding of its morphogenic action. However, clear 
correlations between the amount of Pfr as determined spectrophotometrically 
and its associated physiological response(s) are only rarely established 
(HILLMAN, 1967, 1972). 

In contrast to the chlorophylls that, in higher plants, are localized exclusively 
in the plastids, nothing is known about the exact intracellular distribution of 
phytochrome. PRATT and COLEMAN (1971) reported that in dark-grown maize, 
phytochrome did not appear to be restricted to any special cell organelle or 
structure. /imf\ 

Recent books and reviews: HILLMAN (1967), BRIGGS and RICE (1972), 
MITRAKOS and SHROPSHIRE (1972), MOHR (1972). 
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REVIEW OF THE LITERATURE ON CHLOROPHYLL 
FORMATION AND STATEMENT OF THE PROBLEM 

3.1. REVIEW OF THE LITERATURE 

The quantity of Chl-a formed upon transformation of the Pchl, initially pre­
sent in a dark-grown leaf, is only a minute fraction of the total amount of 
chlorophylls present in a mature green leaf. Obviously, considerable pigment 
accumulation has to occur if dark-grown seedlings of higher plants are sub­
mitted to a prolonged irradiation with light of suitable wavelengths and inten­
sity. The time course of this greening process has first been described by LIRO 

(1908), and many reports on this topic have since been published (e.g. BLAAUW-

JANSEN et al, 1950; KOSKI, 1950; VIRGIN, 1955; GOEDHEER, 1961; ANDERSON 

and BOARDMAN, 1964; AKOYUNOGLOU et al., 1966; GASSMAN and BOGORAD, 

1967a). Generally, three different phases in the greening process can clearly be 
distinguished (see also fig. 20): after the initial Pchl-Chl-a phototransformation 
which is very rapid at the usual light intensities, there is a rather slow phase in 
the accumulation of Chl-a. after a certain period, this is followed by a rapid 
increase in the rate of Chl-a synthesis. This slow phase before the onset of rapid 
greening is one of the most intriguing features of Chi accumulation. 

The duration of this so-called 'lag phase' may vary considerably depending 
upon temperature (VIRGIN, 1955) and light intensity (VIRGIN, 1955; RAVEN, 

1972b). Also the age (SISLER and KLEIN, 1963; AKOYUNOGLOU and ARGYROUDI-

AKOYUNOGLOU, 1969), the species (GASSMAN and BOGORAD, 1967a), and the 
degree of starvation (SISLER and KLEIN, 1963) of the seedlings may influence the 
lag. In 1956, WITHROW and coworkers reported that the lag phase in Chl-a 
accumulation in dark-grown bean leaves could be eliminated if the leaves were 
pre-irradiated with a low dosage of red light ('induction') followed by a dark 
period of 5-15 hours (see also fig. 37). They also observed that far red reversed 
this effect of the red pretreatment, and that maximum effectiveness for induction 
was found near 660 nm. These observations have since been confirmed by a 
number of investigators MITRAKOS, 1961; (PRICE and KLEIN, 1961; SISLER and 
KLEIN, 1963; AUGUSTINUSSEN, 1964; HENSHALL and GOODWIN, 1964; JAQCUES, 

1968). They suggest that the phytochrome pigment system (section 2.3.) is 
involved in the greening process of higher plants. However, VIRGIN (1961) 
observed only a very weak far red reversal of Chl-a induction in wheat seed­
lings. His action spectrum for induction, nevertheless, pointed to phytochrome 
as the photoreceptor. 

According to many reports in the literature, Pchl can be considered as the 
precursor of Chl-a throughout the greening process (e.g. GASSMAN and 
BOGORAD, 1967a). This appears also to be true for the slow but distinct turnover-
process of chlorophylls in mature green leaves (SHLYK et al., 1969). Transfer of 
seedlings from the light to prolonged darkness, results in reaccumulation of 
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Pchl in the so-called 'Pchl regeneration process' (e.g. LIRO, 1908; SCHARFNAGEL, 

1931; VIRGIN, 1955; AUGUSTINUSSEN and MADSEN, 1965; GASSMAN and 

BOGORAD, 1967b). Similar to the greening process, Pchl regeneration proved to 
be strongly dependent on the age of the seedlings (AKOYUNOGLOU and 
SIEGELMAN, 1968) and on temperature (VIRGIN, 1955). In 1965, it was reported 
by AUGUSTINUSSEN and MADSEN and by RUDOLPH, that the phytochrome pig­
ment system was also involved in regulating rate and capacity of Pchl regenera­
tion. 

VIRGIN (1958) found that the ability to regenerate Pchl in the dark was 
greatly stimulated if the seedlings were pre-irradiated with red light. Thus, the 
inductive effect of a red pre-exposure on the elimination of the lag phase in 
greening might be due to an effect on Pchl biosynthesis (see also KIRK, 1967). 

However, SPRUIT (1967) reported that in pea leaves the levels of Pchl, 
reached in 4 hours darkness following illumination with a saturating dose of 
either red alone or red followed by far red, were not significantly different. This 
was confirmed by JACQUES (1968) for oat seedlings and by MEIJER (personal 
communication) for gherkin seedlings. MEGO and JAGENDORF (1961) found no 
difference in the amounts of Chl-a accumulated in bean leaves as a result of 
4 short exposures at 24-hour intervals to red or to red followed by far red. Since 
the Chl-a formed under these conditions depends almost completely upon the 
quantity of Pchl, formed during the dark intervals, those results are another in­
dication that Pchl regeneration is not under red-far red control. 

3.2. STATEMENT OF THE PROBLEM 

In the previous section we have discussed a number of literature reports 
pointing to phytochrome regulation of the rate of Chi formation during the 
greening process. However, it was also shown that phytochrome action on Pchl 
formation as such was questionable. Therefore, assuming that Pchl acts as the 
precursor of Chl-a throughout the greening process, the findings quoted above 
appeared contradictory. Since these investigations had been made with a wide 
variety of plants and, for that reason, may be difficult to compare, we decided 
to study the possible role of phytochrome on Pchl regeneration in seedlings of 
various species, and in relation to their age and pretreatment. Moreover, we 
have tested the involvement of phytochrome in Chi formation in prolonged 
illumination in order to obtain information about the mechanism of the action 
of the photomorphogenic pigment system in the greening process. To that end, 
the nature of the lag phase in Chi formation was studied. For purposes of com­
parison, we also paid attention to accumulation of Chl-b, carotenoid pigments, 
and to the development of the fresh weight of the leaves. 
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4. M A T E R I A L S A N D M E T H O D S 

4.1. PLANT MATERIAL 

Seeds of Phaseolus vulgaris L. cv. Widusa and of Pisum sativum L. cv. 
Krombek were obtained from NUNHEM'S Zaden N.V. (Haelen, Holland). Seeds 
of Phaseolus vulgaris L. cv. Widuco were obtained from RUITER'S Zaden (Andijk, 
Holland). Seeds of Zea mays L. cv. Caldera were obtained from VAN DER HAVE 

N.V. (Kapelle-Biezelinge, Holland). Seeds of Phaseolus vulgaris L. cv. Red 
Kidney, cv. Resistant ASGROW Valentine, cv. BURPEE'S Stringless Green-Pod, 
and of Pisum sativum L. cv. Alaska were obtained from W. Atlee BURPEE Co. 
(Philadelphia, Pa, U.S.A.). 

4.2. CULTIVATION OF SEEDLINGS 

Seeds of pea and maize were soaked in water for a few hours under dim day­
light conditions. They were then densily sown in pasteurized soil. Bean seeds 
were sown without previous soaking. The seedlings were grown either in plastic 
flower pots (14 cm diameter, 11 cm height) or in square earthenware seed-pans 
(23 x 23 x 5 cm), depending upon the type of experiment. The seeds of pea and 
bean were lightly dusted by hand with a blower containing the fungicide TMTD 
(tetraniethylthiuramdisulnde). Finally, all seeds were covered with a thin layer 
of coarse sand, and the pots and seed-pans were abundantly watered. The seeds 
were raised in complete darkness at 20°C and about 85% rel. hum. As far as 
necessary, water was added in the dark during the growth period. This had to be 
done very carefully and moderately when the seedlings were still young. Pots 
and seed-pans were surrounded by a metal gauze enclosure in cases that the 
growth of the seedlings should be extended over a prolonged period; this pre­
vented the stems from early collapse. In this way seedlings of acceptable quality 
could be obtained over a period of about 3 weeks. 

Most experiments were made with the seedlings left intact in their containers. 
However, sometimes only the leaves were used. They were detached in absolute 
darkness prior to the experiments. The leaf material, generally used in the ex­
periments, consisted of the primary leaf pair of the bean, the 'plumules' of the 
pea ( = third and fourth unexpanded internode with the attached leaf material), 
and the primary leaves or whole coleoptiles of maize. Before starting an experi­
ment, the seedlings were again supplied with water. 
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