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Introduction 

 

The greening process is a widely studied subject in plant physiology. In angiosperms the key 

step of chlorophyll (Chl) biosynthesis, the protochlorophyllide (Pchlide) – chlorophyllide 

(Chlide) transformation is light-dependent. In the absence of light Pchlide accumulates and 

etioplasts develop, plants are pale yellow and elongated. In experiments studying greening 

processes almost exclusively artificially dark-grown, developmentally synchronised laboratory 

plants are used. One of the controversial questions in the literature is whether results obtained by 

artificially dark grown plants can be generalized for natural skotomorphogenesis caused by the 

shading effect of soil or other factors. 

In earlier works, etiolation symptoms were observed in organs developed under natural 

illumination conditions, i.e. in tissues their covered by outer tissue layers in plants (for example: 

innermost leaves of white cabbage head or buds). No data was found in the literature about the 

shading effect of soil on developing plants and plant tissues, although pale yellow, elongated 

plants covered by soil, stones or leaf-litter develop in nature. In agriculture the used standard 

sowing depth always results in soil shaded developing shoot regions. Studying plant tissues 

developing under the soil surface may answer the question whether artificially dark-grown plants 

are good models of natural etiolation. On the other hand,in the under-soil shoot regions it will be 

possible to observe the transient stages of greening process, according to decreasing light-

gradient in the soil. 

In the first set of the experiments, to study whether the different development and morphology 

of monocots and dicots result in different optical properties, we examined the first leaf of wheat 

and the epicotyl of pea seedlings, grown under natural illumination conditions in the soil. In the 

next set of our experiments we studied light-grown sunflower cotyledons partially covered by 

pericarp, since we observed that the pericarp often remained tightly attached to the cotyledons 

emerged above the soil surface. 

Changes in the soil properties or incorrect cultivation as well as the fall of pericarp can 

eventuate sudden illumination of previously shaded tissues. The photosensitivity of etiolated 

tissues is well known in the literature, especially in the case of photo-inactive Pchlide dominance, 

which leads to photooxidation processes. To model this phenomenon we used the middle region 

of etiolated pea epicotyls: with the help of different ROS (reactive oxygen forms)-indicators and 

methods, we studied the photooxidation reactions of etiolated tissues, which are less studied 

subjects in the literature. 

 

 



 

 

Scientific background 

 

In angiosperms, one of the key regulatory steps of Chl biosynthesis, the Pchlide – Chlide 

transformation is light-dependent and catalysed by the light-dependent NADPH: 

protochlorophyllide oxidoreductase (LPOR) enzyme (Griffiths 1978). In the absence of light, 

etiolation symptoms develop: Pchlide and its esterified form, protochlorophyll (Pchl) accumulate 

and etioplasts containing prolamellar body (PLB) and prothylakoids (PT) differentiate (review: 

Franck et al. 2000). The LPOR enzyme is localized almost exclusively in PLBs and it is the most 

abundant membrane protein in this structure (Ryberg and Dehesh 1986). In the etioplasts Pchlide 

accumulates mainly in PLBs, while Pchl localizes mainly in PT membranes (Böddi et al. 1989). 

Nearly 10 % of the total Pchl/ide content is Pchl (Lancer et al. 1976). The amount of Pchl is 

species- and age-dependent (Schoefs 2001) as well as shows tissue and organ specificity (Böddi 

et al. 2004). The majority of Pchlide forms ternary complexes with NADPH and POR enzyme in 

vivo in etiolated leaves (Griffiths 1978). These complexes can aggregate into photoactive dimer 

and oligomer forms in PLBs (Böddi et al. 1989, Ryberg and Dehesh 1986). Non-LPOR bound, 

photo-inactive Pchlide forms were observed in PT membranes as well (Böddi et al. 1998). 

Proportion of different Pchlide complexes shows significant biological variability. Earlier works 

proved that etiolation symptoms can occur in plants developed under natural illumination 

condition: PLB formation was observed for example in inner leaf primordia of buds (Solymosi 

and Böddi 2006) and in innermost leaves of white cabbage head (Solymosi et al. 2004). In most 

cases transient etiolation develops in these tissues: Pchl/ide and Chl pigments are present 

simultaneously and etio-chloroplasts containing PLB and grana or pair-stacked thylakoid 

lamellae (bithylakoid) develop (Rascio et al. 1986). The rate of different pigments changes 

according to decreasing light intensity-gradient. Formation of PLB corresponds to the presence of 

LPOR and photoactive Pchlide; in this way these tissues are protected from photodegradation 

effects (Armstrong et al. 2000). 

The majority of monomer Pchlide pigments are not transformed after short-time illumination; 

they play a role in the regeneration of photoactive pigment forms or sensitize photooxidation 

processes. The etiolated pea epicotyl is particularly suitable for studying these processes, because 

of the dominance of monomer Pchlide and Pchl in this organ results in less developed PLBs 

(Böddi et al. 1994). In earlier work, singlet oxygen mediated type-II photooxidation reaction 

leading to irreversible wilting of epicotyl was detected in the middle region of etiolated pea 

epicotyl after illumination (Erdei et al. 2005). 

The aim of this work was to study if the shading effect of the soil and the pericarps could 

cause etiolation symptoms and to see whether artificially dark-grown seedlings developed in 



 

 

laboratory could model etiolation in plants grown under natural conditions. We wanted to study 

the role of monomer Pchl/ide as sensitizer of photooxidative damage and localize the production 

of different ROS forms, which participate in the photooxidation processes in photosensitive 

tissues of etiolated plants. 

 

Materials and Methods 

 

To study the shading effect of soil, we used the first leaf of wheat seedlings (Triticum aestivum 

L. cv. GK Öthalom) and epicotyls of pea seedlings (Pisum sativum L. cv. Zsuzsi). Samples were 

collected from four segments: the 1 cm long segment above the soil surface, the 1 cm long 

segment directly under the soil surface, the next 2 cm long segment and the last 2 or 3 cm long 

pea epicotyl or wheat leaf segment, respectively. The shading effect of the pericarp was studied 

on cotyledons of sunflower seedlings (Helianthus annuus L. cv. “Iregi szürke csíkos” and cv. ES 

Lolita). To detect the presence and native arrangement of chlorophyllous pigments, 77 K 

fluorescence spectroscopy and pigment extraction were used. Spectra were analysed with 

statistical methods (average and the average of the absolute deviations of data points of their 

mean function /AVEDEV/) and deconvolution into Gaussian components. We used light- and 

fluorescence microscopy for studying the localisation of Pchl/ide and tissue structure of epicotyls. 

The presence and the structure of different plastid-types were observed with electron microscopy. 

To localize ROS production in etiolated pea epicotyls after illumination NBT (nitroblue 

tetrazolium), DAB (3,3′-diaminobenzidine), cerium-chloride staining and EPR spectroscopy were 

used. 

 

Results and conclusions 

 

I.  The shading effect of soil 

a) We detected partial etiolation close to the soil surface (0-3 cm) and total etiolation under 3 cm 

depth in tissues of wheat leaf as well as pea epicotyl. PLB and grana or bithylakoids, and the 

presence of Pchl/ide and Chl were observed in plant tissues from the 0-3 cm regions, while 

etioplasts containing PLBs and Pchl/ide forms (including the flash-photoactive form) were found 

in tissues originating from regions under 3 cm. To compare the soil-grown and the artificially 

dark-grown pea epicotyls, we found differences only in AVEDEV “spectra” and in Pchl content, 

which indicates the faster ontogeny of soil-grown plants, but histological differences were not 

found. 



 

 

These results prove that the artificially dark-grown laboratory plants are good models to study 

the natural greening processes, but the transitional developmental stages must be considered in 

the interpretation of these results. 

b) Partial and total etiolation developed in the same soil depth in both wheat leaf and pea 

epicotyl. Only the Pchl content was higher and the rate of oligomer Pchlide form was lower in 

epicotyls, due to the different amounts of matured cells in the same soil depth: growth is centred 

at the basal part of wheat leaf and at the apical part of pea epicotyl. 

This shows that basically the amount of available light determines the formation of etiolation 

symptoms and the greening in the first part of development of monocots and dicots, the 

developmental and morphological differences only lead to minor differences in etiolation 

symptoms. 

c) In the under-soil epicotyl segments of 100-day-old pea plants we observed secondary growth 

and formation of intercellular cavities in the cortex as well as adventitious root formation. These 

epicotyl segments were partially or fully etiolated similarly to the same regions of 7-day-old 

seedlings. We also found flash-photoactive Pchlide forms, but the Pchl content was higher due to 

the age of this organ. Hydroponically dark-grown plants could develop only 22-25 days without 

degradation. The epicotyls of these plants did not show those differentiation processes, which 

occur in older soil-grown plants. 

Our results prove that etioplasts and Pchl/ide complexes maintain during the entire life-cycle of 

pea plants, and their spectral and photochemical characteristics correspond with the similar 

properties of artificially dark-grown plants. The presence of plastids in these tissues underlines 

their important role in plant metabolism. 

II.  The shading effect of pericarp 

We demonstrated the shading effect of pericarp on covered region of light-grown sunflower 

cotyledons. The light-transmittance of the achene wall was 1% so these tissues developed in very 

low light intensities similarly to segments of wheat leaf and pea epicotyl developing close to the 

soil surface. According to the light-gradient forming from the edge of the pericarp to tightly 

attached regions of cotyledons, decreased Chl- and increased Pchl/ide gradient as well as 

transient plastid forms were observed. Etio-chloroplasts with PLBs and paired stacked PTs, Chl 

and Pchl/ide pigments were observed in these tissues. 

These results prove that etiolation symptoms, previously studied in dark-grown laboratory plants, 

can also develop in organs covered by other tissue layers above the soil surface of plants grown 

under natural light conditions. 

 

 



 

 

III.  The sensitizer role of monomer Pchl/ide forms in photooxidation processes 

To study the role of monomer Pchl/ide forms in photodegradation, hydroponically dark-grown 

pea epicotyls were used. Earlier singlet oxygen mediated type-II photooxidation reaction, and 

subsequent turgor loss resulting in an irreversible wilting of dark-grown pea epicotyls was 

described after illumination. We studied whether illumination also provoked other ROS 

production, characteristic of type-I reactions. We detected superoxide and hydrogen peroxide 

using NBT, DAB and cerium-chloride staining as well as hydroxyl radical with EPR 

spectroscopy in the middle region of etiolated epicotyls after illumination. 

We demonstrate that the dominance of monomer photo-inactive Pchl/ide forms leads to electron 

transfer and oxygen reduction besides the earlier described energy transfer to oxygen: i.e. type-I 

and type-II photooxidation reactions also occur. 

IV.  The relationship between the localization of Pchl/ide and photooxidation reactions 

We studied the localization and distribution of Pchl/ide pigments in pea epicotyl tissues. The red 

autofluorescence of these pigments was observed in the subepidermal cortex layer, in the 

parenchyma cells around the two leaf traces and the two fibre bundles in the cortex as well as in 

the parenchyma cells surrounding the vascular bundles of the central cylinder. Hydrogen 

peroxide was detected in the subepidermal cell layers of the cortex, in cells surrounding the leaf 

traces and the fibre bundles, and in the central tissue cylinder. Superoxide radicals were detected 

in the subepidermal cell layers. 

These results show that the Pchl/ide localization corresponds with that of ROS formation, which 

indicates that the excited monomer state Pchl/ide induces ROS generation leading to 

photodegradation processes. 

 

In summary, we concluded that the shading effect of soil is sufficient for the appearance of 

the etiolation symptoms in wheat leaf and pea epicotyl regions developed under 3 cm depth 

in the soil under natural light conditions, similar to those of seedlings grown in full 

darkness in the laboratory. Transient etiolation appears in tissues developed between 1 and 

3 cm depth in the soil similar to the pericarp-covered region of light-grown sunflower 

seedlings. These results underline that the artificially etiolated seedling are good models of 

the natural developed plants, but the transitional developmental stages must be considered. 

In addition, these results prove, that Pchlide, Pchl and etioplasts formation also occur in 

plants developing under natural light conditions. The monomer forms of these pigments 

induce photooxidation reactions after illumination and this effect is worth considering for 

agriculture and food industry in respect to cultivation efficiency and food quality. 
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