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Abstract

Because the transformation of protochlorophyllide (Pchlide) to chlorophyllide (Chlide) is an irradiation-dependent pro-
cess, it is at the heart of the photosynthetic membrane biogenesis, turnover, and adaptation to changes of the environ-
ment. | review here the new data published during the year 2004 on Pchlide reduction to Chlide.
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Introduction

The development and maintenance of life on earth predo-
minantly depends on photosynthesis. In this frame, radia-
tion quality and quantity is one of the most important en-
vironmental factors, which affect physiology, bioche-
mistry, growth, and development of photosynthetic orga-
nisms. To this end the understanding of several processes
such as plant greening, i.e. the mechanisms leading to a
functional photosynthetic apparatus, and response to
changing irradiation constitute major issues, which are
mostly studied in etiolated angiosperm leaves.
Gymnosperms are able to green in the dark while
angiosperms can only green in the light. The search for
the enzymes catalyzing protochlorophyllide (Pchlide) re-
duction in the dark and under irradiation revealed two
different types of enzymes to which I will refer to as a
light-independent Pchlide reductase (DPOR) and as a
light-dependent Pchlide reductase (LPOR). The search
for homologous genes in other groups of photosynthetic
organisms lead to the conclusion that cyanobacterium,
fern, moss, algae, and gymnosperm genomes contain the
genes encoding both LPOR and DPOR, whereas angio-
sperm genomes contain only the genes encoding LPOR.
The reduction of Pchlide to chlorophyllide (Chlide) is ca-
talyzed by LPOR. Up to three structurally related but dif-
ferentially regulated isoenzymes of LPOR have been
found in several organisms (reviewed by Schoefs and
Franck 2003, Masuda and Takamiya 2004). In Arabido-
psis thaliana IporA and IporB genes, but not IporC, are
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strongly expressed early in seedling development. By
contrast, the expression of IporB and IporC, but not
IporA, is observed in older seedlings and adult plants
(reviewed by Schoefs and Franck 2003, Masuda and
Takamiya 2004). The Ipor genes are encoded in the nuc-
leus and the proteins are synthesized on free cytosolic
polysomes that are not attached to the plastid outer en-
velope. In most papers cited in this contribution the type
of LPOR isoenzymes was not studied.

In the dark, LPOR enzymes are unable to process
their substrates. LPOR is therefore of particular interest
because actually it is only one of the two enzymes identi-
fied so far in nature, in which the enzymatic activities are
switched on by the absorption of visible photons (re-
viewed by Schoefs and Franck 2003). Thus under irra-
diation LPOR catalyzes the reduction of photoactive
Pchlide to Chlide, a reaction, which initiates two
‘Pchlide-Chlide’ cycles (reviewed by Schoefs 2001).
Each cycle consists in a succession of intermediates lead-
ing to the formation of chlorophyll (Chl) molecules and
to the regeneration of the photoactive Pchlide pool
(Schoefs 2001) (Fig. 1). Schoefs (2001) has suggested
that it is the non-photoactive to photoactive Pchlide ratio
(R), which directs the product of photoreduction into
either cycle.

Several reviews dealing with Pchlide to Chl trans-
formation appeared recently (Chl biosynthesis: Schoefs
and Bertrand 2005; Chl catabolism: Eckhardt and Grimm
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Abbreviations: 3-ALA — d-aminolevulinic acid; Car — carotenoid; Chl — chlorophyll; Chlide — chlorophyllide; DPOR - light-indepen-
dent protochlorophyllide reductase; LPOR — light-dependent protochlorophyllide oxidoreductase; Pchlide — protochlorophyllide; PLB
— prolamellar body; PS — photosystem; WT — wild type.
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2004, Hoertensteiner and Matile 2004; plastid ultrastruc-
ture: Staehelin 2004; Pchlide-Chlide cycle: Schoefs 2001;
Pchlide photoreduction: Schoefs and Franck 2003,
Masuda and Takamiya 2004; Pchlide reduction: Fujita
and Bauer 2003; tetrapyrrole signalling: Vasileuskaya
et al. 2004). Consequently, in this contribution only the

new data published during the year 2004 are summarized.
The first part of this contribution deals with the different
types of Pchlide found in non-irradiated tissues. In the
second part new data about the ‘Pchlide-Chlide’ cycles
are summarized, and in a third part new aspects dealing
with regulation of Chl production are reviewed.
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Fig. 1. The “protochlorophyllide-chlorophyllide’ cycles in angiosperms. The frames indicate the Pchlide and Chlide forms found in
vitro when protochlorophyllide photoreduction was assayed using over-expressed Synechocystis LPOR. C - chlorophyllide,
Chl - chlorophyll, n — number of ternary complexes in the aggregate, N* — NADP*, NH — NADPH, P — protochlorophyllide, R — non-

photoactive to photoactive Pchlide ratio.
The Pchlide status in dark-grown plant tissues

In the absence of radiation no Chl is produced and the
leaves accumulate Pchlide together with carotenoids
(Cars), the later being the most abundant pigments. Con-
sequently the dark-grown leaves appear yellow. Accu-
mulation of Pchlide in the dark is known as etiolation and
the plant material is referred to as etiolated. The time
required to reach the etiolated stage from germination is
species-dependent (e.g. Phaseolus vulgaris: 10-15 d;
Triticum aestivum: 6-7 d; Arabidopsis thaliana: 3-4 d).
During etiolation Pchlide molecules accumulate under
two different states denoted as non-photoactive Pchlide
and photoactive Pchlide. By definition, photoactive
Pchlide is a Pchlide, which is transformed to Chlide
during a short irradiation (some ms). Biochemical studies
have shown that photoactive Pchlide is an aggregate con-
taining at least two ternary complexes, each of them
being composed by one molecule of enzyme loading one
molecule of Pchlide and one molecule of NADPH in the
active site (reviewed by Schoefs and Franck 2003).
Mathematical analyses of both the spectrum of non-
photoactive and photoactive Pchlide emission bands have
revealed that in etiolated tissues both pools are spectrally
heterogeneous (reviewed by Schoefs and Franck 2003)
(Table 1). Most of the studies performed on Pchlide and
Pchlide-LPOR complexes have been done on plants
having open leaves or cotyledons, and almost no data are
available on other types of vegetables such as those
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having stacked leaves like cabbage or salad. The status of
Pchlide has been investigated in ‘non-standard’ plant ma-
terials such as dark-forced shoots of grapevine (Vitis vin-
ifera L.) (Boddi et al. 2004) and layers of white cabbage
leaves (Brassica oleracea var. capitata) (Solymosi et al.
2004b).

Dark forcing is a well-known method used in grape-
vine propagation. In this original system, cuttings of
grapevine collected for propagation are forced in the dark
up to 100 d. The first dark-forced shoots appear after 2
weeks and reach a length of 20 cm after 6 weeks (Fig. 2).
Simiarly to leaves (e.g. Schoefs et al. 1998) grapevine
dark-forced tissues accumulate limited amounts of
Pchlide and Cars during the etiolation process and appear
yellow (Fig. 2). The 77 K fluorescence spectra of dark-
forced leaves and petioles of grapevine were similar to
those found with other dark-forced species (Skribanek
et al. 2000) or with leaves with proplastids (Schoefs and
Franck 1993), i.e. the non-photoactive to photoactive
ratio is high (Table 2).

Solymosi et al. (2004b) measured the radiation trans-
mission through layers of white cabbage (Brassica
oleracea var. capitata) leaves. Irradiance decreased to
1 % under the fourth leaf layer, and under ten leaf layers
the sensor of the Li-Cor photometer did not detect any ra-
diation. Pigment analyses showed Chl only in the
outermost leaf layer and Pchl(ide) only in the innermost
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leaf layer. The comparison of the 77 K fluorescence
spectra recorded from the outermost leaf layer towards
the heart of the cabbage head showed that photosystem 2
(PS2) emission band disappeared first, followed by the
photosystem 1 (PS1) one. In the 8" leaf, the bands of
both non-photoactive and photoactive Pchlide appeared.
Both fluorescence intensities increased towards the cen-
tre of the head, that of non-photoactive Pchlide being
always the strongest. Therefore R was always high
(Table 2) and the 77 K fluorescence spectrum of the
innermost leaf was similar to those obtained for leaves
with proplastids (Schoefs and Franck 1993, Schoefs et al.
1994). Gaussian de-convolutions of non-irradiated and
flashed innermost leaves revealed the presence of several
bands of non-photoactive and photoactive Pchlide already
described for leaves (Table 1).

When photoactive Pchlide accumulates, a particular
membrane network, exhibiting a para-crystalline struc-
ture—the prolamellar body—is formed in the plastids
(etioplasts) (reviewed in Staehelin 2004). Immunocyto-
localization showed that most of the photoactive Pchlide
is located in this structure (Ryberg and Dehesh 1986). Al-
though pigment analyses of photoactive Pchlide isolated
in the native state have indicated the presence of Cars
(Ouazzani Chahdi et al. 1998), the role(s) of Cars in non-
irradiated leaves remain(s) unclear because they are
connected neither to Pchlide molecules (Ignatov et al.
1993) nor to newly formed Chlide molecules (Franck and
Mathis 1980). The possibility that Cars and Pchlide
interfere with the prolamellar body (PLB) organization
was investigated in the presence of metabolic inhibitors.
Moro et al. (2004) changed the Car composition using
two different Car inhibitors and Savchenko et al. (2004)

studied the consequence(s) of inhibition of tetrapyrrole
synthesis by levulinic acid.

Fig. 2. Photograph of a dark-forced shoot of grapevine (Vitis
vinifera L.). (Courtesy of B. Boddi.)

Table 1. Comparison of the spectral heterogeneity of the non-photoactive and photoactive protochlorophyllide pools in etiolated bean
leaves (Schoefs et al. 2000), dark-forced grapevine tissues (Bdddi et al. 2004), in the innermost cabbage leaf (Solymosi et al. 2004b),
PLB incubated with heavy metals (Mysliwa-Kurdziel et al. 2004, Solymosi et al. 2004a), and in vitro with LPOR from cyanobacteria

(Heyes et al. 2002). ND: non-determined.

Spectral form Photoactivity = Dark forced grapevine Innermost

Wheat PLB incubated with In vitro with LPOR

tissues cabbage leaf metals from cyanobacteria
leaves  petioles Cd Cr Fe, Hg
Ps.625 - + + ND ND ND ND ND
Ps.631 - + + + ND ND ND +
Po.637 - + + + ND ND + +(?)
Posz - +(?) +(?) + ND ND ND ND
Pe42-649 - ND ND + ND + + -
Pe3s-645 + +(?) +(?) + + ND + +
P7.652 + ND ND + ND ND ND
Peso-657 + + + ND + + +
P7.667 - + + + ND + ND

In the presence of norflurazon or amitrole the
accumulation of colourless Car precursors phytoene and
phytofluene or the accumulation of lycopene and up-
stream precursors is triggered, respectively (Moro et al.
2004). The structure of PLB was severely disturbed in

amitrole-treated plants, but not in norflurazon-treated
plants. Because amitrole also modifies the lipid compo-
sition of membranes (Di Baccio et al. 2002), it is not cer-
tain that the PLB disorganization in amitrole-treated
plants is due to the accumulation of Car precursors. The
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type of disorganization observed is reminiscent of those
observed in the ccr2 mutant of Arabidopsis (deficiency in
Car isomerase), which also accumulates linear precursors
(Park et al. 2002). Altogether the results suggest that the
accumulation of linear Cars such as lycopene may inter-
fere with the building of PLB. If the change in the organi-
zation of PLB in amitrole-treated plants is obvious, no
cytological quantitation was performed in this study in
order to assess that the organization of PLBs in nor-

flurazon-treated plants is really not modified. Despite the
fact that amitrole treatment does not affect the LPOR
content of the membranes, a decrease in the amounts of
Pchlide and Cars was clearly observed together with the
alteration in PLB organization. This suggests that the
amount of LPOR is not strictly regulated by the amount
of Pchlide (see below). All these modifications resulted in
the dramatic increase of R in the amitrole-treated plants
(Moro et al. 2004) (Table 2).

Table 2. Correlation between the value of R and the type of ‘Pchlide-Chlide’ cycle used to produce the newly formed Chlide mo-

lecules in different plant material, tissues, and growth conditions.

Material and condition

Value of R Pchlide-Chlide cycle

Leaves with proplastids High |

Leaves with etioplasts Low 1l

Leaves with etioplasts + norflurazon  Low I

Leaves with etioplasts + amitrole High I but incomplete
Leaves from dark-forced grapevine High ND

Petioles from dark-forced grapevine  High ND

Most-inner leaf of white cabbage High I
Red-radiation-grown High |

Etioplasts from bundle sheath cells High |

Leaves treated with levulinic acid High ND

In the second study (Savchenko et al. 2004) the con-
sequence of an inhibition of tetrapyrrole synthesis by le-
vulinic acid, an inhibitor of the 3-aminolevulinic acid de-
hydratase (reviewed by Bertrand and Schoefs 2005), on
the etiolation process in barley leaves was described. The
inhibition of Pchlide synthesis had pleiotropic effects
(Savchenko et al. 2004): (1) delay in leaf growth, (2) re-
duction of the Car content, (3) reduction of the number of
plastids containing a PLB, (4) increase of R (see below
and Table 2), despite of an unchanged amount of LPOR
enzymes. Such an effect, which was also observed by
Moro et al. (2004) (see above), is contradictory with the
biochemical studies showing that LPOR import is driven
by active synthesis of Pchlide (reviewed by Masuda and
Takamiya 2004). Recently, conflicting results appeared in
the literature. Reinbothe et al. (1995) were the first to de-
scribe a Pchlide-dependent mode of import of LPOR in
isolated plastids, but the results could not be repeated
(Aronsson et al. 2000, Dahlin et al. 2003) and this mode
of import was considered as an artefact (Aronsson et al.
2003). Kim and Apel (2004) reinvestigated the difficult
question of LPORA import in plastids of intact seedlings.
Their results demonstrate that the import of LPORA into
plastids of cotyledons is substrate-dependent, while the
import into plastids of leaves is substrate independent.

The effects of levulinic acid on lipid-LPOR interac-
tions and PLB-membrane microviscosity were also
studied using fluorescence probes pyrene and diphenyl-
hexatriene, respectively (Savchenko et al. 2004). In the
presence of pyrene, pyrene excitation did not result in a
fluorescence of Pchlide in levulinic acid-treated leaves
and pyrene eximerization increased. Because a Pchlide

332

fluorescence signal and a decrease in pyrene eximeri-
zation were observed in protein-free artificial micelles
containing free Pchlide (Denev et al. 2000), Savchenko
et al. (2004) concluded that non-photoactive Pchlide can-
not be a free-pigment but should be composed of pig-
ments somehow associated with protein(s). Although
a detailed study of the spectral composition of the non-
photoactive Pchlide was not performed in this study, the
conclusion of this work constitutes an additional ar-
gument for the model of formation of photoactive Pchlide
proposed by Schoefs and collaborators (Schoefs 2001,
Schoefs and Franck 2003, Bertrand and Schoefs 2005). In
this model, two main spectral forms of non-photoactive
Pchlide, i.e. P>43; and P37 (Schoefs et al. 2000a) are ac-
tually pigment-LPOR complexes (Fig. 1). This does not
rule out the possibility for Pchlide to be bound to other
proteins, which remain to be identified. As far as the in-
teraction between LPOR and lipids is concerned, the
comparison of the energy transfer from pyrene to LPOR
in levulinic acid-treated and control plants indicates that
the microenvironment of the protein was slightly mo-
dified by the treatment (Savchenko et al. 2004). In order
to determine whether the absence of photoactive Pchlide
modifies the fluidity of the plastid inner membranes, the
microviscosity of the membrane was probed using diphe-
nylhexatriene. The results indicate that the absence of the
large aggregates of photoactive Pchlide and of Cars mod-
ifies the membrane fluidity (Savchenko et al. 2004).
There is increasing evidence that the increment of
heavy metals in the environment constitutes a major
problem (reviewed by Delfino 2004, Poirier and Bertrand
2005). The photosynthetic apparatus is one of the
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numerous target sites of heavy metals identified so far
(e.g. Bertrand et al. 2001, reviewed by Mysliwa-Kurdziel
et al. 2002, Poirier and Bertrand 2005). Heavy metals
may also interact with the Chl biosynthetic pathway
(reviewed by Mysliwa-Kurdziel and Strzalka 2002). New
data dealing with the impact of heavy metals on the
Pchlide-Chlide cycle have been published by Mysliwa-
Kurdziel and Strzalka (2004) and Solymosi et al. (2004a).
These authors showed that the dark-incubation of isolated
PLB with chrome [Cr(1V)], iron [Fe(lll)], cadmium
[Cd(ID], or mercury [Hg(Il)] triggers a decrease of the
amount of photoactive Pchlide and an increase of the
amount of non-photoactive Pchlide much larger than
when the PLBs are incubated with water (Table 1). Thus
these metals are able to destabilize the large aggregates of
photoactive Pchlide. The higher the content of either
metal, the faster is the decrease. Using iron and mercury
[Hg(ID], a large pigment degradation was also observed
(Mysliwa-Kurdziel and Strzalka 2004, Solymosi et al.
2004a). When the photoreduction was assayed in heavy-
metal-incubated PLBs using a single ‘saturating’ flash
(the flash was saturating when tested with non-treated
samples), the fluorescence at 657 nm did not disappear
completely suggesting that the pool of photoactive
Pchlide could not be entirely transformed to Chlide by a
single saturating flash. This demonstrates that the tested
heavy metals are able to interact through several ways
with the Pchlide-Chlide cycle. Some of these ways have
been identified (Mysliwa-Kurdziel and Strzalka 2004):
(1) Interactions with the LPOR active site: Cd

The Pchlide-Chlide cycles

The first step of the Pchlide-Chlide cycles consists in the
absorption of photons by Pchlide molecules and its
reduction to Chlide by LPOR enzymes (Fig. 1). The
comparison of the ‘Pchlide-Chlide’ cycle in leaves at
different development stages lead to the conclusion that
two ‘Pchlide-Chlide’ cycles run together after the irradia-
tion (Fig. 1). The proportion of Chlide molecules entering
each cycle depends on the plastid developmental stage
and seems to be correlated to the proportion of non-
photoactive Pchlide present in the leaf before the photo-
reduction (Table 2). Consequently, when the non-photo-
active to photoactive Pchlide ratio is high—the factor R
defined by Schoefs (2001)—as in embryonic leaves, most
of the Chlide molecules produced during the irradiation
follow cycle | (Fig. 1). Cycle | can be divided in two
phases: (1) release of the Chlide molecules without
dislocation of the large aggregates, and (2) reconstitution
of photoactive Pchlide through binding of non-
photoactive Pchlide molecules by LPOR enzymes
(Schoefs et al. 2000b). When R is low, as in etiolated
leaves, most of the Chlide molecules (85-88 %) produced
during the irradiation follow cycle Il (Fig. 1). Cycle Il
can be divided into three parts (Fig. 1): (1) replacement of
NADP" by NADPH; (2) dislocation of the large

interacts with SH groups and thus can interfere with those
localized in the LPOR active site (reviewed by Schoefs
and Franck 2003).

(2) Modification of the redox potential: Cr(VI) is a
powerful oxidant (Cr®*/Cr®* = 1.44 V), which can trigger
oxidation of NADPH to NADP* (NADPH/NADP* =
-0.32 V). The replacement of NADPH by NADP" inside
most probably occurs in Cr-incubated samples because an
emission band at approximately 649 nm, typical for
LPOR-Pchlide-NADP™ ternary complexes (reviewed by
Schoefs and Franck 2003), is clearly seen after photore-
duction (Table 1). In addition, the dark-incubation with
Cr(VI) triggered the increase of the emission at appro-
ximately 667 nm, which has been associated with the for-
mation of very large aggregates of non-photoactive
Pchlide (reviewed in Schoefs and Franck 2003, Bertrand
and Schoefs 2005) (Table 1). Another effect of the chan-
ge in the oxidation state of NADPH can be the reduction
of the size of the photoactive aggregates with formation
of dimers (P638-645)-

(3) Change in the environment allowing pigment de-
gradation: A strong decrease of pigment content, together
with an increase of protopheophorbide formation, i.e. re-
lease of Mg from the Pchlide, has been recorded after the
incubation of isolated PLB with Fe and Hg. As the
release of the Mg ion at the centre of Chl constitutes one
of the first steps of the Chl degradation pathway (review-
ed by Bertrand and Schoefs 1999), one can hypothesize
that Fe and Hg made the PLB’s-pigment more available
for degradation.

aggregates containing Chlide molecules, and (3)
reconstitution of photoactive Pchlide through binding of
non-photoactive Pchlide molecules by LPOR enzymes.
Regardless the cycle involved in Chlide formation, the
newly formed Chlide molecules are esterified (Fig. 1).
Actually the transformation of Chlide to Chl is a four step
process, which requires esterification in itself (formation
of Chlide geranylgeraniol) followed by three successive
hydrogenations (transformation of Chlide geranylgeraniol
to Chlide phytol, i.e. regular Chl). When the kinetic of
Chlide esterification is established in irradiated barley
leaves, it presents two phases: a fast phase completed
within 1 min after photoreduction, and a slow phase with
a plateau 20 min after photoreduction (Rassadina et al.
2004). The Chlide molecules esterified during the fast
phase correspond to those formed through cycle |
(Bertrand and Schoefs 2000, Domanskii and Rudiger
2001). This fast esterification would be possible because
LPOR and Chl synthase, preloaded with tetraphenyl
diphosphates, would form complexes (Schmid et al.
2002). The kinetic of the rapid phase was not influenced
by exogenous hormones (cytokinin, abscisic acid), in-
hibitors of protein synthesis (cycloheximide or chloram-
phenicol), or the Chl esterification inhibitor (NaF), but
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the ratio between the intermediates was changed: the GG
hydrogenation was inhibited (Rassadina et al. 2004). In
contrast, the application of an exogenous cytokinin such
as kinetin increased the speed of the slow phase, whereas
NaF and cycloheximide decreased it. The effect of NaF
was already described by Wiktorsson et al. (1996) and
was explained by the inhibition of LPOR de-phospho-
rylation, which precludes PLB disaggregation and dislo-
cation of the large aggregates containing the newly
formed Chlide molecules. The effect of cycloheximide
seems to indicate that the amount of Chl synthase is low
in etiolated plants and the expression of the correspond-
ing gene is regulated by irradiation (Rassadina et al.
2004). Abscisic acid and chloramphenicol do not have an
effect.

As already mentioned, Chlide molecules to be ester-
ified should have left the LPOR active site. Conse-
quently, the LPOR enzyme can bind new molecules of
Pchlide and in the presence of NADPH photoactive
Pchlide regeneration occurs (reviewed in Schoefs 2001).
This step is designed as the photoactive Pchlide regene-
ration. Because the transformation of Chlide to Chl in
cycles | and 1l proceeds at different speeds (see above),
the regeneration of photoactive Pchlide kinetics also has
two phases (Schoefs et al. 2000b, Rassadina et al. 2004).

The effects of inhibitors of Car biosynthesis on the
formation of photoactive Pchlide have been described in
the first part of this review. When norflurazon did not in-
fluence the value of R and the amitrole treatment trig-
gered a dramatic increase of R, which became high, con-
sequently most of the newly formed Chlide molecules
were engaged in cycle | instead in cycle 1I. In addition in
amitrole-treated samples the Pchlide-Chlide cycle could
not be completed because photoactive Pchlide did not re-
generate (Moro et al. 2004).

The leaves of plants performing C; photosynthesis
have two populations of chloroplasts. The first one is
localized in the bundle sheath tissues and typically the
chloroplasts are devoid of grana. The second population
is localized in the mesophyll and typical chloroplasts
have grana. When compared, the chloroplasts from these
tissues also differ in many points such as polypeptide
composition and primary photosynthetic and CO, fixation
processes (Edwards and Walker 1983). Do the differen-
ces between these two types of chloroplasts appear during
the etiolation process or do they result from a differen-
tiation process occurring during chloroplast maturation?
It is difficult to find in literature an answer to this inte-
resting question. For instance PLBs from bundle sheath
cells have a reduced size and more prothylakoids
compared to those from the mesophyll cells (Ruffer-
Turner et al. 1984). Marchand et al. (2004) dissected the
formation of Chl molecules in bundle sheath cells and
evaluated the consequences of their findings in term of
PS2 biogenesis. As expected from the ultrastructural data
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(Ruffer-Turner et al. 1984), a high value of R (2.32) was
found in the etioplasts from bundle sheath cells, while the
value of R for intact leaves was low (0.38) (Marchand
et al. 2004) (Table 2). Consequently, Chl molecules were
mostly formed through the ‘Pchlide-Chlide’ cycle | in
isolated bundle sheath plastids. When studied in the intact
leaves, the ‘Pchlide-Chlide’ cycle producing Chlide mo-
lecules was usually of type Il. This result clearly illus-
trates that heterogeneity in the mechanisms producing
Chl molecules can exist inside the same tissue.

Franck et al. (1997) showed that the formation of a
particular spectral form of Chlide of the “Pchlide-Chlide’
cycle 11—Cggs.606 (Fig. 1)—is an obligatory step on the
pathway leading to PS2 assembly. As this intermediate is
only formed during cycle Il (reviewed in Schoefs 2001),
PS2 formation in bundle sheath plastids is very low
(Marchand et al. 2004). Besides the scientific conclusions
of this study, we should keep in mind that the deductions
made on the basis of studies on intact leaves are a kind of
mean of all the processes taking place inside these leaves
and be aware that at the tissue level heterogeneity does
exist. | think that the complete understanding of the
greening process should further include other factors than
molecules and also their localization inside the tissues.

A crucial question, which remains largely unsolved, is
how the data on the Pchlide-Chlide cycles obtained with
higher plants can be extrapolated to lower organisms,
including non-flowering land plants, green, brown, and
red algae, and cyanobacteria. The in vitro studies
performed recently by Heyes et al. (2002, 2003) using
over-expressed Ipor gene from cyanobacterium enlight-
ened this problem. Using LPOR from Synechocystis they
showed that the Pchlide-Chlide cycle is composed by one
light-driven reaction followed by two reactions that do
not require irradiation (Heyes et al. 2002, 2003). The
starting point of the cycle is the formation of photoactive
Pchlide, probably Pgss.44, SUggesting that in the absence
of a complex lipid environment, such as that of PLB, the
formation of larger aggregates does not occur. In vitro R
is always high. Consequently, it is not surprising that
under irradiation the Chlide form probably corresponds to
Ce70-675 (Fig. 1). A detailed analysis of the spectral chan-
ges indicates one intermediate absorbing at 681 nm and
emitting at 684 nm (Heyes et al. 2003). This confirms my
deduction about the products of the different photoactive
Pchlide spectral forms of dark-grown higher plants
(Schoefs 2000, Schoefs and Bertrand 2005) (Fig. 1).
Using LPOR enzymes from the thermophilic cyano-
bacterium Thermosynechococcus elongatus BP-1, Heyes
and Hunter (2004) got evidence for the formation of an
additional intermediate absorbing at 685 nm and emitting
at 689 nm. Reconstitution experiments showed that this
spectral form corresponds to LPOR-Chlide-NADPH
complexes (Heyes and Hunter 2004).
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Chl synthesis during greening and in green plants

The production of Chl molecules is not restricted to the
period during which the first photons are absorbed by the
leaf. Actually, the production of Chl molecules is only
very active during greening. This is shown by the fact
that at the beginning of barley leaf greening, the capacity
to accumulate Pchlide in the dark and the chlorophyllase
activity are high. In contrast, during senescence all these
parameters are weak (Pshibytko et al. 2004). Pchlide pho-
toreduction is catalyzed by different LPOR isoenzymes—
LPORA-LPORC—at the beginning of greening and in
green tissues (see above). Although the spectral proper-
ties of the analysis of non-photoactive and photoactive
Pchlide in dark-grown plants over-expressing IporA or
IporB genes are similar to those found in etiolated tissues
(Franck et al. 2000), no detailed analysis of the non-pho-
toactive and photoactive Pchlide present in greening
leaves have been reported before the work by Amirjani

and Sundgvist (2004). After 1 h of irradiation, small
amounts of P.g5 and P,.g3; Were observed (Table 3). The
presence of an accompanying band of photoactive
Pchlide, as observed by Schoefs and Franck (1991) and
Schoefs et al. (1992), is probably dependent on the irra-
diance used for greening. After an extended period of ir-
radiation no Pchlide was detected (Amirjani and
Sundqvist 2004). When the samples were placed back in
dark for 4 h, several spectral forms of non-photoactive
(P?.631) and photoaCtiVE (P64g_653, P650-657) Pchlides accu-
mulated de novo (Fig. 1), but the ratio between the spec-
tral forms was dependent on the preceding irradiation
time. During the period of darkness, PLB reforms and
structural observations indicate that the pattern of the
membrane might be different from that found in non-irra-
diated tissues (Henningsen 1970). In this study the type
of LPOR of isoenzymes was not determined, but LPORC
distribution has been studied in leaves of Beta vulgaris
(Tripathy et al. 2004).

Table 3. Comparison of the spectral heterogeneity of the non-photoactive and photoactive protochlorophyllide pools observed in
etiolated bean leaves (Schoefs et al. 2000), during greening (Amirjani and Sundqvist 2004), and in red-radiation-grown wheat (Sood
et al. 2004). ND: non-determined, XD: X h in the dark, XL: X h under irradiation.

Spectral form  Photo-  During greening

Red-radiation-grown

activity 1L 3L 1L+4D wheat leaves + 6D

Root-shoot transition zone

uncovered covered
Pogos - + - ND ND ND
P?-631 - + - + + +
Ps.637 - ND - ND + if incubated with 8-ALA ND
Psga3 - ND - ND ND ND
Pgas-649 - ND - ND ND ND
Péss-645 + - - ND ND ND
Po.652 + - - + + ND
Péso-657 + - - + ND +
P,.667 - ND - ND ND ND

Sood et al. (2004) studied the effect of irradiation of
the root-shoot transition zone on the accumulation of
Pchlide in leaves in red-radiation-grown wheat (500 pumol
m? s, wavelength = 670426 nm). The leaves from plants
with an irradiated root-shoot transition zone differed from
those which zone was not irradiated, by the absence of
the spectral bands corresponding to photosystems in fluo-
rescence spectra. In either sample no fluorescence from
Pchlide was found during the irradiation but the amount
of Pchlide increased when the samples were replaced to
darkness for 6 h. In the former type of samples (with an
irradiated root-shoot transition zone), both non-photo-
active Pchlide P,g3; and photoactive Pchlide P,.gs3 were
accumulated. The value of R was high and under an ad-
ditional flash Chlide was formed through the cycle |
(Tables 1 and 3). After the flash some fluorescence
remained at 650 nm, reflecting the presence of Pgsp.g40.
When the samples were incubated with 6-aminolevulinic
acid (8-ALA), the universal precursor of tetrapyrroles

(reviewed by Bertrand and Schoefs 2005), non-
photoactive Pchlide emitting fluorescence at 634 nm
accumulated. This result confirms earlier results obtained
with etiolated material treated in similar conditions
(Sundgvist 1973). In the latter type of plants (with a non-
irradiated root-shoot transition zone) the incubation with
8-ALA in the dark results mostly in the accumulation of
non-photoactive Pchlide. The emission band was broad
and a flash transformed the few photoactive Pchlide
formed in these conditions (Sood et al. 2004).

So far the synthesis of Chlide a molecules was only
considered in this review. Besides Chl a, the photo-
synthetic apparatus of green algae and higher plants as
well as some Prochlorophytes contain also Chl b. The
biosynthetic pathway leading to the formation of Chl b
has been recently elucidated. Actually, part of the Chlide
a pool is transformed to Chlide b (e.g. Schoefs et al.
1998) through the catalytic action of Chlide a oxygenase
(CAO) and then esterified (reviewed in Bertrand and
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Schoefs 2005). The rate of Chl accumulation not only
changed during greening but also under environmental
stresses, such as heat-shock or water deficit (e.g. Tewari
and Tripathy 1998, Zayed and Zeid 1998). In order to in-
crease our understanding of the impacts of stresses on Chl
accumulation at different stages of greening, Pshibytko
et al. (2004) measured the amount of Chls (a+b) in the
first leaf of barley grown at 22-20 °C for 4, 7, or 11 d
under a photoperiod of 16 h and then submitted the leaf to
a heat stress (40 °C, 3 h) or to water deficit (immersion of
the roots into 3% PEG 6000, 45 h). Compared to the
control plants, the heat stress somewhat reduced (by
10 %) the total Chl content at every developmental stage
investigated. Water deficit had a different impact with
regard to the greening stage. In the 4-d-old leaves the Chl
amount was higher (17 %) in stressed leaves than in the
control ones. No change was observed in the 7-d-old
leaves, whereas in the 11-d-old leaves the Chl amount
was reduced. In order to determine whether the changes
in Chl amount induced by the stress were due to a block
in the Chl synthesis or due to an increase of the Chl
catabolism, the rate of Pchlide accumulation in the dark
(3 h) and the activity of chlorophyllase—the enzyme,
which catalyzes the first step of Chl catabolism (reviewed
by Bertrand and Schoefs 1999, Hoertensteiner and Matile
2004)—were measured. In wild type (WT) plants the
chlorophyllase activity decreased almost linearly along
greening. Both heat stress and water deficit had similar
consequences on the activity of chlorophyllase
(Pshibytko et al. 2004). In young seedlings the activity
was strongly reduced (by more than 50 %), not affected
in 7-d-old seedlings, and strongly increased in old plants
(by more than 50 %). The changes in chlorophyllase
activity can be explained in term of enzyme inactivation
and by a change in the photosynthetic membrane
arrangement. In young seedlings the heat treatment
mostly affects the enzyme activity without modifying the
membrane organization (Pshibytko et al. 2003). Con-
sequently, a drop in the chlorophyllase activity was moni-
tored when compared to the control leaves. Considering
that the enzyme inactivation is similar at every develop-
mental stage, the fact that the modification in the mem-
brane arrangement may lead to a larger amount of sub-
strate available for chlorophyllase, therefore the activity
of the enzyme increases. Altogether the result indicates

Regulation of Chl synthesis

Isolated tetrapyrroles can easily transfer the energy of ab-
sorbed photons to oxygen, leading to the formation of ac-
tivated oxygen species, which in turn can damage the sur-
rounding molecules (Ricchelli 1995). In non-irradiated
leaves and at the beginning of the greening process
Pchlide and the newly formed Chlide molecules are not
energetically connected to Cars, which are able to quench
both triplet Chl and activated oxygen species. Thus
neither Pchlide nor Chlide are protected against damage
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that under these stresses the chlorophyllase activity does
not change significantly after the 4™ day of development
(Fig. 3). The curve describing the capacity to accumulate
Pchlide in the dark during greening of non-stressed plants

12

m control
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- water

©
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&\\\\\\\\\\\\\\
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Fig. 3. Temperature and water-deficit stresses on the chloro-
phyllase activity at different developmental stages of the first
leaf of barley (4-, 7-, or 11-d-old). The plants were grown at
22-20 °C under a photoperiod of 16 h and then submitted to a
heat stress (40 °C, 3 h) or to water deficit (immersion of the
roots into 3 % PEG 6000, 45 h) (redrawn from Pshibytko et al.
2004).

has two phases: (1) a large and fast decrease, which
occurs during the first 6 d of greening, and (2) a slow de-
crease, which reaches a minimal value in 11-d-old plants
(Pshibytko et al. 2004). Such a decrease is expected as
the demand in Chl molecules decreases when the plastids
reach the mature stage. Regardless the greening stage, the
water deficit had no impact on Pchlide accumulation,
whereas the heat stress decreased this capacity (Pshibytko
et al. 2004). The older the leaves, the stronger the
decrease was (Pshibytko et al. 2004). Again this effect
can be explained by the disturbance of photosynthetic
membranes by heat stress (Pshibytko et al. 2003). Actual-
ly, the formation of the large aggregates of photoactive
Pchlide requires the structuration of lipids as shown by
the formation of the PLB. As the heat stress influences
the lipid organization only at a late developmental stage,
it is not surprising that the impairment of Pchlide accu-
mulation in the dark was larger in 11-d-old seedlings than
in the 4-d-old ones.

by radiant energy (e.g. Hirschberg and Chamovitz 1994;
reviewed by Schoefs and Franck 2003) and the accu-
mulation of free Pchlide and Chlide can result in a lethal
photo-oxidative damage as soon as the plant is irradiated
(e.g. op den Camp et al. 2003). Consequently, the cell
production of tetrapyrrole molecules should be strongly
regulated in order to prevent the accumulation of non-
protected pigments. How this regulation proceeds is still
unclear, but some members of the regulation network
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have already been identified (reviewed by Vasileuskaya
et al. 2004, Schoefs and Bertrand 2005). Several aspects
such as irradiance, endogenous signalling, or extra-nuc-
lear mutations dealing with the regulation of tetrapyrrole
synthesis have been investigated in cyanobacteria, ferns,
and angiosperms.

Regulation by radiant energy: sensing and signalling

Numerous photosynthetic organisms are capable of accli-
mation to changes to irradiance and radiation quality.
Among prokaryotes the group of cyanobacteria, which
performs the complementary chromatic adaptation, is the
best-studied in this respect. Complementary chromatic
adaptation was originally used to describe a photo-rever-
sible change in the colour phenotype that is dependent on
the colour of radiation in which the cells are grown
(Kehnoe and Grossman 1994). The adaptation consists of
a shift in the ratio of the two phycobiliproteins, phyco-
cyanin and phycoerythrin. In green radiation phycoery-
thrin accumulates, whereas in red radiation phycocyanin
accumulates. Many studies on this topic have been per-
formed since its first description by Gaidukov (1903). In
order to identify new genes regulated by radiation colour,
Stowe-Evans et al. (2004) performed a genomic DNA
micro-array analysis in Fremyella diplosiphon. Among
the numerous genes for which the expression was up-re-
gulated by green radiation, one finds chlL and chiIN, two
genes encoding polypeptides of DPOR.

The control of tetrapyrrole synthesis was also investi-
gated in cyanobacterium species, which do not perform
chromatic adaptation such as Synechocystis sp. PCC
6803. Regulation of the expression of the genes (chlL,
chIN, and chiIB) encoding the polypeptides composing
DPOR are expressed in the dark and repressed under
nitrogen-fixing conditions (reviewed in Fujita and Bauer
2003), “white light” (Hihara et al. 2001, Huang et al.
2002), ultraviolet radiation (Huang et al. 2002), iron de-
ficiency (Singh et al. 2003), and change in the redox state
of photosynthetic electron transport chain (Hihara et al.
2003). Other studies have suggested that the small Cab-
like proteins ScpB-ScpE are involved in the regulation of
tetrapyrrole biosynthesis in Synechocystis sp. PCC 6803.
This hypothesis was based on the fact that in single scpB
or scpE deletion mutants Pchlide contents decreased
under irradiation-activated heterotrophic growth (15 min
“white light” per 24 h), whereas upon transfer to con-
tinuous irradiation the mutants had a slower recovery of
the Chl content than the control cells (Xu et al. 2002).
Because of the high similarity in the primary sequences
of the ScpB-ScpE proteins it was hypothesized that they
have a complementary regulatory function in Chl biosyn-
thesis and therefore they may functionally compensate for
each other to some degree. In order to test this hypo-
thesis, Xu et al. (2004) compared the effects of multiple
scp gene mutations on pigment biosynthesis in different
background strains. When the number of deleted scp

gene(s) increased, a progressive decrease of the Chl
content was observed, especially in the PS1-less and PS1-
less/PS2-less strains that have already a very low Chl
content. A detailed pigment analysis revealed that in
these last two strains, Chlide molecules but not Pchlide
ones were progressively accumulated, when the number
of deleted scp genes increased. Taking into account that
in PS1-less/chIL (chIL is a gene encoding one of the
polypeptides composing DPOR) strains grown in the
presence of 6-ALA different intermediates accumulated
depending on the scp gene mutated (scpE: Mg-proto-
porphyrin IX and Mg-protoporphyrin IX monomethyl
ester; scpB: Pchlide) (Xu et al. 2002), the strains missing
multiple scp genes were unable to compete with WT
strains when co-cultivated under irradiation, because the
mutants accumulated tetrapyrrole intermediates (Xu et al.
2004). Thus Scp proteins probably play major and
complex roles in the regulation of Chl production in
cyanobacteria.

Eukaryotic photosynthetic cells can also react to
changes in the radiation colour and/or irradiance. These
changes such as de-etiolation are mediated by photo-
receptors such as phytochromes and cryptochromes
(reviewed by Casal 2000, Neff et al. 2000). The former
photoreceptor type actually belongs to a family con-
taining up to 5 photoreceptors denoted as PhyA-PhyE
[tobacco: PhyA-PhyB—Adam et al. 1997; Arabidopsis:
PhyA-PhyE—Clark et al. 1994]. Each type of phyto-
chrome monitors the incident red and far-red radiation
reaching the plant by switching reversibly between two
conformers upon sequential absorption of red and far-red
radiation. Within the PhyA type of phytochrome there
exist two spectroscopically and photochemically distin-
guishable subpopulations denoted PhyA’ and PhyA”. The
former is the major irradiation-labile and longer-wave-
length species dominating in tissue growth, whereas the
latter is the minor relatively irradiation-stable and shorter-
wavelength species, more evenly distributed in plants (re-
viewed in Sineshchekov 2004). The activated phyto-
chrome transduces subsequently the perceived informa-
tion to the target(s). Among the numerous loci involved
in the phytochrome signalling pathways, one finds the
phytochrome-interacting factors (PIF) that bind directly
to the photoreceptor (reviewed by Quail 2002). PIF pro-
teins are members of the bHLH family of transcriptional
factors, which modulate target gene expression. Recently,
a new PIF protein, designated as PIF1 [Arabidopsis
Genome Initiative (AGI) locus number At2g20180], also
a member of the bHLH family was discovered (Ni et al.
1998) and tested for a possible implication in the re-
gulation of Chl biosynthesis (Huq et al. 2004). Mutants
over-expressing PIF1 show some perturbations in
seedling growth, but neither these nor the T5-DNA-
insertion mutants with altered expressions present normal
photo-responsiveness of germination. This suggests that
PIF1 is not necessary for normal seedling de-etiolation.
However, a marked bleaching phenotype was observed in
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pifl mutants (Fig. 4). Pigment analysis revealed that pifl
mutants accumulate more Pchlide than wild type.
This phenotype is qualitatively reminiscent of flu
mutants, which also accumulate Pchlide (reviewed by
Vasileuskaya et al. 2004, Schoefs and Bertrand 2005).
Therefore the bleaching of pifl and flu mutants seems to
have the same origin: a photo-oxidative stress triggered
by the transfer of photon energy absorbed by the excess
of Pchlide (and may be other tetrapyrrole intermediates)
to oxygen. However, direct targets of flu and pifl appear
to be different (Huq et al. 2004). In order to determine the
action of PIF1 in the regulation circuit controlling Chl
biosynthesis, Hug et al. (2004) compared the Chl accu-
mulation and bleaching in wild type (WT) and in pifl and
phyA or phyB mutants grown in the dark for increasing
time periods before a period of greening. Comparison of
bleaching rate in the WT and pifl showed that the longer
the etiolation the stronger the bleaching phenotype. This
suggests that PIF1 acts as a repressor of the
transformation of Pchlide precursors into Pchlide.

Therefore when the expression of the gene pif is im-
paired, non-photoactive Pchlide is especially accumulated
(Fig. 4). On the other hand, when Chl accumulation
curves obtained with the different mutant lines are com-
pared, Chl accumulation is faster in pifl mutants and
slower in both phy mutants than in WT (Fig. 5).
Altogether these findings suggest that phytochrome A
(PhyA) and/or phytochrome B (PhyB) can repress PIF1
activity under irradiation. Interactions between PIF1 and
PhyA or PhyB were indeed demonstrated, the strongest
affinity being measured with PhyB. PIF1 is localized in
the nucleus. Its bHLH domain allows it to bind to the G-
box DNA sequence motif (CACGTG) (Huq et al. 2004),
which has been identified in many promoters of light-
regulated genes (Martinez-Garcia et al. 2000, Hug and
Quail 2002), but DNA-PIF1 complexes were not capable
to interact with PhyA or PhyB. However, physical
interactions between PhyA or PhyB and PIF1 negatively
modulate PIF1, the transcriptional activity.
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Fig. 4. 77 K fluorescence spectra of wild type (WT) and pif mutant recorded (a) before the irradiation and after (b) 10 min or (c) 24 h

of irradiation (data redrawn from Hugq et al. 2004).
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Fig. 5. Perturbation of the chlorophyll (Chl) accumulation capacity in pifl, phyA, or phyB mutants of Arabidopsis thaliana. 2-d-old or
3-d-old dark-grown seedlings were transferred to continuous “white light” for different time periods and the Chl amount was
measured after extraction in N’,N’-dimethylformamide (data redrawn from Hugq et al. 2004.)

Another target of PhyA seems to be the process lead-
ing to the formation of the photoactive Pchlide aggre-
gates. Two studies dealt with this particular step of the
biogenesis of the photosynthetic apparatus: Antipova
et al. (2004) investigated the control of LPOR accumu-
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lation in tobacco by PhyA comparing the LPOR amount
in WT and phyA anti-sense transgenic mutant of tobacco.
When grown in far-red (FR) radiation (A>680 nm), the
mutant seedlings contained more than three times more
Chl molecules than WT, which was able to accumulate
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only a very small amount of Chl due to the irradiation
conditions (see Sineshchekov et al. 2004). Dot-blot
analysis of LPOR showed that under FR, but not in
darkness, the anti-sense mutant contained more LPOR
than the WT (Antipova et al. 2004) confirming that PhyA
regulates the Ipor gene expression. Sineshchekov et al.
(2004) studied another aspect of photoactive Pchlide
formation, the relative accumulation of non-photoactive
and photoactive Pchlide. They showed that when grown
in constant FR (A>720 nm), the content in non-photo-
active and photoactive Pchlide in upper stems of tobacco
and pea increased dramatically, while no Chl molecules
accumulated. The presence or absence of Chl molecules
in FR-irradiated tissues seems to depend primarily on the
quality of the filters used for irradiation (see Antipova
et al. 2004). Similar changes in the non-photoactive and
photoactive Pchlide contents, but of lower amplitude,
were also observed in pea leaves and tobacco cotyledons.
These results agree with those obtained by Antipova et al.
(2004) (see above), but contrast with those obtained with
upper stems of tomato and Arabidopsis cotyledons
because in these species FR did not induce any change in
the non-photoactive to photoactive Pchlide ratio.
Sineshchekov et al. (2004) concluded that the effect of
FR on biogenesis of photoactive Pchlide is not only
dependent on the species but also on the organ. The
meaning of this differential regulation remains unclear
and the discrepancies between the results presented in
Figs. 1 and 2 are of no help for the understanding. The
comparison of the FR effects on the change in the R value
in tobacco transgenic lines over-expressing full-length
PhyA or N-terminally truncated (A7-69 oat PhyA), which
belongs to the PhyA” (Sineshchekov et al. 1999), leads to
the conclusion that PhyA’ is responsible for the
mediation (Sineshchekov et al. 2004). The effect would
be inhibited by PhyA”.

The size of the light-harvesting antenna is often mea-
sured by the Chl a/b ratio and that size can change ac-
cording to environmental changes. For instance, when the
irradiance decreases, the Chl a/b ratio decreases (e.g.
Walters and Horton 1994). How the modifications in the
value of Chl a/b are realized and controlled, were the
main questions of Harper et al. (2004). These authors
found that the modifications in Chl a/b correlate with
changes in CAO mRNA and CAO protein contents. For
example, when the plants were moved from moderate
irradiance (230 pmol m? s?) to shade irradiance (45
umol m? s?) Chl a/b decreased after one day and the
CAO mRNA contents increased at the same time, while
the CAO protein contents did not increase until one day
later. Similar results were obtained with the cchl mutant,
which is a leaky Chl mutant with a pronounced yellow-
green phenotype under moderate irradiance. This
phenotype results from a mutation in the chlH gene
encoding the H subunit of Mg-chelatase (Mochizuki et al.
2001). In the mutant some protoporphyrin IX molecules
are accumulated. When the cchl mutant, previously

grown in low irradiance (95 umol m? s), is transferred
to moderate irradiance a large increase of Chl a/b was
monitored, while the CAO mRNA and CAO protein
contents decreased. The amount of Chl molecules also
decreased in the mutant but not in the WT. The decrease
in the total Chl amount in the cchl mutant can be due to
photo-bleaching triggered by the protoporphyrin IX
accumulated, or due to an inhibition of 3-ALA synthesis
by the protoporphyrin 1X accumulated (reviewed by
Bertrand and Schoefs 2005). To test these hypotheses, the
protoporphyrin IX amount was measured before and after
the transfer to moderate irradiance of cchl and WT
plants. In both plant types a slight increase in the pigment
content was observed after the transfer. After two days of
growth at moderate irradiance, the capacity to transform
protoporphyrin 1X into Pchlide was tested by shifting the
plants to the dark. In both plant lines Pchlide
accumulated, indicating that the protoporphyrin X was
normally transformed to Pchlide. Altogether these results
suggest that the Chl b synthesis is not merely regulated
by Chlide a availability, but that adjustment to Chl
availability can take place at CAO protein abundance.
The findings also suggest that changes in CAO mRNA
and protein contents as a response to changes in
irradiance are part of a long-term acclimating mechanism.

Impact of extranuclear mutations on Pchlide synthesis

Chloroplast biogenesis requires the cooperation of
nuclear and chloroplast genomes (Taylor 1989).
According to the endosymbiotic theory this cooperation
is a consequence of the transfer of many genes from the
original chloroplast to the actual nuclear genome (Martin
et al. 2002). Usatov et al. (2004) studied the ultra-
structure and the pigment content in plastids from the
variegated mutant line var10 of sunflower (Beletskii et al.
1969). The plants from varl0 lines exhibit leaves with
alternating white and green areas, which therefore
constitute a very clear phenotype. The study of the plastid
ultrastructure at the border between white and green areas
of leaves from the varl0 mutant showed that the content
in plastid is heterogeneous with chloroplasts and plastids
without thylakoids (Usatov et al. 2004). In contrast, cells
from the white areas only contained plastids deprived of
thylakoids but with vacuoles. Accordingly, the pigment
analyses of samples from white and green leaf areas
showed large differences. Green areas had contents of
Chls and Cars similar to the WT leaves, while in the
white zone the content was strongly reduced (Chls:
0.2-3.0 %; Cars: 8-10 %). As expected, the pigment de-
ficiency was strongly affected by the growth conditions,
i.e. irradiance and/or temperature (Table 4). These
measurements indicated that pigment deficiency in the
varl0 line is not a stable trait. In order to determine
whether leaf bleaching is solely due to the Car deficiency
or to a deregulation of Chl precursor synthesis in the
varl0 line, Usatov et al. (2004) compared the capacity to
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Table 4. Effects of irradiance [W m] and temperature [°C] on
the amounts of photosynthetic pigments [% of wild type, WT]
in the variegated mutant line var10 of sunflower.

Irradiance  Temperature Chlorophylls Carotenoids

0.04 20-22 100.0 100
0.04 28-30 17.0 73
11.00 20-22 0.1-0.2 8-10

synthesize 5-ALA and Pchlide of WT and var10 mutant
plants. The results demonstrate that the mutant tissue
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comprises all the necessary enzymes and cofactors to pro-
duce Chl precursors in the dark, but the amount of some
of them such as Chl synthase—the enzyme, which cata-
lyzes the esterification of Chlide—can be lower than in
the WT (Vezitskii et al. 1999). Because only Chl but not
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