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Abstract The photoreduction and photooxidation pro-
cesses of different protochlorophyll(ide) forms were stud-
ied in the innermost leaves of cabbage (Brassica oleracea
var. capitata L.) under monochromatic irradiations. Room-
temperature fluorescence emission spectra were measured
from the same leaf spots before and after illumination to
follow the wavelength dependence of the photochemical
reactions. Short-wavelength light of 7 pmol photons
m s~ ' (625-630 nm) provoked mainly bleaching, and
longer wavelengths (630-640 nm) caused both bleaching
and photoreduction, while above 640 nm resulted in basi-
cally photoreduction. When bleached leaves were kept in
darkness at room temperature, all protochlorophyll(ide)
forms regenerated during 72 h. Oxygen-reduced environ-
ment decreased the extent of bleaching suggesting the
involvement of reactive oxygen species. These results
confirm that the short-wavelength, 628 nm absorbing, and
633 nm emitting protochlorophyll(ide) form in etiolated
cabbage leaves sensibilizes photooxidation. However, the
628 nm light at low intensities stimulates the photoreduc-
tion of the longer wavelength protochlorophyllide forms.
Kinetic measurements showed that photoreduction satu-
rates at a low PFD (photon flux density) compared to
bleaching, suggesting that the quantum yield of photore-
duction is higher than that of bleaching.
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Abbreviations

Chl Chlorophyll

Chlide  Chlorophyllide

L-POR Light-dependent NADPH:protochlorophyllide

oxidoreductase enzyme

Pchl Protochlorophyll
Pchlide  Protochlorophyllide
PFD Photon flux density
ROS Reactive oxygen species
Introduction

The chlorophyll (Chl) biosynthesis of higher plants is light
dependent; the pathway is arrested at the precursor pro-
tochlorophyllide (Pchlide) in dark developing tissues. The
main steps of the porphyrin ring biosynthesis have been
clarified (see for review Tanaka and Tanaka 2007), and
plenty of details have been described about the Pchlide
photoreduction. This latter process is catalyzed by the
enzyme NADPH:Pchlide oxidoreductase (L-POR; E.C.
1.3.1.33) (see for a recent review Gabruk and Mysliwa-
Kurdziel 2015).

The active site of L-POR has a strict geometry (Wilks
and Timko 1995). The NADPH is arranged directly above
the C17-C18 double bond of Pchlide, allowing a very fast
electron (proton) transfer on illumination, leading to the
saturation of this bond after getting the second proton
(Lebedev and Timko 1999). As a consequence, Pchlide
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complexes containing NADP" and lacking NADPH are
not phototransformable, and the energy absorbed by
Pchlide induces photooxidation and bleaching of Pchl(ide)
(Ryberg and Sundqvist 1988; Boddi and Franck 1997;
Kirsch and de Groot 2001). On the other hand, the high
ratio of NADPH/NADP" was proved to inhibit Chl
biosynthesis during greening (Zhang et al. 2014). Con-
sequently, the normal biosynthesis of Chl-s needs an
optimal NADPH/NADP" ratio (Franck and Schmid
1985). The photoreduction results in the appearance of
chlorophyllide (Chlide) complexes with emission maxima
at 684 and 696 nm (Boddi et al. 1991), and as a result of
Shibata shift (Shibata 1957) a 676-680 nm emitting
chlorophyllide (Chlide) and/or Chl form accumulates
(Domanskii and Riidiger 2001).

Not all Pchlide is bound in the active site of L-POR.
Various amounts of this pigment are present in other
complexes, often mentioned as “free Pchlide” (El Hamouri
et al. 1981). Besides Pchlide, protochlorophyll (Pchl), i.e.,
esterified Pchlide, is present in etiolated tissues, which is
not a substrate of L-POR. The amounts of Pchlide and Pchl
as well as their ratio are age, organ, and tissue dependent
(Schoefs et al. 1994; Boddi et al. 2004). The excitation
energy absorbed by these pigments cannot be used for their
reduction; it is transferred mainly to molecular oxygen,
thus reactive oxygen species (ROS) production is stimu-
lated. Plant tissues abundant in free Pchlide and Pchl—for
example the etiolated pea epicotyl (Boddi et al. 1994,
1998) and cabbage innermost leaves (Solymosi et al.
2004)—are thus light sensitive, i.e., their illumination leads
to photodamage rather than to Chl biosynthesis (Erdei et al.
2005).

Despite the well-documented photosensibility (Belyaeva
and Litvin 2007), limited information is available about the
photooxidation processes of etiolated tissues. The Pchl(ide)
content of etiolated tissues is significantly lower than the
Chl content of green tissues, because Pchl(ide) inhibits the
synthesis of &-aminolevulinic acid through a negative
feedback mechanism (Richter et al. 2010). Under natural
conditions, Pchlide is continuously reduced into Chlide
which transforms into Chl-s and later Chl-protein com-
plexes. This prevents the accumulation of photooxidation-
sensibilizing pigments. Etiolated pea epicotyls contain
short-wavelength Pchlide forms in great abundance (Boddi
et al. 1994). These 629 and 636 nm emitting monomer
forms (Boddi et al. 1998) were shown to act as sensibilizers
of photooxidative damage processes, i.e., upon illumina-
tion, they transfer the absorbed energy to molecular oxygen
and produce ROS (Erdei et al. 2005; Hideg et al. 2010).
Epicotyls have a special pigment distribution basically
different from that of etiolated leaves (Boddi et al. 1994);
the latter ones are the usual experimental materials in
works studying the photosynthetic apparatus. No detailed
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analysis of photooxidation processes has been published
about etiolated leaves. The inner leaves of cabbage deemed
to be good research materials for studies on this question,
since, similarly to pea epicotyls, monomer Pchl and Pch-
lide dominate in them. In addition, it has naturally devel-
oping etiolated tissue in great abundance, what is important
in works, which require many samples. Cabbage heads are
usually stored for long periods without observable break-
down processes, while leaves of etiolated seedlings show
senescence and decomposition symptoms within two—three
weeks.

Cabbage head is a modified bud containing internal
etiolated leaf primordia and external fully green leaves.
The tightly overlapping external leaf layers behave as
optical filters and create a decreasing light gradient toward
the center of the head (Solymosi et al. 2004). As a con-
sequence of differently developed chloroplasts, Pchlide and
Pchl are the dominating pigments in these leaves (Kruk
2005). These pigments were reported to be arranged into
629, 636, 644, and 655 nm emitting forms, according to the
results of Gaussian deconvolution of 77 K fluorescence
emission spectra (Solymosi et al. 2004). Interestingly, the
analysis of the 77 K fluorescence emission spectra did not
show the presence of the 633 nm form, reported earlier as a
universal form in etiolated leaves (Boddi et al. 1992). This
ambiguity indicates that further accurate analysis is needed
to clarify the number and spectral properties of Pchlide
forms in cabbage leaves. The 644 and 655 nm emitting
forms also in cabbage leaves are L-POR-bound complexes
since both transform into Chlide on flash illumination
(Solymosi et al. 2004).

This work has been aimed at studying the wavelength
dependence (i.e., the action spectra) of photoreduction and
photooxidation processes and their ratio in innermost
cabbage leaf pieces. The action spectrum, pigment content
determination, and kinetic analyses confirmed that the
excitation of the short-wavelength absorbing Pchlide form
can cause photoreduction of the longer wavelength
absorbing Pchlide forms at very low illumination intensi-
ties. However, at high actinic light intensities bleaching
occurs.

Materials and methods
Plant material

Cabbage (Brassica oleracea var. capitata L.) heads were
bought at the local market. The innermost leaves were
dissected in darkroom at dim green light which was pre-
viously tested and did not cause Pchlide phototransforma-
tion. Freshly purchased and stored inner leaves were used
in each experiment.
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Fluorescence emission and excitation measurements

The room-temperature fluorescence spectra were measured
with a Jobin—Yvon Horiba Fluoromax 3 (Paris, France)
spectrofluorometer. When measuring emission spectra at
room temperature, the PFD value of the excitation light
was reduced to 0.02 pmol photons m~2 s~! with neutral
filters, and the change of the emission spectra was less than
1 % after three subsequent recordings. The emission
spectra were measured in the 580-780 nm region with
0.5 nm data collection frequency, 0.1 s integration time,
and 440 nm excitation light. The excitation and emission
bandwidths were set to 2 and 5 nm, respectively. The
emission spectra were corrected for the wavelength-de-
pendent sensitivity variations of the spectrofluorometer.

The excitation spectra were corrected for the wave-
length-dependent variations of the Xenon lamp emission.
The spectra were recorded at 690, 710, and 730 nm
emission wavelengths; the emission and excitation band-
widths were both set to 2 nm. A neutral filter was used to
reduce the PFD values of the excitation light to around
0.02 pmol photons m™ > s~ .

Baseline correction and five-point linear smoothing were
done using the SPSERV V.3.41. software (Copyright Cs.
Bagyinka Biological Research Centre of the Hungarian
Academy of Sciences). Using the same software, several
spectra were resolved into Gaussian components in their
wave number function, and then the results were re-con-
verted into wavelength functions. A resolution was accepted
when the error of the fit of the sum of Gaussians to the
experimental spectrum was smaller than 1 %. To study the
variability of the fluorescence emission intensities and band
ratios, the AVEDEV (Excel function) spectrum of 90 “dark”
spectra measured from 90 different innermost cabbage
leaves was calculated according to Szenzenstein et al.
(2008).

Kinetic measurements

In kinetic measurements, the excitation monochromator was
set to 628, 638, or 650 nm with 2 nm bandwidth in each case
(“actinic light”), while the emission monochromator was set
to 680 nm with 5 nm bandwidth. The amplitude change of
the 680 nm emission was recorded for 300 s with 0.5-s data
collection interval and 0.5 s integration time.

Effects of 625-655 nm monochromatic actinic lights
on the spectral properties of the leaves

A special experimental setup was applied to examine the
effect of 625-655 nm monochromatic light on the spectral
properties of inner leaves. After recording a “dark™ spec-
trum using the neutral filter (see above), the excitation

monochromator was set to wavelengths between 625 and
655 nm with 2.5 nm steps, the neutral filter was removed,
and the sample was illuminated with the monochromatic
excitation light of the fluorometer for 300 s (using 2 nm
excitation bandwidth). To compare the effects of actinic
lights with different wavelengths, the amplitude values of
emission spectra measured after irradiation were normal-
ized to 7 pmol photons m~2 s~'. In some experiments, the
PFD value of the actinic light was reduced to 0.7 pmol
photons m~2 s~ with a neutral filter.

Measurement of the absorption spectra

The absorption spectra were recorded with a Shimadzu
UV-2101 PC spectrophotometer (Shimadzu Corp., Kyoto,
Japan), in the 600-700 nm region. The data were collected
with 0.5 nm frequency, and the optical slit was 1 nm. The
mean of five spectra recorded from different segments of
the same leaf was calculated and used for further analysis.

Measurements under oxygen-reduced and oxygen-
enriched atmospheres

A5 mm x 20 mm leaf piece was fixed in a 1-cm-diameter
test tube equipped with vacuum connection adapter. After
recording a “dark” spectrum, the test tube was connected
to a vacuum water pump for 10 min and then to a nitrogen-
containing balloon to obtain oxygen-reduced environment
with ambient pressure. The sample was incubated in the
dark for 30 min, and the fluorescence emission spectrum
was recorded again. The sample was illuminated with
628 nm actinic light of 5 pumol photons m2 s~ for 300 s
as described above, and then replacing the neutral filter the
emission spectrum was recorded again. In another experi-
ment, this test tube was connected to an oxygen balloon
and the ambient air was enriched with oxygen. The leaf
sample was kept in this environment for 15 min, and the
same measurements were done as above. In both cases,
control experiments were run with same experimental
setup but in ambient environment.

Measuring regeneration of the protochlorophyllide
forms

Emission spectra of dark and 628 nm actinic light-illumi-
nated samples were recorded as described above. The
samples were kept in dark for 1 min, 30 min, 1, 2, 4, 6, 12,
24, 48, and 72 h in a thin plastic foil. After each dark
period, the emission spectrum was recorded. Since the leaf
piece was fixed in the sample holder, all spectra were
recorded exactly from the same spot of the leaf. This
procedure was repeated with three leaf pieces, but the
representative results measured from one leaf are shown.
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Statistical methods

We conducted the statistical evaluation of results using
Microsoft Excel 2010 and SPSERV V. 3.41. software
(Copyright Cs. Bagyinka Biological Research Centre of the
Hungarian Academy of Sciences) spectrum analytical
program. We calculated average and AVEDEV spectra
using Excel. The AVEDEV spectrum shows which emis-
sion bands are standard and which ones vary in their
intensity or position (Szenzenstein et al. 2008). In some
cases, we calculated the standard deviation (SD) of specific
data points (emission maximum and minimum) of average
spectra and used SD values to evaluate the reliability of the
results.

Pigment determination

Dark samples or the illuminated spots of leaves were dis-
sected, their fresh mass values were measured, and the
pigments were extracted with acetone. The fluorescence
emission spectra were recorded with 430 nm excitation. A
calibration curve was used for the concentration calcula-
tions (Vitdnyi et al. 2013). The mean and standard error
values of three parallels were calculated.

Results

Room-temperature fluorescence and absorption
properties of the innermost leaves of cabbage

To study the photosensibility of pigment forms, it is crucial
to study the room-temperature emission spectrum and the
number and ratio of spectral components. In this work, the
emission spectra of 90 leaf pieces were measured at room
temperature, the mean spectrum of which was calculated
and resolved into Gaussian components which were found
at 633.2, 643.5, 655.1, 668.0, 680.0, 692.3, 713.2, and
735.1 nm (Fig. 1).

To measure the variability of spectral components
(amplitude and position of different emission bands) in the
dark samples, the AVEDEV spectrum was calculated. A
sharp and symmetrical band appeared with maximum at
641.5 nm, the amplitude of which was around 15 % of the
maximum of the average spectrum. In addition, a smaller
band was found at 678.0 nm (Fig. 1, inset).

To get information about the effective wavelength val-
ues for further irradiation experiments, the absorption
spectra of the inner leaves were recorded. The mean
spectrum of 5 leaf pieces had an absorption maximum at
632 nm (Fig. 2). The Gaussian resolution of the absorption
spectrum showed overlapping components at 628.6, 638.2,
and 652.0 nm (and a broad, low-intensity band with
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Fig. 1 Average of 90 room-temperature fluorescence emission
spectra measured from 90 inner leaf samples (solid line) and the
Gaussian components (broken lines). The maximum positions and
half-bandwidth values (in parenthesis) are indicated above the
components in nm. The excitation wavelength was 440 nm and the
spectra were normalized to their total integral. Inset shows the
AVEDEV spectrum of the 90 spectra
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Fig. 2 Absorption spectrum of cabbage innermost leaf in the red
region. Solid line the mean spectrum of 5 innermost cabbage leaf
pieces in the red region. Dashed lines the Gaussian components
corresponding to the protochlorophyllide forms. The maximum
positions and the half-bandwidth values (in parentheses) are given
in nm

maximum at 617.1 nm was identified; since it must be a
0,(0-0) transition overlapped with vibronic satellite
0,(0-1) band, we do not discuss it in this paper.)

To achieve accurate interpretation of the absorption
bands, the room-temperature excitation spectra were
recorded with the emission monochromator set to 690, 710,
or 730 nm (which correspond to the vibronic satellite
bands of the 633, 644, and 655 nm emitting Pchlide forms,
respectively (Boddi et al. 1992)). These spectra clearly
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Fig. 3 Room-temperature excitation spectra of inner leaves of white
cabbage measured at 690 (A), 710 (B), and 730 nm (C) emission
wavelengths. The Gaussian components with their maxima and half-
bandwidth values (in parentheses) are given in nm (C, dashed lines).
The fitting error of the Gaussian deconvolution was smaller than 1 %
(bottom panel, dashed line)

showed the existence of excitation bands at 628-628.5,
637.5-638.5, and at around 652 nm (Fig. 3). The excitation
spectrum measured at 730 nm emission was resolved into
Gaussian components; this analysis showed components at
602.0 and 610.9 nm which are probably Q, transitions
(Houssier and Sauer 1970) or vibrational satellite bands of
different protochlorophyllide forms (Boddi et al. 1998).
Other components were detected at 627.9, 638.3, and
651.9 nm (Fig. 3C, dashed lines).

The effect of natural sunlight

To test their light sensitivity, innermost leaves were illu-
minated with natural sunlight of 3000 umol photons m ™2
s~' PFD for 5 min. A significant decrease of the 638.5 nm
fluorescence signal was observed, and only a small increase
of a 676 nm emission band was found (Fig. 4).

The difference spectrum, calculated via subtracting the
spectrum of the non-illuminated sample from that of the
illuminated, had a strong, blue-shifted (to 637.5 nm) nega-
tive band and a little positive signal at around 680 nm (Fig. 4
inset). The changes in the pigment contents corresponded to
these spectroscopic observations; while the Pchl(ide) con-
tent of the non-illuminated leaves was (33 4 2.0) x
1073 M gfl fresh mass, this value decreased to (1.8 £
1.3) x 107> pM g~ ! fresh mass in the illuminated leaves
(i.e., around 20 times smaller value). On the other hand, the
Chl(ide) content was (3.7 &+ 1.5) x 1073 M g_1 fresh
mass in the dark samples, and the irradiation resulted in only
a slight increase to (7.7 + 1.8) x 107> pM g~ fresh mass.
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Fig. 4 The effect of sunlight on cabbage innermost leaves. Room-
temperature fluorescence emission spectrum before (solid line) and
after 5-min illumination (dashed line). The excitation light was set to
440 nm. Inset shows the difference spectra of illuminated and dark
leaves of cabbage. The PFD of the sunlight was 3000 pmol photons

m S

Irradiation with monochromatic light

The drastic decrease in the Pchl(ide) content and the small
increase in the Chl(ide) content in the cabbage leaves
indicated that at least two parallel processes took place
upon irradiation with sunlight, i.e., strong bleaching of Pchl
and Pchlide and minor photoreduction of Pchlide occurred.
To study the details of these reactions, the inner leaves
were illuminated with monochromatic actinic light varying
the wavelength between 625 and 655 nm with 2.5 nm
steps. The irradiation period was 300 s since a preliminary
experiment showed that the amplitude decrease of the
fluorescence emission signal reached a standard value, i.e.,
it saturated at around 300-s irradiation.

Considering the heterogeneity of the dark samples, the
difference spectra of the “illuminated” and “dark” (illu-
minated minus dark) spectra were calculated for each
experiment with various actinic lights. The negative bands
showed the transformed or bleached Pchi(ide), and the
positive signals indicated Chl(ide) formation. The differ-
ence spectra were corrected for the Xenon lamp profile,
and then they were collected into a database. The 3D
surface and its topological projection were calculated. A
well-distinguishable minimum was found at 639.7 nm and
at 642.5 nm actinic light, while a little, non-significant
increase was found at 678 nm in the emission difference
when the wavelength of the actinic light was 652 nm
(Fig. 5; X and Y points, respectively).

The sections of the 3D image at 633, 644, 655, and
680 nm emission values show the action spectra of the
spectral changes of Pchl(ide) and Chl(ide) forms,
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Fig. 5 The effect of 625-655 nm monochromatic light of 7 pmol
photons m~2s~' PFD for 300 s on cabbage inner leaves. The
illuminated minus dark spectra were collected into a database to
calculate the 3D image of the spectral changes (A) and its topological
projection (B). The thickened contours indicate the minimum at the
intersection of 639.7 and 642.5 nm (X) and the maximum at the
intersection of 678 and 652 nm (Y) values. The (C) panel shows the
sections of the 3D image, i.e., action spectra, of the spectral changes
of Pchl(ide) and Chl(ide) forms emitting at 633, 644, 655, and 680 nm
emission wavelength values. The difference spectra were corrected
for the Xenon lamp profile
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indicating the sum of photooxidation and photoreduction
processes. Interestingly, the actinic light (i.e., irradiation
wavelength) at around 630 nm caused a smaller fluores-
cence decrease than the 638-642.5 nm light in the 633,
644, and 655 nm emission amplitude values. (It should be
mentioned, that the difference spectra showed a moderate
variability in their minimum values, varying in the
638—642.5 nm wavelength interval.) The action spectrum
at 680 nm had minimum values under 640 nm, had a zero-
crossing at 638-641 nm, and was positive at longer
wavelengths (Fig. 5C).

Kinetic measurements of the fluorescence emission
at 680 nm during 5-min irradiation with 628, 638,
or 650 nm actinic lights

During the irradiation of the samples with various wave-
lengths of actinic light, the fluorescence emission changes
were recorded in kinetics mode of the fluorometer with the
emission monochromator set to 680 nm. The results of
three, 628, 638, and 650 nm, irradiation experiments were
analyzed in detail because the absorption and fluorescence
excitation spectra of the dark leaves showed absorption/
excitation bands in these positions (Figs. 2 and 3).

The 628 nm irradiation resulted in an initial amplitude
increase in the first approximately 1 min, then a significant
signal decrease took place; the amplitude value became
zero at 250 s and then became negative. A faster amplitude
increase was found at 638 nm irradiation; its maximum
was around 40 s. The slope of the kinetic curve was less
pronounced than at 628 nm irradiation; it reached a nearly
constant value of above 250 s. The amplitude of the
emission was higher than the initial value, indicating
Chlide and Chl synthesis. A continuous increase of the
680 nm emission amplitude took place at 650 nm irradia-
tion; the value at 300 s was significantly higher than the
initial value (Fig. 6).

The pigment determination results were in good agree-
ment with the action spectra and the fluorescence kinetic
measurements. At 628 nm irradiation, the Pchl(ide) content
remarkably decreased and the Chl(ide) content also
decreased. At 638 nm irradiation, the Pchl(ide) content
decreased to a lesser extent than at 628 nm actinic light,
and the Chl(ide) content increased compared to the
Chl(ide) content of dark leaves. The 650 nm irradiation
resulted in only a slight decrease in the Pchl(ide) content,
while the Chl(ide) content almost doubled (Table 1).

We observed that bleaching became stronger, if the
cabbage heads were stored for 14 days and the fluorescence
amplitude values of the dark samples decreased to about
70 % compared to those of the freshly purchased ones.
These inner leaves were illuminated with 628, 638, and
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Fig. 6 The changes of 680 nm fluorescence emission amplitude
values during illumination with 628 (A), 638 (B), or 650 (C) nm
monochromatic light. The amplitude values were corrected for the
wavelength-dependent intensity variation of the excitation light of the
Xenon lamp, i.e., normalized for 7 pmol photons m~% s~' PFD value.
The amplitude values were normalized for the mean dark value at
680 nm emission wavelength. The estimated maxima of the 680 nm
intensity changes are indicated by broken lines

650 nm monochromatic light for 300 s using exactly the
same experimental setup applied as before. The relative
amplitude of the 680 nm emission decreased continuously
in the case of 628 nm illumination. Unlike freshly pur-
chased leaves (Fig. 6A), no initial increase but a gradual
decrease of the relative amplitude were observed (Fig. 7A).
638 nm caused a smooth increase of relative amplitude in
the first approximately 60 s of illumination, and only a
moderate decrease happened during the further illumina-
tion. The final amplitude value remained higher compared
to the case of fresh cabbage leaves (Fig. 7). Finally,
650 nm illumination generated slow and continuous
increase of the 680 nm amplitude in the first 60 s of illu-
mination and remained approximately stable, but the
increase was smaller than seen in the case of fresh leaves
(Fig. 7).

The initial amplitude increase of the 680 nm emission
signal brought up the possibility that this light might cause
phototransformation of Pchlide forms absorbing at longer

wavelengths. To study this phenomenon, leaves from a
cabbage head stored for 2 weeks were illuminated with
628 nm light of 0.7 pmol photons m~2 s~' PFD value for
300 s. This illumination caused only a minimal decrease of
the 640 nm band; in the “illuminated minus non-illumi-
nated” difference spectrum, this decrease was
—19.67 &+ 6.43 % of the amplitude of the non-illuminated
sample. In parallel, a positive band appeared at 678 nm.
Interestingly, the amplitude value at 680 nm continuously
increased during the illumination (Fig. 8), and the kinetic
curve was similar to the one observed at 650 nm illumi-
nation of 7 pmol photons m~2 s~' (Figs. 6 and 7).

The effects of oxygen-reduced or oxygen-enriched
environments on the extent of irradiation-caused
spectral changes

In the case of cabbage that was stored for 14 days, the
oxygen-reduced environment decreased the extent of
spectral changes (Fig. 9). When the oxygen content was
low during the 628 nm irradiation, the decrease of the
639 nm band was 59.11 £ 3.25 % taking to 100 % of the
amplitude of the same band in the spectrum of the non-
illuminated sample. In case of control, the extent of the
decrease was 67.78 £ 6.37 %.

This latter value is not comparable with the above-de-
scribed results because the illumination conditions were
different. In this experiment, the curvature of the glass
sample holder test tube caused scattering reducing the PFD
value of the actinic light. To get similar PFD value as in the
experiments above, the slit of the actinic light was set to
3 nm.

When the leaves were kept in oxygen-enriched envi-
ronment during the 628 nm irradiation, no significant dif-
ference was found compared to the ambient air conditions
(not shown).

Regeneration of protochlorophyllide forms

To test the regeneration ability of the irradiated leaves that
were stored only 1 day after purchase, an inner leaf piece

Table 1 Changes in the pigment contents of innermost leaves of cabbage upon irradiation with light of different wavelengths of 7 umol photons

m~2 s~ PED (corrected with the wavelength-dependent intensity variations of the Xenon lamp of the spectrofluorometer) for 300 min. (n = 3)
g p y p P

Irrad. Pchl(ide) Pchl(ide)-illuminated STD Chl(ide) Chl(ide)-illuminated STD

(nm) (pmol gfl minus dark (umol g~ (pmol g{1 minus dark (pmol gfl
f.m.) x 1073 (pmol g=' f.m.) x 107° f.m.) x 107° f.m.) x 107> (umol g~! f.m.) x 1073 f.m.) x 107>

Dark 332 - 2.0 3.7 - 1.5

628 7.3 —25.9 3.0 2.2 —-15 0.2

638 10.7 —22.5 2.5 42 0.5 0.8

650 26.9 —6.3 7.2 7.4 3.7 1.0

fm fresh mass, STD standard deviation, Irrad. irradiation
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Fig. 7 The effect of 300 s monochromatic illumination on leaves
stored for 14 days after purchase. The changes of 680 nm fluores-
cence emission amplitude values during illumination with 628
(A curve), 638 (B curve), or 650 nm (C curve) monochromatic light.
The amplitude values were corrected for the wavelength-dependent
intensity variation of the excitation light of the Xenon lamp. The
amplitude values were normalized for the mean dark value at 680 nm
emission wavelength, and the measurements were done using cabbage
stored for 14 days after purchase
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Fig. 8 Average difference spectra (n = 5) of samples irradiated with
628 nm monochromatic light of 7 pmol photons m~2 s~' PFD value
(solid line) and 0.7 pmol photons m~2 s~! PFD value (dashed line)
for 300 s. The amplitude values were corrected for the wavelength-
dependent intensity variation of the excitation light of the Xenon
lamp, i.e., normalized for 7 umol photons m~2 s~' PFD value, and
the amplitude values were normalized for the amplitude of the dark
spectrum at 680 nm emission wavelength. Standard deviation of the
emission difference values at 639-641 and 678 nm emission is
indicated by scaled bars. (100 % is the amplitude of the spectrum of
the leaf before illumination.) Inset shows the changes of 680 nm
fluorescence emission amplitude values during illumination with
628 nm monochromatic light of 7 pmol photons m~2 s~' PED value
(A) and 0.7 umol photons m~2 s~' PFD value (B) for 300 s. The
amplitude values were normalized for the mean dark value at 680 nm
emission wavelength
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Fig. 9 Average difference spectra (n = 5) of samples irradiated with
628 nm monochromatic light of 7 pmol photons m~2 s~' PFD value
in oxygen-reduced and Nj-enriched (dashed line) and ambient
atmosphere (solid line) for 300 s. Standard deviation of the emission
difference values at 639 nm emission is indicated by error bars.
(100 % is the amplitude of the spectrum of the leaf before
illumination.) Inset shows the changes of 680 nm fluorescence
emission amplitude values during illumination with 628 nm
monochromatic light in oxygen-reduced (B) and ambient (A) atmo-
spheres. The amplitude values were corrected for the wavelength-
dependent intensity variation of the excitation light of the Xenon
lamp, i.e., normalized for 7 umol photons m™2 s~' PFD value. The
amplitude values were normalized for the dark value at 680 nm
emission wavelength

(wrapped into plastic foil to avoid water loss) was illumi-
nated with 628 nm of 7 pmol photons m~> s~' PFD for
5 min, the fluorescence emission spectrum was recorded,
and the sample was kept in the dark for 72 h. After dif-
ferent time periods, fluorescence emission spectra were
measured. The emission maximum of the “dark” spectrum
was at 638 nm, and the spectrum had broad vibronic
satellite bands above 670 nm (Fig. 10A, dashed curve).
The irradiation caused a significant decrease of the Pchlide
band; in parallel, it shifted to 634.5-635 nm and an inde-
pendent band appeared at 677-679 nm (Fig. 10B, curve).
In the first 4 h of dark incubation, the intensity of the
emission spectrum did not change considerably. During 6 h
of dark incubation, the amplitude of the 634.5-635 nm
band increased (Fig. 10C, curve), then after 24 h this band
showed further increase and its position shifted back to
637 nm (Fig. 10D, curve). The increase of the 637-638 nm
band proceeded (Fig. 10E, curve); after 72 h dark incuba-
tion, its amplitude was almost identical to that of the dark
sample (Fig. 10F, curve). During the 72 h dark incubation,
the amplitude of the 677-679 nm band changed only
slightly.
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Fig. 10 Regeneration of Pchlide forms in cabbage inner leaves
incubated in the dark after 5-min irradiation with 628 nm of 7 pmol
photons m~2 s~' PED. A The spectrum of the leaf before the
irradiation; B the spectrum measured directly after the irradiation; C—
F the spectra recorded after 6-, 24-, 48-, and 72-h dark incubation,
respectively. The vertical line shows the original emission maximum
at 638 nm

Discussion

The increased light sensitivity of etiolated tissues is a well-
known phenomenon; light causes wilting and damage of
dark-grown plants. Detailed analysis of the irradiation-
caused reactions showed that besides the photoreduction of
L-POR-connected Pchlide molecules into Chlide, pho-
tooxidation reactions are provoked (Erdei et al. 2005). The
produced ROS were identified in epicotyls of dark-germi-
nated pea in which the short-wavelength, monomer Pchlide
forms dominate (Hideg et al. 2010). Similarly to the etio-
lated pea epicotyls, the short-wavelength Pchlide forms are
abundant in innermost leaves of cabbage (Solymosi et al.
2004), thus the question can be raised if these chro-
mophores provoke similar photooxidation.

To identify the sensibiliser of the photooxidation, the
measurement of the action spectrum is a suitable method.
Because of the low pigment content of cabbage leaves,
fluorescence spectroscopy is a proper tool; however, the
measurement of room-temperature spectra of light-sensitive
samples is difficult (Boddi and Franck 1997). The experi-
mental setup (the strong neutral filter in the excitation
beam) used in this work allowed us to record spectra from
the same leaf spot before and after irradiation. On the other
hand, the PFD value of the direct excitation light of the
fluorometer was big enough to provoke pigment bleaching
in the innermost leaves. After correcting the amplitude
values for the emission profile of the Xenon lamp, the extent
of bleaching caused by different wavelengths of the actinic

lights could be compared with each other, i.e., action
spectra could be measured.

The room-temperature fluorescence spectra of cabbage
leaves had low amplitude and were less structured than the
77 K spectra (Solymosi et al. 2004). The analyses of the
absorption (Fig. 2), fluorescence emission (Fig. 1), and
excitation spectra (Fig. 3) led us to assume that the changes
of three Pchl(ide) forms with emission maxima at around
633, 644, and 655 nm should be followed. The analyses of
the spectra measured at room temperature in this work
showed that the presence of the additional 636 nm form
(Solymosi et al. 2004) is not necessary to get a fit with less
than 1 % error, and the resolutions of the absorption, flu-
orescence excitation, and emission spectra into Gaussian
components gave steadily similar results.

Important information can be obtained about the effects
of illumination by the measurement of the fluorescence
emission intensity changes at 680 nm during the illumi-
nation. This intensity change (Figs. 6 and 7) is a resultant
of the decreasing amplitude of the vibronic satellite band of
the 633 nm emitting Pchlide form (Boddi et al. 1992) and
of the alteration of the emission amplitude of Chlide
(Boddi and Franck 1997). The 680 nm emission signal
increases as a result of Pchlide photoreduction into Chlide;
however, it can decrease due to bleaching of monomer
Pchl(ide) and/or Chlide. In addition, the fluorescence yields
of Pchlide and Chlide are different, and therefore the
amplitude change of the 680 nm fluorescence band does
not show stoichiometric amounts of Chlide but allows
qualitative conclusions about the ratio of pigment forma-
tion or bleaching.

The action spectrum of the fluorescence amplitude
change at 680 nm (Fig. 6) crosses the zero line between
638 and 642 nm. This indicates that the actinic light of low
(7 pmol photons m~2 s~') PFD does not cause strong
bleaching above 638 nm. Even more, the 638 nm actinic
light is more effective in the excitation of the 655 nm
Pchlide form than the 650 nm actinic light. This is proven
by the highest amplitude band at 638.3 nm in the excitation
spectrum measured at 730 nm (Fig. 3C, which is the
emission maximum of the vibronic satellite band of the
655 nm Pchlide form (Boddi et al. 1992). Also the steeper
rise of the kinetic curve measured at 638 nm than at
650 nm actinic light in the first 40 s (Fig. 6) confirms the
high quantum efficiency of 638 nm light in Chlide for-
mation. Taking into account the high abundance of 644 nm
Pchlide in cabbage leaves and the fact that this form is a
very effective energy donor of 655 nm Pchlide form (Kahn
et al. 1970), we can assume that the 638 nm light excites
more phototransformable Pchlide simultaneously than the
650 nm actinic light.

In contrast with the 638 and 650 nm actinic lights, the
628 nm illumination can induce both photoreduction and
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bleaching, depending on its PFD value and the physio-
logical state (fresh or stored) of the cabbage leaves. Illu-
mination of fresh leaves induces photoreduction in the first
60 s at 7 pmol photons m > s~ PFD, and subsequently
bleaching proceeds (Fig. 6). In the case of stored leaves,
continuous amplitude decline at 680 nm (i.e., strong
bleaching) was observed from the onset of illumination
(Fig. 7A). Surprisingly, steady photoreduction took place if
the PFD value of the 628 nm actinic light was reduced to
an extremely low value (0.7 pmol photons m™—2 s~ ')
(Fig. 8). As a summary, photoreduction saturates at a low
PFD compared to bleaching, suggesting that the quantum
yield of photoreduction is higher than that of bleaching.

Bleaching sensibilized by free tetrapyrroles is well
known (Busch and Montgomery 2015). Such a sensibilizer
can be for example non-L-POR-bound Pchl(ide) in pea
epicotyl (Erdei et al. 2005) and the short-wavelength
emitting Pchl(ide) forms in the flu mutant of Arabidopsis
(Meskauskiene et al. 2001, op den Camp et al. 2003). This
work provides direct evidence that also the 633 nm emit-
ting Pchl(ide) form can provoke photooxidation in 628 nm
illuminated cabbage leaves. The extent of bleaching could
be reduced by decreasing the oxygen content in the direct
environment of the samples (Fig. 9) suggesting the
involvement of ROS in this process. The bleaching
observed during 628 nm illumination was the result mainly
of Pchl(ide) but also Chlide destruction (Table 1), and the
long (72 h) regeneration period (Fig. 10) supports further
this assumption. The bleaching of Chlide can be caused
partly by the actinic light but indirectly by the reaction with
ROS molecules produced by the excitation of the non-
photoreducible Pchl(ide) molecules. The length of the
regeneration time indicates that obviously de novo
biosynthesis processes took place.

Interestingly, the 628 nm light of very low PFD
(0.7 pmol photons m~2 s~') did cause photoreduction
without observable bleaching (Fig. 8). This light excites
the 633 nm emitting Pch(lide) form which is not directly
photoactive even with 632.8 nm laser illumination (Kdsa
and Boddi 2012). Consequently, the photoreduction of
longer wavelength Pchlide forms took place which could
proceed via energy migration (Franck et al. 2000). An
alternative energy source for the phototransformation of
longer wavelength Pchlide forms is the 633 nm light
emitted by the non-photoactive Pch(ide) molecules, i.e.,
reabsorption proceeds.

These findings confirm that the abundance of the
monomer state of Pchl(ide) pigment can be the reason of
photooxidation in etiolated cabbage leaves, but its excita-
tion energy can reach the longer wavelength, photoactive
Pchlide-L-POR complexes via excitation transfer, or fluo-
rescence reabsorption and can stimulate Pchlide photore-
duction into Chlide.

@ Springer
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