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Resistance of spinach plants to seawater stress is correlated
with higher activity of xanthophyll cycle and better maintenance
of chlorophyll metabolism
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Abstract

The relationship between the activity of xanthophyll cycle and chlorophyll (Chl) metabolism was investigated using two
cultivars, Helan No. 3 (seawater-tolerant cultivar) and Yuanye (seawater-sensitive cultivar), of spinach (Spinacia
oleracea L.) plants cultured in Hoagland’s nutrient solution, with or without seawater (40%). The results showed that, in
plants of two cultivars with seawater, the xanthophyll cycle seems to show a principal protection mechanism against
photoinhibition under seawater stress. Furthermore, accumulation of reactive oxygen species (ROS) in chloroplasts of
two cultivars was enhanced by seawater to lower the activity of porphobilinogen deaminase. Namely, the conversion of
porphobilinogen into uroporphyrinogen III involved in Chl biosynthetic processes was inhibited by seawater. In Helan
No. 3 spinach plants with seawater, higher activity of xanthophyll cycle in the leaves dissipated more excess light
energy, which appeared to lower the levels of ROS in chloroplasts. As a consequence, the Chl biosynthesis in Helan
No. 3 leaves with seawater showed only a weak inhibition and the activity of chlorophyllase (Chlase) was not affected
by seawater stress. In contrast, a more pronounced accumulation of ROS in chloroplasts of Yuanye leaves, which
possess lower xanthophyll cycle activity, severely inhibited Chl biosynthesis and remarkably enhanced the activity of
Chlase, which aggravates the decomposition of Chl. These results suggest that higher activity of xanthophyll cycle in
seawater-tolerant spinach plays a role in maintaining Chl metabolic processes, probably by decreasing the levels of
ROS, when the plants are cultured in the nutrient solution with seawater (40%).
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Introduction

Water resources in the ocean correspond to a capacity of is in short supply. Now, researchers have attempted to
about 1.34 x 10" m?, which is equivalent to 96.8% of the cultivate crops for food supply by irrigation using sea-
total water of the earth. However, the freshwater on land water (Sun et al. 2008). Spinach (Spinacia oleracea L.)
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plants are a middle salt-tolerant crop (Shannon and
Grieve 1998). Therefore, it is proposed to be possible to
cultivate spinach plants by using seawater.

Photosynthesis is essential for growth and deve-
lopment of plants and photoinhibition is a general pheno-
menon in the photosynthetic process (Anderson et al
1997). When the rate of absorption of light energy by
photosynthetic pigments exceeds the rate of its
consumption in chloroplasts, the excessive absorbed light
energy accelerates the process of photoinhibition
(Demmig-Adams and Adams 1992, Melis 1999). Thus,
the extent of photoinhibition is enhanced when the
consumption of energy during the photosynthetic fixation
of CO, is limited. Low and high temperatures, drought,
and high salinity all strongly limit the photosynthetic
fixation of CO, and have all been shown to accelerate
photoinhibition (Demmig-Adams and Adams 1992,
Murata et al. 2007). However, several protective mecha-
nisms of plants are developed in the evolution of plants
against the potentially damaging effects due to
photoinhibition induced by environmental stresses
(Anderson et al. 1997). Xanthophyll cycle in plants has
been recognized as one of the most important regulatory
mechanisms operating in plants and other photo-
synthesizing organisms at the molecular level, to protect
the plants from photoinhibition under adversity stress
conditions (Latowski et al. 2004). Xanthophyll cycle
pigments such as zeaxanthin (Z), antheraxanthin (A), and
violaxanthin ( V) are interconvertible due to epoxidation
(Z—A—V) and de-epoxidation (V—A—Z) under certain
conditions (Kotabova et al. 2008), namely, the
violaxanthin de-epoxidase (VDE, EC 1.10.99.3) converts
V into Z via the intermediate, and A is activated
(Latowski et al. 2004). According to Mathis and Burkey
(1989) and Horton et al. (2008), the conformation of
light-harvesting complexes of photosystem II (LHCII) is
transformed from a light-harvesting state to a dissipative
state by Z and pH gradient. As a result, excess energy is
dissipated as heat. On the other hand, it has been
suggested that protection against photoinhibition requires
Z, as a very efficient radical scavenger and chain-
breaking antioxidant in  peroxyl-radical-mediated
peroxidation (Havaux and Niyogi 1999).

Chls are responsible for receiving solar energy in
photosynthetic antenna systems and for charge separation
and electron transport within reaction centers (Tanaka and
Tanaka 2006). Reduced photosynthesis with increasing
salinity has been attributed to a decline in Chls

Materials and methods

Plant materials and conditions of cultivation: The
experiment was carried out in an environment-controlled
greenhouse. Two cultivars (cv. Yuanye and cv. Helan
No. 3) of spinach (Spinacia oleracea L.) were used in this
study. According to Sun et al. (2008), Yuanye is a sea-
water-sensitive cultivar and Helan No. 3 is a cultivar
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(Kolchevskii et al. 1995). However, the level of Chls is
dependent on homeostasis between synthesis and degra-
dation in the Chl metabolic processes of plants (Yu et al.
2006). Regulation of the levels of Chl and its derivatives,
such as protochlorophyll (Pchl) or protoporphyrin IX
(Proto 1X), is extremely important, because these
molecules are strong photosensitizers; that is, when
present in excess, they will generate ROS. ROS, in turn,
promote growth retardation or cell death. Therefore, to
maintain healthy growth, plants must finely control the
entire Chl metabolic process. Chl metabolism is a highly
coordinated process that is executed via a series of
cooperative reactions catalyzed by numerous enzymes
(Barry 2009). Environmental stresses such as high
salinity aggravate photoinhibition and further induce
photooxidization over a long period to accumulate ROS
in chloroplasts. According to Tanaka and Tanaka (2006),
cell-death phenotypes induced by ROS have been
observed in various plant species, in which genes
encoding Chl biosynthetic enzymes are impaired. Thus,
the normal process of Chl metabolism is disturbed by
environmental-stress-induced ROS.

Enhanced salinity is experienced as a stress condition
in plants, since it provokes changes in the photosynthetic
apparatus, by affecting both its structure and function.
NaCl-imposed ionic and oxidative stress on chloroplasts
causes structural alterations in thylakoid membranes that
induce significant loss in the functional ability of thyla-
koid membranes, such as to perform photochemical
electron transport (Parida et al. 2003), and leads to the
formation of ROS in chloroplasts (Sibole et al. 1998).
Gruszecki et al. (2006) suggested that the higher
xanthophyll-dependent non-photochemical quenching
(NPQ) seems to suppress the risk of salt-induced
generation of ROS leading to a damage of photosynthetic
organisms. However, how the xanthophyll cycle in plants
affects the Chl metabolic process under environmental
stress such as high salinity has not been clarified.
Seawater adversity was caused by excess ions as a domi-
nant factor of stress, and it also aggravated photo-
inhibition of plants (Sun ef al. 2008). Our earlier results
have proven that the level of Chls in leaves of spinach
plants was suppressed by seawater stress (Sun et al.
2008). In the present study, our purpose is to clarify the
relationship between xanthophyll cycle and Chl meta-
bolism, using spinach plants cultured under the seawater
hydroponics. This should help to wunderstand the
physiological mechanisms of plant tolerance to seawater.

comparatively tolerant to seawater. The seeds were
germinated on wet filter paper in a chamber at 18°C in
the dark with 90% relative humidity (RH). The
germinated seeds were cultured hydroponically in rock
wool brick (one plant per brick) which was inserted in 72
holes of plastic trays. After the fifth leaf expanded,
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seedlings grown uniformly in the bricks were trans-
planted to plastic boxes containing 50 L of full strength
Hoagland’s nutrient solution [pH 6.5+0.1, electrical
conductivity (EC) 2.0-2.2 mS cm']. The plants were
cultured in a greenhouse at 26°C during day (10 h),
average photon flux density of the photosynthetically
active radiation (PFD) of 300 pmol m 2 s and 10°C at
night with 65-90% RH. Nutrient solution was aerated
using an air pump at an interval of 20 min at 18-20°C.
After preculture for 15 days, the seedlings were cultured
in the nutrient solution with or without seawater (40%).
According to Sun et al. (2008), difference in tolerance to
seawater between two spinach cultivars such as Yuanye
and Helan No. 3 under concentration of seawater (40%)
was the greatest. Seawater (a total salt: 26.64 g L,
pH 7.8) was taken from the sea area of Dongtai, Jiangsu
province, China, the composition of ions in the seawater
sample was 349.98 mM of Na', 410.14 mM of CI,
40.20 mM of Mg, 21.15 mM of SO,*,7.61 mM of Ca’",
and 6.83 mM of K.

Experimental treatments: On the 2™ day after
supplying seawater, spinach plants of the two cultivars
were divided into 4 groups as follows: No. 1 was sprayed
with 0.05% (v/v) Tween 20 or distilled water on the
plants cultured in the Hoagland’s nutrients solution
without or with seawater (CK or S, respectively). No. 2
was sprayed with 0.001 mM methyl viologen (MV)
[solved by 0.05% (v/v) Tween 20] (CK+MV or S+MV)
to induce oxidative stress with molecular oxygen to
produce superoxide radical (O, ) in the stroma of
chloroplasts, No. 3 with 5 mM ascorbic acid (AsA)
(CK+AsA or S+AsA) to eliminate O, and H,0O, in
plants to inhibit peroxidation of membrane lipids, No. 4
with 0.001 mM MYV at zero time, and with 5 mM AsA at
24 h (CK+MV+AsA or StMV+AsA). At 72 h after
spraying on No. 1 (i.e. on the 6™ day after supplying
seawater), the 4™ or 5™ leaves from the top of nonstressed
and stressed plants were collected to measure the contents
of Chl precursors, activity of porphobilinogen deaminase
(PBGD, EC 4.3.1.8) and chlorophyllase (Chlase, EC
3.1.1.14). Furthermore, intact chloroplasts were isolated
for measuring other correlative index such as O,
generation rate, hydrogen peroxide (H,O,) contents and
malondialdehyde (MDA) contents.

The 4™ or 5™ leaves from the top of nonstressed and
stressed plants without MV, AsA or MV+AsA were
collected to measure the light response curves of the net
photosynthetic rate (Py-PFD) and apparent quantum yield
(AQY). Chl fluorescence parameters were measured, at
one time, petioles and nerves were removed from the 4™
or 5" leaves before freezing in liquid nitrogen for
measurement of xanthophyll cycle pigments. In addition,
the younger leaves with petioles were dipped in full-
strength Hoagland’s nutrient solution with or without
seawater (40%). The Hoagland’s nutrient solutions were
composed of CK and S with or without AsA (20 mM,

pH 6.25, AsA enhances de-epoxidation) (i.e. CK + AsA
or S + AsA), with or without 1, 4-dithiothreitol (DTT,
3 mM; an inhibitor of de-epoxidation) (i.e. CK + DTT or
S + DTT), respectively, and the leaves were incubated
under controlled environmental conditions in a growth
chamber at 25°C with 65% RH. Light in the chamber was
irradiated at 30 pmol m* s for 3 h and then at 2,000
umol m* s for 1 h. After the incubation, the Chl fluo-
rescence parameters and xanthophyll cycle pigments
were measured with five replicates.

Chl fluorescence: Chl fluorescence was measured using
a pulse amplitude-modulated fluorometer (PAM 2000,
Heinz Walz GmbH, Effeltrich, Germany) on fresh leaves
sampled at an interval of 1 h from 8:30 to 16:30 in an
environment-controlled greenhouse. Minimum fluores-
cence (F,) was determined by illuminating the leaf with a
dim red light (<0.1pmol m™ s™') modulated at 0.6 kHz
after keeping the leaf for 30 min in darkness. Maximum
fluorescence of dark-adapted leaf (F,,) was obtained
during a subsequent saturating light pulse (8,000 pmol
m~s ', 0.8 s). The leaf was then continuously illuminated
with actinic light at an intensity of 150, 200, 350, 600,
1,400; 1,300; 900, 300 and 80 pmol m~ s~ which were
equivalent to the growth of spinach plants at an interval
of 1 h from 8:30 to 16:30 h in the greenhouse. The
steady-state fluorescence (F;) was thereafter recorded,
and a second saturating pulse of white light (8,000 pmol
m * s for 0.8 s) was imposed to determine the maximum
fluorescence level in the light-adapted state (F,,’). The
actinic light was put out and then the minimal
fluorescence level in the light-adapted state (F,”) was
determined by illuminating the leaf with a far-red light
for 3 s. The following parameters were estimated to
characterize the fluorescence induction kinetics: (/) non-
photochemical quenching (NPQ) was calculated as
Fo/Fn’ — 1, (2) dissipative energy (D) was calculated as
1—(F,’/Fy’), (3) photochemical energy (P) was calcu-
lated as (F,” — Fy)/F.’, (4) excessive energy (Ex) was
calculated as F,’/F,” x (1 — qp) (Demmig-Adams et al.
1996), and (5) the percentages of D, P, and Ex in total
were done. The P, D and Ex were obtained from Chl
fluorescence at 10:30.

P\-PFD and AQY: Light-response curves of the net
photosynthetic rate were measured using portable photo-
synthesis system (Li-6400, LI-COR Inc., Lincoln, NE,
USA) at ambient CO, concentration [360 pmol(CO,)
mol '] on attached leaves after 30 min of dark adaptation
in the morning (between 09:00 and 10:00). The
greenhouse for measuring photosynthesis was controlled
to maintain the leaf temperature at 22°C and the relative
humidity at 60—70%. The leaves were exposed for 5 min
to increase the incident PFD (0, 25, 50, 100, 150, 200,
400, 600, 800, 1,000; 1,200; 1,500; and 1,600 pmol
m~ s') to measure gas-exchange parameters such as net
photosynthetic rate (Py) and stomatal conductance (g;).
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Increasing incident PFD (0, 25, 50, 100, 150, 200, and
250 pmol m 2 s™') was provided to measure gas-exchange
parameters, AQY was estimated from the initially slopes
of Py-PFD curves.

Pigment extraction and its separation by HPLC:
Extraction of xanthophyll cycle pigments was performed
according to the method of Park et al (2008). The
pigments were estimated by gradient reverse-phase high-
performance liquid chromatography (HPLC) by a modi-
fied version of the method of Gilmore and Yamamoto
(1991). Pigments were separated at 25°C on a spherisorb
column (250 x 4 mm) preceded by a spherisorb guard
column (4 x 4 mm), using an injection volume of 20 pL.
The isocratic elution for 04 min with the solvent
composed of acetonitrile, methanol, and 50 mM Tris
(72:8:3, v/v/v) was followed by a 2.5-min linear gradient
into a second solvent composed of methanol and
n-hexane (5:1, v/v) at a flow rate of 1.5 mL min'. The
peak areas at 440 nm were integrated using ChromQuest
software (ThermoQuest, San Jose, CA, USA) and
compared to a calibration curve of purified standards of
V, Z, and A (Sigma-Aldrich, Saint Louis, MO, USA).
The de-epoxidation state (DES) of the xanthophyll cycle
pigments was calculated as (Z+0.5A)/(V+A+Z), which is
represented as the activity of the xanthophyll cycle.

Isolation of intact chloroplasts, measurements of O, ~
generation rate, H,0,, and MDA contents: Isolation of
intact chloroplasts was done at room temperature
according to the method of Takeda et al. (1982). The
intactness of chloroplasts was estimated to be 90% by the
ferricyanide method of Yamamoto ef al. (1972b). The
measurement of O, ~ generation rate of isolated chloro-
plasts dispersed with 50 mM sodium phosphate buffer
(pH = 7.8) was carried out by monitoring the Ass
(JH-752, Jinghua Inc., Shanghai, China) to detect the
hydroxylamine reaction due to the method of He et al.
(2005). A standard curve with NO, was used to estimate
the generation rate of O, ~.Chloroplasts suspension was
diluted with 0.2 N perchloric acid to one third. The
diluted suspension was neutralized with KOH and then
centrifuged at 10,000 x g for 5 min. An aliquot of the
supernatant was used for the quantification of H,0,
according to the modified method of Okuda et al. (1991),
the amount of H,O, was calculated using a standard
graph of known concentrations. And the remaining
supernatant was diluted with 5% trichloroacetic acid for
the estimation of the level of lipid peroxidation from the
relative content of thiobarbituric acid reactive products
(TBARPs), calculated as the absorption difference
between Asjy, and Agy (JH-752, Jinghua Inc., Shanghai,
China) with an extinction coefficient of 155 mmol™" cm™
(VIckova et al. 2006).

Determination of Chl precursors: Chlorophyll a (Chl @)
and chlorophyll » (Chl b) were estimated spectrophoto-
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metrically using pigment fraction extracted by 80%
acetone with a small amount of MgCOs; (Lichtenthaler
1987). Protoporphyrin IX (Proto IX), Mg-protoporphyrin
IX (Mg-Proto 1X) and protochlorophyll (Pchl) were
extracted using a mixture of acetone:ammonia (1%) (4:1),
extracts were followed by measuring the absorbance at
575 nm, 590 nm, and 628 nm (Hodgins and van Huystee
1986). Fresh leaves were iced-homogenized using Tris-
HCl (pH 7.2), the homogenates were centrifuged at
5,000 x g for 15 min at 4°C, uroporphyrinogen III (Uro
IIT) content in supernatants was determined by the
method of Bogorad (1962). Leaf samples were
homogenized with Tris-HCI buffer (pH 8.0) containing
100 mM Tris, 50 mM mercaptoethanol, homogenates
were centrifuged at 8,000 x g for 15 min at 4°C.
Specifically, 2 mL of supernatants or standard were
mixed with 2 mL of freshly prepared Ehrlich’s reagent
and after 30 min the mixture was used to determine Asss
for the determination of porphobilinogen (PBG) by the
method of Bogorad (1962). Fresh leaves were homo-
genized with acetic sodium buffer (pH 4.6), homogenates
were extracted in boiling water bath for 15 min and
centrifuged at 10,000 x g for 20 min at 4°C, the super-
natants were pooled to determine -aminolaevulinic acid
(ALA) content by the method of Richard (1975). Content
of ALA was calibrated using the standard of ALA-HCI
(Sigma-Aldrich, Saint Louis, MO, USA).

Assay of activities of PBGD and Chlase: Fresh leaves
were homogenized with Tris-HCI buffer (pH 8.0)
containing 50 mM Tris, 5 mM mercaptoethanol, 2 mM
phenylmethyl sulfonyl fluoride, 2 mM EDTA-Na, at 4°C.
The homogenate was centrifuged at 10,000 x g for
10 min at 4°C. The supernatant was allowed to stand at
65°C for 20 min and then cooled in an ice bath. The
cooled supernatant was centrifuged again as described
above and used to determine Ayps s (JH-752, Jinghua Inc.,
Shanghai, China) for the estimation of PBGD activity by
the method of Riminton (1960).

Preparation of substrates, enzyme extraction, and
assay of Chlase activity were performed according to the
method of Costa et al. (2005). Protein extraction buffer
contained: 100 mM Na,HPO,, 100 mM NaH,PO,, 0.2%
(v/v) Triton X-100, 30 g L™ polyvinylpolypyrrolidone,
1 mM phenyl methyl sulfonyl fluoride, 5 mM cysteine,
pH 6.0. Chls of spinach leaves were used as a substrate.
6 g of fresh mass (FM) of spinach leaves were homoge-
nized in an omnimixer with 60 ml of acetone:water
(80:20, v/v) solution at 4°C. The suspension was
centrifuged at 9,000 x g and the supernatant was added
with 40 ml of petroleum ether to extract the Chls. After
this, the ether was evaporated under N, and the Chls
dissolved in 4-5 ml of acetone. The Chls concentration in
the assays was kept 1.0 mg mL . The following reaction
mixture was used: 100 mM sodium phosphate buffer
(pH 7.0) with 0.15 % (v/v) Triton X-100, 0.01 mM Chls,
16% (v/v) acetone and 2 mL of enzymatic extract in a
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total volume of 13 mL. The mixture was incubated at
40°C and duplicate samples of 2 mL were taken after the
beginning of the reaction, and poured into 5 mL of
mixture of hexane:acetone (7:3) precooled in ice-water.
The mixtures were vigorously stirred until emulsion
formation, and then allowed to stand in the dark at 4°C
and centrifuged at 6,000 x g for 5 min at 4°C. The upper
phase contained the remaining Chl, while the lower phase
contained the chlorophyllide. The progress of the Chlase
activity was followed by measuring the absorbance at
663 nm (JH-752, Jinghua Inc., Shanghai, China) in the
lower phase. The enzyme activity was expressed as the
increment of optical density at 663 nm per min

Results

Allocation of light absorbed by leaves: P between
leaves of two cultivars such as Yuanye and Helan No. 3
was shown to have a tendency to be somewhat
suppressed and in contrast, D seemed to be somewhat
enhanced. However, Ex in Yuanye spinach plants was
shown to have a tendency to be enhanced and that in
Helan No. 3 spinach plants was shown to have no effect,
compared with spinach leaves without seawater stress
(Fig. 1). Under seawater stress, suppression of P in leaves
of both cultivars seems to induce photoinhibition, and the
enhancement of D seems to depend on thermal
dissipation.

PN-PFD and AQY: Net photosynthetic rate values in
both spinach plants (Yuanye and Helan No. 3) without
seawater reached a plateau at a PFD of 800-1,200 pmol
m~? s, but PFDs more than 1,200 pmol m~ s caused
small values of Py. In the case of spinach plants with
seawater, Py values in Yuanye and Helan No. 3 peaked at
800 pmol m? s, and declined above this value
(Fig. 2B). Py and g, (Fig. 24,C) were measured again for
PFDs between 0 to 250 pmol m? s' and AQY was
estimated (Fig. 2D). We found that Py, g;, and AQY were
suppressed in both cultivar leaves with seawater. These
suppressions of Yuanye spinach leaves, were shown to be
large, compared with Helan No. 3 spinach leaves.

NPQ and DES: On the sixth day after supplying
seawater, the daily dynamics of NPQ (Fig. 34) and DES
(Fig. 3 B) in both spinach cultivar leaves seemed to have
a similar effect as a daily dynamics of photosynthetically
active radiation (data not shown), and showed the peak at
12:30. Multinomial correlation between daily dynamics
of NPQ and DES in both cultivar leaves, with or without
seawater stress, was shown by recursive analysis. The
correlative coefficients were significant. Furthermore,
NPQ (Fig. 3C) and DES (Fig. 3D) of both spinach
cultivars with seawater stress were higher than those
without that stress, which was greater in Helan No. 3 than
that in Yuanye. De-epoxidation was associated with NPQ
(Demmig-Adams 1998), which was also promoted by

under the test conditions.

Protein contents in the enzyme extract were
determined by the method of Bradford (1976) using
bovine serum albumin (Sigma-Aldrich, Saint Louis, MO,
USA) as the standard.

Statistical analysis: All data were expressed as the
means + SD (rn = 5). Variance analysis was performed on
all experimental data and statistical significance of the
means of five replicates was judged by least significance
difference (LSD) test at P<0.05 using SPSS 11.0 for
Windows (SPSS Inc., Chicago, IL, USA).

AsA (Veljovic-Jovanovic et al. 2001), but particularly
restrained by low concentration of DTT, an inhibitor of
de-epoxidation (Yamamoto and Kamite 1972a). Ascorbic
acid also had a tendency to enhance NPQ and DES, as
well as seawater. However, DTT suppressed NPQ and
DES of both cultivar leaves, without or with seawater.

Effects of MV and AsA on O, ~ generation rate, H,0,
and MDA content in chloroplasts: MV is often used to
induce oxidative stress with molecular oxygen to produce
superoxide radical O, in stroma of chloroplasts
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Fig. 1. Effects of seawater stress on allocation of fraction that is
consumed for photochemical reaction (P), fraction of light
absorbed in the PSII antennae that is dissipated thermally
(D) and fraction that remained in the photosystem II (PSII)
reactive center (Ex) of spinach leaves. P was calculated as
(F — Fy)/Fy’, Das 1 — (F,’/F,,’) and Ex as F,’/F;” x (1 — gp).
Chlorophyll fluorescence was determined at sixth day after
supplying seawater (40%). Vertical bars represent the means +
SD (n = 5). Y — Yuanye spinach without supplying seawater;
H — Helan No. 3 spinach without supplying seawater; Y+S —
Yuanye spinach with supplying seawater; H+S — Helan No. 3
spinach with supplying seawater.
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Fig. 2. Effects of seawater stress on the stomatal conductance (g) (4,C), light-response curves of the net photosynthetic rate
(Pn-PFD) (B) and apparent quantum yield (AQY) (D) of spinach leaves. The leaves at sixth day after supplying seawater (40%) were
irradiated for 5 min to enhance incident photosynthetically active photon flux density (PFD) after keeping dark adaptation in the
morning for 30 min and Py in the leaves were determined. The greenhouse for measuring photosynthesis was controlled to maintain
the leaf temperature at 22°C and the relative humidity at 60-70%. For Y, Y+S, H, and H+S, see Fig. 1.

(Farrington et al. 1973). The AsA plays a role as a
scavenger of O,  and H,0, in plants to inhibit
peroxidation of membranes (Asada 1999). MDA, a
decomposition product of polyunsaturated fatty acids, is
an indicator of membrane damage (Fadzilla et al. 1997).
As shown in Fig. 4, O, ~generation rate (Fig. 44), H,O,
(Fig. 4B) and MDA (Fig. 4C) contents in chloroplasts of
both cultivar leaves were remarkably enhanced by
supplying seawater and MV, compared with control
(CK). The values of Yuanye leaves were higher than
those of Helan No. 3 leaves. However, O, ~ generation
rate, H,O, and MDA contents in chloroplasts of both
cultivar leaves with treatments designated as S+AsA,
CK+MV+AsA and S+MV+AsA showed lower values,
compared with treatments of S, CK+MV and S+MV,
respectively. These results suggest that supplying
seawater as a function of MV induces ROS accumulation
in chloroplasts to disrupt normal metabolism of plants
through oxidation of membrane lipids.

Effects of MV and AsA on content of Chl precursors:
It is well known that biosynthesis of Chl can be blocked
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at many points. As a result, precursors before the blocked
site are accumulated and then decreased (Yu ef al. 2006).
The contents of Chl b, Chl a, Pchl, Mg-Proto IX and Uro
III of both spinach cultivar leaves were remarkably
suppressed, and, in contrast, contents of PBG and ALA
were significantly enhanced by supplying seawater and
MYV, compared with controll (CK) (Table 1); and those
precursors in leaves of both spinach cultivars with
respective treatments designated as CK+MV-+AsA and
S+MV+AsA were enhanced. In contrast, PBG and ALA
were suppressed by AsA, compared with treatments of
CK+MV and S+MV, respectively. These data suggest
that biosynthesis of Chl is blocked at the site of the
conversion of PBG into Uro III by seawater-induced ROS
in chloroplasts of spinach cultivars, and the blockage is
greater in cv. Yuanye than that in cv. Helan No. 3.

Effects of MV and AsA on the activities of PBGD and
Chlase: Decreasing PBGD activity is probably related to
inhibition of Chl biosynthesis (Cheng et al. 2006), and
the first enzyme action in the pathway of Chl degradation
is the removal of phytol by Chlase (Fang et al. 1998).
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As shown in Fig. 54, PBGD activities of Yuanye and
Helan No. 3 leaves under saline condition are lower than
those under control conditions, which is greater in cv.
Yuanye than that in cv. Helan No. 3. PBGD activity of
both cultivar leaves with respective treatments designated
as S, CK+MV, and S+MV, except for (S+AsA)-treated
leaves of cv. Helan No. 3., show lower values, compared
with treatments of S+AsA, CK+MV+AsA and
S+MV+AsA, respectively. Chlase activity of Yuanye

Discussion

Light energy absorbed by plant leaves plays three roles
such as photochemical energy (P), dissipative energy (D),
and excessive energy (Ex) as Chl fluorescence parameters
which are useful to understand allocation of light energy
absorbed (Costa et al. 2005). In the leaves of 2 cultivars
with supplying seawater, suppression of P (Fig. 1) seems
to induce photoinhibition, and enhancement of D (Fig. 1)

leaves is remarkably enhanced by seawater and MV,
compared with control, and the enhancement is retarded
by AsA. However, Chlase activity of Helan No. 3 leaves
is not affected by seawater, MV and AsA, compared with
control (Fig. 5B). These results suggest that seawater-
induced ROS accumulation in chloroplasts suppresses
PBGD activity in leaves of both cultivars and enhances
Chlase activity of Yuanye leaves, but does not affect
Chlase activity of Helan No. 3 leaves.

may depend on thermal dissipation stimulated by
seawater stress to play a crucial role for regulation
between the absorbed light and electron transport in PSII.
However, Ex (Fig. 1) increasing in Yuanye leaves with
seawater stress seems to induce more reactive singlet
oxygen ('0,) in reaction centers and LHCII (Asada 1999,
Zhou et al. 2004).
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Photoinhibition of plants seems to be reflected by
decreasing photochemical efficiency of PSII (F,/Fy,),
AQY, and Py at full light intensity (Bjorkman and
Demmig-Adams 1994). In this study, F,/F,, (Sun et al.
2008), AQY, and Py at full light intensity of the leaves of
both cultivars with supplying seawater were all
suppressed (Fig. 2B,D). This suppression suggests that
photoinhibition of the two cultivars is enhanced by
seawater stress. Higher plants have developed several
strategies to avoid or minimize damage due to photo-
inhibition, and nonradiative dissipation of the excess
excitation in the antenna, detected as NPQ, is the major
protective mechanism against destruction of the photo-
synthetic apparatus by excessive radiation (Hartel and
Lokstein 1995), but this phenomenon depends on the
differences between varieties (Hong and Xu 1997).
Thermal dissipation dependent on the xanthophyll cycle
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seems to be similar to the principal protective mechanism
for wheat plants, but this shows the reversible inactivity
of PSII reactive center for soybean plants (Jia et al.
2000). The positive correlation between NPQ and de-
epoxidation is well established (Gilmore 2001). However,
this result was not confirmed by other researchers (Horton
et al. 1996). In this study, the correlation between daily
dynamics of NPQ (Fig. 34) and DES (Fig. 3B) in leaves
between both cultivars is shown. Besides, in leaves
between two cultivars without and with seawater, NPQ
and DES are promoted by AsA, but suppressed by DTT
(Fig. 3C,D), proving that xanthophyll cycle plays a role
of nonradiative dissipation of the excess excitation in the
plants of spinach. The activity of VDE (the key enzyme
of de-epoxidization) is strictly regulated by AsA (Mathis
and Burkey 1989), and the AsA regulation is probably
connected to a competition for AsA between ascorbic
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Fig. 5. Effects of methyl viologen (MV) and ascorbic acid (AsA) on the activities of porphobilinogen deaminase (PBGD) (4) and
chlorophyllase (Chlase) (B) of spinach leaves. The enzyme activities were determined using the 4™ or 5" leaves from the top of plants
at sixth day after supplying seawater (40%). Vertical bars represent the means + SD of results from five replicates. For CK, CK+MV,

CK+MV+ASA, S, StMV, S+AsA and S+tMV+AsA, see Fig. 4.

acid peroxidase (APX; EC 1.11.1.11) and VDE in
chloroplasts (Dmytro et al. 2003). The content of AsA in
chloroplasts of Helan No. 3 spinach leaves [7.1 mg g’
(Chl)] is greater than that in Yuanye spinach leaves
[3.3mg g (Chl)] under seawater stress. The activity of
de-epoxidation of xanthophyll cycle seems to be
promoted by available AsA in chloroplasts of Helan No.
3 leaves (seawater-tolerant cultivar). As a result, the
higher NPQ and DES are shown in Helan No. 3 stressed
leaves, compared with Yuanye spinach. In the
xanthophyll cycle, Z plays a role of direct quencher
(Dall'Osto et al. 2006). Havaux and Niyogi (1999) have
suggested that the xanthophyll cycle is involved
specifically in the protection of the photosynthetic
membranes against lipid peroxidation, and the Z-related
reduction of lipid peroxidation could be the manifestation
of the transitory presence of Z in the thylakoid membrane
lipid phase, where it acts as a terminator of peroxy-
radical chain reactions. In this study we have shown that
the O, = generation rate (Fig. 44), H,O, (Fig. 4B), and
MDA (Fig. 4C) contents in stressed leaves of Helan No. 3
spinach are lower than in Yuanye spinach; this
phenomenon may correlate to higher DES, which
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enhances the level of Z, but suppresses V. As a result,
ROS in chloroplasts of Helan No. 3 spinach stressed
leaves is more effectively quenched to protect photo-
synthetic membranes against lipid peroxidation. Thus, the
higher DES seems to suppress the risk of excess light-
induced generation of ROS and the lipid peroxidation in
plants. As mentioned above, the correlation between NPQ
and DES in leaves of both cultivars has been shown.
Therefore, higher xanthophyll-dependent NPQ of Helan
No. 3 leaves would suppress accumulation of ROS in
chloroplasts (Fig. 4).

Very low concentrations of ROS, i.e. when 10, does
not induce necrotic oxidative damage, rather it acts as a
signalling molecule leading to programmed cell death
(Wagner et al. 2004, Danon et al. 2005, Tanaka and
Tanaka 2006). However, generation of excess amounts of
'0, could lead to severe necrosis and plant death within
hours.

Upon illumination, Chl biosynthesis intermediates
i.e., Pchl or Proto IX produce '0, in plants and cause
oxidative damage (Rebeiz et al. 1984, 1988; Tripathy and
Chakraborty 1991, Chakraborty and Tripathy 1992,
Lermontova and Grimm 2000, Tripathy et al. 2007). The
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site of generation of 'O, is mostly in the thylakoids. This
is because Chl biosynthesis intermediates are partially
hydrophobic, and consequently are loosely attached to the
thylakoid membranes (Mohapatra and Tripathy 2002,
2007). Although they are associated with the thylakoid
membranes, these tetrapyrroles do not form pigment-
protein complexes and hence are not connected to the
reaction center. Although some of the carotenoids are
present in the lipid bilayer, a lot more are located in the
pigment-protein complexes and they are spatially too far
from Chl biosynthesis intermediates to quench their
triplet states (Havaux et al. 2007, Mozzo et al. 2008).
Synthesis of Chl biosynthetic intermediates are highly
regulated and are not overproduced in plants. However,
impairment of Chl biosynthesis, i.e. PBGD in salinity-
stressed plants, could deregulate accumulation of Chl
biosynthesis intermediates that could produce 'O, by type
II photosensitization reaction causing oxidative damage
to plants.

In addition, H,O, closely participates in the senes-
cence of plants, which is accompanied by the collapse of
chloroplasts (Brennan and O’Neill 1995). As shown in
Fig. 4B, compared with that of Helan No. 3, in chloro-
plasts of Yuanye spinach leaves, seawater stress induces
more accumulation of H,0O,, which appears to initiate a
senescence process, and chloroplasts collapse. Further-
more, Chlase seems to show an apparent latent behavior,
and the enzyme activity can continue to be enhanced
during the process of senescence in barley (Sabater and

References

Anderson, J.M., Park, Y.I., Chow, W.S.: Photoinactivation and
photo protection of photosystem II in nature: Plant response to
stress. — Physiol. Plant. 100: 214-223, 1997.

Asada, K.: The water-water cycle in chloroplasts: Scavenging of
active oxygens and dissipation of excess photons. — Annu.
Rev. Plant Physiol. Plant Mol. Biol. 50: 601-639, 1999.

Barry, C.S.: The stay-green revolution: Recent progress in
deciphering the mechanisms of chlorophyll degradation in
higher plants. — Plant Sci. 176: 325-333, 2009.

Bjorkman, O., Demmig-Adams, B.: Regulation of photo-
synthetic light energy capture, conversion and dissipation in
leaves of higher plants. — In: Schulze, E.D., Caldwell, M.M.
(ed.): Ecophysiology of Photosynthesis. Pp. 17-47. Springer
Verlag, Berlin 1994.

Bogorad, L.: Porphyrin synthesis. — In: Colowick, S.P., Kaplan,
N.O. (ed.): Methods in Enzymology, Vol. 5. Pp. 885-895.
Academic Press, San Diego — New York — Berkeley — Boston
— London — Sydney — Tokyo — Toronto 1962.

Brennan, P., O’Neill, L.A.J.: Effects of oxidants and anti-
oxidants on nuclear factor kappa B activation in three
different cell lines: evidence against a universal hypothesis
involving oxygen radicals. — Biochim. Biophys. Acta 1260:
167-175, 1995.

Bradford, M.M.: A rapid and sensitive method for the
quantification of microgram quantities of proteins utilizing the
principle of protein-dye binding. — Anal. Biochem. 72:
248-254, 1976.

Rodriguez 1978) and spinach plants (Yamauchi and
Watada 1991). The phenomenon is attributed to
combination/affinity between substance and enzyme, and
the post-translational modification of Chlase seems to be
a key point in Chl-decomposition process (Harpaz-Saad
et al. 2007). It is concluded that H,O,-induced collapse of
chloroplasts of Yuanye spinach leaves results in
combination/affinity between substance and enzyme to
activate the Chlase (Fig. 5B) and the subsequent
decomposition of Chls. However, invariant activity of
Chlase in Helan No. 3 spinach leaves is probably
attributed to lower accumulation of H,O, in chloroplasts
under seawater stress. As mentioned above, higher
xanthophyll-dependent NPQ seems to suppress the risk of
excess light-induced generation of ROS (e.g. H,0,) in
plants. Therefore, higher activity of xanthophyll cycle in
Helan No. 3 spinach leaves seems to suppress the
decomposition of Chl through reducing accumulation of
ROS in chloroplasts under seawater stress.

In summary, seawater stress enhanced photoinhi-
bition, which aggravated accumulation of ROS in
chloroplasts of spinach leaves, thus decreasing PBGD
activity, inhibiting conversion of PBG into Uro III. As a
result, Chl content in leaves of two cultivars with
seawater is decreased. The higher activity of xanthophyll
cycle in seawater tolerant spinach plays a role in
maintaining Chl metabolic processes, probably by
decreasing the levels of ROS, when the plants are
cultured in the nutrients solution with seawater.

Chakraborty, N., Tripathy, B.C.: Involvement of singlet oxygen
in 5-aminolevulinic acid-induced photodynamic damage of
cucumber (Cucumis sativus L.) chloroplasts. — Plant Physiol.
98: 7-11, 1992.

Cheng, D.M., Fang, S.H., Liu, X.L., Chen, G.Y., Deng, Z.Y.,
Guo, A.G.: [Purification and sequence analysis of cDNA
coding region for porphobilinogen deaminase from a stage
albinism line of wheat.] — Chin. J. Biochem. Mol. Biol. 22:
973-978, 2006. [In Chin.]

Costa, M.L., Civello, P.M., Chaves, A.R., Martinez, G.A.:
Effect of ethephon and 6-benzylaminopurine on chlorophyll
degrading enzymes and a peroxidase-linked chlorophyll
bleaching during post-harvest senescence of broccoli
(Brassica oleracea L.) at 20 °C. — Postharvest Biol. Technol.
35:191-199, 2005.

Dall'Osto, L., Lico, C., Alric, J., Giuliano, G., Havaux, M.,
Bassi, R.: Lutein is needed for efficient chlorophyll triplet
quenching in the major LHCII antenna complex of higher
plants and effective photoprotection in vivo under strong light.
— BMC Plant Bio. 6: 32, 2006.

Danon, A., Miersch, O., Felix, G., Camp, R.G.L.O., Apel, K.:
Concurrent activation of cell death-regulating signaling
pathways by singlet oxygen in Arabidopsis thaliana. — Plant J.
41: 68-80, 2005.

Demmig-Adams, B.: Survey of thermal energy dissipation and
pigment composition in sun and shade leaves. — Plant Cell
Physiol. 39: 474-482, 1998.

577



J. SUN et al.

Demmig-Adams, B., Adams, W.W., III: Photoprotection and
other responses of plants to high light stress. — Annu. Rev.
Plant Physiol. Plant Mol. Biol. 43: 599-626, 1992.

Demmig-Adams, B., Adams, W.W., III, Barker, D.H., Logan,
B.A., Bowling, D.R., Verhoeven, A.S.: Using chlorophyll
fluorescence to assess the fraction of absorbed light allocated
to thermal dissipation of excess excitation. — Physiol.
Plantarum 98: 253-264, 1996.

Dmytro, K., Barry, A.L., Randy, D.A., Scott, H.A.: Effect of
chloroplastic overproduction of ascorbate peroxidase on
photosynthesis and photoprotection in cotton leaves subjected
to low temperature photoinhibition. — Plant Sci. 165: 1033-
1041, 2003.

Fang, Z., Bouwkamp, J., Solomos, T.: Chlorophyllase activities
and chlorophyll degradation during leaf senescence in non-
yellowing mutant and wild type of Phaseolus vulgaris L. —J.
Exp. Bot. 49: 503-510, 1998.

Farrington, J.A., Ebert, M., Land, E.J., Fletcher, K.
Bipyridylium quaternary salts and related compounds. V.
Pulse radiolysis studies of the reaction of paraquat radical
with oxygen. Implications for the mode of action of bipyridyl
herbicides. — Biochim. Biophys. Acta 314: 372-381, 1973.

Fadzilla, N.M., Finch, R.P., Burdon, R.H.: Salinity oxidative
stress and antioxidant response in shoot cultures of rice. —
Environ. Exp. Bot. 48: 325-331, 1977.

Gilmore, A.M.: Xanthophyll cycle-dependent nonphoto-
chemical quenching in photosystem II: Mechanistic insights
gained from Arabidopsis thaliana L. mutants that lack
violaxanthin deepoxidase activity and/or lutein. — Photosynth.
Res. 67: 89-101, 2001.

Gilmore, A.M., Yamamoto, H.Y.: Resolution of lutein and
zeaxanthin using a non-endcapped, lightly carbon-loaded Cg
high-performance liquid chromatographic column. — J.
Chrom. 543: 137-145, 1991.

Gruszecki, W.1., Grudzinski, W., Gospodarek, M., Patyra, M.,
Maksymiec, W.: Xanthophyll-induced aggregation of LHCII
as a switch between light-harvesting and energy dissipation
systems. — Biochim. Biophys. Acta 1757: 1504-1511, 2006.

Harpaz-Saad, S., Azoulay, T., Arazi, T., Ben-Yaakov, E., Mett,
A., Shiboleth, Y.M., Hortensteinar, S., Gidoni, D., Gal-On,
A., Goldschmidt, E.E., Eyal, Y.: Chlorophyllase is a rate-
limiting enzyme in chlorophyll catabolism and is
posttranslationally regulated. — Plant Cell 19: 1007-1022,
2007.

Hartel, H., Lokstein, H.: Relationship between quenching of
maximum and dark-level chlorophyll fluorescence in vivo:
dependence on Photosystem II antenna size. — Biochim.
Biophys. Acta 1228: 91-94, 1995.

Havaux, M., Dall'Osto, L., Bassi, R.: Zeaxanthin has enhanced
antioxidant capacity with respect to all other xanthophylls in
Arabidopsis leaves and functions independent of binding to
PSII antennae(1[C][W]). — Plant Physiol. 145: 1506-1520,
2007.

Havaux, M., Niyogi, K.K.: The violaxanthin cycle protects
plants from photooxidative damage by more than one
mechanism. — Proc. Natl. Acad. Sci. USA 96: 8762-8767,
1999.

He, Y.L., Liu, Y.L., Cao, W.X., Huai, M.F., Xu, B.G., Huang,
B.G.: Effects of salicylic acid on heat tolerance associated
with antioxidant metabolism in Kentucky bluegrass. — Crop
Sci. 45: 988-995, 2005.

Hodgins, R.R., van Huystee R.B.: Rapid simultaneous
estimation of protoporphyrin and Mg-protophyrins in higher

578

plants. — J. Plant Physiol. 125: 311-323, 1986.

Hong, S.S., Xu, D.Q.: [Difference in response of chlorophyll
fluorescence parameters to strong light between wheat and
soybean leaves.] — Chin. Sci. Bull. 42: 684-689, 1997. [In
Chin.]

Horton, P., Ruban, A.V., Walters, R.G.: Regulation of light
harvesting in green plants. Annu. Rev. Plant Physiol. — Plant
Mol. Biol. 47: 655-684, 1996.

Horton, P., Johnson, M.P., Perez-Bueno, M.L., Kiss, A.Z.,
Ruban, A.V.: Photosynthetic acclimation: Does the dynamic
structure and macro-organisation of photosystem II in higher
plant grana membranes regulate light harvesting states? —
FEBS J. 275: 1069-1079, 2008.

Jia, H.S., Li, D.Q., Han, Y.Q.: [Advances in studies on photo-
inhibition in photosynthesis of higher plants.] — Chin. Bull.
Bot. 17: 218-224, 2000. [In Chin.]

Kotabova, E., Kana, R., Kyseldkova, H., Lipova, L., Novéak, O.,
Ilik, P.: A pronounced light-induced zeaxanthin formation
accompanied by an unusually slight increase in non-photo-
chemical quenching: A study with barley leaves treated with
methyl viologen at moderate light. — J. Plant Physiol. 165:
1563-1571, 2008.

Kolchevskii, K.G., Kocharyan, N.I., Koroleva, O.: Effect of
salinity on photosynthetic characteristics and ion accumu-
lation in C; and C, plants of Ararat plain. — Photosynthetica
31:277-282, 1995.

Latowski, D., Grzyb, J., Strzalka, K.: The xanthophyll cycle-
molecular mechanism and physiological significance. — Acta
Physiol. Plant. 26: 197-212, 2004.

Lichtenthaler, H.K.: Chlorophylls and carotenoids - pigments of
photosynthetic biomembranes. — In: Colowick, S.P., Kaplan,
N.O. (ed.): Methods in Enzymology. Vol.148. Pp. 350-382.
Academic Press, San Diego — New York — Berkeley — Boston
— London — Sydney — Tokyo — Toronto 1987.

Lermontova, 1., Grimm, B.: Overexpression of plastidic proto-
porphyrinogen IX oxidase leads to resistance to the diphenyl-
ether herbicide acifluorfen. — Plant Physiol. 122: 75-84, 2000.

Mathis, J.N., Burkey, K.O.: Light intensity regulates the
accumulation of the major light-harvesting chlorophyll-
protein in greening seedlings. — Plant Physiol. 90: 560-566,
1989.

Melis, A.: Photosystem II damage and repair cycle in chloro-
plasts: what modulates the rate of photodamage in vivo? —
Trends Plant Sci. 4: 130-135, 1999.

Mohapatra, A., Tripathy, B.C.: Detection of protoporphyrin IX
in envelope membranes of pea chloroplasts. — Biochem.
Biophys. Res. Comm. 299: 751-754, 2002.

Mohapatra, A., Tripathy, B.C.: Differential distribution of
chlorophyll biosynthetic intermediates in stroma, envelope
and thylakoid membranes in Beta vulgaris. — Photosynth. Res.
94: 401-410, 2007.

Mozzo, M., Passarini F., Bassi R., van Amerongen H., Croce,
R.: Photoprotection in higher plants: The putative quenching
site is conserved in all outer light-harvesting complexes of
Photosystem II. — Biochim. Biophys. Acta 1777: 1263-1267,
2008.

Murata, N., Takahashi, S., Nishiyama, Y., Allakhverdiev, S.I.:
Photoinhibition of photosystem II under environmental stress.
— Biochim. Biophys. Acta 1767: 414-421, 2007.

Okuda, T., Matsuda, Y., Yamanaka, A., Sagisaka, S.: Abrupt
increase in the level of hydrogen peroxide in leaves of winter
wheat is caused by cold treatment. — Plant Physiol. 97: 1265-
1267, 1991.



RELATIONSHIP BETWEEN XANTHOPHYLL CYCLE AND CHLOROPHYLL METABOLISM

Park, H.Y., Seok, H.Y., Park, B.K., Kim, S.H., Goh, C.H., Lee,
B.H., Lee, C.H., Moon, Y.H.: Overexpression of Arabidopsis
ZEP enhances tolerance to osmotic stress. — Biochem.
Biophys. Res. Commun. 375: 80-85, 2008.

Parida, A.K., Das, A.B., Mittra, B.: Effects of NaCl stress on the
structure, pigment complex composition, and photosynthetic
activity of mangrove Bruguiera parviflora chloroplasts. —
Photosynthetica 41: 191-200, 2003.

Rebeiz, C.A., Juvik, J.A., Rebeiz C.C.: Porphyric insecticides:
1. Concept and phenomenology. — Pestic. Biochem. Physiol.
30: 11-27, 1988.

Rebeiz, C.A., Montazer-Zouhoor, A., Hopen, H.J., Wu, S.M.:
Photodynamic herbicides: 1. Concept and phenomenology. —
Enzyme Microb. Technol. 6: 390-396, 1984.

Richard, A.T.: Biochemical Spectroscopy. — Vol.1. Adam Hilger
Ltd., London — Bristol 1975.

Riminton, C.: Spectral absorption coefficient of some por-
phyrins in the soret-band region. — Biochem. J. 75: 620-623,
1960.

Sabater, B., Rodriguez, M.T.: Control of chlorophyll
degradation in detached leaves of barley and oat through
effect of kinetin on chlorophyllase levels. — Physiol. Plant. 43:
274-276, 1978.

Shannon, M.C., Grieve, C.M.: Tolerance of vegetable crops to
salinity. — Sci. Hortic. 78: 5-38, 1998.

Sibole, J.V., Montero, E., Cabot, C., Poschenrieder, C., Barcelo,
J.: Role of sodium in the ABA-mediated long-term growth
response of bean to salt stress, — Physiol. Plant. 104: 299-305,
1998.

Sun, J., Li, J., Guo, S.R., Li, J., Li, J.: [Physiological response
of difference tolerance spinach to seawater stress.] — Acta Bot.
Boreal.-Occcident. Sin. 28: 737-744, 2008. [In Chin.]

Takeda, K., Otaubo, T., Konda, N.: Participation of hydrogen
peroxide in the inactivation of Calvin-cycle GSH enzyme in
so2-furmugated spinach leaves. — Plant Cell Physiol. 23:
1009-1018, 1982.

Tanaka, A., Tanaka, R.: Chlorophyll metabolism. — Curr. Opin.
Plant Biol. 9: 248-255, 2006.

Tripathy, B.C., Chakraborty, N.: 5-aminolevulinic acid induced

photodynamic damage of the photosynthetic electron trans-
port chain of cucumber (Cucumis sativas L.) cotyledons. —
Plant Physiol. 96: 761-767, 1991.

Tripathy, B.C., Mohapatra, A., Gupta, I.: Impairment of the
photosynthetic apparatus by oxidative stress induced by
photosensitization reaction of protoporphyrin IX. — Biochim.
Biophys. Acta 1767: 860-868, 2007.

Veljovic-Jovanovic, S.D., Pignocchi, C., Noctor, G., Foyer,
C.H.: Low ascorbic acid in the vtc-1 mutant of arabidopsis is
associated with decreased growth and intracellular
redistribution of the antioxidant system. — Plant Physiol. 127:
426-435,2001.

Vickova, A., Spundova, M., Kotabova, E., Novotny, R.,
Dolezal, K., Naus, J.: Protective cytokinin action switches to
damaging during senescence of detached wheat leaves in
continuous light. — Physiol. Plantarum 126: 257-267, 2006.

Wagner, D., Przybyla, D., op den Camp R, Kim, C., Landgraf],
F., Lee, K.P,, Wursch, M., Laloi, C., Nater, M., Hideg, E.,
Apel, K.: The genetic basis of singlet oxygen-induced stress
responses of Arabidopsis thaliana. — Science 306: 1183-1185,
2004.

Yamamoto, H.Y., Kamite, L.: The effects of dithiothreitol on
violaxanthin de-epoxidation and absorbance changes in the
500-nm region. — Biochim. Biophys. Acta 267: 538-543,
1972a.

Yamamoto, H.Y., Kamite, L., Wang, Y.Y.: An ascorbate-induced
absorbance change in chloroplasts from violaxanthin de-
epoxidation. — Plant Physiol. 49: 224-228, 1972b.

Yamauchi, N., Watada, A.E.: Regulated chlorophyll degradation
in spinach leaves during storage. — J. Amer. Soc. Hort. Sci.
116: 58-62, 1991.

Yu, M., Hu, C.X., Wang, Y.H.: [Effects of molybdenum on the
intermediates of chlorophyll biosynthesis in winter wheat
cultivars under low temperature.] — Agri. Sci. Chin. 5: 670-
677, 2006. [In Chin.]

Zhou, Y.H., Huang, L.F., Yu, J.Q.: [Effects of sustained chilling
and low light on gas exchange, chlorophyll fluorescence
quenching and absorbed light allocation in cucumber leaves].
—J. Plant Physiol. Mol. Biol. 30: 153-160, 2004. [In Chin.]

579





