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Water-water cycle involved in dissipation of excess photon energy
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Abstract

The water-water cycle which may be helpful for dissipating the excitation pressure over electron transport chain and
minimizing the risk of photoinhibition and photodamage was investigated in rice after 10-d P-deficient treatment. Net
photosynthetic rate decreased under P-deficiency, thus the absorption of photon energy exceeded the energy required for
CO, assimilation. A more sensitive response of effective quantum yield of photosystem 2 (®pg,) to O, concentration was
observed in plants that suffered P starvation, indicating that more electrons were transported to O, in the P-deficient leaves.
The electron transport rate through photosystem 2 (PS 2) (Jr) was stable, and the fraction of electron transport rate
required to sustain CO, assimilation and photorespiration (Jo/J¢) was significantly decreased accompanied by an increase
in the alternative electron transport (J,/Jy), indicating that a considerable electron amount had been transported to O,
during the water-water cycle in the P-deficient leaves. However, the fraction of electron transport to photorespiration (J,/Jy)
was also increased in the P-deficient leaves and it was less sensitive than that of water-water cycle. Therefore, water-water
cycle could serve as an efficient electron sink. The higher non-photochemical fluorescence quenching (qy) in the
P-deficient leaves depended on O, concentration, suggesting that the water-water cycle might also contribute to
non-radiative energy dissipation. Hence, the enhanced activity of the water-water cycle is important for protecting
photosynthetic apparatus under P-deficiency in rice.

Additional key words: Oryza sativa, net photosynthetic rate, stomatal conductance, intercellular CO, concentration, photosystem 2,
chlorophyll a fluorescence, non-photochemical and photochemical quenching, photorespiration.

Introduction

Phosphorus (P) is one of the most important elements
involved in plant growth and metabolism. P-deficiency
significantly depresses CO, assimilation capacity (Rao and
Terry 1989, Jacob and Lawlor 1991, 1993, Qiu and Israel
1994, Maleszewski et al. 2004). CO, assimilation is the
major consumer for photon energy absorbed in antenna
pigments and decrease in photosynthetic rate will
inevitably result in accumulation of excess photon energy
under high irradiance. If not dissipated safely, the excess
energy will cause damages of photosynthetic apparatus
(Demmig-Adams and Adams 1992). Hence, safe
dissipation of excess photons and electrons is especially
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critical for protecting the photosynthetic apparatus from
damage under P-deficiency. Water-water cycle is one of
multiple photoprotective mechanisms  within  the
chloroplast developed in plants to cope with the
potentially damaging effects of excess energy (Niyogi
1999, 2000).

Since Mehler (1951) observed that chloroplasts could
use oxygen as an electron acceptor in a Hill reaction,
Mehler peroxide reaction (water-water cycle) has often
been studied as a mechanism with possible function in the
photoprotection of plants (Asada 1999). In tropical trees,
the linear electron flow through the water-water cycle

Abbreviations: APX - ascorbate peroxidase; c; - intercellular CO, concentration; Chl - chlorophyll; g, - stomatal conductance;
FM - fresh mass; J, - the rate of alternative electron transport; J; - the electron transport rate through PS2; J, - the rate of electron
transport required to maintain photosynthetic carbon reduction cycle (PCR) and photorespiratory carbon oxidation cycle (PCO); J, - the
rate of electron transport though photorespiration; MDA - malonyldialdehyde; O, - superoxide radical; Py - net photosynthetic rate;
PCO - photorespiratory carbon oxidation cycle; PCR - photosynthetic carbon reduction cycle; PPFD - photosynthetic photon flux
density; Pr - protein; PS 2 - photosystem 2; qp - photochemical quenching; qy - non-photochemical quenching; SOD - superoxide
dismutase; TBA - barbiturate; TCA, - trichloroacetic acid; ®ps; - effective PS2 quantum yield.
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ranges between 10 and 20 % of the total flow (Lovelock
and Winter 1996). In wheat leaf under drought, the
electron flux for the photoreduction of O, to water is about
30 % of the total flux (Biehler and Fock 1996). Miyake
and Yokota (2000) estimated that the potential capacity of
the water-water cycle under ambient condition might be
higher than previously estimated. Makino et al. (2002)
found oxygen reduction in the water-water cycle together
with associated electron transport is also a major sink of
electron. According to Schreiber and Neubauer (1990) and
Neubauer and Yamamoto (1992) the water-water cycle
assists in developing and maintaining a high pH gradient
across the thylakoid membranes, which in turn enhances

Materials and methods

Plants and growth condition: Seeds of rice (Oryza sativa
L. ssp. indica cv. Zhenong 966) were germinated and
planted according to Jiang et al. (1987). Plants of similar
development stage (3-leaf stage) were selected for
transplanting into 1 dm’ plastic pots filled with
International Rice Research Institute complete nutrient
solution, containing 0.3 mM KH,PO, (Jiang et al. 1987),
and grown outdoors in a net room in Hua-jia-chi Campus
of the Zhejiang University. The nutrient solutions were
renewed twice a week and the pH was adjusted to 5.0 - 5.2
regularly during the cultivation period. Two weeks later,
the control and P-deficient groups were grown with
complete or P-free nutrient solution, respectively. All the
measurements of photosynthetic  parameters and
chlorophyll (Chl) fluorescence were conducted on the
6" leaf of the main stem 10 d after the treatment. After the
measurements, the leaves were excised, frozen in liquid Ny,
and stored at -80 °C for biochemical assays.

Gas exchange and Chl fluorescence were measured
simultaneously with an integrating fluorescence
fluorometer (LI-6400-40 leaf chamber fluorometer,
Li-Cor, Lincoln, USA). Net photosynthetic rate (Py),
stomatal conductance (g;), intercellular CO, concentration
(ci), and steady-state fluorescence yield (F;) were
constantly monitored to ensure that they reached steady
state before a reading was taken. Maximal fluorescence
under irradiation (F,”) was obtained by imposing a
saturation flash (>6 000 pmol m™ s™). After the flash,
actinic irradiation was removed, far-red irradiation was
given, and F,’ was determined. The quantum efficiency of
photosystem (PS) 2 (®pg,) is defined as (F,,' - Fy) /Fu,
photochemical quenching qp is defined as (F," - F)/(Fy,' -
Fy'), and non-photochemical quenching qy was calculated
as (Fi, - Fi))/(Fi, - Fy') as proposed by Genty et al. (1989).
Maximal fluorescence (F,,) and minimal fluorescence (F)
of dark-adapted leaves were measured after dark adapting
the leaves for 30 min. All these measurements were
performed over a range of photosynthetic photon flux
densities (PPFDs) at a leaf temperature of 28 £+ 2 °C, in the
presence of a CO, concentration of 385 =5 cm’ m'3, and a
constant ambient oxygen concentration of 21 and 2 %,
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non-radiative energy dissipation.

Although the effects of P-deficiency on the
non-photochemical quenching (Jacob and Lawlor 1993)
and the amount of ATP (Fredeen et al. 1990, Jacob and
Lawlor 1993) have been examined in detail, little is known
about the response of water-water cycle to P-deficiency
and its coordination with non-photochemical quenching
and ATP amount. The aim of this work is to establish
whether  water-water cycle is enhanced during
P-deficiency of rice and whether water-water cycle serves
as an efficient electron sink; and, further, to verify that the
enhanced water-water cycle maintains a high proton
gradient and enhances non-radiative energy dissipation.

respectively. PPFD was set at 0, 100, 200, 500, 1 000,
1 500, and 2 000 pmol m?s™.

Calculations of electron transport rate: The electron
transport rate through PS 2 (J;) was estimated from the
fluorescence data according to the following equation:
Js=PPFD x ®pg, X a,, where ®pg; is the quantum yield of
PS 2 electron transport, and a is a constant that depends on
the molar ratio of PS 2 to PS 1 and the efficiency of photon
absorption by the leaves and it was determined according
to the method of Miyake and Yokota (2000). The rate of
electron transport required to maintain photosynthetic
carbon reduction cycle (PCR) and photorespiration carbon
oxidation cycle (PCO) was calculated from gas exchange
according to Von Caemmerer and Farquhar (1981):

J, = (Pn + Rp) (4 cc + 8 I'®)/(c; - I'*) where Py is net
photosynthetic rate, Rp, is rate of mitochondrial respiration
in the light, ¢, is the pressure of CO, at site of
carboxylation, and I'* is the partial pressure of CO, at
which the rate of carboxylation of RuBP equals to the rate
of photorespiration evolution of CO,. Rp and I'* were
determined according to the methods of Brooks and
Farquhar (1985). c. was determined by the equation:
Cc = ¢; - Pn/gm, Where g, is mesophyll conductance to CO,
determined according to Harley et al. (1992). The rate of
electron transport though photorespiration (J,) was
calculated from the equation: J, = 2/3 [J; — 4 (Py + Rp)]
(Epron et al. 1995). The rate of alternative electron
transport (J,) was calculated from the equation: J, = J¢- J,
(Makino et al. 2002).

Measurement of ATP content: Extraction of ATP was
performed as described by Wang et al. (2003). The excised
leaves were cut into small pieces and extracted with
boiling water for 10 min. ATP content in the solutions
were measured with the luciferin-luciferase assay. The
medium for measurement included 50 mM glycylglycine
(pH 7.6), 10 mM MgSO,4 and 1 mM EDTA.

Enzyme activity assays: Leaf tissue (0.3 g) was ground in
liquid nitrogen to a fine powder using a mortar and pestle.
The powder was transferred to a pre-cooled (4 °C) mortar



and pestle with 6 cm® of 50 mM sodium phosphate buffer
(pH 7.0) containing 0.1 mM EDTA. The homogenate was
centrifuged at 15 000 g for 20 min at 4 °C. The resulting

supernatant was used for determination of enzyme activity.

Superoxide dismutase (SOD; EC 1.15.1.1) activity was
determined spectrophotometrically according to Koca
et al. (2006). One unit of SOD activity was defined as the
amount of enzyme required to cause 50 % inhibition of the
rate of NBT reduction at 560 nm. Ascorbate peroxidase
(APX; EC 1.11.1.11) activity was determined according to
the method of Nakano and Asada (1981). The enzyme
activity was defined as the decrease of 0.01 A,y per
minute. The protein (Pr) content in enzyme extracts was
determined by the method of Bradford (1976) using
bovine serum albumin as a standard.

Superoxide radical production rate was measured by
monitoring the nitrite formation from hydroxylamine in
the presence of O, according to Elstner and Heupel
(1976). Leaf segments (about 5 g fresh mass) were
homogenized using a chilled pestle and mortar in 6 cm® of
65 mM phosphate buffer (pH 7.8). The homogenate was
filtered through 4 layers of Miracloth. The filtrate was
centrifuged at 5000 g for 10 min at 4 °C. 0.9 cm’ of
phosphate buffer and 0.1 cm® of 10 mM hydroxylamine
hydrochloride were added to 1 cm® of supernatant. This
mixture was incubated at 25 °C for 20 min. 0.5 cm’ of the
incubated mixture was injected into the solution

Results

Effect of P-deficiency on gas exchange: In response to
increased PPFD, Py in both control and stressed leaves
increased rapidly when PPFD was below 1 000 pmol m™
s’! then maintained constant at PPED between 1 000 to
1500 pumol m™ s, and finally it began to decrease at
PPFD above 1 500 umol m™” s™ (Fig. 14). Compared to
control, Py was significantly reduced in P-deficient leaves,
decreasing by 19.5, 18.2, and 19.8 % at PPFD of 1 000,
1 500, and 2 000 pmol m™ s™, respectively. Similarly, g,
was decreased by 21.1, 23.6, and 15.9 % in the stressed
leaves at these irradiances (Fig. 1B), whereas c; remained
constant in P-deficient leaves (Fig. 1C).

Effects of P-deficiency on ®@ps;, qp, and qn: Dpsy, qp, and
qn were measured over a range of PPFDs in the presence
of 21 and 2 % O, (Fig. 2). There was no difference in ®pg,
between the control and the treated plants under 21 % O,,
however, it was significantly decreased in P-deficient
plants when the O, concentration decreased to 2 %. This
suggests that the electron transport under P-deficiency was
sensitive to oxygen concentration (Fig. 24). Similarly, gp
was little affected under 21 % O, in the plants suffering P
starvation (Fig. 2B). In contrast qp was significantly
decreased under 2 % O, in P-deficient leaves. Unlike qp,
qn Was higher in P-deficient leaves than that in control
under 21 % O, (Fig. 2C). At decrease of oxygen
concentration from 21 to 2 %, the difference of qn between

WATER-WATER CYCLE AND ENERGY DISSIPATION

containing 0.5 cm’® of 17 mM p-aminobenzoic acid and
0.5 cm’® of 17 mM a-napthaleneamine at 25 °C for 20 min.
The solution was shaken with equal volume of ether and
the mixture was centrifuged at 1 500xg for 5 min.
Absorbance of the pink water phase was then measured at
530 nm.

Membrane lipid peroxidation state in the leaves was
estimated using malonyldialdehyde (MDA) as an indicator
(Huang et al. 2004). Frozen leaf blade (0.2 g) was ground
into powder with the mortar and pestle in liquid N, and
extracted with 10 cm® of 10 % trichloroacetic acid (TCA).
The homogenate was centrifuged at 4 000 g for 10 min.
2cm’ of supernatant was added to 2 cm’ of 0.6 %
barbiturate (TBA) (the solution was solved in 10 % TCA).
After keeping in boiling water bath for 20 min and
immediate cooling in an ice bath, the mixture was
centrifuged at 4 000 g for 10 min again. The absorbances
of supernatant were measured at 450, 532, and 600 nm
with a spectrophotometer UV-1201 (Shimadzu, Kyoto,
Japan). The formula of MDA determination was: MDA
[UM] = 6.45 (As3z - Agoo) - 0.56 Aysp, where 450 nm was
the absorption peak of soluble saccharides.

Statistical analysis: Treatment means were compared by
LSD. For all analyses, differences were considered to be
significant at the P<0.05 level. Analysis was performed
using SYSTAT version 0.0 (SPSS, Chicago, USA).

the control and the stressed plants was diminished when
PPFD exceeded 1 000 pmol m?s™.

Effects of P-deficiency on electron distribution: By
simultaneous measurement of Chl fluorescence and gas
exchange, we calculated the electron transport rate
through PS 2 (Jy), the electron transport rate through
photorespiration (J,), and the electron transport rate
required to sustain CO, assimilation and photorespiration
(Jo). The difference between J; and J, was regarded as the
rate of alternative electron transport (J,), which accounts
for the electron flux in the water-water cycle (Miyake and
Yokota 2000). Compared with the control, J; changed
slightly in the P-deficient plants (Fig. 34). However, the
fraction of total electron flow partitioned to J, was
declined markedly, whereas the fraction of total electron
flow partitioned to J, was elevated in P-stressed plants
(Fig. 3B,D). Meanwhile, the fraction of total electron flow
partitioned to J, was also increased. Compared to control,
the ratios of J,/J; and J,/J; in P-deficient leaves were
increased by 13.4 and 137.1 % at a PPFD of 1 000 pmol
m~ s (Fig. 3B,D), respectively, while the ratio of J o/Jrwas
decreased by 25.7 % (Fig. 3C).

Effects of P-deficiency on the rate of O, production,

activities of SOD and APX, and contents of MDA and
ATP: The limiting step in the water-water cycle is the
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photoreduction of O, to O, (Asada 1999). The rate of
O, ™ production was increased by 32.5 % in the P-deficient
leaves. SOD and APX are two of the key enzymes
involved in scavenging of active oxygen species in the
water-water cycle. The activities of SOD and APX were
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Fig. 1. Responses of net photosynthetic rate Py (4), stomatal
conductance g, (B), and intercellular CO, concentration c; (C) to
photosynthetic photon flux density (PPFD) under P-deficiency in
the leaves of rice in the presence of 21 % O,. Means + SE of at
least three measurements of separate leaves. CK - control,
-P - P-deficiency.

Discussion

Both stomatal and non-stomatal limitation factors affect
photosynthesis (Farquhar and Sharkey 1982). In the
present experiment, Py (Fig. 14) and g, (Fig. 1B) were
reduced in the P-deficient plants, which indicated that
stomatal limitation was the cause for photosynthesis
inhibition. Besides stomatal limitation, Starck et al. (2000)
found that the disturbance in the chloroplast photosystems
was the cause for photosynthesis inhibition after P
starvation. ®pgy and J; were not significantly reduced by
P-deficiency (Figs. 24 and 34). The ratio of J,/J; was
significantly reduced in P-deficient plants (Fig. 3B), but
the ratio of J/J; was elevated (Fig. 3C), indicating that the
decrease of J, was caused by the depression of CO,
assimilation. Therefore, the decline in photosynthesis
might be due to the slow-down of photosynthetic carbon
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increased by 13.9 and 56.8 %, respectively, compared to
control. MDA content was slightly changed, while ATP
content was reduced by 24.9 % in P-deficient rice plants
(Table 1).
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Fig. 2. Responses of photosystem 2 quantum yield ®pg, (4),
photochemical quenching qp (B), and non-photochemical
quenching qy (C) to photosynthetic photon flux density (PPFD)
under P-deficiency in the leaves of rice in the presence of 21 %
and 2 % O,, respectively. Means = SE of at least three
measurements of separate leaves. CK - control, -P - P-deficiency.
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reduction cycle wunder P-deficiency. Generally,
P-deficiency depresses the content and activity of
ribulose-1, 5-bisphosphate carboxylase/oxygenase, or
RuBP regeneration capacity (Lauer ef al. 1989, Rao and
Terry 1989, Fredeen et al. 1990, Jacob and Lawlor 1992,
Pieters et al. 2001), which might be the reason for the
inhibition in photosynthetic carbon reduction cycle.

CO, assimilation is the major consumer for photon
energy absorbed in antennae. The P-stress induced decline
in CO, fixation implies the decreased demand for reducing
equivalent (ATP and NADPH). Consequently, the
absorption of photon energy exceeds what is required.
This would result in the accumulation of excess excitation
energy, which, if not safely dissipated, could be harmful to
photosynthetic apparatus. Demmig-Adams and Adams



WATER-WATER CYCLE AND ENERGY DISSIPATION

Table 1. The rate of O, production, activities of SOD and APX, and contents of MDA and ATP in the leaves from rice plants grown
under P-sufficient conditions (CK) or P-deficient conditions (-P). Means * SE of at least three individual measurements. Values within
the same column followed by a different letter are significantly different at P < 0.05.

Treatment O, "-production SOD activity APX activity MDA content ATP content
[nmol s™ g (Pr)] [unit mg™'(Pr)] [unit mg™'(Pr)] [umol kg™ (FM)] [nmol g™ (FM)]
CK 24.43 + 1.56a 14.49 £ 0.63a 6.25+0.62a 422 +4.27a 10.7 £ 0.30b
-P 32.36 £ 0.30b 16.50 £ 0.30b 9.81+0.82b 434+ 4.17a 8.0+ 0.38a
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Fig. 3. Responses of J; (4), and the ratios of J,/J; (B), Jo/J¢ (C), and J,/J¢ (D) to photosynthetic photon flux density (PPFD) under
P-deficiency in the leaves of rice at 21 % O,. Means * SE of at least 3 measurements of separate leaves. CK - control, -P - P-deficiency.

(1992) proposed that non-radiative dissipation of
excitation energy occurs in plants as an internal
mechanism for protection of photosynthetic apparatus.
Our results that qy increased in P-deficient plants
confirmed an important role of non-radiative energy
dissipation in photoprotection in response to the stress of
P-deficiency.

Excess excitation energy often induces alternative
routes for electron transport. In our study, compared to the
control, the electron transport rate through PS 2 (Jp
changed only little (Fig. 34). This was in accordance with
the conclusions of Abadia ef al. (1987) and Milivojevié¢
et al. (2006). However, the electron transport rate required
to sustain CO, assimilation and photorespiration (J,) was
dramatically reduced in the P-deficient plants (Fig. 3B),
which indicated that some alternative routes for electron

transport did exist. At 21 % O, concentration, no statistical
difference in ®pg, was observed between the control and
P-stressed plants. As O, concentration decreased from 21
to 2 %, Dps, declined faster in P-deficient plants than in
control (Fig. 24), suggesting a larger proportion of
O,-mediated electron transport was involved in
P-deficiency. The prime candidates involved in
0O,-mediated electron consumption are water-water cycle
and photorespiration, which can serve as a sink to drain the
excess electrons off the electron chain. In our case, the
ratio of J,/J; increased in P-deficient plants in comparison
with the control (Fig. 3C), demonstrating that photo-
respiration was up-regulated in response to P-stress. We
also discovered that water-water cycle was significantly
enhanced by the prominent increase in the ratio of J/J¢
(Fig. 3D). Moreover, the increase in J,/J; was much greater
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than that of J/J. These results confirmed that water-water
cycle was more sensitive to P-deficiency than
photorespiration. It also revealed that water-water cycle
could operate as an efficient electron sink for excess
excitation energy.

In addition to acting as a sink for excess electrons,
water-water cycle contributes to generation of proton
gradient across thylakoid membrane (Schreiber and
Neubauer 1990, Neubauer and Yamamoto 1992). Since
phosphorus is a component of ATP, P-limitation will lead
to the reduction of ATP synthesis (Fredeen et al. 1990,
Jacob and Lawlor 1993). In this experiment, ATP content
was decreased by 24.9 % when rice plants suffered P
starvation for 10 d (Table. 1). The decrease in ATP
synthesis would result in little proton consumption, which
in turn contributes to accumulation of the proton gradient
across the thylakoid membrane. This thylakoid
acidification is necessary for the non-radiative dissipation
of excess energy. We found that qy in P-deficient plants
was higher than that in the control at 21 % O,, while the
difference disappeared when water-water cycle was
inhibited at 2 % O,. This confirmed that water-water cycle
is involved in non-radiative dissipation of excess energy in
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