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Abstract Oxygen effects have long been ambiguous:
exacerbating, being indifferent to, or ameliorating the net
photoinactivation of Photosystem II (PS II). We scrutinized
the time course of PS II photoinactivation (characterized by
rate coefficient k;) in the absence of repair, or when
recovery (characterized by k) occurred simultaneously in
CO, £ O,. Oxygen exacerbated photoinactivation per se,
but alleviated it by mediating the utilization of electrons.
With repair permitted, the gradual net loss of functional PS
II during illumination of leaves was better described phe-
nomenologically by introducing 7, the time for an initial &,
to decrease by half. At 1500 pmol photons m~2 s™', oxy-
gen decreased the initial k; but increased t. Similarly, at
even higher irradiance in air, there was a further decrease
in the initial k. and increase in 7. These observations are
consistent with an empirical model that (1) oxygen
increased k; via oxidative stress but decreased it by medi-
ating the utilization of electrons; and (2) reactive oxygen
species stimulated the degradation of photodamaged D1
protein in PS II (characterized by kq), but inhibited the de
novo synthesis of D1 (characterized by k), and that the
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balance between these effects determines the net effect of
O, on PS 1II functionality.
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Abbreviations

Chl Chlorophyll

D1 protein psbA gene product in the PS II reaction
centre

ETR1, ETR2 The rate of electron transport through PS I,

PS 1II, respectively

F The functional fraction of PS II
1 Irradiance
kq, ki, ky, kq Rate coefficients of D1 protein

degradation, PS II photoinactivation, PS II
repair, D1 protein synthesis, respectively
MV Methyl viologen

$ps 1 The effective photochemical yield of PS II
during actinic illumination

P700 Special chlorophyll pair in PS 1

PSII, PSI Photosystem II, Photosystem I,
respectively

qP Photochemical quenching parameter

ROS Reactive oxygen species

T Time for the initial k, to decrease by half

YD The effective photochemical yield of PS I
during actinic illumination

Introduction

Light energy, especially in excess, damages the photo-
synthetic apparatus (primarily Photosystem II or PS II),
decreases photochemical efficiency and consequently
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retards growth and productivity (Powles and Bjorkman
1982; Vass and Cser 2009; Nishiyama et al. 2011; Oguchi
et al. 2011; Vass 2011; Tyystjarvi 2013). In nature, plants
have evolved various strategies to manage photoinactiva-
tion of PS II. Among the strategies, the PS II repair cycle is
crucial; when repair keeps pace with photoinactivation per
se, no net loss of functional PS II occurs (Aro et al. 1993;
Mulo et al. 2012). A highly efficient PS II repair cycle is
demonstrated by the observation that the D1 protein in the
entire PS II population may turn over during a sunny day.
Therefore, understanding the mechanism(s) of the PS II
photoinactivation and the repair cycle is critical for engi-
neering the capacity of plants to resist photoinactivation.

Environmental stresses, such as salt stress (Al-
lakhverdiev et al. 2002), oxidative stress (Allakhverdiev
and Murata 2004), low temperature (Oquist and Huner
1990) and high light (Aro et al. 1993), affect the PS II
repair cycle significantly. However, how oxygen affects
repair remains ambiguous. Anaerobic conditions have been
shown to exacerbate (Nedbal et al. 1990; Setlik et al.
1990), be indifferent to (Satoh 1970; Powles 1984) or
ameliorate (Cornic 1978; Park et al. 1996) net photoinac-
tivation of PS II. It was hypothesized that such inconsis-
tency was attributed to the dual roles of oxygen in the net
photoinactivation of PS II; that is, oxygen can either act as
an electron acceptor to mitigate against the excess excita-
tion pressure on PS II, or stimulate photoinactivation via
toxic effects of reactive oxygen species (Krause et al.
1985).

The knowledge gap of oxygen effects on PS II repair
occurs partly because most reports did not separate the
photoinactivation of PS II per se from the repair. Some
reports applied lincomycin or chloramphenicol (both of
which inhibit chloroplast-encoded protein synthesis) to
separate the two processes (Aro et al. 1993; Allakhverdiev
and Murata 2004; Nishiyama et al. 2001). However, this is
not straightforward. For example, to quantify the rate of PS
II repair, Allakhverdiev and Murata (2004) used the initial
net rate of recovery which, however, included a photoin-
activation component.

In order to quantify PS II repair in terms of a rate
coefficient (k,) in vivo, several studies have been conducted
(Kok 1956; He and Chow 2003; Campbell and Tyystjérvi
2012; Hu et al. 2013). Nevertheless, most models did not
consider that k. might change with time under given
environmental conditions. The PS II repair cycle includes
many sub-processes such as protein phosphorylation,
migration and degradation of the damaged DI protein,
synthesis of the D1 protein and the insertion of newly
synthesized D1 protein, changes in any of which will affect
k.. If k. were treated as a constant, simulation with these
models should lead to a time-independent functional frac-
tion of PS Il when the rate of photoinactivation per se
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equals the rate of repair; unfortunately, this is seldom
observed.

In the present study, we devised a model with a dynamic
k.. We introduced a parameter 7, the time for the initial &, to
decrease by half, to evaluate the dynamics of k. phe-
nomenologically. The time course of net photoinactivation
of PS II was carefully measured in leaves of spinach plants
grown in full glasshouse light (sun leaves) or under shade
cloth (shade leaves), the measurements conducted in
ambient air or nitrogen + 0.5 % CO,. At an irradiance of
1500 pmol m~% s™', oxygen decreased the initial k, but
increased 1. As the irradiance increased above
1500 pmol m~2 s7!, the initial k. decreased further, while
7 increased further. The effect of oxygen on net photoin-
activation depended on growth irradiance. Anaerobicity
alleviated net PS II net photoinactivation slightly in shade
leaves. By contrast, for sun leaf discs, anaerobicity first
alleviated, and then exacerbated net PS II photoinactiva-
tion. The results can be simulated by considering multiple
roles of oxygen in photoinactivation per se and the repair of
photoinactivated PS II, thereby resolving past ambiguities
of oxygen effects.

Materials and methods
Plant growth

Spinacea oleracea L. (cv. Yates hybrid 102) plants were
grown in a glasshouse (approximately 30/15 °C, day/
night). A nutrient mix (Aquasol, Hortico, Clayton, Aus-
tralia) was supplemented by a slow release fertilizer
(‘Osmocote’, Scotts Australia Pty Ltd, Castle Hill). The
maximum growth irradiances of sun and shade plants were
800 and 150 umol m~2 s~ at noon, respectively.

Photoinhibitory treatment of leaf discs

Spinach leaf discs (1.5 cm?) were first floated on a 3-mM
lincomycin solution overnight in darkness to allow suffi-
cient uptake of the inhibitor of chloroplast-encoded protein
synthesis. Leaf discs were floated with the abaxial side
facing air and the adaxial side in contact with the lin-
comycin solution in a clear petri dish; photoinhibitory light
was applied vertically up onto the adaxial side. Illumina-
tion at 1500 pmol m > s~ (unless specified otherwise)
using white light-emitting diodes was applied for up to 3 h
(sometimes 6 h) to obtain the time course of photoinacti-
vation per se of PS II, which yielded the rate coefficient of
photoinhibition k;. The same procedure was applied to
observe the net PS II photoinactivation in the absence of
lincomycin while PS II repair occurred simultaneously
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with PS II photoinactivation per se, from which the rate
coefficient of repair (k;) and 7 could be deduced.

Before illumination, a constant flow of humidified gas
mixtures containing either ambient air or 0.5 % CO, in N,
was passed through the chamber for >30 min at 25 °C.
The gas flow persisted during the whole treatment time,
and after every half hour of illumination, 5 min darkness
was applied before resuming photoinhibitory treatment, in
order to minimize the contamination by oxygen evolved by
PS 1I during illumination in 0.5 % CO, in Nj,.

To investigate the effect of methyl viologen (MV) on
photoinactivation when chloroplast-encoded protein syn-
thesis was blocked by lincomycin, leaf discs were first
floated on a 3-mM lincomycin solution overnight in dark-
ness, then were vacuum infiltrated with 20 pM
MV + 3 mM lincomycin, blotted with absorbent paper,
and allowed to evaporate off excess intercellular water,
followed by photoinhibitory treatment. Floating leaf discs
on 3 mM lincomycin plus 20 pM MV overnight in dark-
ness would inactivate about 20 % of total functional PS II,
and so was not adopted.

PS II functionality determined by redox kinetics
of P700

The functional fraction of PS II was determined from the
flash-induced redox kinetics of P700, the special chlorophyll
pair in PS I, according to the method of Kou et al. (2012) and
Hu et al. (2013). This method relies on the delivery of
electrons from PS II to P700" after a saturating single-
turnover flash. Leaf segments were used for measurement of
redox changes of P700 with a dual wavelength (810/870 nm)
unit (ED-P700DW) attached to a phase amplitude modula-
tion fluorometer (PAM 101, Walz, Effeltrich, Germany). To
obtain redox changes due to a flash superimposed on con-
tinuous far-red light, a steady state was sought by illumina-
tion with far-red light (12 umol photons m~2 s™', peak
wavelength 729 nm, 102-FR, Walz, Effeltrich, Germany).
Then a single-turnover, saturating xenon flash (XST 103, full
width at half height = 6 ps) was applied to the adaxial side
of the leaf disc. The start of data acquisition (time con-
stant = 95 ps), the triggering of the flash and the repetition
rate were controlled by a pulse/delay generator (Model 555,
Berkeley Nucleonics Corporation, USA). The analogue
output was digitized and stored using a program written by
Alexander Hope. Flashes were given at 0.2 Hz; 4-6 con-
secutive signals were averaged automatically. The maxi-
mum signal immediately after the flash, representing the
total amount of photo-oxidizable P700, was used to nor-
malize the trace. Subsequent to the flash, electrons were
delivered from PS 1II to PSI, tending to reduce P7007, while
the background far-red light brought the P700" concentra-
tion back to the steady state in far-red light. The area between

the dipping curve and the horizontal line representing the
steady state [P700"] in continuous far-red light is a simple
empirical measure of the electrons delivered by PS II. The
P700 kinetics area was measured about 1 min after the end of
high-light pre-treatment, in order to diminish the effect of
energy-dependent quenching of excitation energy, while
minimizing any substantial recovery in prolonged darkness
(Hu et al. 2013).

The so-called P700 kinetics area is directly proportional
to the relative content of functional PS II (determined from
the oxygen yield per single-turnover repetitive flash), as
demonstrated with different species, including spinach
(Kou et al. 2012; Chow et al. 2012; Hu et al. 2013; Jia et al.
2014). The rationale for using a PS I signal to assay PS II
functionality is based on the fact that the two photosystems
work in series in electron transfer; a single-turnover flash
can deliver one electron from each functional PS II to PS I,
thereby reducing P700". Therefore, the size of P700
kinetics area directly depends on the relative content of
functional PS II. Since the continuous far-red light is very
weak, no electrons would return from the acceptor side of
around PS I in a cyclic electron flux. Indeed, infiltration
with MV, which is known to intercept electrons on the
acceptor side of PS I, did not reduce the P700 kinetics area
(Jia et al. 2014). One advantage of using the P700 kinetics
area is that it is a whole-tissue measurement, unlike Chl
fluorescence which is detected from an unspecified depth in
the leaf tissue. Another advantage is that the measurement
is fast and non-intrusive, and can be made within one
minute after the cessation of illumination if the flash is
sufficiently strong; therefore any recovery of photoinacti-
vated PS II in prolonged darkness can be avoided.

To test if the single-turnover flash at maximum intensity
could yield the maximum P700 kinetics area, we decreased
the flash intensity (/) gradually by neutral density films
(Lee filters, UK). An extrapolated maximum area (Mgyeq)
could be obtained by fitting a curve of the form y = Meq
(1 - efkl), where k is a constant coefficient. The experi-
mental maximum (M.,,) was found to be almost identical
to the extrapolated maximum (Mgy.q) for control leaf discs
(Mexp and Mgeq were 100 and 100.4, respectively); leaf
discs photoinhibited without lincomycin (Mcy, and Mfgeq
were 82.0 and 79.1, respectively), and leaf discs photoin-
hibited in the presence of lincomycin (M., and Mgyeq Were
58.2 and 56.6, respectively) (Fig. 1). This maximum cor-
responded to the capacity for flash-induced delivery of
electrons from the functional PS II complexes to P700™.

A simple kinetic model containing the three
parameters k;, 7, and initial k.

Assuming that both photoinactivation of the functional
fraction of PS II (F) and recovery of the non-functional
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Fig. 1 The P700 kinetics area as a function of relative flash intensity
(I). High-light-acclimated spinach leaf discs were either used as

control or photoinactivated (PI) for 1 h at 1500 pmol m~2 s~ in the

presence or absence of lincomycin. Each dataset was fitted by an
equation of the form y = Mpyeq (1 — e M, yielding both Mg eq
(horizontal dashed lines) and the coefficient k. The experimental
maximum, Mcp,, at 100 % of flash intensity was close to the Mfeq
value in each case. Each point is a mean of 4 replicates == SE

fraction of PS Il (1 — F) are first-order reactions, the
reaction scheme:

ki
=1-F

k,
is described by the differential equation:
dF/dt = k,(1 — F) — k;F (1)

where 7 is the time, k; is the repair rate coefficient, and k; is
the photoinactivation rate coefficient. This model sets k; as
a constant and is regarded as a static k, model in the present
study.

In general, the PS II repair rate coefficient may change
with illumination time. To describe this variation of &,
phenomenologically, we introduced an empirical parameter
7, the time for the initial k. to decrease by half. Equa-
tion (1) can be modified to be

dF/dt = [ke/(1 +t/7)](1 — F) — kiF 2)

which is solved with the aid of a Matlab program (Matlab,
R2010b, the MathWorks, Natick, Massachusetts, USA) to
yield the function:

T
F(T) :e—kiT(r+T)—krr{Tkrr+/ krfekil(f—kt)(krf_l)dt}
0

(3)

where F(T) represents the current fraction of active PS II
after cumulative photoinhibitory treatment time 7, with the
boundary condition that F = 1.0 at T = 0.
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Equation (3) is obtained by the following Matlab
code:syms F k.t

[F] = dsolve (‘DF = (k;/(1+ t/7))(1 — F) — kiF",
'F(0)=1)

where F represents the functional PS 1II fraction.

This model is termed a dynamic k, model in the present
study. The maximum P700 kinetics area of a control
sample is taken to represent the fraction F = 1.0. The k, in
Egs. 2 and 3 is regarded as the initial k, at the beginning of
photoinhibitory treatment. To obtain k;, lincomycin was
applied to block the de novo synthesis of chloroplast D1
protein, leading to k. = 0 in Eq. (2), which yields a first-
order reaction for loss of active PS II centres:

F(f) = e~ (4)

Equation (4) was used to fit the data points for pho-
toinactivation in the presence of lincomycin to obtain k;,
using the software Origin 7 (Microcal Software Inc,
Northhampton, MA, USA), allowing k; to vary from an
initial estimate until a stable value is obtained after a
number of iterations.

A program was developed to fit the net photoinactiva-
tion data points in the absence of lincomycin by using
Eq. (3) to obtain initial &, T and the coefficient of corre-
lation. This program was designed based on an enumera-
tion method; a best fit must guarantee the least sum of
squares error between observed and calculated data among
all potential fits.

Meanwhile, there has been a more elaborate model
developed by Tyystjdrvi et al. (1994), in which there are
inactive PS 1II centres still containing the D1 protein and
those with the D1 protein degraded. In this coupled first-
order reactions model, besides k;, and instead of k., rate
coefficients for degradation (ky) and synthesis (k;) were
introduced:

Fl
N
F3 — F2
ka

where F1 is the fraction of active PS II complexes, F2 is the
fraction of inactive PS II complexes containing the D1
protein, and F3 is the fraction of inactive PS II complexes
in which the D1 protein has been degraded. This model was
only analysed by Tyystjarvi et al. (1994) for the special
case where k; = 0. We used this model in full to simulate
the net photoinactivation of PS II in leaves when repair is
permitted.

The reaction scheme is described by a set of three dif-
ferential equations:
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dF1

— = —kF1 + kF3
dr T
dF?2

— = —k4yF2 + kF1
ar a2 +
dF3

—— = —kF3 + k4F2
dr S + d

An analytical solution for the coupled differential
equations can be obtained by the Matlab program, via the
code below:

Syms F1 F2 F3 k; kq k

[F1,F2,F3] = dsolve (‘DF1 = kyF3 — kiF1, DF2
= —kgF2 + kiF1,DF3 = kqF2 — k;F3’,
‘F1(0) = 1, F2(0) = 0, F3(0) = 0)

The analytical solution for the active PS II fraction as a
function of time is

(C — kakiB) , ,
F(t) =X ——= (ki — kak; — kiks + kB
C + kgk;B
P LCERB) oy kb kB) ()
EG
203 kik

— [ (2k4k;
+kdki+kdks+kiks/ (ks )}

In this equation,

B = \[I2 4+ K+ 12 — Dika — Dkok, — 2k

C = Py + K3k + kikgks

(ki +kd+k5+8)f
2

D=c¢

K hg ks —B
7 )’

E = e(
G = 2B(kikg + kaks + kski)

However, k4 and kg in Eq. (5) are not separable in curve
fitting; they can only be derived independently with the aid
of additional data such as the D1 protein degradation.

Measurement of electron transport rates

The total electron transport rate through PS I (ETR1) was
obtained as the product Y(I) x irradiance x 0.85 x 0.5,
where Y(I) is the photochemical yield of PS I, 0.85 is the
leaf absorptance, and 0.5 (close to an experimental estimate
for spinach by Kou et al. 2013) is assumed to be the
fraction of excitation energy partitioned to PS 1. The rate of
linear electron flow through PS II (ETR2) was estimated as
the product ¢ps ;1 X irradiance x 0.85 x 0.5, where ¢ps 11
is the effective photochemical yield of PS II, averaged over
open and closed PS II traps. Both Y(I) and ¢ps ;1 were
determined using a Dual-PAM (Walz, Effeltrich, Ger-
many), as described by Miyake et al. (2005).

Statistical analysis

One-way ANOVA was applied to determine the effects of
gas composition and growth irradiance on the photoinac-
tivation and photorepair processes. When necessary, data
were transformed to meet the assumptions of ANOVA. All
analyses were performed with SPSS 11.0 (SPSS, Chicago,
USA)

Results

Photoinactivation of PS II in the presence
of lincomycin with or without oxygen

The P700 kinetics area is a rapid, empirical, whole-tissue
and non-intrusive measurement of the fraction of functional
PS II (Kou et al. 2012; Hu et al. 2013). We investigated the
time course of net photoinactivation of PS II in the absence
of repair by floating leaf discs with the adaxial side in
contact with a lincomycin solution and the abaxial side
facing air or nitrogen + 0.5 % CO,, while illuminating the
adaxial side at an irradiance of 1500 pmol m~2 s™'. Fig-
ure 2 shows that the time courses in the presence of lin-
comycin exhibited first-order kinetics (Tyystjdrvi and Aro
1996). Nitrogen + 0.5 % CO, slowed the decrease of
functional PS II in sun leaf discs (p < 0.001) (Fig. 2a).
However, there was no significant difference between
ambient air and nitrogen 4+ 0.5 % CO, in shade leaves
(p = 0.582, Fig. 2b). Under air conditions, the k; value of a
sun leaf was marginally (and non-significantly) smaller than
that of a shade leaf (p = 0.227), while under nitro-
gen + 0.5 % CO,, sun leaves had a considerably smaller ;
than shade leaves (p < 0.001) (Table 1).

As the effect of oxygen on PS II photoinactivation might
be attributed to direct damage by reactive oxygen species
(ROS) to which O, is a precursor, we maximized ROS
production by infiltrating leaf discs with MV. MV indeed
accelerated photoinactivation of PS II in the presence of
lincomycin for both sun and shade leaves in air (Fig. 2).
The k; value of sun leaf discs was 1.49 times higher than
the control (p < 0.001), and that of shade leaf discs was
1.24 times higher than control (p < 0.001) (Table 1).

PS II recovery in the light in the absence
of lincomycin with or without oxygen

Figure 3 depicts the time course of net photoinactivation of
PS II in sun and shade leaves at an irradiance of
1500 pmol m~?2 s~! when PS II repair was permitted, in
air or nitrogen + 0.5 % CO,. The adaxial side of each
floating leaf discs was in contact with water at 25 °C and

was illuminated by directing the light vertically upwards.
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Fig. 2 The time course of photoinactivation of PS II in sun leaf discs
(a) or shade leaves (b) in the presence of lincomycin in nitro-
gen 4+ 0.5 % CO, (filled square), in air (open circle), or in the
presence of MV + lincomycin in air (solid triangles). Leaf discs were
pre-floated on a 3-mM lincomycin solution in darkness overnight.
Illumination (1500 pmol m2 s_l) was directed at the adaxial side
which was in contact with lincomycin solution. Data points were
fitted by the equation: F(f) = e ', where F is the fraction of
functional PS II assayed by the P700 kinetics area (rel.), k; is the rate
coefficient of photoinactivation, and ¢ is the photoinhibition time.
Each point is a mean of 4 replicates + SE

No lincomycin

1.0 (a) -
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Fig. 3 The time course of net photoinactivation of PS II in sun leaf
discs (a) or shade leaves (b) in the absence of lincomycin in air (open
circle) or in nitrogen + 0.5 % CO, (filled square). Data points were
fitted by a dynamic k. model described in “Materials and methods”
section. The correlation coefficients are displayed in the panels. Each
point is a mean of 4 replicates = SE

Table 1 The rate coefficients

. L h i i
of photoinactivation of PS II per Growth irradiance

Treatment conditions

ki (£SD, n = 4-5) (h™}) % of control (in air)

se (k;) of sun and shade leaves in
the presence of lincomycin

Sun leaves In air

In nitrogen + 0.5 % CO,
Infiltrated with MV, in air

Shade leaves In air

In nitrogen + 0.5 % CO,
Infiltrated with MV, in air

0.619 £ 0.038a 100
0.477 £+ 0.060b 77
0.910 £ 0.146¢ 149
0.664 £ 0.004a 100
0.648 & 0.023a 98
0.823 £ 0.086¢ 124

Different letters denote significant difference between measurements at p < 0.05. The parameter k; was
obtained by fitting curves in Fig. 2, based on first-order kinetics
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Due to the simultaneous repair, PS II functionality in the
absence of lincomycin decreased more slowly than in the
presence of lincomycin.

Oxygen had different impacts on net PS II photoinacti-
vation in sun and shade leaves when PS II repair was
permitted. Flushing with nitrogen + 0.5 % CO, first alle-
viated and then exacerbated net PS II photoinactivation in
sun leaves (Fig. 3a), but alleviated net PS II photoinacti-
vation slightly in shade leaves at all times (Fig. 3b). To
quantitatively evaluate the oxygen impact on PS II repair, a
dynamic model with three parameters (k; obtained by
experiment, initial k. and 7) was developed for curve fitting
using Eq. (3). Figure 4 shows the curves fitted by the static
k. model and the dynamic k. model to experimental data for
net photoinactivation of PS II in sun leaf discs in air. The
dynamic k. model gave a much higher coefficient of cor-
relation than the static £, model (0.98 vs. 0.90). Indeed, the
coefficients of correlation of curving fitting were improved
greatly by the dynamic k. model in all cases in this study.

Oxygen had dramatic and contrasting effects on the
initial &, and on 7 in sun and shade leaves (Fig. 5). Irre-
spective of growth irradiance, nitrogen + 0.5 % CO,
greatly increased initial k. (Fig. 5a), but significantly
decreased 7 (Fig. 5b) compared with air. Thus, &, decreased
faster in Ny 4+ 0.5 % CO,, i.e., repair was retarded faster in
anaerobic conditions. Compared with a shade leaf, a sun
leaf in air had a 2.2-fold greater initial k. and a 2.0-fold
greater t (p < 0.001), suggesting a higher initial capacity
to repair damaged PS II complexes in a sun leaf in air, and
that such capacity could be maintained for a longer period
than in a shade leaf in air. In nitrogen + 0.5 % CO,, a sun
leaf still had a superior initial repair capacity (the initial &,

T
(] 4
o
®©
[}
9
©
C
£
© 0.6 ]
E o Sun leaf in air
- = Fitted with static model, R?=0.901
— Fitted with dynamic model,
R®=0.981
04 T T T T
0 1 2 3

Photoinhibition time (h)

Fig. 4 The curves fitted by the static k, model (dashed line) and
dynamic k. model (/line) to experimental data points of net photoin-
activation of PS II in sun leaf discs in air

Initial k_(h™)

Shade-N2

() | ' ' '

Shade-Air Sun-N2 Sun-Air

Shade-N2

Shade-Air Sun-N2 Sun-Air

Fig. 5 Initial rate coefficients (k) of PS II repair and the time (7) in
which the repair rate coefficient decreases to half of the initial &, in air
or in nitrogen + 0.5 % CO,, for sun and shade leaves exposed to an
irradiance of 1500 pmol m 2 s~ k and T were derived from curve
fittings in Figs. 2 and 3, based on a dynamic k, model. Each bar is a
mean of 4 replicates £ SE

being 1.8 fold higher than in a shade leaf, p < 0.01);
however, such capacity diminished very rapidly during the
treatment at 1500 pmol m~2 s~ (¢ being only 0.4 of that
in a shade leaf, p < 0.01).

Response of initial k. and 7 to irradiance
above 1500 pmol m ™2 s™!

The response of initial k., and 7 of high-light-acclimated
spinach to irradiance >1500 pmol m~2 s™' is shown in
Fig. 6. Curve fitting to the time-course data based on the
dynamic k, model worked very well at all three irradiances
(Fig. 6a). When the incident light increased from 1500 to
2100 pmol m~2 s~ the initial k. decreased from 2.4 to
0.2 h™ !, and 1 increased from 3 to about 12 h (Fig. 6b). At
an irradiance <1200 pumol m 2 s_l, there was little net
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Fig. 6 a The time course of net photoinactivation of PS II in sun leaf
discs in the absence of lincomycin at irradiances of 1500, 1800, and
2100 pmol m~2 s~ " in air. b The relationship between the initial rate
coefficients (k;) of PS II repair and t for sun leaves under the three
irradiances. The rate coefficients of PS II photoinactivation per se (k;)
at 1800 and 2100 pmol m~2 s~! were deduced from the k; value of
1500 pmol m™2 s, based on the strict proportionality between
irradiance and k; (Tyystjérvi and Aro 1996). A dynamic k, model as
described in “Materials and methods” section was applied to obtain
initial &, and 7

loss of functional PS II in sun leaves (data not shown), so
curve fitting was not attempted.

Response of electron transport to irradiance of sun-
and shade-leaves

The total rate of electron transport through PS I (ETRI1)
assayed by the P700 signal, and the rate of linear electron
transport through PS II (ETR2) assayed by chlorophyll
fluorescence are depicted in Fig. 7. As expected, sun leaf
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Fig. 7 Total electron transport rate through PS I (ETR1) and linear
electron transport rate through PS II (ETR2) of sun and shade leaves
as a function of irradiance. ETR1 and ETR2 were determined using
the P700 signal and Chl fluorescence, respectively. The abaxial side
faced air while the adaxial side was in contact with water.
Illumination with red LED light was provided on the adaxial side,
using an RGY filter to block the actinic light that normally is supplied
along with the 810/870 nm measuring light by the Dual-PAM,
leaving only the actinic light that is supplied along with the Chl
fluorescence excitation light. Each point is a mean of 4
replicates = SE

discs had significantly higher rates than shade ones when
the irradiance exceeded 200 pmol m~2 s~

Discussion

0, has dual roles in the PS II photoinactivation
process per se

In the presence of lincomycin, nitrogen + 0.5 % CO,
alleviated PS II photoinactivation in sun leaves exposed to
1500 umol m™2 s, though not in shade leaves (Table 1;
Fig. 2), suggesting that the formation of ROS associated
with atmospheric oxygen can photodamage PS II directly.
This finding is contrary to some studies (Nishiyama et al.
2001, 2011; Takahashi and Murata 2008), but consistent
with others (Hideg et al. 2007; Kornyeyev et al. 2010; Blot
et al. 2011; Hideg et al. 2011). The reason for such a dis-
crepancy among results is unknown. One possibility is that
only qualitative description of photoinactivation curves
without statistical significance test of k; values cannot
unveil the difference between treatments. Second, the dif-
ference in methods and procedures adopted in different
studies might also lead to such a discrepancy. For example,
application of Chl a fluorescence to represent PS II func-
tionality suffers from the fact that the signal is detected
from an unspecified depth in the leaf tissue, and that the
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depth of signal detection may well vary during the
course of illumination (Oguchi et al. 2011). Third, the
direct damage to PS II by ROS depends on light con-
ditions and ROS concentration (Blot et al. 2011). In the
present study, except for the treatment with MV, the
ROS that induced photoinactivation of PS II is probably
mainly singlet oxygen (Vass and Cser 2009; Vass 2011),
formed in leaves on exposure to strong visible light, with
hardly any superoxide free radical (Hideg et al. 2002).
Singlet oxygen is formed within PS II: in the reaction
centre by charge recombination and in the PS II antenna
by intersystem crossing (Krieger-Liszkay 2005). The
formation of singlet oxygen is negligible at
200 pmol m~2 s™!, but substantial at 1000 pmol m~> -
s~! and even more so at 2000 pmol m2s! (Hideg
et al. 1998). Singlet oxygen can cause oxidative modi-
fication of the reaction centre polypeptides, selective
destruction of pigments including P680 chlorophylls and
de-stabilization of Mn clusters on the donor side of PS II
(Hideg et al. 2011).

On the other hand, O, can also play a photoprotective
role in various electron sinks, notably photorespiration
(Osmond 1981) and, to a lesser extent, the Mehler reaction
and the plastid terminal oxidase reaction. By mitigating
against the excess excitation pressure on PS II, these
electron sinks diminish the probability of production of
singlet O, in the vicinity of PS II reaction centres (Cornic
1978; Park et al. 1996). Singlet O, is regarded as the
dominant player in PS II photodamage, according to an
acceptor-side photoinactivation hypothesis (Rehman et al.
2013). Indeed, such a protective role is not inconsistent
with our observation that there was no significant net dif-
ference between shade leaves flushed with nitro-
gen + 0.5 % CO, and those flushed with ambient air in the
presence of lincomycin (Table 1; Fig. 2): while anaero-
bicity tended to alleviate photoinactivation by minimizing
ROS formation (k; tending to be smaller), it did not permit
the photoprotective O,-mediated electron sinks to operate
(k; tending to be larger). That is, the atmospheric O, effect
on the PS II photoinactivation process is a balance between
the dual roles of oxygen on k;: the damaging effect of
excess ROS versus the protective effect of O,-mediated
electron sinks. In sun leaves, the observation of overall
photoprotection by anaerobic conditions could be due to
the relief of substantial oxidative stress in sun leaves.

MYV increased the rate coefficient of photoinactivation of
PS 1II (k;) by 49 % in sun leaves and 24 % in shade leaves
(Table 1; Fig. 2). Hakala et al. (2005) reported also a slight
increase in k; induced by the presence of MV in isolated
pumpkin thylakoids. However, there is a difference
between these two systems in terms of other responses. MV
stimulated electron transport in isolated thylakoids, thereby

decreasing the excess photons not utilized in photochem-
istry and decreasing the excitation pressure in PS II (greater
qP) (Hakala et al. 2005), as would be expected; thus, the
increase in k; must have come about despite the lowering of
the excess of photons, the lowering of excitation pressure
and the increase in the photoprotective trans-thylakoid pH
gradient. By contrast, spinach leaves infiltrated with MV
showed a slight decrease in gP (i.e., a slight increase in
excitation pressure), resulting in a lowering of ¢pg f Which
translates into a lower linear electron transport rate (Fan
et al. 2009); in this situation, there was an increase in k;, as
might be expected. In both thylakoids and leaves,
notwithstanding these different responses, there might have
been another effect of MV which dominated and which led
to the overall exacerbation of photoinactivation. As a
speculative example, if MV could lodge itself on the
acceptor side of PS II as has been hypothesized (Fan et al.
2009), it might accelerate the formation of superoxide
locally in PS II via MV to such an extent as to overwhelm
any action by superoxide dismutase; this effect would be
equivalent to knocking out iron superoxide dismutase with
consequent instability in PS II (Zhang et al. 2011), thereby
increasing k;. Although overexpression of iron superoxide
dismutase does little to alleviate photoinactivation of PS II
(Tyystjarvi et al. 1999), the observation could be explained
if the abundant superoxide produced by MV locally in PS
IT overwhelms any action by the iron superoxide dismutase
which may not have ready access to PS II in the granal
stacks.

PS II repair cycle as revealed by a dynamic &k, model

Our study clearly demonstrated that the oxygen effect on
net photoinactivation in the absence of lincomycin
depended on growth irradiance. Flushing with nitro-
gen + 0.5 % CO, alleviated net PS II photoinactivation
slightly in shade leaves (Fig. 3b). Curiously, for sun leaf
discs, anaerobicity firstly alleviated, and then exacerbated
net PS 1I photoinactivation (Fig. 3a). However, it is still
unclear how oxygen affected the PS II repair cycle, until a
proper model is found to separate photoinactivation per se
from repair.

In comparison with a previous model (Kok 1956; Kato
et al. 2002; He and Chow 2003; Hu et al. 2013) which sets
the rate coefficient of PS II repair (k) as a constant under a
given set of conditions (static k, model), the present model
(dynamic k. model) hypothesizes that k. changes during the
time course of net photoinactivation, and the parameter t
was introduced. The dynamic k, model greatly improves
the coefficients of correlation between observed and fitted
data (e.g. Fig. 4); it describes the phenomenon better than
the static k, model.
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How did the initial &, increase in the absence
of oxygen?

When flushed with nitrogen + 0.5 % CO,, both sun and
shade leaf discs had a significantly higher initial k. at
1500 pmol photons m~2s~' than in air (Fig. 5). The
increase in k, in the absence of oxygen is attributable to the
avoidance of toxic ROS effects on PS II repair. Oxygen
being a precursor to ROS, in the presence of oxygen,
various ROS such as O3, H,O, and OH®, are generated by
photosynthetic electron transport (Gill and Tuteja 2010),
but the dominant presence of singlet oxygen in strong light
(Hideg et al. 2002) should not be overlooked. It has been
demonstrated that environmental stresses such as salt stress
(Allakhverdiev et al. 2002), low temperature (Oquist and
Huner 1990), drought (Allakhverdiev and Murata 2004)
and high light itself increase the intracellular level of ROS
in air; ROS in turn inhibit the repair of photoinactivated PS
II (Allakhverdiev et al. 2002; Nishiyama et al. 2011).
Further, other circumstances such as disruption of CO,
fixation (Takahashi and Murata 2005), impairment of
photorespiration pathway (Takahashi et al. 2007), loss of
cyclic electron transfer around PS I (Takahashi et al. 2009),
restriction of CO, entry into leaf tissue during photoinhi-
bition (Hu et al. 2013), all significantly affect the PS II
repair via enhanced ROS formation. Nishiyama et al.
(2001, 2011) have demonstrated that ROS disrupt PS II
repair through inhibiting the de novo synthesis of the D1
protein at the translational level, possibly through the
specific inactivation of elongation factor G. Further, such
photoinactivation takes place via the formation of an
intramolecular disulphide bond (Nishiyama et al. 2011).

How did 7 decrease in the absence of oxygen?

Despite a significant increase of initial k. for both sun and
shade leaf discs, the absence of oxygen led to a sharp
decrease in t. That is, k, decreased faster, suggesting that
PS 11 repair quickly slowed down in the absence of oxygen
(Figs. 3, 5). A plausible explanation for this is that the
accumulation of non-degraded photodamaged D1 protein
in the PS II reaction centre under anaerobic conditions
impaired the repair cycle. Anaerobicity inhibits D1 protein
degradation significantly because the degradation of DI
protein is associated with ROS produced during photoin-
hibition in the presence of oxygen; the D1 protein remains
intact during anaerobic photoinhibitory treatment, until
oxygen is introduced, whereupon D1 protein is lost rapidly
(Vass et al. 1992), although the specific ROS responsible
for D1 protein degradation remains unclear (Edelman and
Mattoo 2008). The loss of D1 protein could come about if,
for example, a conformational change in PS II caused by
ROS triggers proteolytic cleavage of the D1 protein (Miyao
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et al. 1995). Only after degradation of photodamaged D1
proteins can the synthesis of the D1 protein and its inser-
tion into the thylakoid membrane be completed (Mulo et al.
2012). The loss of DI protein tends to lag behind the
photoinhibitory loss of PS II activity (Aro et al. 1993); this
was most obvious for photoinhibitory treatment at a low
temperature which resulted in a much faster loss of active
PS II compared with D1 protein, though photoinhibition at
room temperature resulted in the loss of D1 and active PS
II with the same time course (Osmond and Chow 1988).
Therefore, in the absence of oxygen, an inactive PS II
could possess D1, the degradation of which could be a
limiting step in the repair process; in that case, the initial k;
could decline much faster in anaerobic conditions (T
decreased).

O, has dual roles in the PS II repair cycle

The different effects of oxygen on initial k. and t strongly
suggest that O, has dual roles in the PS II repair cycle. The
formation of ROS could stimulate the degradation of
photodamaged D1 proteins on the one hand, but inhibit de
novo synthesis of D1 proteins on the other, and the balance
between them determines the net effect of O, on the PS 11
repair cycle. Therefore, the rate of D1 protein synthesis per
se is not the only factor limiting the PS II repair cycle in
higher plants; the rate of D1 protein degradation also plays
a critical role. To further substantiate this hypothesis, we
applied the coupled first-order reactions model (Tyystjirvi
et al. 1994) (see “Materials and methods” section). The
simulation outputs for both sun and shade spinach leaves
are shown in Fig. 8. For suitable values of k4 and & in air,
and assuming that the absence of oxygen would lead to a
lower kq but a higher k;, the resulting simulation curves in
Fig. 8 are comparable to the observations (Fig. 3). How-
ever, as ks and kq cannot be derived solely from the time
course of net PS II photoinactivation, further experimen-
tation is required for a quantitative evaluation of how
oxygen affects PS II repair based on the coupled first-order
reactions model.

Additional evidence to support the dual roles of oxygen
on PS II repair is the response of initial k. and 7 to
increasing strong irradiance (Fig. 6). The initial k. of sun
leaf discs in air decreased while t increased with the
increase of irradiance above 1500 pmol m~2 s™'. Indeed,
increasing irradiance increases the rate of OH® accumula-
tion in Chlorella vulgaris (Hirayama et al. 1995) and sin-
glet oxygen in leaves (Hideg et al. 1998), while the rate of
D1 protein degradation also increases (Aro et al. 1993), and
the rate of de novo D1 synthesis decreases (Sundby et al.
1993), the last effect being due to oxidative stress (He and
Chow 2003; Hu et al. 2013). Thus, the increase in ROS
accumulation hastened D1 degradation (Aro et al. 1993),
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Fig. 8 A simulation of the time course of net PS II photoinactivation
(simultaneous repair permitted in the absence of lincomycin), based
on the coupled first-order reactions model (Tyystjdrvi et al. 1994). In
this model, besides k;, rate coefficients of D1 protein degradation (kg)
and synthesis (k) were introduced. a The time course of net PS II
photoinactivation in sun leaves in air (/ine) or in nitrogen + 0.5 %
CO, (dashed line). b The time course of net PS II photoinactivation of
shade leaves in air (/ine) or in nitrogen + 0.5 % CO, (dashed line).
Values of k; were deduced from Fig. 2. k4 and kg were set manually,
assuming: (1) the values of sun leaf were higher than that of shade
leaf; and (2) anaerobicity increased k, but decreased k4. The assumed
values of kq and &, of sun and shade-leaves in air or N, + 0.5 % CO,
are displayed in the panels

while impairing D1 protein synthesis at the translational
level (Nishiyama et al. 2001, 2011). The increase in 7
(slowing of the decline of k) as the irradiance increased
above 1500 umol m~2 s~! came about possibly because
D1 protein degradation is one of the rate limiting steps in
PS 1II repair, but this limiting step was alleviated by
increased ROS production at a higher irradiance. The dual
roles of ROS on PS 1II repair may be one of the reasons why
the evidence of protection by quenchers and scavengers of
ROS against PS II photoinactivation has been elusive
(summarized by Tyystjarvi 2013). Nevertheless, other
mechanisms may also need to be taken into account. For

example, mutants lacking FtsH (varl and var2) are
defective in D1 degradation even though ROS accumulates
(Kato et al. 2009).

The different behaviours of sun and shade leaves
in PS II photoinactivation and repair

In air, the difference in k; values between the low- and
high-light-acclimated spinach was not significant. By
contrast, sun leaves showed significantly greater t and
initial &, than shade leaves, demonstrating the importance
of repair to protect against net photoinactivation of PS Il in
sun leaves (Fig. 5). The similar k; values but different PS II
recovery kinetics between sun and shade leaves have been
reported in the literature (Aro et al. 1993); indeed, sun and
high-light plants have a higher capacity for PS II repair
(Aro et al. 1993; Greer et al. 1986) and D1 synthesis
(Sundby et al. 1993). Growth irradiance affects the rate of
D1 degradation rate, with sun leaves having a higher
degradation rate (Aro et al. 1993) compared with shade
leaves when illuminated at the same irradiance.

High-light-acclimated plants contain more abundant
enzymes, ribosomes, etc., which may facilitate the operation
of the PS II repair cycle. For example, the FtsH (protein
responsible for D1 degradation) content increases with
growth light, in parallel with an increase in the rate constant
for removal of D1 protein (Campbell et al. 2013). The
structure of thylakoid membranes may also participate in the
regulation of PS II repair cycle. Despite the paucity of
experimental evidence, it is supposed that lower degradation
rate of shade leaf is partly associated with slow migration of
photodamaged D1 protein from appressed regions to non-
appressed ones for degradation (Aro et al. 1993; Kato et al.
2002; Oguchi et al. 2008; Jarvi et al. 2015). Although both
sun and shade leaves increased their initial &, by a similar
factor (2-3) in response to anaerobicity, sun leaves lowered t
more than tenfold compared with three fold in shade leaves in
response to anaerobicity; this suggests that sun leaves had a
higher sensitivity of PS II repair to oxygen, consistent with
another report (Blot et al. 2011). That is, in sun leaves in air,
the initial k. declined much more slowly, presumably aided
by a relatively efficient degradation of the DI protein. A
small extent of granal stacking in sun leaves may be one
factor that facilitates migration of photodamaged D1 protein
from appressed to non-appressed regions for degradation of
the D1 protein (Oguchi et al. 2008).

Conclusions
Our results suggest that oxygen has dual roles in the PS II

photoinactivation process per se: a damaging role as a
precursor of ROS and a photoprotective role in mediating
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electron sinks. Oxygen also had dual roles in the repair
process. The dynamic k. model developed in the present
study greatly increases the correlation coefficients between
observed and fitted data, compared to a static k. model
(Fig. 4), suggesting that it describes the real situation bet-
ter. Oxygen decreased the initial k, while increasing t at

1500 pmol photons m > s~'. Similarly, as irradiance

increased above 1500 pmol m~?2 s_l, the initial &,
decreased while 7 increased. Based on these observations,
our hypothesis still stands. That is, on the one hand, for-
mation of ROS associated with oxygen reduction in elec-
tron transport could stimulate the degradation of
photodamaged D1 proteins, thereby avoiding the accumu-
lation of non-functional PS II with D1 not degraded, which
would impair the repair cycle and shorten 7; on the other
hand, ROS inhibited the de novo synthesis of D1 proteins.
The balance between them determines the net effect of O,
on PS II repair.
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