
A new method for separate evaluation of PSII with inactive
oxygen evolving complex and active D1 by the pulse-amplitude
modulated chlorophyll fluorometry

Masaru Kono A,B,*, Sae MatsuzawaA,*, Takaya NoguchiA, Kazunori MiyataA,
Riichi OguchiA and Ichiro Terashima A

ADepartment of Biological Sciences, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-0033, Japan.

BCorresponding author. Email: konom07@bs.s.u-tokyo.ac.jp

Abstract. A method that separately quantifies the PSII with inactive oxygen-evolving complex (OEC) and active D1
retaining the primary quinone acceptor (QA)-reducing activity from the PSII with damaged D1 in the leaf was
developed using PAM fluorometry. It is necessary to fully reduce QA to obtain Fm, the maximum fluorescence.
However, QA in PSII with inactive OEC and active D1 would not be fully reduced by a saturating flash. We used the
acceptor-side inhibitor DCMU to fully reduce QA. Leaves of cucumber (Cucumis sativus L.) were chilled at 4�C in dark
or illuminated with UV-A to selectively inactivate OEC. After these treatments, Fv/Fm, the maximum quantum yield, in
the leaves vacuum-infiltrated with DCMU were greater than those in water-infiltrated leaves. In contrast, when the
leaves were illuminated by red light to photodamage D1, Fv/Fm did not differ between DCMU- and water-infiltrated
leaves. These results indicate relevance of the present evaluation of the fraction of PSII with inactive OEC and active
D1. Several examinations in the laboratory and glasshouse showed that PSII with inactive OEC and active D1 was only
rarely observed. The present simple method would serve as a useful tool to clarify the details of the PSII
photoinhibition.
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Introduction

Light drives photosynthesis, but it also damages the
photosynthetic apparatus. The loss of photosynthetic activity
due to this damage is called photoinhibition. Although
photoinhibition of PSI by the fluctuating light has been
recently highlighted (Suorsa et al. 2012; Kono et al. 2014; Li
et al. 2018; Roach et al. 2020), themain target of photoinhibition
is PSII (Öquist et al. 1987; Tjus and Andersson 1993). PSII
photoinhibition occurs in visible light (400–700 nm) and in
ultraviolet (UV) light (220–400 nm), of which the latter is
more effective (Jones and Kok 1966; Takahashi et al. 2010).

PSII, the type II reaction centre of the oxygenic
photosynthetic organisms, is a redox enzyme, which is
composed of dozens of polypeptides and several cofactors and
contains a reaction centre and an oxygen-evolving complex
(OEC). The cofactors involved in charge separation and water
oxidation are coordinated by a pair of homologous
polypeptides, D1 and D2, which are largely embedded in
the thylakoid membrane. D1 protein provides most of the

ligands to the Mn4CaO5 cluster (Lubitz et al. 2019). The
water oxidation is catalysed by this cluster located on the
luminal side. In the light, PSII reduces plastoquinone, using
electrons released in the oxidation processes of H2O. The
electrons from water, flow through the redox cofactors
(TyrZ ! P680 ! pheophytin) in D1, and reduce the
primary quinone acceptor, QA, bound to D2. Upon
accepting two electrons via QA and two protons from the
stroma, the secondary electron acceptor QB is released from
PSII as a plastoquinol. In this way, electrons flow to the
cytochrome b6/f complex, PSI, and eventually reduce
NADP+ to NADPH (Tikhonov 2013).

Mechanisms for PSII inactivation have been controversial.
There are two main hypotheses. The two-step hypothesis
claims that the first step of photodamage is inactivation of
OEC: Mn ions release from OEC upon absorption of light
by Mn (III/IV) (Hakala et al. 2005; Ohnishi et al. 2005).
Mn (III/IV) ions show high absorbance in UV and blue
wavebands and thus the photoinhibitory quantum yields of
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these wavebands are higher than those at longer wavelengths
(Jones and Kok 1966; Hakala et al. 2005; Ohnishi et al. 2005).
According to the two-step hypothesis, the secondary damage
site is D1, whereas this is the primary damage site according to
the excess energy hypothesis (Demmig-Adams and Adams
1992). Although D1 performs several functions, here, we use
‘D1 damage’ to denote the loss of QA-reducing photochemical
activity. Oguchi et al. (2009) showed that both mechanisms
occur under rather mild physiological conditions (the mixed
hypothesis). However, we still need to explore which of these
mechanisms is relevant in nature. Since most of the biological
mechanisms evolve by means of natural selection, ecological
relevance of these mechanisms should be evaluated under
natural conditions.

In the pulse-amplitude modulated (PAM) fluorometry,
pulses of fluorescence excited by measuring beam pulses
are monitored. By applying this technique, various PSII
activities can be assessed non-invasively and thus the
technique has been commonly used (Baker 2008). Based on
the QA model, the quantum yield of chlorophyll fluorescence
of PSII changes depending on the redox state of QA and the
heat dissipation process such as non-photochemical quenching
(NPQ, Schansker et al. 2014). When QA is oxidised, NPQ is
fully relaxed in the dark, and the leaf is illuminated with a
weak measuring beam, the fluorescence level remains minimal
(F0). A saturating pulse (SP) given to the leaf pretreated in the
dark reduces all QA in the functional PSII, resulting in the
maximum fluorescence (Fm). Fv/Fm, where Fv = Fm – F0, has
been used as an indicator of the maximum quantum yield of
PSII photochemistry (Butler 1978).

Fv/Fm is widely used to assess the plant status in various
situations (Maxwell et al. 1994), because any stress that causes
damage to PSII (Long et al. 1994;Maxwell and Johnson 2000) or
induction of the ‘sustained’ NPQ (Demmig-Adams and Adams
2006) results in the decrease in Fv/Fm. However, when the PAM
fluorometory is used in photoinhibition studies, attention should
be paid. Fv/Fm measured by the conventional way cannot
differentiate between the OEC damage and D1 damage. If
there are any PSII with inactive OEC and active D1, Fm

induced by a SP would underestimate the QA-reducing
activity of PSII, because QA in such PSII cannot be reduced
by the SP due to the absence of electron supply from OEC. In
the conventional measurement, reduction of the whole
plastoquinone pool and QB by the SP is prerequisite for full
reduction of QA. In the present study, we focussed on this
point. By applying an electron donor, diphenyl-carbazide
(DPC, Izawa 1980; Zavafer et al. 2015), which directly
donates electrons to active D1 bypassing OEC, QA in active
D1 would be reduced by the SP. DCMU, an inhibitor of the
electron flow from QA to QB, would be also effective. In the
present study, we examined whether we could distinguish
the PSII with inactive OEC and active D1 from the PSII
with inactive D1 by measuring Fv/Fm in the presence of the
electron donor or inhibitor. We used cucumber, a chilling
sensitive plant, because the previous studies have shown that
the treatment of the leaves of this plant at 4�C in the dark
selectively inactivates OEC (Margulies 1972; Kaniuga et al.
1978; Terashima et al. 1989; Shen et al. 1990; Higuchi et al.
2003). Our present results indicate that the conventional

Fv/Fm certainly underestimated the QA-reducing activity in
PSII with inactivated OEC. We also confirmed that the use
of the chemicals enabled us to quantify the fraction of PSII
with inactive OEC and active D1. This method would be very
useful to analyse the PSII photoinhibition in nature through
determination of the first step of photoinhibition.

Materials and methods
Plant materials
Seeds of cucumber (Cucumis sativus L. ‘Nanshin’) purchased
fromTakii and Co. were sown in vermiculite in 200mL pots and
supplied with deionised water. These pots were placed in a
growth chamber, 14 h light/10 h dark cycle at an air
temperature of 23�C for ~20 days. After germination, the
seedlings were supplied with 0.1% Hyponex 6–10–5
(Hyponex Japan). Light was supplied by a bank of cool white
fluorescent lamps (FPR96EX-N/A: Toshiba), and the
photosynthetic photon flux density (PPFD) just above the
plants was 200 mmol m–2 s–1. The first true leaves were used
in all the experiments.

Inactivation of OEC
OEC was inactivated by a chilling treatment in the dark
according to Terashima et al. (1989). Leaves were floated
on ice-cold water in a plastic container placed on ice in
a styrofoam box and kept in the dark in a cold room or in a
refrigerator at 4�C for up to 48 h. By this treatment, OEC in
cucumber is selectively inactivated whereas the D1 protein
remains largely intact (Shen et al. 1990; Higuchi et al. 2003).

For photoinactivation of OEC, a UV-A lamp (LUV-16, AS
ONE) peaked at 365 nm was used (for the spectrum, see
Supplementary material Fig. S1). Leaves attached to the
plants were illuminated with the UV-A lamp at a photon flux
density of 50 mmol m–2 s–1 for 6 h at a room temperature of
23�C. A fan was used for keeping the leaves at the room
temperature. The leaves were tied to the light source with
threads so that they did not flutter. UV light was applied from
either the adaxial or abaxial side of the leaves.

Photodamage to D1 protein
A square array of 36 LEDs peaked at 657 nm (red) or 446 nm
(blue) covered with a transparent plastic plate (15 � 15 cm,
ISLM150X150,CCS, for the spectra, see Fig. S1)was used. Leaf
segments (1.5� 1.5 cm2), whichwere kept in the dark for at least
30 min, were placed directly on the cover at just above the
respective LEDs with their adaxial sides towards the LEDs at
room temperature of 23�C for 30min. A few drops of water were
supplied to each leaf segment to avoid desiccation during the
photoinhibitory treatment.ThePPFD level at the leaf surfacewas
2000 mmol m–2 s–1.

Application of chemicals to the leaves
Leaf segments were vacuum-infiltrated with 1 mM
diphenylcarbazide (DPC), 100 mM DCMU, or H2O. The
chemicals were solved in dimethyl sulfoxide (DMSO). In the
working solutions, the DMSO concentrations were kept less
than 1% (v/v) (Fig. S2). A leaf segment (1.5 � 1.5 cm2) was
submerged in either of these solutions in a 15-mL syringe, and
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resolution of 10 ms, Walz). In this mode, the measuring at
a PPFD level of 0.1 mmol m–2 s–1 switched on 0.1 ms before
the SP, and F0 was determined within 0.01–0.1 ms from
the onset of the SP (for details, see ‘Results’ and Fig. 1).
All these manipulations were made in dim light in a dark room.

Chlorophyll fluorescence measurement by a direct
excitation method was performed using a PAR-FluoPen
FP110/S portable fluorometer (Photon Systems Instruments).
The polyphasic rise of the fluorescence transient curve (OJIP-
transient) was measured based on Strasser et al. (2004). FJ, the
fluorescence intensity at J-step at 2 ms in the OJIP-transient, was
measured in addition to F0 and Fm, and another fluorescence
parameter, (FJ – F0)/FJ, was calculated (Osmond et al. 2017).

Measurements of the Fv/Fm and DCIP photoreduction
rate in thylakoid membranes
The leaf segments (~10 cm2) were ground in an ice-cold buffer
containing 0.3 M sorbitol, 10 mM NaCl, 5 mM MgCl2, 0.1%
(w/v) bovine serum albumin (BSA) and 40 mM HEPES-KOH
(pH 7.0) with a Polytron homogeniser (Kinematica) at a line
voltage of 3 for 5 s. The homogenate was filtered through a
single layer of 20 mm nylon mesh and the filtrate was
centrifuged at 1500g for 2 min at 4�C, and the pellet was
resuspended in the same buffer but without BSA. These
procedures were made in dim light.

Thylakoids were suspended in the same buffer without
BSA but at pH of 7.5, at the chlorophyll concentration of
5 mM, and F0 and Fm were measured with a DUAL-PAM
(Walz) in the fast acquisition mode operated by DualPam
software. The measuring at 0.1 mmol m–2 s–1 switched on
0.1 ms before the SP, and F0 was determined within
0.01–0.1 ms from the onset of the SP. The chemicals were
added to the thylakoid suspension. When present, the
concentration of DPC, DCMU or 2,5-dibromo-6-isopropyl-
3-methyl-1,4-benzoquinone (DBMIB) was 1 mM, 10 mM or
5 mM. All these procedures were made in dim light.

Photoreduction of 2,6-dichloroindophenol (DCIP) was
measured with a spectrophotometer (Shimadzu UV200) with
a custom-made cross illumination system, which illuminated a
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Fig. 1. Determination of F0 and Fm in a cucumber leaf after the dark-RT treatment for 48 h. After the
dark-RT treatment, the leaf was vacuum-infiltrated with H2O containing 1% v/v DMSO in the dim light.
Fluorescence kinetics was measured in the fast data acquisition mode of PamWin software. The
measuring light at 0.1 mmol m–2 s–1 was switched on 0.1 ms before the start of a SP, which started at
0 ms. A typical normal scale trace (a) and a logarithmic scale trace (b) of the fast fluorescence kinetics
upon the SP in the leaf are shown. The same dataset was used for these traces.

the solution was infiltrated into the intercellular spaces by 
pulling and pushing a piston a few times by hand. After the 
infiltration, Fv/Fm was determined (Fig. S3). All these 
manipulations were conducted in dim light in a dark room. The 
optimal concentration of DCMU was determined by measuring 
the chlorophyll fluorescence inductions (Kautsky transient) in 
the presence of various concentrations of DCMU with a 
PAM-2500 at 23�C (Fig. S4). 1 mM was almost the maximum 
concentration for DPC in 1% DMSO solution.

To suppress repair of D1, we used lincomycin, an inhibitor 
of the 70S type protein synthesis. The leaf segment was 
infiltrated with 1 mM lincomycin solution using the 15-mL 
syringe as described above. After the infiltration, the leaf 
segment was softly sandwiched with two pieces of filter paper 
and kept for 30 min to eliminate the lincomycin solution from 
its intercellular spaces. Absence of the solution in the 
intercellular spaces was ensured by the loss of transparency of 
the leaf segment. Elimination of the solution was needed to 
avoid low O2 effects during the photoinhibitory treatment 
lasting typically for 30 min.

Measurements of chlorophyll fluorescence
Before application of chemicals or water, the leaves or leaf 
segments were kept in the dark at least for 30 min. Chlorophyll 
fluorescence was measured using a PAM-2500 (Walz) in the 
room air at 23�C. A saturating pulse (SP) from the red LEDs 
(7000 mmol m�2 s�1 for 300 ms) was applied in the dark to 
reduce QA in the functional PSII and determine the maximum 
chlorophyll fluorescence level, Fm. The 300-ms SP was long 
enough to obtain Fm (Figs 1a, S5). The maximum quantum 
yield of PSII photochemistry in the dark, Fv/Fm, was calculated 
as (Fm – F0)/Fm (Butler 1978).

In this study, we paid special attention to the minimal 
fluorescence (F0), which is defined as a fluorescence level with 
oxidised QA in all PSII (Lazár 2006). In the presence of DCMU, 
F0 tends to be overestimated, because even a very weak 
measuring light reduces QA. Thus, we determined F0 level 
using the fast acquisition mode of PamWin-3 (maximum time
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lateral side of the optical cuvette with a square optical fibre.
Thylakoidswere suspended in a buffer containing 0.3Msorbitol,
10 mM NaCl, 5 mM MgCl2, and 40 mM MES-KOH (pH 6.5).
The concentration of DCIP was 100 mM. When present, the
concentration of DPC was 1 mM.

PSII photoinhibition by sunlight
Cucumber plants grown in the growth chamber for 17–22 days
were transferred to a glasshouse on the rooftop of the
department building. The leaf adaxial side was exposed to
full sunlight for 3 h, during which, irradiance, air temperature
and humidity were fluctuated from ~1050–1200 mmol m�2 s�1,
~38.0–40.5�C, and ~50–51%. After the exposure to sunlight,
the leaves were kept in the dark for 30 min at 23�C, and F0 and
Fm were determined after the infiltration of DCMU or water
in the leaves and thylakoid membranes. For a spectrum of
the sunlight, see Fig. S1.

Statistical analyses
ANOVA with the Dunnett test or Tukey-Kramer test and
Student’s t-test were used with the Microsoft Excel 2016.

Results

Measurements of Fv/Fm in PSII with inactive OEC and
active D1 in the leaves

Cucumber leaves were chilled to selectively inactivate OEC at
4�C in the dark (dark-chilling treatment) for 48 h. We
hypothesised that PSII with inactive OEC and active D1
could not reduce QA sufficiently during a SP and that
addition of the electron donor to D1-TyrZ, DPC, or the
acceptor-side inhibitor of PSII, DCMU, to the leaves would
facilitate QA reduction by the SP. The chemicals were vacuum-
infiltrated at 23�C in the dark after the dark treatment for 48 h.
After the infiltration, F0 and Fm were measured in the fast
acquisition mode (Fig. 1) without further dark incubation.
Traces plotted against the normal scale (Fig. 1a) and log
scale (Fig. 1b) are shown. Fv/Fm values in the leaves
treated in the dark at room-temperature of 23�C (dark-RT
treatment) for 48 h were 0.79 � 0.027 regardless of the
chemical treatments (white bars in Fig. 2c). Significant
differences were not detected in Fm or F0, either (white
bars in Fig. 2a, b).

The dark-chilling treatment for 48 h decreased Fv/Fm to
0.48 � 0.060 in water-infiltrated leaves. Fv/Fm in DPC-
infiltrated leaves was comparable to that of the water-
infiltrated leaves, whereas Fv/Fm in DCMU-infiltrated leaves
was greater and 0.64 � 0.037 (Fig. 2). F0 after the dark-chilling
treatmentwasnotdifferent fromthoseafter thedark-RTtreatment
for 48 h irrespective of the chemicals. In Fig. 2, the data using
1 mM DPC are shown. When DPC at the concentrations
greater than 1 mM were used, Fv/Fm in the leaves did not
differ from that at 1 mM DPC (data not shown). DCMU at
100 mM completely inhibited electron flows in PSII (Figs 2, S4).

To examine the cause of the decrease in Fv/Fm by the dark-
chilling treatment for 48 h in DCMU-infiltrated leaves, we
varied duration of the dark-chilling treatment from 6 to 48 h
(Fig. S6). Fv/Fm in water-infiltrated leaves decreased with
time. On the other hand, the extent of OEC inactivation

assessed by the difference in Fv/Fm between water- and
DCMU-infiltrated leaves increased with time. Fv/Fm in
DCMU-infiltrated leaves after the dark-chilling for 6 h
(0.66) was already lower than that before the treatment
(0.79), and did not decrease further up to 48 h. To check a
possibility that low temperature itself could exert some
inhibitory effect on Fv/Fm in DCMU-infiltrated leaves, we
kept the leaves after dark-chilling for 48 h at RT in the dark for
up to 48 h (Fig. S3). Fv/Fm in DCMU-infiltrated leaves did not
recover to the original level andwas comparable to thatmeasured
immediately after the dark-chilling treatment for 48 h.

Fv/Fm measurements in isolated thylakoid samples

To understand causes of the differential effect of DPC and
DCMU on Fv/Fm measured in leaf segments, we measured
Fv/Fm in suspensions of thylakoids isolated from the leaves
after the dark-chilling or dark-RT treatments for 48 h (Fig. 3).
The chemicals were added in the suspension before the
measurement. F0 measured in the presence of DCMU in the
dark-RT samples did not differ significantly from the value with
DBMIBor no addition (denoted as n.a. infigures).Fm levels after
the dark-RT treatment did not differ irrespective of the
chemicals. After the dark-chilling, Fm in the presence of DPC
or DCMUwas comparable to the level after the dark-RT. Fv/Fm

after dark-RT was similar, irrespective of the chemicals. After
the dark-chilling, Fv/Fm in the absence of chemicals was lower

0

0

0

0.2

0.4

F o

a a a a a a

(a)

(b)

(c)

0.5

1.0

F m
F v
/F
m

aa a

b
c

b

0.2

0.4

0.6

0.8

1.0

b

a
c

b

a a

H2O DPC DCMU H2O DPC DCMU

23ºC 4ºC

Fig. 2. F0, Fm and Fv/Fm after the dark treatment at 23�C (white bars) and
dark-chilling at 4�C for 48 h (black bars). After the dark treatment, the
leaves were vacuum-infiltrated with an aqueous solution of 1% v/v DMSO
(as a control), 1 mM DPC or 100 mM DCMU in the dim light. After the
infiltration, F0 (a) and Fm (b) were determined. F0 and Fm levels were
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than that withDPCorDCMU.Although addition ofDPC did not
increase Fv/Fm in the leaf segments (Fig. 2), DPC at the same
concentration markedly increased Fv/Fm in the thylakoid
suspension. Fv/Fm with 10 mM DCMU did not differ from
that with 1 mM DPC. We also examined effects of 5 mM
DBMIB, an inhibitor of plastoquinone oxidation by the
cytochrome b6f complex. Addition of DBMIB to the
thylakoids isolated from the leaves after the dark-chilling of
leaves did not increase Fm, and Fv/Fm did not differ significantly
from no addition. These results indicate that, in the thylakoid
suspension, 1 mM DPC was competent to reduce all QA by the
SP: Fv/Fm measured in the presence of DPC reflected the
plastoquinone-photoreducing activity of D1. DCMU was also
effective in the thylakoid suspension.

To examine the activity of OEC, we measured the rate of
DCIP photoreduction in the thylakoid suspension (Fig. 4). At
pH 6.5, DCIP accepts electrons from PSII (QB site) or
plastoquinone pool rather than PSI (Izawa 1980). In
thylakoids isolated from the leaves after the dark-RT
treatment for 48 h, DCIP photoreduction rates attained ~170
mmol e– mol–1 Chl s–1 irrespective of the presence or absence
of DPC. The dark-chilling treatment strongly suppressed the
DCIP photoreduction rate in the absence of DPC (~10 mmol
e– mol–1 Chl s–1), whereas addition of DPC largely recovered

the rate (~130 mmol e– mol–1 Chl s–1). This would explain the
increase in Fv/Fm by addition of DPC to the thylakoids isolated
from leaves after dark-chilling treatment (Fig. 3). However,
the DCIP photoreduction rate in the presence of DPC in the
thylakoids isolated from the leaves after the dark-chilling
treatment was lower than that in the thylakoids isolated
from leaves after the dark-RT treatment.

Effect of UV-A irradiance on the OEC inactivation

In addition to the OEC inactivation by the dark-chilling
treatment, we tried to photoinactivate OEC by exposing the
leaves to UV-A light. The light source showed a peak at
365 nm (Fig. S1). Cucumber leaves were illuminated from
the adaxial or abaxial side with UV-A at a photon flux density
of 50 mmol m�2 s�1 for up to 6 h. After the dark treatment for
30 min, Fv/Fm was measured on both adaxial and abaxial sides.
When the leaves were infiltrated with DCMU or H2O, the
leaves exposed to UV-A were kept in the dark for 30 min and
100 mM DCMU or H2O was infiltrated in the dim light and
then Fv/Fm were measured without further dark treatment.
Fig. 5a shows Fv/Fm in the leaves illuminated from the adaxial
side without solute-infiltration. Fv/Fm hardly declined
irrespective of the adaxial or abaxial side measurement.
Fv/Fm in DCMU-infiltrated leaves after UV-A exposure for
6 h did not differ from that in water-infiltrated leaves
(Fig. 5c, e), indicating that OEC was not inactivated by
exposure to UV-A irradiance from the adaxial side. In
contrast, when the leaves were illuminated from the abaxial
side, Fv/Fm measured without solute-infiltration decreased
with time (Fig. 5b). The decline in the abaxial side was
greater than that in the adaxial side (Fig. 5d, f). After
UV-A illumination for 6 h, Fv/Fm in DCMU-infiltrated
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leaves were ~0.52 (abaxial data) and 0.69 (adaxial data), and
greater than those in water-infiltrated leaves, ~0.46 and 0.63,
respectively (Fig. 5b, d, f).

To analyse why Fv/Fm was high after exposure to UV
irradiance from the adaxial side, we compared the excitation
spectrum of PSII fluorescence measured at 690 nm in a leaf
excited with monochromatic light from the adaxial side and
that excited from the abaxial side (Fig. S7). Chlorophyll
fluorescence intensity on the leaf adaxial surface was
markedly lower for the excitation wavelength from 300 to
360 nm than that on the abaxial surface. When UV-A was
illuminated from the leaf adaxial side, red chlorophyll
fluorescence was hardly visible to the naked eye. In contrast,

when UV-A was illuminated from the leaf abaxial side, the
fluorescence could be clearly seen from both sides (data not
shown). Transmittance of UV light in the adaxial epidermis
peel was also significantly lower than that in the abaxial one,
especially in a range of 300–380 nm (data not shown). These
results indicate that the PSII tolerance to the UV-A illumination
from the adaxial side was attributed to the presence of
UV-absorbing compounds in the adaxial epidermal cells.

Effect of DCMU on Fv/Fm in PSII with inactive D1

We examined effects of the damage to D1 on Fv/Fm. Detached
leaves were vacuum-infiltrated with 1 mM lincomycin, an
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whether PSII with inactive OEC and active D1 was present.
Cucumber plants grown in the growth cabinet were transferred
to the rooftop glasshouse and exposed to full sunlight for 3 h.
PPFD levels ranged from 1050 ~1200 mmol m�2 s�1 (for the
spectrum, see Fig. S1). After the dark treatment for 30 min at
23�C and subsequent infiltration of 100 mM DCMU or H2O,
Fv/Fm was measured both on the adaxial and abaxial sides in
the presence and absence of DCMU. Fv/Fm of both sides was
comparable at ~0.60 not only in water-infiltrated leaves but
also in DCMU-infiltrated leaves (Fig. 7). Further, we measured
Fv/Fm and the DCIP photoreduction rate in the thylakoid
suspension isolated from these leaves. Although F0 and Fm

were slightly lower with DPC than those with DCMU or no
addition, Fv/Fm levels showed no significant differences
irrespective of the chemicals (Fig. 8). DCIP photoreduction
rates did not differ between the presence and absence of DPC
(Fig. S8). These results suggest that the leaves in the strong
sunlight had no PSII with inactive OEC and active D1.

Examination of the DCMU-infiltration method of Fv/Fm
with a direct excitation fluorometer

We used a direct excitation fluorometer (PAR-FluoPen
FP110/S, Photon Systems) to examine the DCMU-
infiltration method in cucumber leaves after the dark-
chilling for 48 h (Fig. S9). F0 levels in DCMU-infiltrated
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inhibitor of chloroplast-encoded protein synthesis. After the 
infiltration, the leaf segments were gently sandwiched with 
pieces of filter paper for 30 min to eliminate the lincomycin 
solution from the intercellular spaces. Then, blue- or red-actinic 
light at the PPFD level of 2000 mmol m�2 s�1 was illuminated 
for 30 min (for the spectra, see Fig. S1). After the dark 
treatment for 30 min, 100 mM DCMU  or H2O were 
infiltrated just before the measurements. Neither F0 nor Fv/Fm

after the exposure to red light was significantly different 
between DCMU- and water-infiltrated leaves (Fig. 6a, b). We 
expected that some effect of OEC inactivation on Fv/Fm might 
be observed with blue light, because blue light is well absorbed 
by the Mn4CaO5 cluster. However, neither F0 nor Fv/Fm in 
DCMU-infiltrated leaves after the exposure to the blue light 
differed from those in water-infiltrated leaves (Fig. 6c, d). The 
result of blue light suggests either that the damage to D1 
occurred according to the excess hypothesis or that the damage 
to OEC was immediately followed by the damage to D1.

Inactivation of OEC and/or photo-damage of D1 by natural 
light

By using the DCMU-infiltration method, we examined the PSII 
photoinhibition in the natural solar radiation to examine
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leaves were higher irrespective of the dark-RT or dark-chilling
treatment compared with the stable Fm levels, leading to lower
Fv/Fm values. In this fluorometer, the fluorescence was
induced by a strong light at 3000 mmol m�2 s�1 and F0 is
estimated using a regression equation through the initial
several data points recorded immediately after the onset of
the strong light. Much weaker light would be needed to
estimate a correct F0 in the presence of DCMU. Or Fv/Fm

in DCMU-infiltrated leaves might be recalculated using F0

measured in water-infiltrated leaves (Fig. S10).
We also measured FJ, the fluorescence intensity at J-step at

2 ms in the OJIP-transient, and calculated another fluorescence
parameter, (FJ – F0)/FJ from the same measurements for Fv/Fm

with the PAR-FluoPen FP110/S. According to Osmond et al.
(2017), (FJ – F0)/FJ reflects the QA-reducing activity, whereas
Fv/Fm reflects the redox condition of plastoquinone pool.
However, (FJ – F0)/FJ after the dark-chilling treatment did
not differ statistically between water- and DCMU-infiltrated
leaves, whereas Fv/Fm in DCMU-infiltrated leaves was
greater than that in water-infiltrated leaves (Fig. S9). FJ and
Fm in DCMU-infiltrated leaves were similar. Thus, similar
(FJ – F0)/FJ between water- and DCMU-infiltrated leaves
could be attributed to a high level of FJ in water-infiltrated
leaves (Fig. S9).

(FJ – F0)/FJ and Fv/Fm for DCMU-infiltrated leaves were
re-calculated using F0 obtained in water-infiltrated leaves

(Fig. S10). Then, the difference in (FJ – F0)/FJ between
DCMU- and water-infiltrated leaves after the dark-chilling
treatment was statistically significant.

Discussion

In this study, we focussed on separate evaluation of the PSII
with inactive OEC and active D1 from those with inactive D1
(with intact OEC or with OEC and D1 inactivated to the same
extent), based on in vivo and in vitro Fv/Fm measurements with
the PAM and direct excitation fluorometries, in the presence of
chemicals such as DCMU and DPC. The present method is not
new but a refined version of the pre-existing methods using
DCMU and/or DPC (Izawa 1980; Strasser et al. 2004; Zavafer
et al. 2017). Although D1 has several cofactors involved in
PSII electron transport and thereby several functions, we
focussed on the QA-reducing activity. Here, we simply call
D1 activity to denote the QA-reducing activity.

The method is very simple. It is to just compare the Fv/Fm

in DCMU-infiltrated leaves with that in water-infiltrated
leaves (Fig. 2). In the thylakoid suspension, DPC at 1 mM
also caused the increase in Fv/Fm (Fig. 3). However, due to its
low solubility in water, it would be impossible to attain the
effective concentration in the thylakoids by feeding it from the
intercellular space: There was little effect of DPC infiltration
on Fv/Fm in the dark-chilling treated leaves (Fig. 2c). Thus, we
decided to use DCMU. The optimal concentration of DCMU
would be different depending on the species or conditions, but
it can be readily checked by monitoring the Kautsky transient
(Fig. S4). When there are PSII with inactive OEC and active
D1 in the leaf, Fv/Fm in the presence of DCMU would be
greater than that in its absence, whereas Fv/Fm in the leaf
having PSII with inactive D1 and active OEC and/or PSII with
OEC and D1 inactivated to the same extent, would not increase
by DCMU. Thus, the difference in Fv/Fm between the presence
and absence of DCMU reflects the fraction of the PSII with
inactive OEC and active D1.

Separate evaluation of differently damaged PSII by the
DCMU-infiltration method with PAM

Our results with DCMU indicate that Fv/Fm measured in the
conventional practice would underestimate the QA-reducing
activity of D1. When the light source including UV is used for
the photoinhibitory treatment or for the growth light, there
could be some PSII that have inactivated OEC and functional
D1. This might apply to the field studies especially those
conducted at high elevations, because the solar radiation
includes UV and the share of UV increases with the
elevation (Sullivan et al. 1992; Wang et al. 2016). The
electron transport rate through PSII is sensitive to UV, due
to the sensitivity of OEC to UV. In this study, we demonstrated
that the separate evaluation of PSII with inactive OEC and
active D1 from PSII that have damaged D1 is possible (Figs 2,
3, 5). In cucumber leaves illuminated with UV-A light from
the abaxial side, we detected considerable PSII with inactive
OEC and active D1 (Fig. 5), indicating that the damage to PSII
by the two-step mechanism had occurred.

In the present study, we hypothesised that, in the presence
of DCMU, QA can be reduced even in the PSII with the
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by a dark-to-strong light transition or a SP, where O and P
correspond to F0 and Fm, respectively, and J and I are
inflections between O and P. A peak at around 200–300 ms
in the OJIP transient has been assigned as K-peak and claimed
to reflect the damage to OEC (Tóth et al. 2005b; Iermak et al.
2020). When leaves were treated at 40�50�C to give
irreversible damage to OEC, the K-peak appeared in potato
and pea (Guissé et al. 1995), rice and spinach (Yamane et al.
1997), and barley (Tóth et al. 2007). The occurrence of K-peak
is explained as the faster outflow of electrons from P680
acceptors than the electron flow from PSII donor side due
to the damage to OEC. An increase in the FK/FJ ratio, where
FK and FJ are the fluorescence levels at K-step and J-step,
respectively, has been also assigned to indicate inactivation of
OEC (Srivastava and Strasser 1995; Tóth et al. 2005b; Iermak
et al. 2020). In the present study, the fluorescence transients
showed the peak around at 300 ms both in the water- and
DCMU-infiltrated leaves after the inactivation of the OEC
(Fig. S11). We recommend determination of Fv/Fm in DCMU-
infiltrated leaves to quantify the fraction of PSII with inactive
OEC and active D1, combined with the evaluation of the
K-peak in the OJIP-transient.

Which instruments can be used for the DCMU-infiltration
method? The fluorometer should have a high resolution data
acquisition system. It also needs a stable flash for a few
hundred ms. The DCMU infiltration-method can be made
with the direct excitation fluorometers such as photosynthetic
efficiency analysers (PEA) series (Hansatech Instruments Ltd)
and portable battery-powered fluorometers (FluorPen series,
Photon Systems Instruments, Czech Republic; Fig. S9) as well
as the High-performance field and laboratory chlorophyll PAM
fluorometers such as a PAM-2500 and a DUAL-PAM (Fig. 3)
(Walz). Apart from these commercial fluorometers, a low-cost
and highly customisable chlorophyll fluorometer is also
available (Bates et al. 2019). Bates et al. (2019) have
explained how to make this low-cost device with easy-to-
acquire electrical components and an open-source
microcontroller. It should be noted that F0 in DCMU-
infiltrated leaves measured with the systems employing
direct excitation in strong light tends to be overestimated.
The devices used for the OJIP-analysis use strong light at
3000– 4000 mmol m�2 s�1 from the first time, whereas PAM
fluorometers are equipped with low measuring light at
0.1 mmol m–2 s–1. Thus, for the use of F0, special care
should be taken (Fig. S10). Further, as far as the sensitivity
to OEC inactivation by the dark-chilling treatment, the use of
Fv/Fm was better than (FJ – F0)/FJ (Fig. S9).

Damage to PSII with inactive OEC and active D1

The present study has given an answer to the question whether
PSII with inactive OEC and active D1 exists. We expected that
there could be some PSII with inactive OEC and active D1
after the photoinhibitory treatment with blue light. However,
after the exposure to blue light at 2000 mmol m�2 s�1, Fv/Fm in
DCMU-infiltrated leaves were not different from those
in water-infiltrated leaves (Fig. 6), indicating that the D1
protein was first damaged according to the excess
hypothesis or that the inactivation of the OEC by blue light

inactive OEC. In the experiment with isolated thylakoids, we 
also used an inhibitor of binding of plastoquinone to the 
cytochrome b6/f complex, DBMIB, and found that DBMIB 
could not replace DCMU. These indicate that PSII with 
inactive OEC was able to transfer at least one electron to 
QA in response to a SP but was not able to reduce the whole 
plastoquinone pool. Thus, in the presence of DCMU, QA was 
reduced, whereas in its absence, QA was not fully reduced 
because the plastoquinone pool would be largely oxidised.

In the present study, Fv/Fm in DCMU-infiltrated leaves 
after the dark-RT treatment did not differ from that in water-
infiltrated leaves (Fig. 2). Thus, we expected that Fv/Fm in 
DCMU-infiltrated leaves after the dark-chilling treatment 
would be comparable to that in the leaves after the dark-RT 
treatment. This was not the case (Fig. 2). The electron transport 
rate from DPC to DCIP in the thylakoids isolated from dark-
chilled leaves was also significantly lower than that from H2O 
or DPC to DCIP in the thylakoids from dark-RT leaves (Fig. 4). 
Thus, the dark-chilling treatment might exert some negative 
effect on D1 as well. It is interesting to point out that Fv/Fm

levels measured in thylakoids in the presence of DCMU or 
DPC did not differ between the dark-chilling and dark-RT 
treatment of the leaves, and that these values were both lower 
than that measured in the leaves after the dark-RT treatment 
(Fig. 3). However, after these dark treatments, the thylakoids 
were isolated and kept at 4�C. Thus, chilling would exert some 
effects on D1 functions (see also Fig. S6). The effect could be 
related to disorder in the lipids or thylakoid membranes. 
Concerning such membrane effects in cucumber at chilling 
temperature, there were some arguments (Peeler and Naylor 
1988; Terashima  et al. 1989, 1991a, 1991b).

Because of high sensitivity of PSII to environmental 
stresses, the Fv/Fm measurement is a routine practice to check 
physiological status of plants. Although our method is simple, 
some attention should be paid. DCMU is known to increase F0 
due to the actinic effect of the measuring light (Tóth et al. 
2005a; Lazár 2006). Thus, in this study, we used the fast 
acquisition mode in the PAM software, which allowed high 
resolution analyses of the fluorescence in the order of ms to 
detect the F0 level. With the systems that are unable to detect 
sub-ms data, we recommend the use of very weak measuring 
light, which is turned on just before the start of the SP. It is 
needed to manipulate samples in very dim safe light, 
particularly in the presence of DCMU. Otherwise, reduction of 
QA would occur.

F0 was not affected by the dark-chilling or UV-A illumination 
in the present study. However, the increases in F0 have been 
reported under some stress conditions. For example, high 
temperature stress increases F0 (Chen et al. 2009). The 
increase in F0 may be due to the release of the light-
harvesting antenna complex II from PSII (Yamane et al. 
1997) and dark reduction of QA via plastoquinone (Yamane 
et al. 2000). Thus, when the F0 changes after the exposure to 
severe stress conditions, especially heat stress, we need to 
carefully interpret the changes in Fv/Fm.

Fluorometers suitable for the DCMU-infiltration method

The OJIP analysis has been widely used (Strasser et al. 2000). 
The OJIP is the transient chlorophyll fluorescence rise induced
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was immediately followed by the damage to the D1 protein by
excess light energy. There might be the third possibility that
PSII was immediately degraded after OEC inactivation and
therefore PSII with inactive OEC and active D1 did not
accumulate. However, if much PSII were degraded in this
way,Fm inDCMU-infiltrated leaves after dark-chilling treatment
would be lower than that in the leaves treated in the dark at RT. In
the glasshouse experiment as well, Fv/Fm in DCMU-infiltrated
leaves did not differ from those inwater-infiltrated leaves (Fig. 7).
In thepresentstudy,wewereable todetectPSIIwith inactiveOEC
and active D1 only in the experiment in which UV-A was
illuminated from the abaxial side of the leaves (Fig. 5). Thus,
in the full sunlight, PSII with inactive OEC and active D1may be
virtually absent.

Effects of UV tolerance in the adaxial surface of cucumber
leaves

When the UV-A was applied from the adaxial side of the
cucumber leaves, the leaves were tolerant to the UV-A
irradiance (Fig. 5). The UV-induced fluorescence emission
spectra suggest that the adaxial epidermis had the UV-
absorbing compounds such as flavonoids to protect the
mesophyll chloroplasts (Agati et al. 2013). Because UV-A
has been argued as an important factor for the two-step
theory, survey of the UV-A screening effects of the adaxial
epidermis in various species should be conducted. For such
surveys, the present excitation spectrum method would be
very useful. Ecophysiological roles of the adaxial epidermis
in protecting the OEC and/or D1 protein are needed to be
clarified in the future.

Concluding remarks and future scopes

The DCMU-infiltration method would be a useful tool for the
detailed analyses of PSII photoinibition in the field as well as
PSII repair. Diurnal changes in PSII photoinhibitory status in
nature should be examined with this method because light
intensity and light quality including UV change along with the
sunrise, daytime and sunset. Sensitivity of the OEC and D1
would also change. The PSII repair rate would markedly differ
among PSII with inactive OEC and D1, PSII with inactive
OEC and active D1, and PSII with active OEC and inactive
D1. The repair rates for these PSII complexes should be
separately examined. In such studies, PSII repair processes
that proceed with or without light (Ono 2001; He and Chow
2003) should be carefully addressed. We have provided a
perspective article in this Special Issue for Professor Wah
Soon Chow. In this study, we could not separate PSII with
inactive OEC and D1 from those with PSII with active OEC
and inactive D1. We are planning to determine such PSII
fractions by means of thermoluminescence (Higuchi et al.
2003), atomic absorption spectrometry of the PSII preparation
(Shen et al. 1990), photoreduction assay (Terashima et al.
1989) and electron spin resonance spectroscopy (Kobayashi
et al. 2016).
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