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Abstract

The responses to irradiance of photosynthetic CO, assimilation and photosystem 2 (PS2) electron transport were simul-
taneously studied by gas exchange and chlorophyll (Chl) fluorescence measurement in two-year-old apple tree leaves
(Malus pumila Mill. cv. Tengmu No.1/Malus hupehensis Rehd). Net photosynthetic rate (Py) was saturated at photosyn-
thetic photon flux density (PPFD) 600-1 100 pmol m™ s, while the PS2 non-cyclic electron transport (P-rate) showed a
maximum at PPFD 800 pmol m™ s'. With PPFD increasing, either leaf potential photosynthetic CO, assimilation activ-
ity (F¢/F;) and PS2 maximal photochemical activity (F,/F,,) decreased or the ratio of the inactive PS2 reaction centres
(RC) [(F;— Fo)/(F, — Fy)] and the slow relaxing non-photochemical Chl fluorescence quenching (qs) increased from
PPFD 1200 pumol m™ s, but cyclic electron transport around photosystem 1 (RFp), irradiance induced PS2 RC closure
[(Fs = Fo)/(Fn'— Fo)], and the fast and medium relaxing non-photochemical Chl fluorescence quenching (qs and qy,) in-
creased remarkably from PPFD 900 umol m” s, Hence leaf photosynthesis of young apple leaves saturated at PPFD
800 umol m? s™" and photoinhibition occurred above PPFD 900 pmol m™ s™'. During the photoinhibition at different ir-
radiances, young apple tree leaves could dissipate excess photons mainly by energy quenching and state transition
mechanisms at PPFD 900-1 100 jimol m™ 5™, but photosynthetic apparatus damage was unavoidable from PPFD 1200
umol m™ s™. We propose that Chl fluorescence parameter P-rate is superior to the gas exchange parameter Py and the
Chl fluorescence parameter F,/F,, as a definition of saturation irradiance and photoinhibition of plant leaves.
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Introduction

Photosynthetically active radiation is the energy source of
plant photosynthesis. At low irradiance, photosynthetic
rate is a linear function of irradiance. With increasing
irradiance photosynthesis becomes saturated, and finally,
at high irradiances, inhibited. This is the common photon
response characteristic of plant photosynthesis (Prezelin
1981, Falkowski et al. 1994, Igbal ef al. 1997). During
photosynthesis, photon energy absorbed by plant is con-
verted into chemical forms, NADPH and ATP, and then
used for CO, assimilation. When too many photons are
absorbed by leaves, excess NADPH and ATP are produc-
ed in photochemical reactions which causes a decrease
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in leaf photosynthetic capacity (Powles et al. 1979, Krall
and Edwards 1992): this is called photoinhibition (Kok
1956, Jones and Kok 1966).

The ability of photon energy conversion in plant is
mainly reflected in photochemical reactions of photo-
synthesis, which can be determined by the non-invasive
Chl fluorescence measurement. Schindler and Lichten-
thaler (1996) emphasised that the Chl fluorescence sig-
nals measured at the upper leaf side are not representative
of the chloroplasts of whole leaf, and thus differ from Py
measured by gas exchange. Py reflects photosynthetic
characteristics of whole leaf (Schindler and Lichtenthaler
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1996). Under high irradiance, a small pool of chloroplasts
at the upper layer of leaf may be partially or fully photo-
inhibited. These chloroplasts form thus a photon absorb-
ing shading shield protecting the majority of chloroplasts
of the lower cell layers from photoinhibition and enabling
normal or nearly normal photosynthetic CO, assimilation

Materials and methods

Plants: Two-year-old apple trees (Malus pumila Mill. cv.
Tengmu No,1/Malus hupehensis Rehd) were grown in
field. The tree stem with no branches reached a height of
about 1.0 m. Three or four fully developed leaves of the
medium part of tree stem were chosen for experiments.

Photosynthetic CO, assimilation and PS2 electron
transport measurements: A gas exchange system
CIRAS-1 (PP-Systems, UK) was connected with a modu-
lated fluorescence monitor system FMS-2 (Hansatech,
UK) for simultaneous photosynthetic CO, assimilation
and PS2 electron transport measurements. The testing
leaves were pre-irradiated under 400 pmol m? s™ PPFD
for 1.0 h and then were clamped into the CIRAS-1 cu-
vette. The gas temperature (28+2 °C), relative humidity
(75%5 %), CO, concentration (350+5 cm m™), and PPFD
were conirolled by the CIRAS-1. After pre-irradiation,
leaves were irradiated with the required PPFD for 10 min
in cuvette and Py and Chl fluorescence parameters F,,, F,,
and Fy' were recorded by computers. The PS2 non-cyclic
electron transport (P-rate) was calculated according to
formula P-rate = (F,'— F)/F,' x PPFD (Genty et al.
1989). Chl fluorescence parameters Fy, F,, and F,,' reflect
irradiance-adapted fluorescence yield of leaf with PS2
RCs in open, partly closed, and fully closed states, re-
spectively (Van Kooten and Snel 1990, Bilger and
Schreiber 1990). We found that Chl fluorescence pa-
rameters (Fy— Fq')and (F,,'~ Fy") represented the fluores-

Results

With increase in PPFD, Py of young apple tree leaves
increased to saturation at PPFD of 600-1 100 ymol m? s
Py began to decrease above PPFD 1 100 umol m? s
(Fig. 14), while the PS2 non-cyclic electron transport
(P-rate) had a distinct maximum at PPFD of 800 pmol
m? s (Fig. 1B). This phenomenon was explained by
Schindler and Lichtenthaler (1996): when leaf is exposed
to high irradiance, only the upper cell layer chloroplasts
are photoinhibited. They then form a photon-absorbing
shading shield to protect the majority of chloroplasts
from photoinhibition. The latter chloroplasts then perform
a normal photosynthetic CO, assimilation. Thus leaf Py
was nearly unchanged after saturation with photons.
Hence Py is not the actual irradiance response of leaf
photosynthetic CO, assimilation at high irradiance. The
upper cell layer chloroplasts in leaf upper side directly
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of the whole leaf. We speculated that if the irradiance
response of leaf photosynthesis were determined by the
non-invasive Chl fluorescence technique, maybe a single
value of saturation irradiance could be obtained; this
speculation was tested in young apple tree leaves.

cence yield of actually closed PS2 RCs caused by actinic
irradiation and of the fully closed PS2 RCs caused by
saturated pulse radiation, respectively. Thus (F; — Fy')/
(Fn' — Fy') reflect the ratio of actinic radiation induced
PS2 RC closure to the whole amount of active PS2 RCs.

Cyclic electron transport around PS1 and non-photo-
chemical Chl fluorescence quenching components:
Leaves were irradiated under the required PPFD for 10
min (actinic radiation was provided by FMS-2), then ac-
tinic radiation was switched off, and the rate of post-irra-
diation transient increase in Chl fluorescence (RFp) was
measured according to Mi et al. (1995). During the 20-
min dark adaptation switching off the actinic radiation,
saturated pulse radiation was applied at 1 min alternation.
The fast relaxing (qs), medium relaxing (q,), and slow
relaxing (qs;) non-photochemical Chl fluorescence
quenching were calculated according to Quick and Stitt
(1989).

Chl fluorescence kinetics: Leaves were adapted in dark
for 20 min after irradiation. A plant efficiency analyser
(PEA, Hansatech, UK) was used to analyse Chl fluores-
cence kinetics. The PS2 maximal photochemical activity,
ratio of the inactive PS2 RCs, and leaf potential ability
for photosynthetic CO, assimilation were calculated ac-
cording to formulae F./F, (F; ~ Fo)/(F, — Fy), and Fy/F,,
respectively.

responded to PPFD, which was reflected in Chl fluores-
cence signals. Thus the PPFD of 800 pumol m™? s corres-
ponded to the maximal P-rate, and this value was possib-
ly the actual saturation irradiance of young apple tree leaf
photosynthesis, while the decrease of P-rate from PPFD
900 pmol m? s might reflect real photoinhibition,

After irradiation, leaves were darkened for 20 min.
From the Chl fluorescence kinetics curves, the PS2 maxi-
mal photochemical activity F/F, (Fig. 24), the ratio of
the PS2 inactive RCs (F; — Fo)/(F, — Fo) (Fig. 2B), and the
leaf potential photosynthetic ability of CO, assimilation
Fo/F; (Fig. 2C) were calculated. All these three parame-
ters did not change under PPFD below 1 100 pmol m? s,
which was similar'to Py (Fig. 14), while P-rate decreased
incessantly from PPFD 900 umol m™ s (Fig. 1B). Thus
the P-rate decrease at PPFD of 800-1 100 pmol m™ s’
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was not induced by the loss of leaf potential photosyn-
thetic activity. Chl fluorescence parameter F./F,, is com-
monly used as the criterion of photoinhibition (Adams

et al. 1994). Here, F,/F,, did not support the photoinhibi-
tion that we estimated using the P-rate.
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Fig. 1. Irradiance responses of net photosynthetic rate (Py, 4) and photosystem 2 electron transport (P-rate, B) in young apple tree
leaves. Py and P-rate were simultaneously measured under air temperature of 28+2 °C, relative humidity of 75+5 %, and CO, con-

centration of 350+5 cm’® m™. Means (n = 4) with standard deviations.
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Fig. 2. Change of PS2 maximal photochemical activity (F,/Fp,
A), ratio of PS2 inactive reaction centres (F; — Fo)/(Fy, — Fo) (B),
and leaf potential ability for photosynthetic CO, assimilation
(F4F,, C) in young apple leaves after different irradiation.
Measurements on leaves darkened for 20 min after irradiation.
Means (n = 4) with standard deviations.

In normal photosynthesis, the photosynthetic photo-
reactions and dark reactions are coupled. NADPH and
ATP are provided by photoreactions and the required
NADP" and ADP are regenerated by dark reactions. If the
supply of NADPH and ATP from photoreactions exceeds
the demand of photosynthetic CO, assimilation, the ex-

cess NADPH and ATP could increase cyclic electron
transport around PS1 through the reduction of plastoqui-
none pool (Mi et al. 1995). This may be reflected by the
rate of transient post-irradiation increase in Chl fluores-
cence (RFp). PS2 photoreaction activity can be lowered
by the reduction of plastoquinone pool. RFp and (F, —
Fo)/(F.' — Fo') of young apple tree leaves rapidly in-
creased at PPFD above 800 pmol m? s’ (Fig. 34,B).
Hence plenty of NADPH and ATP was produced which
caused a decrease in PS2 photoreaction activity when the
PPFED was higher than 800 pmol m™ s™'. Photoinhibition
was originally defined by Kok as ‘the debilitating effect
of high intensities of visible light on the photosynthetic
capability of green organism’ (Kok 1956, Jones and Kok
1966). In agreement with this we found that photoin-
hibition occurred in young apple tree leaves at PPFD
above 800 pmol m™ s™' as a response to irradiance.

To avoid potential damage of photosynthetic appa-
ratus during photoinhibition, excess absorbed photons are
dissipated as heat, which is reflected as an increase in
energy-dependent non-photochemical Chl fluorescence
quenching (qn) (Krause and Weis 1991, Bjérkman and
Demmig-Adams 1994). qy is composed of several com-
ponents: the fast relaxing component q¢= high energy
quench, which is related to the formation of pH gradient;
the medium relaxing component g, = a quench related to
state transitions of the photosystems; and the slow relax-
ing component ¢, = photoinhibitory quench of PS2
(Demmig and Winter 1988). The three components can
be determined by dark relaxation kinetics (Quick and Stitt
1989). Both g and q,, of young apple tree leaves showed
a large enhancement at PPFD 800-1 000 pmol m? 5!
(Fig. 44,B), while q, increased distinctly from PPFD
1200 pmol m™ s (Fig. 4C). These results indicated that
the energy quenching mechanism and state transition
mechanism co-operated to dissipate excess energy after
saturation of photosynthesis at PPFD 800 pmol m? s,
and damage of the photosynthetic apparatus appeared
from PPFD 1 200 pmol m?2 s™.
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Discussion

Photosynthesis can be saturated at PPFD different for
every plant. The irradiance dependence of Py determined
by gas exchange is commonly used to confirm saturation
irradiance of the given plant type, but different values are
mostly obtained (Prezelin 1981, Igbal ef al. 1997). Schin-
dler and Lichtenthaler (1996) explain this fact by the

photoinhibition in only a few upper layers of chloro-
plasts. These chloroplasts form a photon-absorbing shield
protecting the rest of chloroplasts from photoinhibition.
PS2 is the most sensitive component of photosynthetic
apparatus (Aro et al. 1993, Long et al. 1994). Since the
upper layer chloroplasts in leaf directly respond to radiant
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Fig. 3. Changes of the rate of post-irradiation transient increase in Chl fluorescence (RFp, 4) and ratio of irradiation induced PS2
reaction centre closure (F; — Fo)/(F,,' — Fy") (B) in young apple leaves irradiated at different PPFD for 10 min. Means (n=4) with

standard deviations.
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Fig. 4. Changes of the three chlorophyll fluorescence quenching
components in young apple leaves irradiated by different PPFD:
the fast phase (qr, 4), the medium phase (qn, B), and the slow
phase (q,, C). Means (n = 4) with standard deviations.

energy and this is reflected in Chl fluorescence signals,
the precise saturation irradiance of plant photosynthesis
may be found using the Chl fluorescence technique.
Using the saturation irradiance curves of PS2 non-cyclic
electron fransport, maximal P-rate was at the PPFD 800
umol m? 5™ (Fig. 1B). This implies the maximum ability
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of young apple tree leaves to utilise the trapped photons
through photosynthetic electron transport, but the P-rate
decreased remarkably when PPFD exceeded 800 pmol
m?s”. We propose that PPFD of 800 umol m? s is the
saturation irradiance for photosynthesis of young apple
tree leaves. But why P-rate was not maximal at PPFD of
600 pmol m? s similarly to Py (Fig. 14)? This question
can be explained by two assumptions: (/) Py determina-
tion was largely affected also by factors other than irradi-
ance, ie. air temperature, vapour pressure deficit, CO,
concentration, efc. (2) Electrons from photochemical re-
action can be used in nitrate reduction and photorespi-
ration, which are the metabolisms required for plant de-
velopment. Mehler reaction can also consume electrons
from the photochemical reaction. The enhancement of
these metabolisms can improve photosynthetic electron
transport in some extent after photosynthetic CO, as-
similation is saturated and there are enough trapped pho-
tons in leaves.

In the absence of any stress factor, leaves acclimate to
increasing PPFD by increasing their maximal photosyn-
thetic capacity (Bjorkman 1981). However, no leaf can
utilise all the absorbed photons for photosynthesis. Pho-
toinhibition is a natural phenomenon that occurs at this
occasion (Bjorkman and Demmig-Adams 1994). Up to
present, there is no uniform definition of photoinhibi-
tion. Photoinhibition is generally manifested as a sus-
tained decrease in the efficiency of photosynthetic energy
conversion (i.e. a decrease in the rate of CO, uptake or O,
evolution at limiting PPFD) or in the intrinsic efficiency
of PS2 assessed using the ratio of variable to maximal
yield of fluorescence (F,/F,) (Adams et al. 1994). Re-
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cently, Chl fluorescence technique is the most common
method used in photoinhibition research. In the irradiance
response of photosynthesis of young apple tree leaves,
Chl fluorescence parameters P-rate and F./F, began to
decrease at the PPFD of 900 pmol m™ s™" and 1 200 ymol
m™ s, respectively (Figs. 1B and 24). F,/F,, was origi-
nally used to define photoinhibition in vitro, e.g. in chlo-
roplasts and thylakoid membranes. Artificial damage of
PS2 RCs was the most common result of this photoinhi-
bition. Photoinhibition can also occur due to the en-
hancement of non-photochemical energy dissipation
without any damage of the PS2 RCs (Long et al. 1994).
We found that photoinhibition in young ap?Ie tree leaves
occurred first at PPFD of 900 pumol m™ s”. When PPFD
increased above 900 umol m? s™', young apple tree leaf RFp
and (F, — Fy)/(F' — Fo’) increased distinctly (Fig. 34, B),
but Fy/F; was nearly unchanged (Fig. 2C). This result
indicates that the supply of NADPH and ATP exceeded
the demand of photosynthetic CO, assimilation. The ex-
cess of NADPH and ATP accelerated cyclic electron
transport around PS1 and then caused much more redu-
ced PS2 RCs in light, which induced a decrease in P-rate
and photoinhibition. Change of g, pronounced the photo-
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