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Abstract

To investigate leaf age dependence in the responses of photosynthetic functions to water stress, the
changes in fluorescence parameters of bean (Phaseolus vulgaris L.) leaves were examined while the
leaf water potential (¥ w) was gradually decreased by withholding water supply to the soil; leaves
of three different ages were used from each plant. No significant leaf age dependence was detected
in any fluorescence parameters when the ¥ w was higher than —0.9 MPa, the point at which the net
CO, uptake rate approached zero. However, at ¥y lower than —0.9 MPa, both the maximum PS
II photochemical efficiency (Fv/Fw) and the quantum yield of non-cyclic electron transport in PS II
(@) decreased with decreasing ¥1w. The decreases in both Fy/Fy and ¢. were larger in younger
leaves. More conspicuous leaf age dependence was detected in the response of the steady-state
nonphotochemical quenching coefficient (gn). Water stress-induced changes in all these fluores-
cence parameters recovered to pre-stress levels within a day after rewatering. The results showed
that the changes in the fluorescence parameters did not result from damage to the photosynthetic
systems, but from changes in physiological conditions caused by the cessation of CO, supply to the
stroma or changes in stromal water status. It was concluded that leaf age is an important factor in
determining the responses of fluorescence parameters to water stress.
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stress.

1. Introduction

Water stress causes stomatal closure even before
the leaf water potential begins to decrease (Davies
and Zhang, 1991), thus increasing the resistance of
CO, entering the leaves. Reduced CO, supply to
the chloroplasts invokes light energy dissipation to
avoid damage caused by generation of surplus
reductivity (Walker, 1992; Smirnoff, 1993). In ad-
dition, water stress can bring about decreases in
photosynthetic capacity by inhibiting electron trans-
port, photophosphorylation and metabolic processes
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in the chloroplasts (Kaiser, 1987; Lawlor, 1995).

Fluorescence analysis has been applied to evaluate
the effects of water stress on photosynthetic func-
tions in leaves (e.g. Stuhlfauth et al, 1988;
Stuhlfauth et al, 1990; Scheuermann er al., 1991;
Jefferies, 1994 ; Biehler and Fock, 1996). Genty et
al. (1987) and Scheuermann et al. (1991) showed
from fluorescence measurements that responses of
photosynthetic functions of leaves to water stress
differ among species. However, differences in the
responses of photosynthetic functions of leaves of
different ages to water stress are not clearly under-
stood.

An individual plant comprises leaves of a wide age
range and these are arranged vertically at different
positions on the stem. Leaves of different ages ex-
hibit different photosynthetic functioning (Jenkins
and Woolhouse, 1981; Somersalo and Aro, 1987;
Croxdale and Omasa, 1990). Moreover, when the
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plant is water-stressed, the leaves show different
water relations depending on leaf age (Ackerson and
Hebert, 1981; Morgan, 1984; Zhang and Davies,
1989). Therefore, water-stressed leaves in individu-
al plants can show age-dependent responses of
photosynthetic functions.

The aim of the research presented here was to
compare changes in fluorescence parameters of
leaves of different ages within individual plants of
bean (Phaseolus vulgaris L.) when the leaf water
potential (¥1w) was gradually decreased by with-
holding water supply to the soil. The study in-
cluded an examination of the responses of fluores-
cence during the recovery from water stress.

2. Materials and Methods

2.1 Plant materials

Bean (Phaseolus vulgaris L. cv. Shin-edogawa)
plants were used for the experiments. The seeds
were sown in pots containing 1.6/ of artificial soil
(mixture of vermiculite, peat, perlite and fine gravel,
2:2:1:1 v/v).
were thinned to one plant per pot to increase their

After emergence, the seedlings
uniformity. These plants were grown in an en-
vironmentally controlled greenhouse (temperature:
25°C/20°C in day/night, relative humidity: 60%).
The plants were watered every day and supplied with
nutrients twice a week. The plants were used for
the experiments 4-5 weeks after sowing when they
had 6-7 fully expanded leaves.
2.2 Measurements

Five to ten plants were transferred to an en-
vironmentally controlled growth cabinet (tempera-
ture: 25°C; relative humidity: 70%) the day before
the first The plants were il-
luminated from above with stannous halide vapor
lamps (photosynthetic photon flux density (PPFD)
on the upper portion of plants: 450 mol m s ';
light period: 6: 00-18: 00). These plants were
water-stressed by withholding water supply to the
soil, but two or three plants were watered every day
After withholding water for 5-12d,
water supply to the soil was resumed. During the

measurements.

as controls.

course of these treatments, gas-exchange rates and
fluorescence parameters were measured every day
using the same three leaves differing in age in each of
two water-withheld plants or one water-withheld and
one control plant. Leaf water potential (¥Lw) was
measured every day in three leaves differing in age;

the leaf samples were selected from leaves of three to
seven water-stressed plants. The measurements of
¥\ .w, gas-exchange rates and fluorescence were made
during 9: 00-10: 00, 9: 00-12: 00 and 9: 00-17: 00,
respectively; rewatering the water-stressed plants
was done at about 17: 00. The above experiment
was repeated six times. In addition to these experi-
ments, in order to investigate the recovery from
water stress precisely, plants were not watered for 5
d, then rewatered at about 9:00. Subsequent
changes in fluorescence in their young leaves were
then measured.

Three leaf samples differing in age were selected as
follows: young leaves were selected from the 6 th-
7 th leaves having leaf areas of 20-30cm?; middle-
aged leaves were selected from the 4th-5th leaves
having the largest leaf area; old leaves were selected
from the primary leaves. The terminal leaflets of
the trifoliates were used for the young and middle-
aged leaf samples.

Fluorescence measurements were made at about
25°C using the pulse amplitude modulation (PAM)
chlorophyl!l fluorometer (PAM 101, 102, 103, Walz,
Effeltrich, Germany) on the adaxial leaf surfaces of
attached intact leaves following the method of
Schreiber et al. (1986). Prior to the measurement,
the leaf was kept in the dark for 20 min, and thereaft-
er maximal (Fy) and variable (Fv) fluorescences
were measured to determine maximum PS II photo-
chemical efficiency (Fv/Fv) (Butler and Kitajima,
1975). Then the actinic light was illuminated.
The saturation pulse of 700 ms was also radiated at
20-s intervals with the actinic light for the determina-
tion of induction and steady-state values of photo-
chemical and nonphotochemical quenching coeffi-
cients (gp and g, respectively). Further, quantum
yield of non-cyclic electron transport in the PS II
(@) was calculated according to Genty et al. (1989).
The incident PPFD on the leaf surface of the 100
kHz-pulsed measuring light, the actinic light and the
saturation pulse were 1.5, 40, 2,200 mol m %s™ !,
respectively.

Net CO, uptake and transpiration rates were
measured in the cabinet under PPFD of 4504 mol
m ?s ' with a small open-flow gas-exchange cham-
ber (Shimazu, SPB-H?2), which allows measure-
ments of gas exchange rates of both sides of a leaf on
a 6.25cm’ rectangular area. ¥;w was measured
with an isopiestic psychrometer (Boyer and Knipl-
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ing, 1965) using excised leaf samples.
3. Results

3.1 Changes in leaf water potential and gas-
exchange rates

After water was withheld, the ¥y decreased by a
mean rate of about 0.1 MPa d™!, and ¥, w was almost
the same among the three leaves differing in age in
Before the ¥ w began to de-
crease, ¥1w had been about 0.1 MPa lower in the
young leaves than in the old and middle-aged leaves

individual plants.

of the same plants. The lower ¥y of non-stressed
young leaves is an artefact caused by cutting growing
tissue (Cosgrove et al., 1984). Consequently, in
this report, gas-exchange rates and fluorescence pa-
rameters of leaves differing in age were presented as
functions of ¥1w of middle-aged leaves (Fig. 1-4).
Changes in net CO, uptake and transpiration rate
with decreasing ¥1w are shown in Fig. 1 for the
Both the gas-

exchange rates decreased with decreasing ¥ w from

three leaves of different ages.

—0.3 to —0.9MPa and were near zero when 1w
was below —0.9 MPa.
the young leaves approached zero at lower ¥y than
those of the older leaves. The old leaves showed
lower gas-exchange rates than the younger leaves at
higher ¥ w.

3.2 Changes in steady-state fluorescence

The gas-exchange rates of

Figures 2-4 show changes in fluorescence parame-
When ¥1w was higher
than —0.9 MPa, none of the changes was prominent,

ters with changing Yrw.

and no significant age dependence was detectable in
these parameters, except that the old leaves showed
slightly lower ¢. than the younger leaves. However,
at ¥ w lower than —0.9MPa, Fv/Fyv, ¢. and gn
changed with decreasing ¥1w, and leaves differing in
age showed differences in the fluorescence parame-
The decrease in Fy/Fy was less for the old
leaves than for the younger leaves (Fig. 2). Also,
the decrease in ¢. was most pronounced in the young
leaves and smallest for the old ones (Fig. 3). For
steady-state quenching coefficients (Fig. 4), gn
responded differently depending on the leaf age,

ters.

while gp was maintained near 1 over the entire range
of ¥ w. In the young leaves, gn was almost con-
stant when the ¥ w was higher than —0.9 MPa, but
with further decrease in ¥pw, it initially increased
and subsequently decreased. Changes in gy in the
old leaves, however, were less conspicuous; these
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Fig. 1. Changes in net CO, uptake and transpi-
ration rate with decreasing leaf water potential
in young (a), middle-aged (b) and old (c)
leaves. Symbols @ and (O represent means of
3-11 replicates of net CO, uptake rate and tran-
spiration rate, respectively; solid and dotted lines
show changes in net CO, uptake and tran-
spiration rates, respectively. Error bars indicate
90% confidence intervals. The gas-exchange
rates were measured under a PPFD of 450 mol
m~2s”'. The horizontal axis represents the leaf
water potential of the middle-aged leaves.
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Fig. 2. Changes in Fy/Fy with decreasing leaf

water potential. (a), (b) and (¢) correspond to
changes in the young, middle-aged and old
leaves, respectively. Values of Fv/Fy of the
same leaves are connected with solid lines. The
horizontal axis represents the leaf water potential
of the middle-aged leaves.
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Fig. 3. Changes in the quantum yield of
non-cyclic electron transport in the PS II (&.)
with decreasing leaf water potential. (a), (b)
and (c) correspond to changes in the young,
middle-aged and old leaves, respectively. Values
of ¢. of the same leaves are connected with solid
lines. The horizontal axis represents the leaf

water potential of the middle-aged leaves.
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Fig. 4. Changes in steady-state quenching co-
efficients with decreasing leaf water potential.
(a), (b) and (c) correspond to changes in the
young, middle-aged and old leaves, respectively.
Solid and dotted lines represent, respectively,
changes in gp and gn of the same leaves. The
horizontal axis represents the leaf water potential
of the middle-aged leaves.

showed a steady slow increase with decreasing ¥ w.
For the middle-aged leaves, some showed the same
changes as the young leaves and others exhibited the
same tendency as the old leaves.

For all tested leaves, these water stress-induced
changes in the fluorescence parameters returned to
the pre-stress levels when fluorescence was measured
17-20h after rewatering. For all the leaves, the
steady-state gp decreased by 2-5% after rewatering
(see Fig. 5c-e). In control plants, which were wa-
tered every day, no changes in these fluorescence
parameters were detected in any tested leaves during
the period of the experiments.

3. 3 Changes in induction of fluorescence

Changes in gp and gy after dark-light transition in
all the tested leaves before and after water stress
were similar to those shown in Fig. Sa, b. Water
stress caused a steeper initial qgp drop and greater
overall rise in g~ (see Fig. 5a, b). These changes in
the patterns of transient quenching coefficients
caused by water stress had recovered when fluores-
cence was measured 17-20h after rewatering.

To investigate further the changes in the transient
patterns of gp and gy during recovery from water
stress, transient changes in gp and gy were examined
in young bean leaves at various times during the
periods when water was withheld for 5d and during
the subsequent rewatering (Fig. 5). The initial gp
drop was greater when the leaf was water-stressed
(Fig. 5b), but almost undetectable 4 h after rewater-
ing (Fig. 5c¢): it then gradually became deeper with
time and approached the level before water stress
(Fig. 5d, e). The steady-state gn recovered to the
level before water stress within 4 h after resumption
of the water supply (Fig. 5c¢), but the recovery of
the transient rises in gy required more time.

4. Discussion

The close correlations in the rates of decreases of
transpiration and net CO, uptake (Fig. 1) indicate
that the decrease in CO, uptake rate caused by water
stress was closely related to stomatal closure. The
implication that stomata in the young leaves closed
at lower ¥y than those in the older leaves (Fig. 1)
is in agreement with other reports (Turner, 1974,
Jordan et al, 1975; Lawler and Milford, 1975).

In the fluorescence measurements, well-watered
leaves did not show any significant age-dependent
differences in fluorescence parameters except that the
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Fig. 5.
water-withholding, (b) 5d after water-withholding and just before resuming water supply (Water
supply to the plants was resumed at about 9 : 00), (c) 4 h after resuming water supply, (d) 7h after
resuming water supply, (e¢) 24h after resuming water supply. Solid and dotted lines represent
changes in gp and g, respectively.

old leaves showed a slightly lower ¢. than younger
leaves. This result is in contrast to other reports
(Jenkins and Woolhouse, 1981; Somersalo and Aro,
1987; Croxdale and Omasa, 1990), which show

different responses of fluorescence in leaves differing

RN PR IS
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Typical changes in induction of quenching coefficients of a young bean leaf: (a) before

in age in non-stressed plants. This discrepancy may
be because the range of leaf age was more limited in
our measurements than in these previous reports.
However, water stress brought about age-dependent
differences in the responses of fluorescence parame-
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ters. Because the fluorescence parameters of the
control plants were unchanged during the experi-
ments, the differences can be interpreted as resulting
from water stress.

At Y1y higher than —0.9 MPa, fluorescence pa-
rameters did not show significant changes, while the
gas exchange rates decreased very markedly with
decreasing ¥ w. Significant changes in fluorescence
parameters occurred only after net CO, uptake rate
Both Fy/Fy and ¢. suddenly
This result

agrees substantially with the results in the same

became almost zero.
decreased for all the tested leaves.

species reported by Cornic et al. (1989), who meas-
ured changes in the quantum yield of O, evolution
when leaf water deficit (LWD) of the leaves was
gradually increased. They report that the quantum
yield was constant when LWD was lower than 30%,
but when LWD was higher than 30%, the point at
which net CO, uptake rate approached zero, the
quantum efficiency decreased with increasing LWD.
It should be noted that the ¥ w at which Fv/Fy and
¢. began to decrease was almost the same among the
leaves differing in age, but that the decreases in both
Fy/Fy and ¢, were larger in younger leaves. This
suggests that some water stress-induced changes in
leaves, which are not leaf age-dependent, triggered
the drops in both Fy/Fy and ¢. simultaneously, but
to different degrees in leaves of different ages.

The decreases in Fy/Fy and ¢. contribute to
reduced generation of residual reductivity and
energy, but were not in parallel with changes in CO,
uptake rate. Also, the decreases are rather modest
compared with the drastic decreases in CO, uptake
rate.
between the decreases in CO, uptake rate and the
electron transport rate, some processes such as
Mehler-ascorbate and/or
photorespiration presumably must consume the re-
sidual energy under CO,-limited conditions
(Stuhlfauth et al, 1988; Cornic etal, 1989;
Scheuermann ez al., 1991; Cornic, 1994; Biehler and
Fock, 1996) to avoid damage caused by surplus
reductivity generation (Walker, 1992; Smirnoff,
1993).

The steady-state gp was near 1 for all the tested
leaves regardless of the ¥ w (Fig. 4). This would
be because the actinic light intensity was rather weak
(PPFD: 40y mol m™2?s™ ') in these measurements.
However, the steady-state gn showed different re-

Therefore, to compensate for the imbalance

peroxidase reaction

For the old
leaves and some of the middle-aged leaves, gn

sponses depending on the leaf age.

showed a trend of constant slow increases with
decreasing ¥1w (Fig. 4b, ¢). Similar responses of
steady-state gn with changing ¥1w have also been
reported in bean (Phaseolus vulgaris L.) and maize
by Scheuermann ez al. (1991).
and some of the middle-aged leaves, however,

In the young leaves

steady-state gn began to increase rapidly at ¥iw of
—0.9MPa (Fig. 4a, b), while it remained constant
at higher ¥1w. A higher gn results from higher
transthylakoidal pH gradient, which is caused by
reduced photophosphorylation. Therefore, a g rise
can be caused by restrictions of ADP-regenerating
reactions (e.g. some reactions in Calvin cycle) and/
The different re-
sponses of steady-state gn depending on leaf ages

or ATP-synthesizing reactions.

suggest different characteristics in the energization
These age-
dependent changes in the responses of steady-state
g~ to water stress suggest that the characteristics of
the chloroplasts change at a developmental stage

and deenergization of the membranes.

near the completion of leaf expansion.

The changes in the transitional quenching coeffi-
cients while the plant was water-stressed and subse-
quently rewatered in young leaves (Fig. 5) are simi-
lar in some aspects with those of Digitalis lanata
leaves reported by Stuhlfauth er al. (1988). The
most obvious differences in our results are 1) that the
initial gp drop was more conspicuously changed and
2) changes in steady-state gy occured. These differ-
ences presumably resulted from differences in the
species tested. The deepening of the initial gp drop
in the water-stressed leaves may result from
dehydration-induced changes in the state of
thylakoid membranes, and the changes in the initial
gp after rewatering may reflect dilution and subse-
quent readjustment of stromal solution. After re-
sumption of the water supply to the water-stressed
plants, the steady-state gp was slightly decreased.
The decrease in steady-state gp after rewatering
might indicate that the resumption of water supply to
the chloroplasts caused some change in the thylakoid
membranes.

In conclusion, water-stressed leaves within a plant
can show leaf age dependence in the responses of
fluorescence parameters. The rapid recovery of the
fluorescence parameters after resumption of the
water supply (e.g. Fig. S5c-e) suggests that these
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changes in the parameters did not result from
damage to the photosynthetic systems, but from
changes in physiological conditions caused by the
cessation of CO, supply to the stroma or changes in

stromal water status. The reasons for the responses

of these parameters and for the age dependence of
these responses remain unknown, but these results
show that leaf age is an important factor in determin-
ing the responses of the photosynthetic system of
leaves to water stress.
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