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The acclimation effect of previous water stress on the photosynthetic characteristics was
clarified using oats (C,) and maize (C,)  . On the plants previously water stressed (pretreat-
ment) , the leaf photosynthetic rate, stomata1 response, water potential and the related
factors were measured during the following water stress application (posttreatment) to be
compared to those of non stressed (control) plants. The posttreatment was imposed to the
plants by withholding water supply (Experiment 1, a lenient stress) or also by stem cut
(experiment 2, a quick stress) The results obtained were as follows : Experiment 1. Oats
which had been recovered from the previous water stress showed higher values for leaf
photosynthetic rate, stomata1 conductance and mesophyll conductance compared to the
control when the plants were placed under the posttreatment. Also lower osmotic potential
(VT‘,)  and higher pressure potential (VP) were observed when the leaf water potential (Y,) of
the pretreated Oats reduced. The osmotic adjustment was effective in maintaining leaf
photosynthetic rate of oats but such an effect was not detected in maize. Experiment 2. A
quick water stress (posttreatment) was applied to the plants, oats and maize, recovered from
the previous stress. A similar osmotic adjustment to that observed in the experiment 1 was
obtained for oats, but the pretreatment was ineffective or adversely effective for mainte-
nance of YD in maize.

INTRODUCTION

Water is an essential factor for the life preservation and production of plant. In
a water stressed plant, the photosynthetic rate is restricted by stomata1 closure due to
the turgor pressure reduction in the guard cells and also by the inactivation of
photosynthetic system in the chlorophyls. The plant, being subjected to severe water
stress for a long time, can not survive. However, when the plant is placed under the
not so strong water stress, so called mild water stress, the growth is temporarily
limited but it can soon recover (Itoh and Kumura, 1986 and 1987 ; Nonami and Boyer,
1989 ; Pritchard et al., 1990) . Many crops grown in the temperate zone are usually
subjected to mild water stress, and therefore evaluating the crops concerning the
drought tolerance or acclimation effect obtained under mild water stresses is useful as
information for improving their productivity and cultivation system.

The phenomenon that drought tolerance is improved in a plant experienced water
stress in advance has been studied from the physiological aspect for many plants.
Higher photosynthetic rates and higher stomata1 conductances  were observed at low
leaf water potentials in previously stressed C, plants such as sunflower (Matthews and
Boyer, 1984) and cotton (Brown et al., 1976 ; Ackerson and Hebert,  1981 ; Ackerson,
1981) than those of the previously non stressed plants. On the other hand, as Jones and

67



68 A. Myazaki  et al.

Rawson  (1979) reported, the pretreatment offered no effect on the photosynthetic rate,
stomata1 conductance and osmotic adjustment of sorghum (C., plant) : the pretreat-
ment does not always seem effective in improving the water stress tolerance. Effects
of the previous stress on the plant production and photosynthesis are different with
plants, and a unified conclusion concerning the effect of pretreatment of water stress
has not been obtained yet.

Osmotic adjustment to drought is regarded as an important function responding to
the water status in a plant : the accumulation of solute in a cell allows the mainte-
nance of water absorption power by enlarging the gradient of osmotic pressure
between inside and outside of the cell (Cutler and Rains, 1978 ; Inada et al., 1992 ;
Turner et al., 1978).

In this study, the effect of previous water stress on the characteristics of leaf
photosynthesis, stomata1 conductance and mesophyll conductance are examined using
oats (C,) and maize (C,) . The relationships between the osmotic adjustment and these
factors are discussed to clarify the acclimation effect obtained in the previous water
stress and its difference between C3 and C4 plants.

MATERIALS AND METHODS

Oats (C,, Avena sativa (L.) cv. Almighty) and maize (C,, Zea mays (L.) cv. Pioneer-
dent 3352) were used as experimental materials. Seeds of oats and maize previously
germinated on a wet filter paper at 30°C in the dark were sown in 10.5L-pot containing
7.5L-sandy soil fertilized at a level of N : P,O, : K20=8  : 8 : 8g/pot. Three plants
per pot were grown in a vinyl house set up in the experimental field of Kyushu
University. The growth periods of oats and maize were from October in 1993 to the
next January and from October to November in 1993, respectively. When the sixth
leaf completely expanded in oats and the second leaf completely expanded in maize,
the water stress treatment (pretreatment) was initiated by withholding water supply.
Then just after the water potential of the top expanded leaf reduced to-Z.OMPa in oats
and to-1.7MPa in maize, the pretreatment was terminated by rewatering the plants.

Experiment 1
After the pretreated plants were sufficiently rewatered, they were subjected again

to the following water stress by water supply cut (posttreatment). Photosynthetic
rate, stomata1 conductance and mesophyll conductance of the pretreated plants were
measured during the posttreatment and were compared to those of the control plants
(previously non stressed plants) . The treatment process is presented in Fig. 1.

Photosynthetic rate and its related factors were measured on the top expanded
leaf of oats at 1600 pmol PAR m-%-’ and on the fifth expanded leaf of maize at 2000
pmol PAR m-‘sl using a portable photosynthesis and evaporation system (SPB-H3,
ADC, Britain) .

Leaf water potential was determined with a thermocouple psychrometer (C-52
sample chamber, Wescor, USA) . Leaf osmotic potential was measured according to
a method of Premachandra et al. (1991, 1992) : the small leaf disc used for water
potential measurement was placed in a 1.5 ml eppendorf tube and frozen at-85”C,  and
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Fig. 1. The pretreatment and posttreatment process. When the water
potential of top expanded leaf reduced to -2.OMPa  for oats and -1.
7MPa for maize, the pretreatment was terminated by rewatering.
After that, the plants were subjected to the following posttreatment.
Photosynthesis and its related factors were measured during the
posttreatment.

then it was defrosted at room temperature for 30 minutes to measure the osmotic
potential with the thermocouple psychrometer. Pressure potential (?&)  was deter-
mined as the difference between water potential (PI;) and osmotic potential (?&) . Five
replications were made on each factor for the five control and five pretreated plants
of each species.

Experiment 2
Water transport from roots to leaves can be stopped by cutting the stem of a plant,

and by this treatment the leaves are subjected to a quick water stress. This quick
water stress treatment was applied to the control and pretreated plants in oats and
maize both of which were sufficiently rewatered after pretreatment termination.
Both VI and VX  were measured in time course, and 4% was calculated from W; and ?&.
The measurenment was conducted at a low light intensity, 10 pmol  PAR m-‘s-‘,  and
temperature was set to 25 and 30°C  for oats and maize, respectively. Measurements
on these factors were replicated three times using the six control and six pretreated
plants of each species.

RESULTS

Experiment 1
Effects of leaf water potential (?P,)  depression on photosynthetic rate, stomata1
conductance and mesophyll conductance

Figure 2 shows the change in photosynthetic rate, stomata1 conductance and
mesophyll conductance with decreasing 4% in oats. Photosynthetic rate in both
control and pretreated plants decreased with decreasing K. A distinctive treatment
effect was detected in photosynthetic rate at - 0.7 to - l.OMPa ?& : photosynthetic
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The effect of decreasing leaf water poten-
tial on photosynthetic rate, stomata1 con-
ductance, and mesophyll conductance of
control (0)  and pretreated (U) leaves in
oats. The horizontal and vertical bars
indicate standard errors of the mean.
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rate of the pretreated plants was 15 to 22 pmol  m~2s~1 at -0.9MPa PI;, which was 1.
3 to 1.8 times higher than that of the control plants. However, the difference in
photosynthetic rate became indistinctive as VI decreased below -1.2MPa.  The
pretreated plants showed higher photosynthetic rates and higher stomata1 conductan-
ces than those of the control plants. Although mesophyll conductance measured at
less than - 1.4MPa Y1 presented a large deviation, the pretreated plants maintained a
higher mesophyll conductance than the control plants at more than -1.OMPa  !& at
which a clear difference of treatment effect was shown in photosynthetic rate.

Figure 3 shows the change in photosynthetic rate, stomata1 conductance and
mesophyll conductance with 4J in maize. These three factors decreased linearly with
a decrease in Y1 and there were no differences in treatment effect on these measure-
ments between control and pretreated plants.

Interrelationships between photosynthetic rate, stomata1 conductance and meso-
phyll conductance

Photosynthetic reduction observed in a water stressed plant is mainly caused b y
stomata1 closure by which CO, supply from the air into the leaf is restricted and also
caused by enzymatic inactivation in photosynthetic system in the chlorophyls. The
photosynthetic activity in chlorophyls is indicated as mesophyll conductance which
shows a CO, traveling efficiency from substomatal cavity to photosynthetic operation
site of chlorophyls. In order to know the effect of both stomata1 and mesophyll
conductances  on the leaf photosynthetic rate of a plant under water stress conditions,
the relationships between photosynthetic rate and stomata1 conductance, and meso-
phyll conductance are shown in Fig. 4. Photosynthetic rates of oats and maize
decreased with decreasing stomata1 conductance, and there was no difference in the
treatment effect on this relationship for both species. Also the treatment effect on the
relationship between photosynthetic rate and mesophyll conductance was negligible.

Relationships between water potential ( !P1), osmotic potential ( ?FK) and pressure
potential (?&) in a leaf

Figure 5 shows the relationships between 4J, and ?&, and ??$ in oats. The values
of pX and VP in both control and pretreated plants decreased as K decreased, and 4G
of the pretreated plants was lower than that of the control plants while ?& of the
pretreated plants was higher by 0.08 to 0.24MPa than that of the control plants.

The relationships between V1 and 4&, and !& in maize can be seen in Fig. 6. Both
Y$ and Yp  decreased linearly with decreasing !& in the control and pretreated plants,
and these relationships were not different between the plants which had been subjected
to the pretreatment or not.

Experiwzen  t 2
Time course of osmotic potential (!P,J and pressure potential (VP)  under the quick
water stress

If the time interval from the pretreatment termination to the posttreatment
initiation is long, the acclimation effect obtained during the previous water stress may
be reduced. In this experiment, the soil volume (7.5L)  in a pot is not so small, so that
the application of water stress to plants by withholding water supply is lenient. After
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Fig. 3. The effect of decreacing leaf water poten-
tial on photosynthetic rate, stomata1 con-
ductance, and mesophyll conductance of
control (0) and pretreated (0) leaves in
maize. The horizontal and vertical bars
indicate standard errors of the mean.
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Fig. 4. Relationships between photosynthetic rate and stomata1 conductance, mesophyll
conductance of control (oats: 0, maize : 0) and pretreated (oats: W, maize : 0)
plants.
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The effect of leaf water potential reduc-
tion on osmotic potential and pressure
potential of control (0) and pretreated
(m) leaves in oats.
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Fig. 6. The effect of leaf water potential reduc-
tion on osmotic potential and pressure
potential of control (0)  and pretreated
(0) leaves in maize.

the posttreatment initiation, a plant might begin to acclimate to the drought condition
of the posttreatment and providing that the acclimation effect obtained in the pretreat-
ment is influenced and changed by that of the posttreatment. Application of a quick
water stress in the posttreatment is a method to avoid the mixing of the pretreatment
and posttreatment effects.

In this experiment, the stem of a plant which had recovered from the previous
water stress was cut at the ground surface level to give a quick water stress to the
leaves, and the time courses of !&, YT  and !& were determined. Fig. 7 shows the
changes in YT and ?& with time after stem cutting in oats and maize. In oats, YE of
both control and pretreated plants varied at a similar decreasing rate with time, but
!& of the pretreated plants was about 0.2MPa lower than that of the control plants.
Also the pretreated plants had a higher !& than the control plants. On the other hand,
in maize, there was almost no difference in ?& between the treatments, and !& of the
pretreated plants decreased more quickly with time than that of the control plants.
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Fig. 7. Time course of osmotic potential and pressure potential of control
(oats: 0, maize : 0) and pretreated (oats: n , maize : 0) plants
after stem cut treatment.

DISCUSSION

It has been reported that many plants such as cotton (Ackerson and Hebert,  1981))
spinach (Santakumari and Berkowitz, 1991))  sunflower (Matthews and Bayer, 1984)
which had experienced water stress in advance showed higher photosynthetic rates at
low VL. In their experiments, the photosynthetic rate of the pretreated plants was
about 60% higher at -1.4 to -1.8MPa ?& for cotton, and it was about 30% higher at
-1.0 to -1.5MPa VI for spinach and about 50% higher at - 1.0 to -2.OMPa Y1 for
sunflower in comparison with that of the control plants.

Oats (C,) used here had a 21 to 45% higher photosynthetic rate at -0.7 to - 1.
OMPa VI than that of the control plants. The effect of previous water stress can be
seen not only on photosynthetic rate but also on stomata1 and mesophyll conductances.
However, there was no effect on the relationships between photosynthetic rate and
stomata1 conductance, and mesophyll conductance (Fig. 4) .

By dividing ly; into two factors, ?& and ?&, we can know the acclimation effect
of the osmotic adjustment and turgor pressure on the photosynthetic rate. The
occurrence of osmotic adjustment in the pretreated oats may be identified from the
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fact that YX was lower and 4$,  was higher in the pretreated plants than those of the
control plants (Fig. 5) . Since !& of the pretreated plants was lower at high ?& than
that of the control plants, it may be predicted that solutes accumulated in a leaf during
the pretreatment was not lost until the following stress treatment. The fact, that the
variation gradient of ?PX to V1 was not different between control and pretreated plants,
may indicate that the solute accumulation ability of oats was not improved by the
pretreatment.

On the other hand, the osmotic adjustment of maize was not affected by the
pretreatment : the decreasing rates of !PX and PP with decreasing !& were not different
between control and pretreated plants, and this may suggest that the osmotic adjust-
ment was not created by the stress experience in this species (Fig. 6) . There seems
to be no acclimation effects on the photosynthetic rate, stomata1 conductance and
mesophyll conductance in maize (Fig. 3) .

The acclimation effect on photosynthetic characteristics may be changed with
treatment conditions such as duration or strength of water stress and recovering time
after pretreatment termination. Jones and Rawson  (1979) noted that the period during
which the water stress experienced plants maintained the acclimation effect was
limited to less than a week. Also Turner and Jones (1980) demonstrated that the
obtained osmotic adjustment ability remained for only several days and the effective
adjustment was shown only in a limited range of water potential. In our experiment,
it took 6 to 10 days until the photosynthetic rates of both species began to be restricted
by water stress after the posttreatment initiation. There is a possibility that the
acclimation effect obtained in the previous treatment was gradually reduced during
this period. Jones and Rawson  (1979) further reported that in the plants slowly
subjected to the water stress, the photosynthesis and stomata1 function were less
sensitive to the decrease of ?& compared to the case that the plants was exposed to a
quick water stress treatment.

Because the acclimation effect may be varied by the stress application period and
strength as mentioned, a quick water stress imposition to a plant is a method to obtain
more accurate evaluation of acclimation. Here we applied a quick stress to the plants
by stem cutting and then determined the changes in !& and 4$ with time. The time
courses of these two factors showed clearly different responses between oats and
maize. The results for oats were similar to those showed in the experiment 1 : the
solute accumulation during the pretreatment is suggested to play an important role in
osmotic adjustment because ?& was lower and YP was higher in the pretreated plants
than in the control plants (Fig. 7) . On the other hand, it may be predicted for maize
that the water loss by evaporation after the stem cut was greater in the pretreated
plants because !& of the pretreated plants was lower than that of the control plants.

From the results of the experiments 1 and 2, it is concluded that the pretreatment
is effective in maintaining the photosynthetic ability of oats but ineffective or adverse-
ly effetive for maize. The water stress responses observed on both species oats (C,)
and maize (C,) used here showed good agreement with the results reported on sun-
flower (C,)  , spinach (C,) , cotton (C,) and sorghum (C,) . This fact may suggest that
the different responses in osmotic adjustment or acclimation to water stress between
oats and maize probably depended on the different photosynthetic systems of C, and
C, plants, but to get a concrete conclusion about this phenomenon, more detailed
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studies are necessary using many C3 and C4 plants.
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