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Effects of osmotic- and high-light stresses on PSII efficiency of attached
and detached leaves of three tree species adapted to different water regimes
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Abstract

Abscisic acid (ABA), an important chemical signal from roots, causes physiological changes in leaves, including
stomata closure and photoprotection. Furthermore, endogenous ABA concentration in leaves and stomatal behavior vary
with the species adapted to different water regimes. In this study, Ficus microcarpa, a hemiepiphyte, Salix warburgii,
a hygrophyte, and Acacia confusa, a mesophyte, were used to elucidate the effects of leaf detachment on photosystem I1
(PSII) efficiency under osmotic- and high-light stresses. Results indicate that, under osmotic- and high-light stresses,
PSII efficiency of the detached leaves was lower than that of the attached leaves for all three tree species, when
compared at the same levels of stomatal resistance and leaf water potential. Exogenous ABA could mitigate the PSII
efficiency decrease of detached F. microcarpa leaves under osmotic- and high-light stresses. Yet, the osmotic stress
could raise endogenous ABA concentration in the attached, but not in the detached F. microcarpa leaves. In addition,
partial root-zone drying exerted a significant effect on stomatal behavior but not on the water status of F. microcarpa
leaves. These observations imply that the stronger ability of PSII in the attached leaves of F. microcarpa under osmotic-
and high-light stresses was probably due to the protective action of ABA from roots. On the contrary, endogenous ABA
level of S. warburgii leaves was very low. In addition, partial root-zone drying produced no significant effect on its
stomatal behavior. Therefore, PSII in attached S. warburgii leaves was possibly protected from the damaging effects
of excess absorbed energy by signals other than ABA, which were transported from the roots.

Additional key words: abscisic acid; Acacia confusa; chlorophyll fluorescence; Ficus microcarpa; osmotic stress; Salix warburgii.

Introduction

At the whole-plant level, the effect of stress is usually
perceived as a decrease in photosynthesis and growth
(Cornic and Massacci 1996). Osmotic stress, one of the
most important limiting factors for photosynthesis, can
result from water deficit, salinity, and low temperature
(Weng 2000, Wang et al. 2003). Under osmotic stress,
plants often close their stomata to reduce water consump-
tion, with subsequent restriction of CO, diffusion into
leaves and a decrease of the dark reaction of Calvin cycle
(Stuhlfauth et al. 1990, Martin and Ruiz-Torres 1992,
Lawlor and Cornic 2002). Moreover, reduced water
potential of plant tissues also affects mesophyll
metabolism by decreasing the efficiency of light energy
conversion and/or activity of enzymes involved in CO,
fixation (Stuhlfauth et al. 1990, Martin and Ruiz-Torres
1992, Lawlor and Cornic 2002). In some cases, stomatal
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closure and depression of Calvin cycle often occur prior
to the inhibition of the photosystems, particularly PSII
(Stuhlfauth et al. 1990, Martin and Ruiz-Torres 1992),
leading to the absorption of more photons than they can
consume (Stuhlfauth et al. 1990, Valladares and Pearcy
1997). This excess absorbed energy could cause
photoinhibition by generating reactive oxygen species
(ROS) that damage many cellular components, including
the photosystems (Powles 1984, Hideg et al. 1998).
Plants have evolved mechanisms to protect the
photosynthetic apparatus against photoinhibition, such as
enhancing the xanthophylls cycle to dissipate the excess
energy, and promoting the efficiency of antioxidant
system to diminish the deleterious effects of ROS
(Demmig-Adams and Adams 1996, Niyogi 1999, Logan
et al. 2006).

“Corresponding author; fax: +886 4 22071507, e-mail: jhweng@mail.cmu.edu.tw
Abbreviations: ABA — abscisic acid; Chl - chlorophyll; F,/F,, — potential quantum efficiency of PSII; PPFD — photosynthetic photon
flux density; PSII — photosystem II; AF/F,,> — actual quantum efficiency of PSII; W, — leaf water potential.
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Detached leaves, especially of trees, have been
convenient materials for many plant physiological,
phytopathological, and entomological studies (Potvin
1985, Percival and Fraser 2001, Weng et al. 2009).
However, it has been well known that some signals from
roots, e.g. chemical, hydraulic, and electrical signals, may
lead to physiological changes in leaves (Mancuso and
Mugnai 2006, Jia and Zhang 2008). Reports also
demonstrated that, even with only a part of roots exposed
to drying soil and nonhydraulic limitation in shoots,
stomatal conductance, and leaf growth could be regulated
by signals from drying roots (Davies and Zhang 1991,
Dodd 2005, Jia and Zhang 2008). Among root-to-shoot
signals, ABA, a plant hormone, plays a main role in
inducing stomatal closure and leaf senescence when roots
are exposed to water deficit and osmotic stress (Dodd
2005, Mancuso and Mugnai 2006, Jia and Zhang 2008,
Dodd et al. 2009). It has also been reported that ABA
may protect the photosynthetic apparatus against
photoinhibition by enhancing the xanthophyll cycle
(Beckett et al. 2000, Sharma et al. 2002, Jia and Lu 2003)
and inducing an antioxidative defence (Jiang and Zhang
2001, Agarwal et al. 2005, Lu et al. 2009). In addition,
ABA also affects the expression of many photosynthetic
and high-light-responsive genes (Giraudat et al. 1994,
Bray 2002, Bechtold et al. 2008) .

Thus, detached leaves, with their transport severed
and lacking certain signals from roots, may exhibit
physiological responses different from attached leaves,
when exposed to osmotic- and high-light stresses (Nobel
and De la Barrera 2002). However, few studies have been
carried out by monitoring over a period of time the
performance of the attached and detached leaves to
elucidate the effect of leaf detachment on PSII efficiency
(Potvin 1985, Percival and Fraser 2001). Among these
studies, Potvin (1985) reported that, under chilling,

Materials and methods

Plants: One- to two-year-old tree seedlings (about
40-60 cm high) from three species, i.e., F. microcarpa L., a
hemiepiphytic Cs tree, S. warburgii O. Seem., a hygro-
phyte, and 4. confusa Merr., a mesophyte, were used. The
former two species were propagated from cuttings, and
A. confusa was propagated from seeds. They were
planted in pots (16 cm diameter, 12 cm depth, one plant
per pot) filled with sand and placed outdoor to receive
regular water and fertilizers (1/2 strength of Hoagland’s
nutrient solution per month) and full sunlight on the
campus of National Chung-Hsing University, Taichung,
Taiwan (24°08°N, 120°40’E, 70 m a.s.l.). In addition, two
months prior to the treatment of partial root-zone drying,
the roots of one plant material of F. microcarpa and
S. warburgii were allowed to grow into two plastic pots
(16 cm diameter, 12 cm depth) which were taped
together. In Taichung, mean monthly temperature,
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chlorophyll (Chl) fluorescence values of the detached
leaves from 4 species were lower than those of the
attached ones. On the contrary, Percival and Fraser
(2001) did not detect any detrimental effects on Chl
fluorescence values when the leaves were assessed 72 h
following freezing and salinity treatments. Thus, the
effects of leaf detachment on PSII efficiency under
osmotic- and high-light stresses are still unclear and
worth of investigation.

It was known that leaf endogenous ABA concen-
tration and stomatal behavior vary with species and are
related to their adaptation to different water regimes. For
example, some hygrophytic tree species usually grow in
wet soils near watercourses and their stomatal conduct-
ance is reduced to a less extent when exposed to drought
stress (Aasamaa and Sober 2001). And these species had
lower leaf ABA concentration (Aasamaa et al. 2002) and
higher stomata conductivity (Loewenstein and Pallardy
1998, Aasamaa et al. 2002) than mesophytic tree species.
On the contrary, stomatal behavior of young plants in
some hemiepiphytic C; tree species was sensitive to
water stress, since these species germinate and grow on
another tree or rock, and thus, they may suffer from water
deficits when their roots are not in direct contact with the
soil (Holbrook and Putz 1996, Zotz and Hietz 2002).

From the reports mentioned above, it is known that
ABA is an important chemical signal from roots which
causes physiological changes in leaves, including stomata
closure and photoprotection. Furthermore, endogenous
ABA concentration in leaves and stomatal behavior vary
with species and are related to their adaptation to
different water regimes. In this study, F. microcarpa,
a hemiepiphyte, S. warburgii, a hygrophyte, and A. con-
fusa, a mesophyte, were used to elucidate the effects of
osmotic- and high-light stresses on PSII efficiency of the
attached and detached leaves.

relative humidity and sunshine hours in 2005 were
16.1°C-29.0°C (Jan.—Aug.), 72%-84% (Dec.—Feb.) and
91.3 h-209.0 h (Jun.—Oct.), respectively (data from the
Central Weather Bureau of Taiwan).

Comparison of Chl fluorescence, stomatal resistance
and water potential (¥,,) of attached and detached
leaves under osmotic- and high-light stresses:
Experiments were carried out from September to October
in 2005 to examine all three species mentioned above.
At 17:00 h, shoots of ca. 20 cm lengths were cut from
plants and immediately recut under water. Fully
expanded upper leaf blade and petiole, detached shoot
and intact plant were individually subjected to two levels
of osmotic stress, created by different concentrations
of mannitol solution (0.5 and 1.0 M for F. microcarpa
and S. warburgii and 0.25 and 0.5 M for S. warburgii,



since the latter species is very sensitive to osmotic stress).
Petioles of the detached leaves and bases of the detached
shoots were inserted into mannitol solution or distilled
water in test tubes, while plants with the attached leaves
were irrigated with mannitol solution or water until the
outflow appeared at the bottom of the pots. In addition,
detached leaves of F. microcarpa also received ABA
feeding treatment (100 uM ABA in 0.5 and 1.0 M of
mannitol solutions). All materials were covered with
plastic bags and put in the dark overnight with room
temperature of ca. 25°C.

Measurements were made from 8:00 h in the next
morning. Schedules of irradiance and the time course of
measurements are shown in Fig. 1. First, Chl fluores-
cence of over-night dark-adapted upper, fully expanded
leaves was measured. Subsequently, adaxial surfaces of
the measured leaves were illuminated in sequence with
1,200 and 1,800 umol m 2 s™' photosynthetic photon flux
density (PPFD) for 20 min and 120 min, respectively, by
a slide projector with halogen light source. The Chl
fluorescence of light-adapted leaves was measured at
20 min after the start of illumination with 1,200 pmol
m? s PPFD, and 60 and 120 min after the start of
illumination with 1,800 pumol m™* s™' PPFD. Stomatal
resistance was measured 30 min after 1,800 pmol m > s~
PPFD illumination. Finally, materials were put in a dark
room with a room temperature of ca. 25°C for 12 h. ¥,,
was measured 20 min after darkness. Chl fluorescence of
dark-adapted leaves was measured at 20 min, 4 h, and
12 h after darkness.

PPFD was measured by a LI-190SA quantum sensor
(LI-COR, Lincoln, NE, USA). Stomatal resistance was
measured with a porometer (AP-4, Delta-T Devices,
Burwell, Cambridge, UK). ¥,, was measured by a
thermocouple psychrometer (C52 sample chambers
connected to HR33 dew-point microvolt meter, Wescor,
Logan, Utah, USA). Chl fluorescence of both light- and
dark-adapted leaves was measured with a portable pulse
amplitude modulated fluorometer (PAM-2000, Walz,
Effeltrich, Germany). The potential quantum efficiency
of PSII (F,/F,,) was calculated from (F, — F¢)/F,,, and the
actual PSII efficiency (AF/F,’) was calculated from
(Fn — F)/Fy’, respectively. Fy and F,,, the minimal and
maximal fluorescence in dark-adapted leaves, were deter-
mined by applying a weak pulse of red light [<0.1 pmol
(quantum) m s '] and a 1-s pulse of saturating flashes of
approximately 6,000 pmol(quantum) m > s ', respecti-
vely. F and F,,” are the actual and the maximal levels of
fluorescence during illumination, respectively. The
former was determined under 1,200 or 1,800 pmol
m 2 s' PPFD, and the latter was determined using the
same process as for Fy,.

Three to eleven leaves from 3 to 4 plants of each
species were measured in each treatment. Each leaf was
measured 3 (stomatal resistance and Wy,) to 5 (Chl fluo-
rescence) times; and the mean of these measurements was
taken as one replicate in statistical analyses.

PSIT EFFICIENCY OF ATTACHED AND DETACHED LEAVES

Effects of osmotic stress on ABA accumulation in
attached and detached leaves: F. microcarpa and
S. warburgii were used for this treatment in October,
2005. Leaf detachment and osmotic stress were treated
with the same methods as mentioned above. At 8:00 h of
next morning, fully expanded younger leaves were
harvested and rapidly stored at —80°C until use. The
endogenous ABA, extracted from freeze-dried leaf
samples by homogenization in 80% methanol, was
purified and analyzed by gas chromatography-mass
spectrometry-selected ion monitoring (GC-MS-SIM)
using internal standards of [*Hs]JABA (Chen et al. 2007).
About 5 g of fresh leaves sampled from a plant was
designated as a replicate, and 3 replicates were assigned
to each treatment.

Effects of CO, diffusion restriction on Chl fluores-
cence: From September to October in 2005, attached
leaves of F. microcarpa and S. warburgii received this
treatment immediately before measurement by sealing the
leaves with transparent films to prevent their gas
exchange with the atmosphere (Haimeirong et al. 2002).
Schedules of irradiance and the time course of measure-
ments were the same as mentioned in the section of
measurement of Chl fluorescence under osmotic- and
high-light stresses. Five fully expanded upper leaves from
3 to 4 plants of each species were measured in each
treatment. Each leaf was measured 5 times; and the mean
of these measurements was taken as one replicate in
statistical analyses.

Effects of partial root-zone drying on stomatal resist-
ance and W,,: F. microcarpa and S. warburgii were used
for this treatment from September to October in 2005.
The two plastic pots, in which the roots of one plant were
allowed to grow into, received different watering
regimes. While both pots for the control plants were
watered to the drip point, only one pot for plants of
partial root-zone drying treatment was similarly watered
with the other pot receiving none. Stomatal resistance
was measured around noontime 1-9, 16—18, and 22 days
after treatment. In addition, ¥,, was measured on the 1
and 22™ days of drying. Both parameters were measured
with the same equipment and method as mentioned
above. Fully expanded upper leaves from 4 plants of each
treatment were measured, and the mean of 3 measure-
ments from 3 leaves of one plant was taken as one
replicate in statistical analyses.

Statistics: Data were analyzed by unpaired #-test, linear
regression or ANOVA test. The former two were per-
formed with Sigma Plot (version 9.01; Systat Software,
Inc., Point Richmond, CA, USA), and the latter was
performed with STATISTICA software (version 6.0,
Statsoft Inc., Tulsa, OK, USA).
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Results

When leaves were exposed to light and recovered in the
dark, the detached leaves of all three tested species had
lower PSII efficiency than the attached leaves. Here
F. microcarpa was selected as an example to illustrate
(Fig. 1). Osmotic stress and detachment did not affect
the potential efficiency of PSII (F,/F, value ca. 0.8)
of all tested leaves before they were exposed to light.
However, when the leaves were illuminated in sequence
with 1,200 and 1,800 umol m ™ s™' PPFD for 20 min and
120 min, respectively, a pronounced decrease, i.e.,
16—30% as compared to prior-to illumination, of AF/F,,’
value was observed. Subsequently, after 20 min in
darkness, F,/F,, of the attached leaves recovered to 77%
(control), 69% (0.5 M mannitol-treated), and 65% (1 M
mannitol-treated) of the value prior to illumination; and
those F,/F,, values of detached leaves were 32%, 24%,
and 22% only, respectively. Following 12 h in darkness,
F,/F, values recovered to 96% (control), 80% (0.5 M
mannitol-treated) and 76% (1 M mannitol-treated) for
attached leaves, and those of detached leaves only 50%,
37%, and 24%, respectively. From the above results, it is
apparent that the maximum rate for the rising phase of
F./F,, in darkness occurred in the initial 20 min after the
light was turned off, and the F,/F, value at this time
varied greatly among treatments. It is further illustrated in
Fig. 2.

It shows that F,/F,, of all three tested species, mea-
sured after illumination and dark-adapted for 20 min,
was always negatively correlated with stomatal resist-
ance and Wy, except the cases mentioned below (Fig. 2).
Among all three species, stomatal resistance of
F. microcarpa was the most sensitive to osmotic stress,
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followed by A. confusa and S. warburgii. While V¥,
of F. microcarpa was insensitive to osmotic stress, it was
not related to F,/F,, (Fig. 2B). On the contrary, that
of both A. confusa and S. warburgii was sensitive to
osmotic stress and showed a negative correlation with
F,/F,. However, due to the very low F,/F,, in detached
S. warburgii leaves, both F,/F-stomatal resistance and
F,/Fy-¥, correlations were insignificant (Fig. 2E.F).
Compared at the same levels of stomatal resistance and
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Fig. 1. Time course of illumination (1,200 pmol m™ s~' PPFD
for 20 min and then 1,800 umol m* s™' PPFD for 120 min) and
darkness (12 h); and PSII efficiency (F./F, and AF/F,’) of
osmotic-stressed and control Ficus microcarpa leaves under
illumination and darkness. Values are means + SE; numeric
value within the parentheses are sample size of each treatment;
o and A: no osmotic stress; @ and 4: 0.5 M mannitol; e and
A: 1.0 M mannitol; circle and triangle symbols: attached and
detached leaves, respectively.
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attached or detached leaves, except severe osmotic stress
exposed A. confusa attached leaves (e in panels C and D,

it was grouping to detached leaves); ***, * and ns: p<0.001,
<0.05 and no significant, respectively.



PSIT EFFICIENCY OF ATTACHED AND DETACHED LEAVES

Table 1. ABA concentration of the attached and detached Ficus microcarpa and Salix warburgii leaves under osmotic stress (0.5 M
mannitol) or water. Values are means = SE [n = 3 (for the attached F. microcarpa leaves under 0.5 M mannitol) to 4 (for the other)],
and within a row followed by the same characters do not differ significantly (p>0.05) according to ANOVA test.

ABA concentration [nmol g '(DM)]

Species Mannitol Water
Attached Detached Attached Detached
F. microcarpa  166.6 £ 9.8" 123.1+3.1° 115.5+5.6° -

S. warburgii 0.211+£0.012° 0.646 + 0.046°

0.162+0.017°

0.211 +0.028°
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Fig. 3. Time course of illumination (1,200 pmol m? s ' PPFD
for 20 min and then 1,800 pmol m > s™' PPFD for 120 min) and
darkness (12 h); PSII efficiency (F,/F,, and AF/F;’) of control
(o) and CO, diffusion-limited attached (®) Ficus microcarpa
(A) and Salix warburgii (B) leaves under illumination and
darkness. Each point represents the mean value of 5 leaves; and
values given are means £+ SE. *, ** and ***: Significant diffe-
rences between control and CO, diffusion-limited leaves at
p<0.05, p<0.01 and p<0.001, respectively, based on unpaired
t-test.

Yy, the attached F. microcarpa leaves showed the
highest F,/F,,, followed by A. confusa and S. warburgii.
For the detached leaves, either treated with two levels of
osmotic stress or not, F,/F,, was lower than that of the
attached leaves for all three tested species. However,

Discussion

Osmotic- and high-light stresses often led to photo-
inhibition because the leaf absorbed light energy in
excess of the amount it can utilize for photosynthesis
(Stuhlfauth et al. 1990, Valladares and Pearcy 1997).
Results of the present study indicate that photoinhibition

attached A4. confusa leaves in 1 M mannitol, which
showed lower F,/F, value, could be grouped together
with the detached leaves (Fig. 2C,D).

It shows that F. microcarpa leaves, even in well
watered condition, contained higher level of endogenous
ABA, and osmotic stress could raise it in the attached
leaves but not in the detached ones of this plant (Table 1).
On the contrary, the endogenous ABA concentration
of the attached S. warburgii leaves was very low and not
affected by osmotic stress; however, under such stress,
ABA concentration in the detached leaves increased.
It shows that, for attached leaves of both F. microcarpa
and S. warburgii, CO, limitation not only enhanced the
decline of AF/F,’ under illumination, but also de-
creased the recovery of F,/F,, in the dark (Fig. 3). Under
the osmotic stress of 0.5 M mannitol, stomatal resist-
ance of ABA-treated F. microcarpa leaves was signifi-
cantly higher than that of the nontreated leaves; but
there was no significant difference in F,/F, between
them (Fig. 4B). On the contrary, both ABA-treated and
nontreated F. microcarpa leaves showed high level
of stomatal resistance, and ABA could mitigate the
decrease of F,/F,, in detached leaves of this tree under
severe (1 M mannitol) osmotic stress. It also indicates
that in the absence of ABA treatment, F,/F,, decreased
with the increase of stomatal resistance, when data
obtained from the two levels of osmotic stress were
merged (Fig. 44). On the contrary, F./F,, values of all
ABA-treated leaves were higher than those of the
regression line obtained from the leaves receiving none of
this plant hormone, indicating that ABA-treated leaves
could maintain a higher level of F,/F,, even when stomata
closure was enhanced.

Y, was not affected by partial root-zone drying
treatment for both two tested species. However, stomatal
resistance of F. microcarpa increased ca. 10 days after
treatment, and S. warburgii maintained a low stomatal
resistance until the end of experiment, i.e., 22 days after
treatment (Fig. 5).

occurred under osmotic- and high-light stresses, and yet,
this inhibition varied with leaf detachment. AF/F,’, the
actual PSII efficiency under illumination, of the osmotic-
stressed leaves decreased significantly when the leaves
were subsequently exposed to light; and when the light
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Fig. 4. Relationship between F,/F,, and stomatal resistance of detached Ficus microcarpa leaves under osmotic- and high-light
(1,200 pmol m % s™' PPFD for 20 min and then 1,800 pmol m 2 s~' PPFD for 120 min) stresses, with and without ABA. A: each point
represents the value of 1 leaf; B: averaged values on 4 (means + SD); diamond and square symbols: 0.5 M and 1.0 M mannitol,
respectively; closed and open symbols: with and without ABA (100 pM) treatment, respectively; a vs. b and i vs. ii: different
characters represent significant difference (p<0.05) for F,/F , and stomatal resistance, respectively, based on ANOVA test; **: p<0.01.
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Fig. 5. Stomatal resistance (open symbols) and leaf water
potential (\Y,) (closed symbols) of Ficus microcarpa and Salix
warburgii in well-watered control (square symbols) and partial
root-zone drying (triangle symbols) treatments. Each point
represents the mean value of 4 plants; values are means + SE.

was turned off for 20 min, F,/F,, the potential PSII
efficiency, could reverse to a certain extent, and yet failed
to regain the level prior to illumination (Fig. 1). Such a
decrease of the slope of the rising phase of F,/F, has
been interpreted as a reflection of damage to plant PSII
(Potvin 1985, Maxwell and Johnson 2000). As shown in
Figs. 1 and 2, after illumination and subsequent dark-
adaptation for 20 min, F,/F,, decreased with increasing
osmotic stress, namely, decreasing W, or increasing
stomatal resistance. However, when compared at the
same level of W, or stomatal resistance, F,/F, of
detached leaves, excised from both the base of the petiole
and the base of the shoot, was lower than that of leaves
attached to the plants for all three tree species studied in
this work. These results indicate that, under osmotic- and
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high-light stresses, a more drastic photoinhibition was
induced in the detached leaves than in the attached ones,
in spite of the fact that the tested species are adapted to
different water regimes, and difference in physiological
responses to osmotic stress.

Potvin (1985) suggested that water loss might be
a problem in detached or excised leaves. Results of the
present study show that W, of F. microcarpa was
insensitive to two levels of osmotic stress, and no signifi-
cant difference in W, was detected among treatments.
Nevertheless, F,/F,, of the detached F. microcarpa leaves
was still lower than that of the attached ones (Fig. 2B).
On the contrary, ¥, of S. warburgii leaves was very
sensitive to osmotic stress in both the attached and
detached leaves, with that of A. confusa to osmotic stress
falling in between. Despite the fact that F,/F,
of S. warburgii and A. confusa leaves decreased with
decreasing W, detached leaves showed lower F,/F,, than
the attached leaves when compared at the same level
of ¥, (Fig. 2D,F). From the above results, it was
concluded that water loss was not a reason for a low
F,/F,, in detached leaves. Since F,/F,, is widely used as
a reliable diagnostic indicator of photoinhibition
(Maxwell and Johnson 2000), and the latter is often
enhanced due to the limitation of CO, diffusion to the
chloroplast (Kato et al. 2002, Murata et al. 2007). Results
of the present study also indicate that osmotic stress
could enhance stomatal closure (Fig. 2). Yet, limited CO,
diffusion could reduce F,/F, (Fig. 3). Even though F,/F,
showed a negative correlation with leaf stomatal
resistance, the detached leaves still showed lower F,/F,
than the attached leaves for all the three species when
compared at the same level of leaf stomatal resistance
(Fig. 24,C,E). Therefore, limited CO, diffusion was not
a reason for a low F,/F,, in excised leaves.

What would be the possible causes for the higher
sensitivity of PSII to osmotic- and high-light stresses in
detached leaves than in attached ones? One might be due
to the root-sourced signals. It is well known that, under



water deficit or osmotic stresses, ABA is an important
root-to-shoot stress signal to modify stomatal behavior
(Dodd 2005, Mancuso and Mugnai 2006, Jia and Zhang
2008, Dodd et al. 2009). Even with only a part of roots
exposed to drying soil and nonhydraulic limitation in
shoots, stomatal conductance and leaf growth could be
regulated by signals from drying roots (Davies and Zhang
1991, Dodd 2005, Jia and Zhang 2008). In addition, ABA
could also play a role in protecting PSII against the
damaging effects of excess absorbed light energy
(Beckett et al. 2000, Jiang and Zhang 2001, Sharma et al.
2002, Jia and Lu 2003, Agarwal et al. 2005, Lu et al.
2009). In the present study, we used three tree species
with different sensitivity of stomatal behavior and V¥,
towards osmotic stress. Among them, F. microcarpa, a
hemiepiphytic C; tree species, has been generally
considered as drought-insensitive plant, while S. war-
burgii, usually growing in wet soil near watercourse, is
generally considered as drought-sensitive. Results
indicate that the leaves of F. microcarpa contained higher
level of endogenous ABA (Table 1), and its stomatal
resistance was sensitive to osmotic stress (Fig. 24) as
well as partial root-zone drying treatment (Fig. 5). On the
contrary, leaves of S. warburgii contained very low level
of endogenous ABA (Table 1), and its stomatal resistance
was insensitive to either osmotic stress or partial root-
zone drying treatment (Figs. 2E, 5). Fig. 2 also shows
that, when compared at the same levels of osmotic- and
high-light stresses, attached F. microcarpa leaves
showed the highest F,/F,,, followed by A. confusa and
S. warburgii. These results generally agreed with the
results of water relation, ABA content, and stomata
behavior obtained from hygrophytic (Loewenstein and
Pallardy 1998, Aasamaa and Sdber 2001, Aasamaa et al.
2002) and hemiepiphytic (Holbrook and Putz 1996, Zotz
and Hietz 2002) tree species. These species-specific
differences could be explained by its capability to
maintain the balance of CO, uptake/water loss under
different water regime.

In order to enhance the effects of irradiation on
photoinhibition both the attached and detached leaves
were exposed to 1,200 umol m 2 s~' PPFD for 20 min and
then to 1,800 umol m? s”' PPFD for 120 min. For the
detached leaves, other factors (e.g. restricted assimilate
phloem transport, shortage of nutrients needed to run
reparation cycles) might also be involved in affecting the
response during this time period. Nevertheless, Fig. 4
shows that ABA-treated, detached F. microcarpa leaves
could maintain a higher level of F,/F, under severe
(I M mannitol) osmotic- and high-light stresses, even
when stomata closure was enhanced. This result
indicates that ABA may act by maintaining the PSII
efficiency of detached F. microcarpa leaves. On the
contrary, there was no significant difference in F,/F,
between ABA-treated and nontreated detached F. mic-
rocarpa leaves under 0.5 M mannitol osmotic stress
(Fig. 4B). Because stomatal resistance of ABA-treated
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F. microcarpa leaves was significantly higher than that
of nontreated leaves under 0.5 M mannitol osmotic
stress (Fig. 4B), the limited CO, diffusion could have
reduced F,/F,, (Fig. 3). Therefore, it is proposed that the
protecting effect of ABA on F,/F,, might be offset by a
CO, limitation due to stomatal closure under 0.5 M
mannitol. Results of the present study also indicate that
partial root-zone drying exerted a significant effect on the
stomatal behavior of F. microcarpa leaves (Fig. 54), and
ABA concentration increased in attached F. microcarpa
leaves when the roots were exposed to osmotic stress
(Table 1). Therefore, it was probable that, for F. mic-
rocarpa, the higher PSII efficiency of attached leaves
under osmotic- and high-light stresses might be related to
the protection by ABA transported from osmotically
stressed roots.

However, a completely opposite phenomenon was
observed for S. warburgii in the present study. Osmotic
stress did not affect the concentration of leaf endogenous
ABA in the attached leaves, but increased it in the
detached leaves. Nevertheless, S. warburgii contained
only a very low level of endogenous ABA (Table 1).
Moreover, its stomatal behavior was not influenced by
partial root-zone drying (Fig. 5B). Because lower leaf
ABA concentration and higher stomatal opening were
also found in another hygrophyte Salix caprea (Aasamaa
et al. 2002), it is clear that the higher PSII efficiency in
the attached leaves of S. warburgii under osmotic- and
high-light stresses could not be attributed to the protec-
tion by ABA transported from osmotically stressed roots.
It has been reported that the other types of stress signals
could be sent out from roots (Dodd 2005, Mancuso and
Mugnai 2006, Dong et al. 2008, Jia and Zhang 2008).
Therefore, these signals might have a role in protecting
PSII against the damaging effects of excess absorbed
energy in attached S. warburgii, probably even in
F. microcarpa leaves. However, these signals were not
examined in this study, it would be deserved further
study. In addition, based on the data obtained in the
present study, we could not explain why A. confisa
attached leaves, which had been exposed to severe
osmotic stress prior to high-light stress, showed tendency
of F,/F, similar to those of the detached Ileaves
(Fig. 2C,D). Further experiments are needed to be
conducted to provide the explanation.

From the above results it is evident that, under
osmotic- and high-light stresses, PSII efficiency would
decrease with increasing stomatal closure and water loss.
However, at the same levels of stomatal resistance and
leaf water potential, detachment of leaves either at the
base of the petiole or the shoot would decrease their PSII
efficiency. This lower efficiency for PSII of the detached
leaves might be linked to the plant hormone ABA or
other signals from the root system. It is suggested that the
detached leaves are not suitable for the research of water
or osmotic stress due to the loss of the signals from
the roots.

561



J.-H. WENG et al.

References

Aasamaa, K., Sober, A.: Hydraulic conductance and stomatal
sensitivity to changes of leaf water status in six deciduous tree
species. — Biol. Plant. 44: 65-73, 2001.

Aasamaa, K., Sdber, A., Hartung, W., Ninemets, U.: Rate of
stomatal opening, shoot hydraulic conductance and
photosynthetic characteristics in relation to leaf abscisic acid
concentration in six temperate deciduous trees. — Tree
Physiol. 22: 267-276, 2002.

Agarwal, S., Sairam, R.K., Srivastava, G.C., Tyagi, A., Meena,
R.C.: Role of ABA, salicylic acid, calcium and hydrogen
peroxide on antioxidant enzymes induction in wheat
seedlings. — Plant Sci. 169: 559-570, 2005.

Bechtold, U., Richard, O., Zamboni, A., Gapper, C., Geisler,
M.: Impact of chloroplastic- and extracellular-sourced ROS
on high light-responsive gene expression in Arabidopsis. —
J. Exp. Bot. 59: 121-133, 2008.

Beckett, R.P., Csintalan, Z., Tuba, Z.: ABA treatment increases
both the desiccation tolerance of photosynthesis, and
nonphotochemical quenching in the moss Atrichum
undulatum. — Plant Ecol. 151: 65-71, 2000.

Bray, E.A.: Abscisic acid regulation of gene expression during
water-deficit stress in the era of the Arabidopsis genome. —
Plant Cell Environ. 25: 153-161, 2002.

Chen, S.Y., Chien, C.T., Chung, J.D., Yang, Y.S., Kuo, S.R.:
Dormancy-break and germination in seeds of Prunus
campanulata (Rosaceae): Role of covering layers and changes
in concentration of abscisic acid and gibberellins. — Seed Sci.
Res. 17: 21-32, 2007.

Cornic, G., Massacci, A.: Leaf photosynthesis under drought
stress. — In: Baker, N.R., (ed.): Photosynthesis and Environ-
ment. Pp. 347-366, Kluwer Acad. Publish., Dordrecht 1996.

Davies, W.J., Zhang, J.: Root signals and the regulation of
growth and development of plant in drying soil. — Annu. Rev.
Plant Physiol. Plant Mol. Biol. 42: 55-76, 1991.

Demmig-Adams, B., Adams, W.W., III: The role of xantho-
phylls cycle carotenoids in the protection of photosynthesis. —
Trends Plant Sci. 1: 21-26, 1996.

Dodd, I.C.: Root-to-shoot signalling: Assessing the roles of ‘up’
in the up and down world of long-distance signalling in
planta. — Plant Soil 274: 251-270, 2005.

Dodd, I.C., Theobald, J.C., Richer, S.K., Davies, W.J.: Partial
phenotypic reversion of ABA-deficient flacca tomato
(Solanum lycopersicum) scions by a wild-type rootstock:
normalizing shoot ethylene relations promotes leaf area but
does not diminish whole plant transpiration rate. — J. Exp.
Bot. 60: 4029-4039, 2009.

Dong, H., Niu, Y., Li, W., Zhang, D.: Effects of cotton root-
stock on endogenous cytokinins and abscisic acid in xylem
sap and leaves in relation to leaf senescence. — J. Exp. Bot.
59: 1295-1304, 2008.

Giraudat, J., Parcy, F., Bertauche, N., Gost, F., Leung, J.,
Morris, P.C., Bouvier-Durand, M., Vartanian, N.: Current
advances in abscisic acid action and signalling. — Plant Mol.
Biol. 26: 1557-1577, 1994.

Haimeirong, Kubota, F., Yoshimura, Y.: Estimation of photo-
synthetic activity from the electron transport rate of photo-
system 2 in a film-sealed leaf of sweet potato, Ipomoea
batatas Lam. — Photosynthetica 40: 337-341, 2002.

Hideg, E., Kalai, T., Hideg, K., Vass, 1.: Photoinhibition of
photosynthesis in vivo results in singlet oxygen production
detection via nitroxideinduced fluorescence quenching in

562

broad bean leaves. — Biochemistry 237: 11405-11411, 1998.

Holbrook, N.M., Putz, F.E.: Water relations of epiphytic and
terrestrially-rooted strangler figs in a Venezuelan palm
savanna. — Oecologia 106: 424-431, 1996.

Jia, H.S., Lu, C.M.: Effects of abscisic acid on photoinhibition
in maize (Zea mays L.) under high irradiation. — Plant Sci.
165: 1403-1410, 2003.

Jia, W.S., Zhang, J.H.: Stomatal movements and long-distance
signaling in plants. — Plant Signal. Behav. 3: 10, 772-777,
2008.

Jiang, M., Zhang, J.: Effect of abscisic acid on active oxygen
species, antioxidative defence system and oxidative damage
in leaves of maize seedlings. — Plant Cell Physiol. 42: 1265-
1273, 2001.

Kato, M.C., Hikosaka, K., Hirose, T.: Leaf discs floated on
water are different from intact leaves in photosynthesis and
photoinhibition. — Photosynth. Res. 72: 65-70, 2002.

Lawlor, D.W., Cornic, G.: Photosynthetic carbon assimilation
and associated metabolism in relation to water deficits in
higher plants. — Plant Cell Environ. 25: 275-294, 2002.

Loewenstein, N.J., Pallardy, S.G.: Drought tolerance, xylem sap
abscisic acid and stomatal conductance during soil drying: a
comparison of canopy trees of three temperate deciduous
angiosperms. — Tree Physiol. 18: 431-439, 1998.

Logan, B.A., Kornyeyev, D., Hardison, J., Holaday, A.S.: The
role of antioxidant enzymes in photoprotection. — Photosynth.
Res. 88: 119-132, 2006.

Lu, S., Su, W., Li, H., Guo, Z.: Abscisic acid improves drought
tolerance of triploid bermudagrass and involves H,O,- and
NO-induced antioxidant enzyme activities. — Plant Physiol.
Biochem. 47: 132-138, 2009.

Mancuso, S., Mugnai, S.: Long-distance signal transmission in
trees. — In: Baluska, F., Mancuso, S., Volkmann, D. (ed.):
Communication in Plants Pp. 333-349. Springer-Verlag,
Berlin — Heidelberg 2006.

Martin, B., Ruiz-Torres, N.A.: Effects of water-deficit stress on
photosynthesis, its components and component limitations, on
water use efficiency in wheat (Triticum aestivum L.). — Plant
Physiol. 100: 733-739, 1992.

Maxwell, K., Johnson, G.N.: Chlorophyll fluorescence- a
practical guide. — J. Exp. Bot. 51: 659-668, 2000.

Murata, N., Takahashi, S., Nishiyama, Y., Allakhverdiev, S.I.:
Photoinhibition of photosystem II under environmental stress.
— Biochim. Biophys. Acta 1767: 414-421, 2007.

Niyogi, K.K.: Photoprotection revisited: genetic and molecular
approaches. — Annu. Rev. Plant Physiol. Plant Mol. Biol. 50:
333-359, 1999.

Nobel, P.S., De la Barrera, E.: Stem water relations and net CO,
uptake for a hemiepiphytic cactus during short-term drought.
— Environ. Exp. Bot. 48: 129-137, 2002.

Percival, G.C., Fraser, G.A.: Measurement of the salinity and
freezing tolerance of Crataegus genotypes using chlorophyll
fluorescence. — J. Arboric. 27: 233-245, 2001.

Potvin, C.: Effect of leaf detachment on chlorophyll fluores-
cence during chilling experiments. — Plant Physiol. 78: 883-
886, 1985.

Powles, S.B.: Photoinhibition of photosynthesis induced by
visible light. — Annu. Rev. Plant Physiol. 35: 15-44, 1984.

Sharma, P.K., Sankhalkar, S., Fernandes, Y.: Possible function
of ABA in protection against photodamage by stimulating
xanthophyll cycle in sorghum seedlings. — Curr. Sci. 82:



PSIT EFFICIENCY OF ATTACHED AND DETACHED LEAVES

167-171, 2002. Weng, J.H.: The role of active and passive water uptake in
Stuhlfauth, T., Scheuermann, R., Fock, H.P.: Light energy maintaining leaf water status and photosynthesis in tomato
dissipation under water stress conditions. Contribution of under water deficit. — Plant Prod. Sci. 3: 296-298, 2000.
reassimilation and evidence for additional processes. — Plant Weng, J.H., Lai, K.M., Liao, T.S., Hwang, M.Y., Chen, Y.N.:
Physiol. 92: 1053-1061, 1990. Relationships of photosynthetic capacity to PSII efficiency
Valladares, V., Pearcy, R.W.: Interaction between water stress, and to photochemical reflectance index of Pinus taiwanensis
sun-shade acclimation, heat tolerance and photoinhibition in through different seasons at high and low elevations of sub-
the sclerophyll Heteromeles arbutifolia. — Plant Cell Environ. tropical Taiwan. — Trees 23: 347-356, 2009.
20: 25-36, 1997. Zotz, G., Hietz, P.: The physiological ecology of vascular
Wang, W., Vinocur, B., Altman, A.: Plant responses to drought, epiphytes: current knowledge, open questions. — J. Exp. Bot.
salinity and extreme temperatures: towards genetic engineer- 52:2067-2078, 2001.

ing for stress tolerance. — Planta 218: 1-14, 2003.

563





