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Abstract The value of intrinsic chlorophyll fluorescence
polarization, and the intensity in emission spectrum were
investigated in leaf segments of Alocasia macrorrhiza under
several stress conditions including different temperatures
(25-50°C), various concentrations of NaCl (0-250 mM),
methyl viologen (MV, 0-25 uM), SDS (0-1.0%) and
NaHSO3; (0-80 puM). Fluorescence emission spectrum of
leaves at wavelength regions of 500—-800 nm was monitored
by excitation at 436 nm. The value of fluorescence
polarization (P value), as result of energy transfer and
mutual orientation between chlorophyll molecules, was
determined by excitation at 436 nm and emission at
685 nm. The results showed that elevated temperature and
concentrations of salt (NaCl), photooxidant (MV), surfactant
(SDS) and simulated SO, (NaHSO5) treatments all induced a
reduction of fluorescence polarization to various degrees.
However, alteration of the fluorescence spectrum and
emission intensity of Fggs and F,3; depended on the
individual treatment. Increase in temperature and concentra-
tion of NaHSO; enhanced fluorescence intensity mainly at
F¢ss, while an increase in MV concentration led to a
decrease at both Fggs and F73;. On the contrary, NaCl and
SDS did not cause remarkable change in fluorescence
spectrum. Among different treatments, the negative correla-
tion between polarization and fluorescence intensity was
found with NaHSO; treatments only. We concluded that P
value being measured with intrinsic chlorophyll fluorescence
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as probe in leaves is a susceptible indicator responding to
changes in environmental conditions. The alteration of P
value and fluorescence intensity might not always be shown
a functional relation pattern. The possible reasons of differed
response to various treatments were discussed.
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Introduction

Wild plants are usually subjected to various detrimental
growth factors in the nature and frequent activities of
human being [1]. Various kinds of environmental stresses,
such as low or high temperature, drought, salinity and
oxidation, are the main abiotic factors restricting the
production of crops and forest plants. Membrane systems
on the surface of a cell and its suborganelles are sensors
responding to changes of environmental conditions. It has
been reported that alteration in chemical and physical
properties of membrane resulted in the modification of
membrane lipids and membrane proteins, as well as the
expression of genes involved in the acclimation of cells to
ambient factors [2].

Chloroplast is the major target of many environmental
stresses [3]. Photosystem II (PSII) consisted of pigments
and proteins in thylakoid membrane of chloroplasts are
particularly susceptive to the change of environmental
factors. The intrinsic chlorophyll a fluorescence measure-
ment has been an active field in photosynthetic research and
is being applied widely in plant stress physiology and
ecology to provide numerously valuable information of
plant response, adaptation and injury to different ambient
conditions [5]. In general, the feature of fluorescence
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spectrum and emission/quenching intensity of PSII were
studied frequently in the concerned stress researches using
in vitro experiments. However, to our knowledge, less
report so far has been involved in the change in chlorophyll
fluorescence polarization under various stress conditions,
especially from the in vivo experiment [3, 4]. Fluorescence
polarization is a new and powerful technique for character-
izing macromolecular association [6], it could produce
more information of the interaction between chlorophyll
molecules during excitation energy transfer. Therefore, a
description of the feature of chlorophyll fluorescence
polarization in leaves might be of benefit to elucidate the
alteration of energy transfer at pigment molecular level in
thylakoid membrane of photosynthetic machinery in vivo
when suffered from unfavorable conditions.

The present study covers a range of responses to high
temperature, photooxidation, salinity, surfactant and NaHSO3
in leaves of a wild herb plant, Alocasia macrorrhiza, using
chlorophyll fluorescence polarization and fluorescence
spectrum technique.

Materials and methods
Plant material

Alocasia macrorrhiza L. Scott is an understory perennial
herb, occurring in subtropical nature rainforest and mon-
soonal forest. It is able to adapt the sunny condition but is
more preferred to deep shade, hot and humid area [7]. The
tested plants can be found commonly in the campus of
South China Botanical Garden. The young and fully
expanded leaves on top of seedlings were harvested and
excited as leaf segments before use.

Stress treatment

Short term temperature treatment: Leaf segments were
immersed into distilled water in the dark at 25, 30, 35,
40, 45 or 50°C for 30 min, respectively. Temperature was
controlled by a microthermostat (HB-8, China).

NaCl treatment: The leaf segments were incubated in 0,
100, 150, 200, 250 or 300 mM of NaCl solutions at 25°C
and a PFD of 20 pumol m %s™" for 30 h. The photon flux
density was measured using a Lor quantum meter (USA).

Photooxidation treatment: Methyl viologen (MV, Sigma,
USA) treatments with 0, 10, 15, 20 or 25 uM were carried out
for 24 h using same temperature and light conditions as in
NaCl treatment.

Surfactant treatment: An anionic surfactant, sodium
dodecyl sulfate (SDS), at 0, 0.2, 0.4, 0.6, 0.8 or 1.0% was
used to incubate the leaf segments for 24 h.
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NaHSO; treatment: Leaf samples were treated by
NaHSO; 20, 40 or 80 mM for 24 and 48 h, respectively.
The samples were maintained as described above.

After each treatment, leaf materials were washed with
distilled water to remove the residual reactant in leaf
surface and kept on the wet paper in Petri dish to prevent
the leaf from water loss.

Fluorescence spectrum and polarization determination

Chlorophyll fluorescence measurement was performed with
leaf segments directly at room temperature by a fluorescence
spectrophotometer (LS 55, Perkins-Elmer Inst. USA). Leaf
disc 1 cm in diameter was sealed in a solid sample com-
partment (LS Series front surface accessory, 1 cm diameter).
The emission spectrum in the wavelength (Aem) range of
500-800 nm was rescored by an exciting wavelength (\ex)
at 436 nm. Fluorescence polarization was determined using
a polarization attachment. The Aex and Aem were 435 nm
and 685 nm, respectively. Fluorescence polarization value
(P value) was given automatically by the instrument. The
equation is P=(l,,—Gly,)/(lyy+Gl,y), where I, is the
intensity when both excitation and emission polarizers are
in vertical position (excitation and emission); [}, represents
the intensity with the polarizors at vertical and horizontal
position (excitation and emission); G=(l,/Iy,) is the
Grating factor (instrumental correction factor), [, is the
intensity with polarizors horizontal and vertical, while 7, is
the intensity with the polarizors both at horizontal position.

Statistical analysis

The data in Figs. 1, 2, 3, 4, and 5 were the means£SE from
three to four individual measurements of different leaf
segments. Statistical analysis was conduced by a #-test.
Significance levels quoted are at P<0.05 with different
letters on the curves of fluorescence polarization.

Results
Heat-induction

Two typical peaks, at 685 nm (Fggs) and at 731 (F+3;), were
observed in the emission spectra of chlorophyll fluores-
cence at different temperature (ex=436 nm, Fig. 1a). These
two emission peaks have been already observed at room
temperature and were assigned to PSII [8]. Our data show
that fluorescence intensity of Fggs changed slightly at
temperature around 25-35°C, but became important as
temperature elevated up to above 40°C. The levels of Fegs
at 45 and 50°C reached to 198 and 310% of that at 25°C.
F731 level showed similar trend as Fggs, but was at less
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Fig. 1 Changes in chlorophyll fluorescence spectra (a) and fluores-
cence polarization (b) in leaves of Alocasia macrorrhiza induced by
elevated temperature. Values are means of three to four individual leaf
sample measurements. Different small letters above the data point of P
value indicate statistically significant differences at P<0.05.The same
below

increasing extent with temperature elevation. It was 162 and
234% of'that at 25°C, respectively. Hence, the Fgg5/F73; ratio
increased with increasing temperature (data not shown).
The enhanced emission of fluorescence suggested that heat
causes the reduction of excited light energy transferring into
chemical energy. Fggs is originated from CP43 of PSII [9],
thus, the higher Fggs5/F3; ratio induced by high temperature
might reflect an obvious alteration of the core antenna
within PSII. And the enhanced fluorescence emission was
inferred by the depression of electron rate in the reducing
end of PSII.

The change in pattern of chlorophyll fluorescence
polarization value was somewhat different from that of
fluorescence intensity (Fig. 1b). P value did not show a
significant change by temperature of 25-40°C treatment,
then diminished rapidly when treated temperature was
higher than 40°C. Upon increasing temperature from 25
to 50°C, P value reduced to only a half of that of the
control (25°C). This obvious decrease thus confirmed the
alteration of the energy transfer feature among chlorophyll
molecules [10] by severe heat stress.

Salt-induction

Salt stress was known to disturb the normal physiological
processes and chloroplast ultrastructure at various levels
[11, 12]. The extent of the effect by salt ions depends on
their concentration and plant tolerance. There are no reports
describing about the change in chlorophyll fluorescence
polarization and yield of fluorescence emission in higher
plants induced by various concentrations of salt at leaf level
[13, 14]. In Fig. 2a, we found that the types of fluorescence
spectra and the intensities of Fggs and F;3; were apparently
not altered by NaCl concentration around 100-250 mM.
The polarization value of Fggs was 0.47+0.04 in control
leaves but decreased to 0.28+0.06-0.38+0.08 in NaCl
treated leaves (Fig. 2b). The decrement of P value was
about 20-40%. Among the given NaCl concentrations, P
value was the lowest in leaves treated by 100 mM of NaCl,
then increased to a relatively steady level at NaCl
concentration between 150 and 300 mM.

Mohanty et al. [13] reported that salt induced changes of
the fluorescence emission in cells of an intact algal,
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Fig. 2 Changes in chlorophyll fluorescence spectra (a) and fluores-
cence polarization (b) in leaves of Alocasia macrorrhiza induced by
various concentrations of NaCl
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Chlorella pyrenoidosa, involved a combination of osmotic
change and ionic change. The effect is mainly ionic of low
concentration of salt (0.1 M), but is largely osmotic at very
high salt concentration (0.4 M). Thus, the differential P
values in leaves of Alocasia caused by different concen-
trations of NaCl might also be related to the major ionic or
osmotic role.

Photooxidation-induction

Methyl viologen (MV) is a redox-active compound of
bipyridyl herbicides and is now being used as a potential
oxidant forming the toxic superoxide radical [15] in the
researches of oxidative stress in plants. The fluorescence
spectra of Alocasia species changed pronouncedly by the
addition of MV in the light (Fig. 3a). Fegs reduced gradually
and F;3; became completely loss with the increase of MV
concentration. The fluorescence intensity of Fggs at which
the leaves were treated with 25 uM MV was significantly
lowered to 18.9% of that of the control. The suppression of
F,31 was stronger than that of Fggs due to the MV action.
These low intensities of chlorophyll fluorescence implied
the low capacities of energy trapping and transferring
caused by internal photooxidative damage of PSIL.
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Fig. 3 Changes in chlorophyll fluorescence spectra (a) and fluores-
cence polarization (b) in leaves of Alocasia macrorrhiza induced by
MV-photooxidation
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Fig. 4 Changes in chlorophyll fluorescence spectra (a) and fluores-
cence polarization (b) in leaves of Alocasia macrorrhiza induced by
SDS

Fluorescence polarization

Fluorescence polarization decreased firstly at low MV
concentration (10 uM), then showed a slightly increase as
MYV concentration increasing. Nevertheless, over a range of
MYV concentration from 10 to 25 uM, P values were still
significantly less than that of the control (Fig. 3b). Such
changing tendency was similar to that described in Fig. 2b
with NaCl treatment.

SDS-induction

SDS has been widely applied in the research of biomem-
brane. It plays an important role on protein conformation
and pigment solubilization of membranes [16, 17]. In this
paper, SDS was selected to study its effect on chlorophyll
fluorescence emission and polarization of PSII at leaf level.

Chlorophyll fluorescence emissions of Fggs and Fo3;
were slightly reduced by SDS treatment (Fig. 4a), implying
that the ability of energy transfer of PSII was less inhibited
by 0.2-1.0% of SDS. Data presented in Fig. 4b illustrated
the changing pattern of fluorescence polarization values as
a function of SDS concentrations. A marked drop in
polarization value was seen at SDS concentration of 0.6%,
which was 27.6% of the control level, and then it stood on a
similar value when SDS concentration was increased
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forward to 1.0%. Taking the data from Fig. 4a and b
together, it can be seen that the alterations of P value and
emission spectrum induced by SDS are not generated
synchronously. Change in fluorescence intensity might lag
behind that in P value in this case.

NaHSOs3-induction

Bisulfate (HSO3 1) is the water-soluble intermediate of SO,
metabolism in plant cells. It is toxic but could be finally
transformed into sulfate through the oxidation in the light
[18]. An enhancement of Fggs emission was observed by
NaHSOj; treatment. It increased by 21-150% over control
level in response to NaHSO; concentration from 20 to
80 mM. Moreover, F;3; emission peak became unnotice-
able under 40-80 mM of NaHSO; (Fig. 5a).

Reversely, P values exhibited a continuous decline with
increasing NaHSO; concentration and treatment time. A
rapid reduction of P value was observed at a given
concentration of 80 mM. The decrement was 59.3 and
38.8% more compared to control one, respectively, after 1
and 2 days treatment.
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Fig. 5 Changes in chlorophyll fluorescence spectra (a) and fluores-
cence polarization (b) in leaves of Alocasia macrorrhiza induced by
NaHSO3

Discussion

The intrinsic chlorophyll polarization reflects energy
transfer between different pigment molecules and their
degree of mutual orientation [19]. Change in polarization
value of PSII fluorescence depends on the spillover
efficiency of the excitation energy from PSII to PSIL
Measurement of polarization degree could be used to
monitor the changes in energy migration due to alteration
in pigment-pigment interaction [10, 14]. In the present
study, the obvious alteration of chlorophyll P values was
found to accompany with different feature of fluorescence
spectra in leaves of Alocasia macrorrhiza under various
stress conditions. Low polarization value of chlorophyll
demonstrates an energy transfer between different chloro-
phyll molecules and their degree of mutual orientation in
living plants [20]. The pronounced decrease in P value in
Alocasia leaves upon incubation with high temperature,
NaCl, MV, SDS and NaHSO; suggested that the inter-
relationship between chlorophyll molecules has been
interfered and that the migration of the excitation energy
among the antenna chlorophylls of PSII has been increased
[10], and hence the spillover of the excitation energy from
PSII to PSI might be low. Therefore, the sensitivity of
chlorophyll P value to the changes of environmental factors
is considered as one of the response/adaptation/damage
indicator of PSIIL

A negatively related affect between P value and fluores-
cence emission intensity was observed by treating the leaves
with NaHSO; (r=—0.8887 and —0.9302 for 2 and 1 days
treatment) and high temperature (45-50°C) in our experi-
ments. Interestingly, no similar results were found from
NaCl, MV and SDS treatments. Whitmarsh and Levine [21]
reported that low chlorophyll polarization accompanied with
high fluorescence yield in a unicellular alga, and the P value
decreased as the fluorescence lifetime increased. Neverthe-
less, our results elucidated that the relationship between P
value and fluorescence intensity might not be correlated
directly.

Recently, Behera et al. [4] and Deo et al. [3] evidenced
that an increase of chlorophyll fluorescence polarization
(Ex 600/Em 685) was accompanied with malondialdehyde
accumulation in isolated chloroplasts of primary wheat
leaves or senescing cotyledons of clusterbean under longer
term (5—15 days) of water stress. The different data (P value
decrease under various stresses) presented here might be
due to the discrepant experimental species and conditions
such as the short term treatment, in vivo measurement using
leaf segment and different excitation wavelength (Ex 436/
Em 685) in our study.

Differential chlorophyll fluorescence intensities in Alocasia
leaves under several conditions were considered to be resulted
from distinct extent of modification of PSII responding to the
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respective treatment, because the different degrees of binding
LHCP to pigment complexes were assessed to induce the
variability in chlorophyll fluorescence intensity and P various
seedling types of pumpkin cotyledons [22]. An enhancement
of Fggs intensity in Alocasia leaves at elevated temperature is
in agreement with earlier works using Arabidopsis chloro-
plasts [23] and similar to Fo increase in rice leaves of our
previous work [24]. The rise of chlorophyll fluorescence
indicated an inhibition of excitation energy transfer from
LHCP antenna to PSII reaction center. It was ascribed to the
separation of LHCP from the PSII core [23], the reduction in
numbers of open PSII centers and in electron transfer
efficiency, as well as the accelerated oxidative damage
induced by high temperature [24]. Whereas the rising trend
of fluorescence emission induced by NaHSO; might be
largely due to the depression of excitation energy transfer
between chlorophyll molecules and within PSII by oxidative
toxicity of HSO3 ! MV mediated the generation of superoxide
radical which could sequentially derivate other activated
oxygen species H,O, and hydroxyl free radical in chloro-
plasts. It led to the oxidative degradation of chlorophyll and
protein, the inactivation of PSII, and the disruption of
membrane [15, 25]. The inducted quenching of Fggs and
F73; by MV was consistent with the decrement of Fm, qP and
Ppgpr associated with an increment of qN in our previous
study on some woody species under MV photooxidative
condition [26]. Clearly, the effect of MV on the quenching of
chlorophyll fluorescence in this case was an expression of
oxidative injury in PSII, resulting in photoexcitation energy
loss through the free radical reaction.

Salt stress has been corroborated causing less energy
migration among PSII units [27], induced the susceptibility
of PSII to photoinhibition [28], the state II transition [12],
the swelling of thylakoids [11] and cellular oxidative stress
[29]. However, as can be seen from Fig. 2a, the feature of
fluorescence emission spectra were not altered much by
NaCl concentration up to 250 mM, indicating that the
fluorophore concentration of PSII was still maintained near
the initial state. When combined the data of less decreasing
P value in Fig. 2b together, it is likely that these responses
are mainly involved in a regulation of PSII to NaCl stress,
and Alocasia macrorrhiza may tolerate the NaCl concen-
tration as high as 250 mM. Whereas the fact that Fggs5 and
F+3; intensities remained almost unaltered with an appar-
ently lasting reduction of fluorescence polarization after
SDS incubation might be resulted from a mechanism
differed from that of NaCl. In addition to being a protein
denaturant to break the hydrogen bond and hydrophobic
bond in protein, SDS was reported to inhibit the photo-
chemical function of PSII [30, 31], to solubilizate the
thylakoid membrane and to release the pigments, especially
chlorophyll b, from the pigment—protein complexes [16]. It
could also increase leakage of calcium from a liposome
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membrane [32]. Therefore, we speculate that the molecular
structure of some surface proteins and the rotational
movement of chlorophyll molecules in Alocasia species
were probably modified to certain extent by the tested SDS
concentrations, but part of the free chlorophyll releasing
from solubilizated thylakoid still did not affect the fluo-
rescence emission much.

Membrane system is shown to be involved in various
signal transduction pathways. Incorporating an exogenous
lipid fluorescence probe, such as DPH (1, 6-diphenyl-1, 3, 5-
hexatriene) into membrane lipids and detecting the change in
polarization degree is the common technique to monitor
membrane fluidity involved chloroplast membrane. It has
been elucidated that the decrease in polarization of the
exogenous fluorescence probe signified the increase in
membrane fluidity by in vitro experiments using barley
thylakoid [1], yeast [33, 34] and animal cell [35]. Elevated
temperature and NaCl stress had been evidenced to decrease
P value and increase plasma membrane fluidity in yeast cells
[33, 34] or pea thylakoid [36] by exogenous lipophilic
fluorescence probe. A remarkable increase in thylakoid
membrane fluidity labeling with DPH was also found in
spinach thylakoid treated by SDS in our experiment (data
not show), which is consistent with the decrease of
chlorophyll P value in leaves after SDS treatment in the
present study. Chlorophylls are fluorescent and are bound to
proteins as pigment—protein complexes embedded in the
thylakoid membrane. An alteration of chlorophyll fluores-
cence polarization is probably related with the change in
property of membrane. The susceptibility of chlorophyll
fluorescence polarization in response to several stress factors
in the present in vivo experiment led us to question whether
presence of any relationship between chlorophyll fluores-
cence polarization and membrane fluidity, and the possibility
of exploring the thylakoid membrane fluidity indirectly but
simply with chlorophyll fluorescence polarization measure-
ment. To solve this problem, more detailed works are
expected to be conducted in the future.
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