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An on-line multi-parameter analyzing optical biosensor
for real-time and non-invasive monitoring of plant
stress responses in vivo

ZHANG LingRui, XING Da" & WEN Feng

MOE Key Laboratory of Laser Life Science & Institute of Laser Life Science, South China Normal University, Guangzhou 510631,
China

Photosynthetic dysfunction and reactive oxygen species (ROS) production are the common features of
plant stress responses. Based on quantitative measurement of ROS production and delayed fluores-
cence (DF) emission, which is an excellent marker for evaluating photosynthesis, an on-line multi-
parameter analyzing optical biosensor for detecting plant stress responses was developed. Perform-
ances of the proposed biosensor were tested in the wild type (WT) Arabidopsis and heat shock protein
(Hsp) 101 T-DNA knockout mutant (hsp707) plants with different thermotolerance. Results demon-
strated that DF intensity correlates with net photosynthesis rate (Pn) in response to elevated tempera-
ture in both the WT Arabidopsis and hsp101 mutant plants. The light response characteristics and the
recovery dynamics of the DF intensity were also in line with those of Pn in both the WT Arabidopsis and
hsp101 mutant plants after heat stress (HS, 40°C for 30 min), respectively. In all experiments discussed
above, the hsp101 plant showed the worse photosynthetic performance than the WT plant. Moreover,
after HS, more ROS production in the hsp7071 mutant than in WT Arabidopsis, which was found to be
mainly localized at chloroplasts, could be directly detected by using the proposed biosensor. In addi-
tion, the hsp1071 mutant showed severer chloroplasts alterations than the WT plant within the first 1 h of
recovery following HS. Nevertheless, pre-infiltration with catalase (CAT) reduced ROS production and
prevented the declines of the DF intensity. Therefore, HS-caused declines of photosynthetic perform-
ance might be due to oxidative damage to photosynthetic organelle. To sum up, we conclude that
Hsp101 plays an important role in preventing oxidative stress, and the proposed optical biosensor
might be a powerful tool to determine plant stress responses and identify plant resistant difference.
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Temperature is a major environmental factor that affects
plant growth and productivity. Traditional examination
of plant responses to increased temperature and identifi-
cation of high temperature resistant species are carried
out by means of biochemical assays such as detection of
chlorophyll breakdown products, determination of
membrane ion leakage and analysis of heat shock pro-
teins (Hsp) expression. Apparently, the sample prepara-
tion procedure of these methods is rather complicated
and time-consuming. At present, gas exchange and chlo-
rophyll fluorescence techniques are the main approaches

for detecting plant stress responses in vivol'; however,
gas exchange technique is prone to interference from
environmental factors'®). Although chlorophyll fluores-
cence technique is a fast method for studying plant phy-
siology as well as the interaction between plants and
environmental factors, some difficulties have been enco-
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untered!),

It has long been known that photosynthetic apparatus
is one of the most heat-sensitive aspects and it can be
damaged by heat stress (HS) before other stress symp-
toms could be detected”. The pronounced sensitivity of
photosynthesis towards HS can make photosynthesis be
used as an HS indicator to early detect disturbances and
damage in plant tissue'”. Under HS condition, dysfunc-
tion of photosynthetic processes and alterations of chlo-
roplasts structure have been attributed to oxidative
damages because producing large amounts of ROS is an
inevitable consequence in chloroplasts when plants en-
counter high temperature™®. Among the key processes
of photosynthesis, the rate of photosystem (PS) II elec-
tron transport in plants is strongly linked to net photo-
synthesis rate (Pn) and is the sensitive target of oxidative
damages caused by HS!"*). Inhibition of photosynthesis
by HS can be attributed to an impairment of electron
transport activity”'. Therefore, the effects of HS on
photosynthesis can be ascertained by directly detecting
the changes in the capacity of PSII electron transport.

Delayed fluorescence (DF) of chloroplast emits from
PSII through inverse photochemistry reactions. The
mechanism of DF generation has been described in
greater detail elsewhere™''™*. DF has many practical
applications!'?). It can be used as a sensitive indicator to
detect herbicides toxicity and acid rain pollution as well
as to ascertain plant senescence process in vivo, provid-
ing more valuable information about photosynthetic
processes than chlorophyll fluorescence!'> .. Investiga-
tion of DF invokes particular interest because its inten-
sity depends directly on the rate of backward electron
transport reactions in the reaction centre of PSIIL. In its
turn backward electron transport reactions are deter-
mined by quantum efficiency of primary processes of
photosynthesis'®!. It has been documented that when
photorespiration is suppressed, there is a good correla-
tion between the quantum efficiencies of PS and the ef-
ficiency of CO, fixation"'®. More recently, a lot of con-
trastive experiments further have demonstrated that DF
intensity also correlates with Pn in many plant species
even under field conditions'”). Accordingly, the analysis
of DF behaviour can be useful in assessing the state of
the photosynthetic processes!'* ).

In this paper, an on-line multi-parameter analyzing
optical biosensor for real-time and non-invasive moni-
toring of plant stress responses in vivo was developed.
The proposed optical biosensor, which was equipped

with two kinds of light-emitting diode (LED) lattices
with different emission peaks as excitation light source
and a compact single photon counting module (SPCM)
to collect DF and other fluorescence signals, is portable
and can evaluate plant stress responses in vivo. The ap-
plicability of the proposed biosensor for detecting HS
responses was investigated in the wild type (WT) Ara-
bidopsis and Hsp101 T-DNA knockout mutant (hsp01)
plants with different thermotolerance. Results demon-
strated that DF intensity correlates with Pn in each Ara-
bidopsis after HS, and this biosensor can rapidly deter-
mine plant stress responses and accurately identify the
differences in thermotolerance.

1 Materials and methods
1.1 Materials

The Arabidopsis (Arabidopsis thaliana) Col-0 (WT) and
Col-0 Hspl01 (Atlg74310) T-DNA insertion homozy-
gous line SALK 066374 (hspl0l) were grown in soil
culture in a plant growth chamber (Conviron, model
E7/2, Canada) with a 16 h light photoperiod (100 pmol
photons m2-s™") and a relative humidity of 75%/80%
(light/dark) at 23°C/21°C (light/dark). 2', 7"-dichlorodi-
hydrofluorescein diacetate (H,DCFDA) and catalase
(CAT) were obtained from Molecular Probes (Eugene,
OR, USA) and Sigma-Aldrich China (Shanghai, China),
respectively.

1.2 Isolation of Arabidopsis protoplasts

The isolation of protoplasts from the WT and Aspl01
mutant plants (14—21 d old) was carried out at room
temperature, according to a modified procedure as de-
scribed previously[1 7,

1.3 HS treatment

The attached leaves or protoplasts of the WT and Aspl01
mutant plants were heated in water bath at 40°C for 30
min as HS treatment, which had been demonstrated to
induce a significant increase in the level of Hspl01
when compared with normal conditions (26°C, 30 min)
in WT Arabidopsis"™"), and then allowed to recover for
indicated time at their own optimum temperatures of
photosynthesis (the WT Arabidopsis at 26°C and the
hsp101 mutants at 20°C).

1.4 Laser confocal scanning microscopy (LCSM)
and imaging organelle in vivo

Microscopic observations were performed using a Zeiss
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LSM 510 laser confocal scanning microscope (LSM510/
ConfoCor2, Carl-Zeiss, Jena, Germany). H,DCFDA
signals were visualized with excitation at 488 nm from
an Ar-lon laser and emission at 500—550 nm using a
band pass filter. Chloroplast autofluorescence (488 nm
excitation) was visualized at 650 nm with a long pass
filter. For three-dimensional (3D) reconstructions, opti-
cal sections of cell were taken, and Z series were per-
formed with 0.5 pum steps. All images were taken with
the 100%oil-immersion objectives on the Zeiss LSM 510
and analyzed with Zeiss Rel3.2 image processing soft-
ware (Zeiss, Germany).

1.5 Pn measurement

At the indicated recovery time point, Pn of the leaves of
the WT and Aspl0] mutant plants was measured using a
commercially available system (LI-6400; LI-COR, Inc.,
USA) equipped with a 6400-15 Arabidopsis Chamber
(1.0 cm in diameter) and artificial illumination. Irradia-

tion intensity was saturated (250 pmol photons m *-s”'

for the WT Arabidopsis and 150 pmol photons m >+s '
for the hspl01 mutants). Supply of CO, (400 ppm) to
the leaves was controlled by a built-in CO, injection

system.

1.6 On-line multi-parameter analyzing optical bio-
sensor and DF measurement in vivo

DF emission from samples after irradiation was recorded
with a custom-built on-line multi-parameter analyzing
optical biosensor. The technical details of this biosensor
were described elsewhere!”). Here some improvements
and a brief summary of measurement process will be
presented (Figure 1). The irradiation source of the bio-
sensor has been improved and consists of two sets of
LEDs, including red LED (4 = 628 nm, half wave width
= 10 nm, single duct output luminous flux = 20 Lm)
and blue LED (4 = 470 nm, half wave width = 10 nm,
single duct output luminous flux = 20 Lm). Three red
LEDs and three blue LEDs were alternately and uni-
formly arrayed along a circumference for homogeneous
irradiation of the leaves. The irradiance intensities of red
LEDs and blue LEDs were adjusted by changing the
current. After Pn measurement, the leaves of the WT
and Aspl01 mutant plants were placed inside the cham-
bers of the biosensor to dark-adapt for 5 min before the
irradiation source was turned on. For DF measurements
in vivo, the leaves were irradiated by red LED for 0.2 s.
The light intensity was the same as in Pn measurement.

Chamber|LED irradiance source Fiber
# LED driver
+ Filter v
N v @
. alve .| Humidity controller
¢ ~
| CO, controller DSP USB PC
Handle
\ B~
| N Temperature controlle
Platform  Specimen Lo o ure COMTOTeS > DF

Figure 1 A diagram of the on-line multi-parameter analyzing opti-
cal biosensor: LED, SPCM, and DSP represent the light-emitting
diode, single photon counting module, and digital signal processor,
respectively.

The DF emission was collected at 0.26 s upon the
completion of the light irradiation by an optical fiber
bundle after passing a 650 nm long pass filter and
transmitted to an SPCM (MP963, Perkin-Elmer, Wies-
baden, Germany) with a wavelength detection range of
185—2850 nm. The output signals were further processed
by a digital signal processor (DSP, TMS320C6416) (lo-
cal control mode) or a computer (remote control mode).
The DF intensity was obtained by the integration be-
tween 0.26 and 5.26 s in the DF decay dynamics curve
and registered as count per second (cps). All measure-
ments were performed in dark.

1.7 ROS detection

ROS production in protoplasts or leaves was determined
by detecting the fluorescence of DCF, the product of
oxidation of H,DCFDA, as described previously!'”. At
the indicated recovery time point, the Arabidopsis pro-
toplasts or leaves were incubated with H,DCFDA at a
final concentration of 5 umol/L for 10 min in dark. The
intracellular ROS production and distribution were visu-
alized under the Zeiss LSM 510. The fluorescence of
DCF in leaves was quantified with the custom-made
optical biosensor in dark, with an excitation wavelength
of 470 nm from the blue LEDs and emission wavelengths
between 500 and 550 nm using a band pass filter.

2 Results

2.1 The responses of DF intensity and Pn to different
temperatures

To test the accuracy of the proposed optical biosensor,
we first compared DF intensity with Pn in response to
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elevated temperature in the WT and hAspl0] mutant
plants. As shown in Figure 2, at 2 h following the indi-
cated temperature treatment for 30 min, the DF intensity
responded to elevated temperature in a manner consis-
tent with Pn in the WT and Asp/0/ mutant plants, re-
spectively. Measurements of the DF intensity and Pn
both showed that the optimum temperatures of photo-
synthetic performance for the WT Arabidopsis and
hspl10] mutant plants differed by about 6°C. For the
hsp101 mutant, the DF intensity and Pn were both inhib-
ited by temperatures higher than about 20°C, whereas
for the WT Arabidopsis inhibition occurred at tempera-
tures higher thatn 26°C (Figure 2). DF intensity and Pn
in the WT Arabidopsis were inhibited by approximately
36.1% and 32.2% at 40°C compared with 26°C, respec-
tively, whereas DF intensity and Pn in the Asp/0] mu-
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Figure 2 The responses of DF intensity and Pn to evaluated
temperatures in the WT and hsp7071 mutant plants. The data for DF
intensity (a) are expressed as a percentage of the intensity meas-
ured at the optimum temperature; (21.75 + 1.37)x10* and (18.4 +
0.87)><104 cps for the WT Arabidopsis at 26°C and the hsp101
mutant at 20°C, respectively. The data for Pn (b) are expressed as a
percentage of the rate measured at the optimum temperature; 21.74
+1.32 and 19.1+0.96 pmol CO, m™2-s™" for the WT Arabidopsis at
26°C and the hsp701 mutant at 20°C, respectively. Data are the
mean values of five replicates; SEs are shown when larger than the
symbol.

tant were inhibited by approximately 74.1% and 73.9%
at 40°C compared with 20°C, respectively (Figure 2),
suggesting the inhibitory extent of the DF intensity was
similar to that of Pn in the two plants, respectively.

2.2 The responses of DF intensity and Pn to irradi-
ance intensity after HS

Next, the characteristics of light responsiveness of DF
intensity and Pn were contrastively analyzed in the WT
and Aspl01 mutant plants after HS, respectively. It was
clear that DF intensity and Pn responded to excitation
intensity in a similar manner in each Arabidopsis at 2 h
following HS (Figure 3). At any given excitation inten-
sity, DF intensity and Pn were higher in the WT Arabi-
dopsis than in the Aspl01 mutant after HS, respectively
(Figure 3(a) and (b)). As excitation intensity increased,
both DF intensity and Pn initially increased linearly,
then reached a plateau at the same excitation intensity
and leveled off at the same time with a further rise in
excitation intensity in each Arabidopsis, respectively
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Figure 3 The responses of DF intensity (a) and Pn (b) to excitation
intensity in the WT Arabidopsis and hsp101 mutant plants after 2 h
of recovery following HS. Data are the mean values of five repli-
cates; SEs are shown when larger than the symbol.
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(Figure 3). For example, DF intensity and Pn were satu-
rated at the same excitation intensity of 250 umol pho-
tons m >+s ' in the WT Arabidopsis. However, DF in-
tensity and Pn were saturated at the same excitation in-
tensity of 150 pmol photons m >-s" in the Aspl0I mu-
tant (Figures 3(a) and (b)). Moreover, the light saturation
curve was the same for the inverse light changes (from
high to low light intensity) (data not shown).

2.3 Recovery dynamics of DF intensity and Pn after
HS

The recovery dynamics of DF intensity and Pn were also
further investigated in the two plants after HS. As shown
in Figure 4, after 2 h of recovery following HS, both DF
intensity and Pn declined to the lowest level in the two
plants. Subsequently, DF intensity and Pn consistently
recovered to the level of control after cooling the at-
tached leaves from HS for 10 h in the WT Arabidopsis
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Figure 4 The recovery dynamics of DF intensity and Pn in the WT
Arabidopsis and hsp101 mutant plants after cooling from high tem-
perature. (a) DF intensity and Pn in the WT Arabidopsis recovered
from HS were measured after cooling the seedlings to 26°C. (b) DF
intensity and Pn in the hsp701 mutant recovered from HS were
measured after cooling the seedlings to 20°C. Data are the mean
values of five replicates; SEs are shown when larger than the
symbol.

but not in the Asp /0] mutant plants (Figure 4(a) and (b)).

This implied that HS caused irreversible damage to the
photosynthetic apparatus of the Asp/0/ mutant. But the
damage to the photosynthetic apparatus caused by the
same HS could reversibly recover in the WT Arabidop-
Sis.

2.4 ROS Production after HS and effects of anti-
oxidant on DF intensity

Considering that ROS production is a common feature
in response to environmental stress”™), we therefore ex-
amined the levels of ROS in the WT Arabidopsis and
hspl101 mutant plants after HS by using the proposed
optical biosensor. Compared with the control, a 5- and
7-fold increase in DCF fluorescence could be observed
in the WT Arabidopsis and hspl01 mutant plants after
30 min of recovery following HS, respectively (Figure
5(a)). Pre-infiltrating the leaves with CAT, an H,O,-
pecific scavenger, arrested the increases in DCF fluo-
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Figure 5 ROS production after HS and effects of antioxidants on
ROS production and DF intensity. (a) The leaves were pre-incu-
bated without or with CAT at 100 U-mL™" final concentration for 30
min in dark and then treated with HS. At 30 min of recovery follow-
ing HS, the samples were subjected to 5 pmol/L H,DCFDA for 10
min in dark, and the concentration of H,O, was measured by the
optical biosensor as described in “Materials and methods”. (b) After
2 h of recovery following HS, DF intensity in samples was measured
by the optical biosensor as described in “Materials and methods”.
Data are the mean +SEs of five replicates.
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rescence induced by HS in the two plants. Intriguingly,
the declines in DF intensity could also be prevented by
infiltrating the leaves with CAT in the two plants (Figure

5(b)).
2.5 Subcellular localization of ROS and changes in
chloroplasts morphology after HS

The protection of leaves against the decline in DF inten-
sity by antioxidants posed the question as to how and
where ROS are produced in living cells (Figure 5(b)). To
address these questions and to verify the new function of
the optical biosensor for measuring DCF fluorescence,
we used an LCSM to monitor intracellular ROS produc-
tion and to visualize the photosynthetic apparatus at the
single cell level in vivo. Compared with the control,
large DCF-stained regions were found to be mainly lo-
calized at chloroplasts in the WT Arabidopsis and

Overlay

Chloroplast

WT (@)

Control

hsp101 (b)

HS

hsp101 (d)

wr (e

CAT

HS

hsp101 ()

Figure 6 Intracellular ROS production and localization in the WT
Arabidopsis and hsp101 mutant protoplasts after HS. The proto-
plasts were pre-incubated without or with CAT at 100 U-mL™ final
concentration for 30 min in dark, and then left untreated or treated
with HS. After 30 min of recovery, the samples were subjected to 5
UM H,DCFDA for 10 min in dark, and the concentration of H,O, was
observed by the LCSM as described in “Material and method”.
Scale bars = 10 um. This experiment was repeated three times with
similar results.

hsp101 mutant protoplasts after 30 min of recovery fol-
lowing HS (Figure 6(c) and (d)). Obviously, the Aspl01
protoplasts displayed much stronger DCF fluorescence
signal than the WT protoplasts (Figures 6(c) and (d)),
which is consistent with the result obtained by the opti-
cal biosensor at leaf level (Figure 5(a)). In contrast, only
little background of DCF signal could be detected in
untreated protoplasts (Figure 6(a) and (b)). Furthermore,
addition of CAT before HS dramatically depleted the
DCEF signals derived from chloroplasts in the WT Ara-
bidopsis and hsp101 mutant protoplasts (Figure 6(e) and
(f)). The 3D reconstructed images produced from optical
sections of cells showed that within the first 1 h of re-

covery following HS treatment, chloroplasts began to
become round, and cell showed unwonted morphology
in the WT protoplasts relative to the control protoplasts
(Figure 7(a) and (c)). However, this abnormity was se-
verer in the hspl01 protoplasts after the same period of
recovery (Figure 7(b) and (d)).

WT hsP101

Control

Figure 7 Changes in chloroplasts morphology after HS treatment.
3D reconstructed images were produced from optical sections of
protoplasts which were left untreated or treated with HS. Note that
after 1 h of recovery following HS (c and d), the hsp1017 protoplasts
showed more chloroplasts with irregular stack and distribution in the
cytoplasm than the WT protoplasts. Moreover, the chloroplasts of
the hsp101 protoplasts do not evenly reside near the plasma mem-
brane compared with untreated cells or treated WT cells. The shape
of the chloroplasts also become round (d). Scale bars = 10 ym. This
experiment was repeated three times with similar results.

3 Discussion

Contrastive measurements of DF intensity and Pn
showed that the DF intensity correlated well with Pn in
both the WT Arabidopsis and hsp 101 mutant plants after
different temperature treatments (Figure 2). After HS,
DF intensity and Pn responded to irradiance intensity in
quite a consistent way (Figure 3), and showed a similar
recovery dynamics in the WT Arabidopsis and hspl01
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mutant plants, respectively (Figure 4). It is thus con-
cluded that the proposed multi-parameter analyzing op-
tical biosensor could be used to accurately assess the
photosynthetic behavior under HS conditions.

DF intensity along with Pn consistently pointed out
that the optimum temperature of photosynthesis for the
hspl0I1 mutant plants was far below that for the WT
Arabidopsis (Figure 2). Photosynthetic performance in-
dicated by both DF intensity and Pn was lower in the
hsp101 mutant than in the WT Arabidopsis at any given
excitation light intensity (Figure 3). Moreover, after HS,
the DF intensity and Pn both could fully recover in the
WT Arabidopsis but not in the Aspl/0l mutant plant
(Figure 4). These results were in line with the observa-
tions obtained by other observers, who showed that
Hspl101 was required for basal thermotolerance!"®'"),

The difference in thermotolerance between the WT
Arabidopsis and hspl101 mutant plants was also clearly
reflected by using the new function of the optical bio-
sensor to quantitatively detect ROS production in vivo.
Within the first 30 min of recovery following HS, a
higher level of ROS in the Aspl/0] mutant plant than in
the WT Arabidopsis could be seen regardless of the
presence or absence of CAT (Figure 5), implying that the
hspl101 mutant might undergo severer oxidative damage
than the WT Arabidopsis due to the absence of Hspl101,
which was similar to the reports showing that the Aspl01
mutant produced a higher level of ROS than the WT
plant after HS, and was more sensitive to oxidative
stress!'®!”). The conclusion was further strengthened by
the results of single cell experiments, which showed
more intensive DCF fluorescence at chloroplasts and
severer abnormality of chloroplasts structure in the
hspl01 mutant than in the WT Arabidopsis protoplasts
(Figures 6 and 7). Considering the results where ROS
induced by HS were mainly localized at chloroplasts and
addition of CAT could prevent the declines in DF inten-

1 Hideg E, Barta C, Kalai T, et al. Detection of singlet oxygen and su-
peroxide with fluorescent sensors in leaves under stress by photoin-
hibitation or UV radiation. Plant Cell Physiol, 2002, 43: 1154—1164

2 WangJ S, Xing D, Zhang L R, et al. A new principle photosynthesis
capacity biosensor based on quantitative measurement of delayed
fluorescence in vivo. Biosens Bioelectron, 2007, 22: 2861 —2868

3 Berry J, Bjorkman O. Photosynthetic response and adaptation to
temperature in higher plants. Annu Rev Plant Physiol, 1980, 31:
491—543

4 Gratani L, Pesoli P, Crescente M F, et al. Photosynthesis as a tem-

sity in both the WT Arabidopsis and hspl0l mutant
plants (Figures 5 and 6), we thus speculated that the de-
clines in photosynthetic performance might be attributed
to the oxidative damages to photosynthetic apparatus.

To sum up, all testing results have demonstrated the
effectiveness of the proposed optical biosensor for ac-
curately monitoring HS responses and identifying the
difference in thermotolerance between the WT Arabi-
dopsis and hspl0l mutant plants. This biosensor ex-
ploits the optical principle to detect photosynthetic per-
formance, and thus it is different from commercially
available equipment which is based on gas exchange
technique. Therefore, this biosensor presented here was
simplified, rapid, and in particular, was not prone to in-
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We are grateful to Dr. Yee-yung Charng (Agricultural Biotechnology Re-
search Center, Academia Sinica, Taipei, Taiwan) for kindly providing
hsp101 mutants Arabidopsis seeds. We also thank Prof. Qun Chen and Dr.
Li Jia for their help with language revision of the manuscript. We are
greatly grateful to the anonymous reviewer for her insightful comments on
the manuscript.

perature indicator in Quercusilex L. Glob Planet Change, 2000, 24:
153—163

5 Vacca R A, Valenti D, Bobba A, et al. Cytochrome c is released in a
reactive oxygen species-dependent manner and is degraded via cas-
pase-like proteases in tobacco Bright-Yellow 2 cells en route to heat
shock-induced cell death. Plant Physiol, 2006, 141: 208 —219

6 Apel K, Hirt H. Reactive oxygen species: metabolism, oxidative stress,
and signal transduction. Annu Rev Plant Biol, 2004, 55: 373—399

7 Genty B, Harbinson J, Baker N R. Relative quantum efficiencies of
the two photosystems of leaves in photorespiratory and non-photo-

Zhang L R et al. Chinese Science Bulletin | November 2009 | vol. 54 | no. 21 4015

ARTICLES

>
O}
©]
=
@)
z
I
O
L
—
14
L
]
<
i




4016

respiratory conditions. Plant Physiol Biochem, 1989, 28: 1 —10
Cheng L L, Fuchigami L H, Breen P J. The relationship between
photosystem II efficiency and quantum yield for CO, assimilation is
not affected by nitrogen content in apple leaves. J Exp Bot, 2001, 52:
1865—1872

Murakami Y, Tsuyama M, Kobayashi Y, et al. Trienoic fatty acids and
plant tolerance of high temperature. Science, 2000, 287: 476 —479
Yamasaki T, Yamakawa T, Yamane Y, et al. Temperature acclimation
of photosynthesis and related changes in photosystem II electron
transport in winter wheat. Plant Physiol, 2002, 128: 1087—1097
Turzé K, Laczké G, Filus Z, et al. Quinone-dependent delayed fluo-
rescence from the reaction center of photosynthetic bacteria. Biophys
J, 2000, 79: 14—25

Li Q, Xing D, Jia L, et al. Mechanism study on the origin of delayed
fluorescence by an analytic modeling of the electronic reflux for
photosynthetic electron transport chain. J Photochem Photobiol B,
2007, 87: 183—190

Wang C L, Xing D, Zeng L Z, et al. Effect of artificial acid rain and

SO, on characteristics of delayed light emission. Luminescence, 2005,

14

15

16

17

18

19

20: 51—56

Chaerle L, Van Der Straeten D. Seeing is believing: imaging to mon-
itor plant health. Biochim Biophys Acta, 2001, 1519: 153 —166
Zhang L R, Xing D, Wang J S, et al. Rapid and non-invasive detection
of plants senescence using a delayed fluorescence technique. Photo-
chem Photobiol Sci, 2007, 6: 635—641

Genty B, Briantais J] M, Baker N R. The relationship between the
quantum yield of photosynthetic electron transport and quenching of
chlorophyll fluorescence. Biochim Biophys Acta, 1989, 990: 87 —92
Zhang L R, Xing D. Methyl jasmonate induces production of reactive
oxygen species and alterations in mitochondrial dynamics that pre-
cede photosynthetic dysfunction and subsequent cell death. Plant Cell
Physiol, 2008, 49: 1092 —1111

Rikhvanov E G, Gamburg K Z, Varakina N N, et al. Nuclear-mito-
chondrial cross-talk during heat shock in Arabidopsis cell culture.
Plant J, 2007, 52: 763 —778

Charng Y'Y, Liu H C, Liu N Y, et al. A heat-inducible transcription
factor, HsfA2, is required for extension of acquired thermotolerance in
Arabidopsis. Plant Physiol, 2007, 143: 251 —262

www.scichina.com | csb.scichina.com | www.springer.com/scp | www.springerlink.com




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2009-11-18T23:11:26+0800
	Certified PDF 2 Signature




