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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 (hsp101) 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℃ 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 hsp101 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 hsp101 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. 

heat stress, heat shock protein 101, reactive oxygen species, delayed fluorescence, net photosynthesis rate 

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 vivo[1]; however, 
gas exchange technique is prone to interference from 
environmental factors[2]. 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- 
                      

Received June 11, 2008; accepted October 24, 2008 
doi: 10.1007/s11434-009-0157-8 
†Corresponding author (email: xingda@scnu.edu.cn) 
Supported by the National Natural Science Foundation of China (Grant No. 
30870676), National High-Tech Research & Development Program of China (Grant 
No. 2007AA10Z204) and Key Project of Science Research of South China Normal 
University (Grant No. 08GDKC03) 



 

4010 www.scichina.com | csb.scichina.com | www.springer.com/scp | www.springerlink.com 

untered[1,2]. 
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[3]. 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[4]. 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[5,6]. 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[7,8]. Inhibition of photosynthesis 
by HS can be attributed to an impairment of electron 
transport activity[9,10]. 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[2,11–14]. DF has many practical 
applications[12]. 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[12–15]. 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 PSII. In its 
turn backward electron transport reactions are deter-
mined by quantum efficiency of primary processes of 
photosynthesis[2]. 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 CO2 fixation[16]. 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[2]. Accordingly, the analysis 
of DF behaviour can be useful in assessing the state of 
the photosynthetic processes[12–15]. 

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 (hsp101) 
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 Hsp101 (At1g74310) T-DNA insertion homozy-
gous line SALK_066374 (hsp101) were grown in soil 
culture in a plant growth chamber (Conviron, model 
E7/2, Canada) with a 16 h light photoperiod (100 µmol 
photons m−2·s−1) and a relative humidity of 75%/80% 

(light/dark) at 23℃/21℃ (light/dark). 2', 7'-dichlorodi- 

hydrofluorescein diacetate (H2DCFDA) 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 hsp101 
mutant plants (14―21 d old) was carried out at room 

temperature, according to a modified procedure as de-
scribed previously[17]. 

1.3  HS treatment 

The attached leaves or protoplasts of the WT and hsp101 
mutant plants were heated in water bath at 40℃ for 30 

min as HS treatment, which had been demonstrated to 
induce a significant increase in the level of Hsp101 
when compared with normal conditions (26℃, 30 min) 
in WT Arabidopsis[18,19], and then allowed to recover for 
indicated time at their own optimum temperatures of 
photosynthesis (the WT Arabidopsis at 26℃ and the 

hsp101 mutants at 20℃). 

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). H2DCFDA 
signals were visualized with excitation at 488 nm from 

an Ar-Ion 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 µm 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 hsp101 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 µmol photons m−2·s−1 

for the WT Arabidopsis and 150 µmol photons m−2·s−1 
for the hsp101 mutants). Supply of CO2 (400 ppm) to 
the leaves was controlled by a built-in CO2 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[2]. 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 (λ = 628 nm, half wave width 
= 10 nm, single duct output luminous flux = 20 Lm) 
and blue LED (λ = 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 hsp101 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. 

 
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―850 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 H2DCFDA, as described previously[17]. At 
the indicated recovery time point, the Arabidopsis pro-
toplasts or leaves were incubated with H2DCFDA at a 
final concentration of 5 µmol/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 hsp101 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 hsp101 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 

hsp101 mutant plants differed by about 6℃. For the 

hsp101 mutant, the DF intensity and Pn were both inhib-

ited by temperatures higher than about 20℃, whereas 

for the WT Arabidopsis inhibition occurred at tempera-

tures higher thatn 26℃ (Figure 2). DF intensity and Pn 

in the WT Arabidopsis were inhibited by approximately 

36.1% and 32.2% at 40℃ compared with 26℃, respec-

tively, whereas DF intensity and Pn in the hsp101 mu- 

 
Figure 2  The responses of DF intensity and Pn to evaluated 
temperatures in the WT and hsp101 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)×104 and (18.4 ± 

0.87)×104 cps for the WT Arabidopsis at 26℃ and the hsp101 

mutant at 20℃, 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 µmol CO2 m
−2·s−1 for the WT Arabidopsis at 

26℃ and the hsp101 mutant at 20℃, 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℃ compared with 20℃, 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 hsp101 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 hsp101 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  

 
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 µmol pho-
tons m−2·s−1 in the WT Arabidopsis. However, DF in-
tensity and Pn were saturated at the same excitation in-
tensity of 150 µmol photons m−2·s−1 in the hsp101 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  

 
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℃. (b) DF 

intensity and Pn in the hsp101 mutant recovered from HS were 

measured after cooling the seedlings to 20℃. Data are the mean 

values of five replicates; SEs are shown when larger than the 
symbol. 

but not in the hsp101 mutant plants (Figure 4(a) and (b)). 
This implied that HS caused irreversible damage to the 
photosynthetic apparatus of the hsp101 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[5], we therefore ex-
amined the levels of ROS in the WT Arabidopsis and 
hsp101 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 hsp101 mutant plants after 
30 min of recovery following HS, respectively (Figure 
5(a)). Pre-infiltrating the leaves with CAT, an H2O2- 
pecific scavenger, arrested the increases in DCF fluo-  

 
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−1 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 µmol/L H2DCFDA for 10 
min in dark, and the concentration of H2O2 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  

 
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−1 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 
µM H2DCFDA for 10 min in dark, and the concentration of H2O2 was 
observed by the LCSM as described in “Material and method”. 
Scale bars = 10 µm. 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 hsp101 
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 
DCF 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 hsp101 protoplasts after the same period of 
recovery (Figure 7(b) and (d)). 

 
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 hsp101 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 µm. 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 hsp101 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 hsp101 
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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 
hsp101 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 hsp101 mutant plant 
(Figure 4). These results were in line with the observa-
tions obtained by other observers, who showed that 
Hsp101 was required for basal thermotolerance[18,19].  

The difference in thermotolerance between the WT 
Arabidopsis and hsp101 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 hsp101 mutant plant than in 
the WT Arabidopsis could be seen regardless of the 
presence or absence of CAT (Figure 5), implying that the 
hsp101 mutant might undergo severer oxidative damage 
than the WT Arabidopsis due to the absence of Hsp101, 
which was similar to the reports showing that the hsp101 
mutant produced a higher level of ROS than the WT 
plant after HS, and was more sensitive to oxidative 
stress[18,19]. 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 
hsp101 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-

sity in both the WT Arabidopsis and hsp101 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 hsp101 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-
terference from environmental factors. Furthermore, the 
sensitivity of DF to environmental stresses, coupled with 
the ease that measurements of DF can be made by using 
the biosensor, makes the proposed optical biosensor po-
tentially useful for non-invasive and real-time monitor-
ing of plant stress responses. Moreover, the equipment 
of adjustable excitation source and its remote control 
mode make on-line, multi-parameter and in vivo inspec-
tion possible. In this regard, the proposed biosensor was 
extremely suitable for simultaneous analysis of photo-
synthetic behaviors and other stress responses such as 
ROS burst. In a word, the nature of new principle and 
one-machine multi-purpose might be important and 
useful for biotechnological and practical applications, 
although field testing and further improvements of the 
reported biosensor must be performed both for portable 
considerations and economical reasons. 
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