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Senescence is a phase of leaf ontogeny marked by declining photosynthetic activity that is paralleled by
a decline in chloroplast function. The photosystem II in a plant is considered to be the primary site
where delayed fluorescence (DF) is produced. We report here a simple, rapid, and non-invasive
technique for detecting plants senescence based on quantitative measurements of DF. In the
experimental study, various senescence symptoms induced by age or hormones were examined in the
Catharanthus roseus L. G. Don plants. Detecting the DF emissions from leaves with a home-made DF
biosensor enables DF parameters of C. roseus to be produced in a short time. Meanwhile, evaluations
of leaves senescence were made from measurements of chlorophyll content, ion leakage, and net
photosynthesis rate (Pn) based on the consumption of CO, in the tested plants. The results of our
investigation demonstrate that the changes in DF intensity of green plants can truly reflect the changes
in photosynthetic capacity and chlorophyll content during age-dependent and hormone-modulated
senescence. Moreover, the DF intensity negatively correlates with ion leakage in both types

of senescence. With proper calibration, DF may provide an important approach for monitoring
senescence process in vivo and quantitatively evaluating senescence extent. Therefore, a DF technique
could be potentially useful for less time-consuming and automated screening of the interesting mutants

with genetic modifications that change the plant senescence progress.

Introduction

Senescence is considered to be the final stage in leaf development.
During senescence, leaf cells experience dramatic changes in
metabolism. The most striking phenotypic change is the yellowing
of the leaf caused by the preferential breakdown of chlorophyll and
chloroplasts.® Because the leaf is the major assimilating organ of
plants, the loss of the photosynthetic pigment and the breakdown
of the photosynthetic apparatus, attenuating anabolic events such
as photosynthesis and protein synthesis,® will inhibit plant growth
and development, thus limiting yield in crops and reducing the
value of ornamental plants.* Therefore, detecting plant senescence
plays an important role not only in identifying interesting mutants
with genetic modifications that change the senescence process, but
also in manipulating senescence in agricultural applications.

The initiation and progression of leaf senescence can be
regulated by an array of endogenous and external factors.®s It
has been established that plant hormones are involved in the
regulation of leaf senescence.® For example, methyl jasmonate
(MeJA) and abscisic acid (ABA) promote leaf senescence, while
6-benzyladenine (6-BA) and other cytokinins delay senescence
in monocot plants like oat, rice and wheat.” Indeed, senescence
is a phase of leaf ontogeny marked by declining photosynthetic
and other anabolic capacities.*>* Thus, traditional evaluation of
leaf senescence mainly depends on measuring the photosynthetic
capacity and chloroplast function. Some instruments, which can
be used to evaluate senescence, especially those based on a gas
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exchange technique, have been rapidly developed. Most commer-
cial instruments are prone to interference from environmental
factors and this limits their applications.” At present, a chlorophyll
fluorescence kinetic technique is widely used for monitoring the
changes in the photochemical efficiency of photosystem (PS) II,
and although it is a non-invasive probe for studies of photosyn-
thetic metabolism, some difficulties have been encountered.!*
Delayed fluorescence (DF) is the phenomenon of photon emis-
sion by a living system after its stimulation by visible radiation.'*'?
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 of many stress factors. >
Additionally, the energy conversion in photosynthesis can be
evaluated by quantifying DF based on the correlation between
DF intensity and chlorophyll content (within a limited range).'
Even the changes in the rate of transport through the phosphate
translocator can be clearly manifested in induction kinetics of
DE.'" In previous reports we have shown that there is a linear
correlation between the DF intensity and net photosynthesis rate
(Pn) in detached leaves of spinach (Spinacia oleracea) in a bench
study.’ More recently, a lot of contrastive experiments further
demonstrated that DF intensity also correlates with Pn in attached
leaves of many plant species of soybean (Glycine max (L.) Merr.),
rice (Oryza sativa L.), and maize (Zea May L.) even under field
conditions.” Accordingly, the analysis of DF behaviour can be
useful in ascertaining the state of the physiological metabolism."
In this paper, a new biosensor for detecting plant senescence
symptoms based on the quantitative measurement of DF has been
developed. According to maximum and stable intensities of DF,
excitation parameters of DF could be optimized experimentally.
Compared with common methods for evaluating plants senescence
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based on gas exchange techniques and biochemical assays, the
developed biosensor is an all-weather and easy-to-use measuring
instrument. It utilizes intrinsic DF as the measurement marker
and can monitor in vivo the changes in plant growth and
metabolism with less influence of the environment.'*" The current
investigation has demonstrated that the DF measured using the
biosensor correlates well with typical senescence symptoms such
as chlorophyll content, ion leakage, and Pn from commercially
available photosynthesis systems during the senescence of Catha-
ranthus roseus L. G. Don.

Materials and methods
Plant material and hormone treatments

The plant C. roseus was bought from an ornamental plant market.
Natural leaves of different ages and nearly same leaf samples
at days after leaf emergence (DAE) were obtained by cutting
leaves at the approximate middle of the petioles with a sharp
scalpel to minimize wounding effects. For dark and hormone
treatments, detached leaves at 40 DAE floated on 8 mM Mes
buffer (pH 5.8) solution were placed in the dark as control.
Different concentrations of 6-benzyladenine (6-BA; Sigma) or
methyl jasmonate (MeJA; Sigma) were added in the buffer to
incubate leaves for 4 d. 0.4 mM 6-BA or 0.4 mM Mela (final
concentration) was used to incubate leaves for different times. All
the experiments were carried out at 22 °C and repeated at least
5 times.

Measurement of photosynthesis rate (Pn)

Pn was measured directly using a commercially available system
(LI-6400; LI-COR, Inc., USA) equipped with the standard leaf
chamber (2 x 3 cm) and the artificial illumination (irradiated from
a modulated tungsten lamp). Pn of leaves at 40 DAE treated with
hormones was determined at a leaf chamber CO, concentration
of 400 ppm after the leaves in the leaf cuvette were irradiated
for about 15 min by a saturated irradiation of 1000 pmol photon
m~? s7!. The relative humidity (RH) and temperature of the leaf
cuvette were about 85% and 22 °C, respectively.

In vivo DF biosensor system and in vivo DF measurements

DF emission in the time window from 0.26 to 5.26 s after
irradiation was recorded with custom-built DF biosensor system.
The diagram of the system is shown in Fig. 1. The technical details
of the system have been described elsewhere.'>* Here only a brief
summary of the essential parts will be presented.

Samples were irradiated by a set of light-emitting diode (LED)
(2 = 628 nm, half wave width = 20 nm, single duct output
luminous flux = 20 lm). All LEDs were uniformly arrayed
along a circumference for homogeneous perpendicular superficial
irradiation of the leaves. The irradiance intensity was adjusted by
changing the current and controlled within the range between 0
and 3000 umol photon m~2 s~'. DF was monitored at an angle of
0° with respect to the incident LEDs light. After Pn measurement,
each sample was immediately placed inside the sample chamber
of the system to dark-adapt for 5 min before the irradiation
source was turned on. Custom-built humidity, temperature, and
CO, controllers controlled, respectively, the RH, temperature and
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Fig. 1 A diagram of the experimental setup for delayed fluorescence
measurements: LED, SPCM and MCU represent the light-emitting diode,
single photon counting module, and micro control unit (AT89¢c55),
respectively.

CO, concentration of the sample chamber. Immediately after the
illumination period, the DF from the sample was collected by
an optical fiber bundle and transmitted to an ultra-high-sensitive
Single Photon Counting Module (SPCM (MP963, Perkin-Elmer,
Wiesbaden, Germany)) with a wavelength detection range of 185—
850 nm. A 660 nm long-pass filter was placed in front of the optical
fiber to protect the SPCM from scattering irradiation light. The
output signal, which had been amplified and discriminated by the
SPCM, was collected and processed by a micro control unit (MCU
(AT89c55)) in the local control mode. The collected and processed
signal could be storied in a memorizer (AT29c020) before further
data analysis using a PC. The samples were irradiated by LED light
for 0.2 s. The data collection started at 0.26 s upon the completion
of the light irradiation and lasted for 5 s because the DF signal
was stable at 0.26 s and decreased to nearly zero at 5.26 5. The
DF intensity was obtained by the integration between 0.26 and
5.26 s in the DF decay dynamics curve and registered as count per
second (cps).

DF measurements of natural leaves of different age and
detached leaves at 40 DAE treated with hormones were carried
out in the same conditions of Pn measurements.

Determination of pigment content and ion leakage

After measurements of the DF intensity and Pn, chlorophyll was
extracted from individual leaves by boiling the leaves in 95%
ethanol at 80 °C. The chlorophyll concentration per fresh weight of
leaf was calculated as described by Lichtenthaler.* The membrane
ion leakage was determined by measuring electrolytes leaked from
leaves. Leaves were immersed in 8 mL of 400 mM mannitol at 22 °C
with gentle shaking for 3 h, after which the initial conductivity was
measured.® The total conductivity was determined after boiling
for 10 min in order to kill the tissues and then the electrical
conductivity of this solution was recorded in uS min~".

Results

Changes in DF intensity, chlorophyll content, and ion leakage
during age-dependent senescence

Leaf yellowing caused by the loss of chlorophyll is a typical
symptom of senescence.’ The leaf was considered dead when
the entire leaf turned yellow.?! We first examined the phenotype
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of individual leaves of C. roseus during age-dependent natural
senescence. We observed that the C. roseus leaf began to turn
yellow at 50 DAE, and the entire leaf turned yellow at 70 DAE
(Fig. 2a).

The DF intensity, chlorophyll content, and membrane ion leak-
age were comparatively measured in leaves from 40 DAE (which is
the day when the leaves were fully grown) onwards, (Fig. 2b, c).?
The results showed that the DF intensity and chlorophyll content
changed in a similar way during age-dependent natural senescence.
At 50 DAE, the DF intensity and chlorophyll content decreased to
93.8 and 90.8% of control, respectively. Then, rapid and consistent
declines in DF intensity and chlorophyll content were observed,
which were consistent with the rapid leaf yellowing (Fig. 2a). When
the entire leaf turned yellow, both DF intensity and chlorophyll
content disappeared almost completely (Fig. 2b). By contrast, a
rapid increase in ion leakage of leaves from 55 DAE was observed
during age-dependent natural senescence, indicating alterations

in the permeability of the membranes and a reduction in their
ability to retain solutes and water due to senescence. Statistical
analyses showed that, there was a positive correlation between
DF intensity and chlorophyll content (R = 0.997, Fig. 2d) and a
negative correlation between DF intensity and ion leakage (R =
—0.996, Fig. 2e) during age-dependent natural senescence.

Effects of different concentrations of 6-BA and MeJa
on DF intensity

Leaf senescence occurs in an age-dependent manner in many
species.* However, leaf senescence can be modulated by a range
of plant hormones, such as ABA, MeJa, 6-BA and ethylene.”»*
Before examining the hormone-modulated senescence symptoms,
the effects of different concentrations of 6-BA and MeJa on the
DF intensity of detached leaves at 40 DAE were first assessed. As
shown in Fig. 3, after the same incubation period of 4 d in the
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Fig. 2 Age-dependent senescence symptoms in the C. roseus leaves. (a) The age-dependent senescence phenotype of C. roseus leaves. Photographs show
representative leaves at each time point. (b) DF intensity (H), chlorophyll content ([J) and (c) ion leakage were examined every 5 d from 40 DAE, when
the leaves were just fully grown. The data for chlorophyll content and DF intensity are expressed as a percentage of the content and intensity measured at
40 DAE, respectively, 2.53 mg g~' fresh weight (FW) and 75879.49 cps for chlorophyll content and DF intensity, respectively. (d) The relationship between
DF intensity and chlorophyll content (R = 0.997, P < 0.001). (¢) The relationship between DF intensity and ion leakage (R = —0.996, P < 0.001). Each

value is the mean =+ SE of five independent leaves.

This journal is © The Royal Society of Chemistry and Owner Societies 2007

Photochem. Photobiol. Sci., 2007, 6, 635-641 | 637



12  [6-BA
= [ Control -
§ 104 M Mela
= [
= 8 .
&
‘w64
=
3 .
8 a4
a
2 _ -
o
0 0.1 0.2 0.4 0.8 1.6
Concentration (mM)

Fig. 3 Effects of different concentrations of 6-BA and MeJa on the DF
intensity of C. roseus leaves at 40 DAE. Each value is the mean £ SE of
five independent leaves.

dark, the DF intensity of leaves increased with the increasing of
6-BA concentration and decreased with the increasing of MeJa
concentration. When the concentration of 6-BA was 0.4 mM, the
increase in the DF intensity became significant different from the
control at P < 0.01. Increasing the concentration of 6-BA to 0.8
and 1.6 mM did not result in an improvement for the P values
for significant difference. When the concentration of MeJa was
0.2 mM, some yellow spots started to appear on the leaf surface,
and the decrease in the DF intensity became significant different
from the control at P < 0.01. Above 0.4 mM, most leaves lost
their green colour and at the same time the DF intensity almost
disappeared (Fig. 3).

The dynamics of DF intensity during plant hormone-modulated
senescence

Next, we further investigated the dynamics of the DF intensity
during plant hormone-modulated senescence. Detached leaves of
equal size at 40 DAE, with similar initial DF intensity and weight,
were placed in the dark to induce senescence in the presence or
absence of 0.4 mM 6-BA or 0.4 mM MeJA. Photographs were
taken and the DF intensity was determined every 2 d for a total of
10 d. The photographs of the samples and the temporal profile of
the DF intensity from the samples are shown in Fig. 4.

As shown in Fig. 4a, detached leaves in the dark gradually
turned yellow during the incubation period of 10 d. The phenotype
of leaves showed that dark-induced leaf yellowing could be delayed
by treatment with 0.4 mM 6-BA and accelerated by treatment with
0.4 mM Mela. Dark-induced leaf yellowing began after 4 d of
incubation without any treatments, 8 d in the presence of 6-BA,
and 2 d in the presence of MelJa (Fig. 4a).

The hormone-modulated senescence process could be clearly
indicated by the dynamics of the DF intensity (Fig. 4b). During
the first 6 d of incubation with 0.4 mM 6-BA, although there are no
visual phenotypic changes in the leaf phenotype, the DF intensity
first showed an increasing trend and then began to gradually
decrease. Upon treatment with 0.4 mM Mela, the DF intensity
showed a rapid decreasing trend during the whole incubation
period of 10 d. After 8 d of incubation, the DF intensity reduced
to nearly zero in the leaves treated with 0.4 mM MelJa, whereas
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Fig. 4 Plant hormone-modulated senescence symptoms in C. roseus
leaves. (a) The plant hormone-modulated senescence phenotype of C.
roseus leaves. Photographs show representative leaves at each time point.
(b) The DF intensity was examined every 2 d from 40 DAE. Each value is
the mean + SE of five independent leaves.

the DF intensity just started to decrease in the leaves treated with
0.4 mM 6-BA (Fig. 4b).

DF intensity correlates with Pn, chlorophyll content, and ion
leakage during plant hormone-modulated senescence

In order to confirm whether the DF intensity can truly reflect
the senescence process and quantitatively evaluate the senescence
extent modulated by these hormones, we further examined the
typical senescence symptoms of C. roseus leaves after treatment
with the plant hormones (Table 1) and the relationships between
the DF intensity and senescence symptoms (Fig. 5). The results
clearly indicated that the leaves showed delayed senescence
symptoms during the treatment with 0.4 mM 6-BA but severely
accelerated senescence symptoms during the treatment with
0.4 mM MelJa (Table 1). Upon treatment with 0.4 mM 6-BA, both
Pn and chlorophyll content first showed an increasing trend during
the first 6 d of incubation and then began to gradually decrease
after 8 d of incubation. Although ion leakage showed no significant
changes during the first 6 d of incubation, it also began to increase
after 8 d of incubation, indicating that 6-BA can enhance
the activity of the photosynthetic apparatus to some extent.
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Table 1 Changes in Pn, chlorophyll content, and ion leakage of C. roseus leaves during plant hormone-modulated senescence

Pn/pmol CO, m™—2 s™! Chlorophyll content/mg g=' FW Ton leakage/pS cm™!
Time/d 6-BA Control MelJa 6-BA Control MelJa 6-BA Control MelJa
0 152+0.8 147+ 1.0 15.0+0.2 2.94+0.7 28+0.2 2.8 +0.55 16.2+0.6 16.2+0.5 16.5+0.2
2 16.5+0.2 14.1+£0.7 121+ 04 3.1£1.1 24+0.2 2.2+0.32 16.1 +£0.2 18.7+0.3 23.3+0.5
4 18.2£0.8 13.0+0.4 8.0+£09 34+0.1 2.0+£0.2 1.7 £ 0.66 16.6 £ 0.7 24.1+£1.0 41.1+0.5
6 16.3+£0.5 10.5+0.6 5.1+0.6 29+ 1.1 1.5+0.8 1.0+ 0.84 16.1 +0.2 39.2+0.5 60.2 +0.7
8 13.1£1.0 8.7+0.1 1.1£0.5 24+£0.8 0.8 £ 1.1 0.2 £0.05 24.1 £ 1.1 55.7+1.1 827+ 1.1
10 11.1 £0.6 3.1+£09 0.1 £0.5 2.1£0.5 0.4+0.8 0.0l £1.21 304 +£04 68.7 £ 1.1 89.7£0.1
a By contrast, both Pn and chlorophyll content showed a
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Fig.5 The relationships between the DF intensity and typical senescence
symptoms (data from Fig. 4 and Table 1). (a) The DF intensity positively
correlates with Pn. (b) The DF intensity positively correlates with
chlorophyll content. (¢c) The DF intensity negatively correlates with ion
leakage. Each value is the mean + SE of five independent leaves.

rapid decreasing trend upon treatment with 0.4 mM MelJa and
decreased to nearly zero in the leaves after 8 d of treatment. At
the same time, the ion leakage increases to 410.1% of control.
Moreover, the ion leakage increases more markedly in the leaves
treated with MeJa than in the control during the whole incubation
period of 10 d. These data clearly show that the changes in
the DF intensity exhibit a trend similar to that of Pn and
chlorophyll content, but opposite to that of ion leakage during
plant hormone-modulated senescence.

Statistical analyses showed that there was a correlation between
the DF intensity and the typical senescence symptoms during
hormone-modulated senescence (Fig. 5a—c). The DF intensity not
only positively correlates with Pn and chlorophyll content but also
negatively correlates with ion leakage.

Discussion

Senescence is a developmental event that leads to the death of a
cell, an organ, or organism upon aging.® The yellowing process
which occurs in leaf senescence is a ubiquitously biological phe-
nomenon in most plant species. It is accepted that the chlorophyll
content, photochemical efficiency of PSII and membrane ion leak-
age are typical senescence-associated physiological markers.??’
The changes in the DF intensity that we have measured were
consistent with leaf yellowing of C. roseus (Fig. 2a, b). Moreover,
a positive correlation between the DF intensity and chlorophyll
content and a negative correlation between the DF intensity and
ion leakage were observed during natural senescence in C. roseus
leaves (Fig. 2d, e). These findings indicate that the DF intensity
can be used to ascertain the senescence process and evaluate the
senescence extent induced by age.

Although leaf senescence is regarded as a developmental pro-
grammed event, it can be highly modulated by internal factors such
as plant hormones, reproduction, and cellular differentiation.®**
Among these internal factors, plant hormones have been char-
acterized most thoroughly at the molecular and physiological
levels.?** The senescence symptoms we examined were the loss of
chlorophyll content, decrease in photosynthesis rate, and increase
in ion leakage. When compared to the control, the detached leaves
of C. roseus exhibited a delay in the appearance of these senescence
symptoms in the presence of 6-BA but an acceleration in the
presence of MelJa (Fig. 4a, Table 1). These phenomena are similar
to those observed in Arabidopsis and wheat.*’

Measurements of the DF signal showed that the DF intensity
of detached leaves of C. roseus increased with the increasing of
6-BA concentration and decreased with the increasing of MeJa

This journal is © The Royal Society of Chemistry and Owner Societies 2007

Photochem. Photobiol. Sci., 2007, 6, 635-641 | 639



concentration (Fig. 3). Similar changes in the photosynthesis rate
and chlorophyll content were also observed (data not shown).
More interestingly, delayed or accelerated senescence in detached
leaves of C. roseus related directly to hormone-induced changes in
the dynamics of the DF intensity (Fig. 4). The excellent correlation
between the DF intensity and these typical senescence symptoms
strongly indicates that the DF intensity can be used to truly reflect
the senescence process and quantitatively evaluate the senescence
extent modulated by these hormones (Fig. 5a—).

Leaf senescence is marked by a decline in the chloroplast func-
tion and photochemical efficiency of PSII,*®* which determine the
rate of backward electron transport reactions in the reaction center
of PSII and thus the DF intensity.’**® During leaf senescence, the
chlorophyll protein complexes are decomposed and the integrity
of the thylakoid membranes is broken (Fig. 2, Table 1).** This
reduced the ability of P680 in PSII to initiate charge separation and
transport to produce Q~.° The DF intensity, directly related to the
concentration of Q™ generated in the reaction center of PSII during
light illumination,’” thus, decreases (Fig. 2 and 4). Moreover, the
chlorophyll degradation combined with the decreased expression
of genes related to photosynthesis and protein synthesis during
senescence affects the absorption of both CO, and light energy,
and therefore reduced the photosynthesis rate and DF intensity
(Fig. 4, Table 1).>* Therefore, the DF intensity always displays
a highly consistent trend with Pn and chlorophyll content but
an opposite trend with ion leakage during age-dependent and
hormone-modulated senescence.

In summary, the data presented in this work indicate that the
changes in the DF intensity can truly reflect the senescence process
and quantitatively evaluate the senescence extent modulated by
age or plant hormones. Hopefully, with proper calibration, this
DF technique will provide a new powerful method for the rapid
and non-invasive monitoring of plant senescence.

Conclusions

This study has demonstrated the effectiveness of the DF technique
for a rapid and non-invasive monitoring of plant senescence.
The sensitivity of DF towards changes in the photosynthetic
metabolism, coupled with the ease and speediness of DF mea-
surements made using the biosensor, makes the DF technique
potentially useful for the rapid and non-invasive detection of
plant senescence modulated by age or plant hormones. The
biosensor presented here, combined with a SPCM and a MCU,
enables portable and in vivo measurements. Moreover, the low
cost, simple and convenient operation, and the less interfer-
ence from the environment even in field working conditions
(achieved by using custom-built humidity, temperature, and CO,
controllers) make the DF biosensor extremely suitable for practical
applications.
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DF, delayed fluorescence; Pn, net photosynthesis rate; MeJA,
methyl jasmonate; ABA, abscisic acid; 6-BA, 6-benzyladenine;
PSII, photosystem II; DAE, days after leaf emergence; Mes, 2-(N-
morpholino) ethanesulfonic acid; FW, fresh weight; Q, quinine
acceptor of PSII.
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