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Abstract  
 

Senescence constitutes the final stage of a plant organ and tissue development and is a subject to gene control and strict 
regulation. By the late growing season, when Alhagi sparsifolia entered the natural senescence period, a girdling treatment 
was carried out on the phloem to increase the sugar content in leaves and to investigate carbohydrate-induced leaf 
senescence. After the semi-girdling and full-girdling treatment, organic matter could not leave leaves due to the destruction 
of sieve tubes. This led to constantly increasing sugar contents in leaves. Girdling was shown to greatly accelerate the 
senescence of plants. In girdled leaves, chlorophyll (Chl) a, Chl b, carotenoids (Car), and both ratios of Chl a/b and Chl/Car 
were significantly reduced. On the donor side of PSII, the oxygen-evolving complex was inhibited under high 
concentrations of carbohydrates, which was manifested as the emergence of the K phase in fluorescence kinetic curves. 
On the acceptor side of PSII, the high carbohydrate content also led to the disruption of electron transport and reduced 
light-use efficiency, which was manifested as a reduction in numerous fluorescence parameters. We believe that the 

emergence and development of plant senescence was not necessarily induced by the high content of carbohydrates, because 
even a decrease in the carbohydrate concentration could not stop the senescence process. Although the high content of 
carbohydrates in plants could induce plant senescence, this kind of senescence was likely a pathological process, including 
degradations of physiological functions.  
 
Additional key words: carbon; nutrient cycling; photosynthetic apparatus; photosynthetic pigment; reactive oxygen; stress. 
 
Introduction 
 

Senescence constitutes a plant development process con-
trolled and highly regulated by genes that rescue nutritive 
elements before cell death (Masclaux et al. 2000, Parrott 
et al. 2005, 2007). Since early senescence impedes plants 
from absorbing carbon dioxide, late senescence interferes 
with the reactivation of nutritive elements. Since the 

photosynthetic activity of tender leaves and reproductive 
success is affected (Wingler et al. 2006), the senescence 
process may be subject to rigorous regulation of genes. So 

far, at least six categories of genes have been identified as 
being associated with senescence (Thomas and Smart 
1993, Smart 1994, Rajcan et al. 1999). 
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In addition to decomposition of chlorophyll (Chl) and 
proteins, a decline in photosynthetic activity (Humbeck 
et al. 1996, Wingler et al. 1998, 2006), and ectopia of 
resources allocated to plant vegetative organs (Bleecker 
and Patterson 1997, Buchanan-Wollaston 1997, Gan and 
Amasino 1997, Miller et al. 2000), the most obvious 
feature of leaf senescence is the transition of leaf color from 
green to yellow or red (Rajcan et al. 1999). Color change 
occurs because Chl degrades easily prior to carotenoids. In 
addition, it is also relevant to the synthesis of new 
compounds in the senescence process, such as the synthesis 
of anthocyanins and phenolic compounds (Hendry 1988, 
Matile 1992, Smart 1994, Rajcan et al. 1999). Therefore, 
the disappearance of Chl has been widely considered to be 
a symptom of leaf senescence (Hörtensteiner 2006). 
However, leaf senescence is not merely a degenerative 
process; it also plays a vital role in nutrient cycling, 
especially for the reactivation of nutrient elements (Himel-
blau and Amasino 2001, Wingler et al. 2006). Nitrogen 
reallocation in senescent nutritive organs is important, 
particularly, in the transfer of nitrogen from leaves and 
stems to mature seeds (Parrott et al. 2005).  

Senescence can be initiated by various internal and 
external factors, or controlled by a serie of biological and 
non-biological factors, such as changes of source-sink 
interactions and hormonal balance, or by the supply of 
light, ultraviolet light, ozone, hormones, drought, nutrients 
and water, or induction by various pathogens or pests 
(Feller and Fischer 1994, Buchanan-Wollaston et al. 2003, 
Lim et al. 2007, Gregersen et al. 2008, Parrott et al. 2010). 
In previous studies, it has been demonstrated that high 
carbohydrate content (carbon "feast") is associated with 
the onset of the natural senescence process (Feller and 
Fischer 1994, Koch 1996, Wingler et al. 1998, 2006; 
Masclaux et al. 2000, Ono et al. 2001, Pourtau et al. 2004, 
2006; Parrott et al. 2005, 2007, 2010). However, leaf 

senescence is not necessarily induced by high concen-
trations of carbohydrates, since low concentrations of car-
bohydrates can produce the same effect primarily by 
applying dark treatment, thereby resulting in carbohydrate 
famine, which is revealed by experiments where plants 
showed symptoms of senescence (Matile 1992, Pourtau 
et al. 2006). Plants are demonstrated to be able to induce 

or accelerate the senescence of blade under a high activity 
of hexokinase; whereas, plant senescence is delayed in the 
absence of hexokinase (Dai et al. 1999, Mickelson et al. 
2003, Parrott et al. 2010). This also makes hexokinase 
generally accepted as the main signal factor by which 
carbohydrate activity induces senescence (Dai et al. 1999, 
Moore et al. 2003, Yoshida 2003, Parrott et al. 2005). 

Because Jongebloed et al. (2004) showed that naturally 
occurring sieve tube occlusion and carbohydrate accumu-
lation is relevant to Chl degradation, it appears that phloem 
girdling enhances the possibility of plant sieve tube occlu-
sion, thereby enhancing the possibility of carbohydrate 
increase through experimentation. In fact, numerous expe-
riments have shown that girdling could cause leaf carbo-
hydrate accumulation and accelerate the senescence 
process (Krapp and Stitt 1995, Parrott et al. 2007).  

Although experiments, where leaf senescence induced 
by girdling leads to a decreased photosynthetic activity, 
have been reported frequently (Parrott et al. 2007), there 
are only a few studies concerning the activity of photosyn-
thetic apparatus and electron transfer in the senescence 
process (Lichtenthaler and Babani 2004). Although it is 
well known that plant senescence is always accompanied 
by yellowing and Chl decomposition, observation of leaf 
color and determination of Chl content is insufficient to 
determine the process of leaf senescence, particularly in 
relation to changes in photosynthetic apparatus perfor-
mance and structure (Smart 1994).  

The measurement of Chl fluorescence is able to eluci-
date more comprehensively and profoundly the changes in 
photosynthetic apparatus structure and performance in the 
process of leaf senescence in plants. Moreover, the 
literature concerning fast kinetic parameters of Chl 
fluorescence to study leaf senescence is very limited; thus, 
we examined the change of PSII structure and electron 
transfer during senescence utilizing fast kinetic 
parameters. Given the current lack of information in this 
area, we carried out phloem girdling in A. sparsifolia 
plants that just entered the senescence period at the Cele 
Oasis frontier on the southern rim of the Taklimakan 
Desert. In order to deepen our understanding, changes in 
leaf carbohydrates accumulation were studied during 
senescence using Chl fluorescence. 

 
Materials and methods 
 
Study site: The study was performed in the Desert Experi-
mental Area in the Cele National Field Research Station 
for Desert Steppe Ecosystems, the Chinese Academy of 
Sciences. The research area is located in the Taklimakan 
Desert at an oasis-desert transitional zone on the southern 
rim of the Taklimakan Desert (35°17'55''–39°30'00'' N, 
80°03'24''–82°10'34'' E).  
 
Plant material: Alhagi sparsifolia Shap. is a kind of 
prickly, cloning, and perennial leguminous caudex in arid 
and semi-arid regions, with a height of about 1 m (Zeng et 

al. 2008). It is widely distributed in the oasis-desert 
transitional zone at the southern rim of the Taklimakan 
Desert in northwestern China, and is one of the most 
important plant species in the area (Xue et al. 2011).  
 
Experimental design: On 21 August 2013, nine quadrats, 
each 4 × 4 m2, containing 10–12 plants, were set up on flat 
land. In these quadrats, A. sparsifolia plants were two 
years old and about 80 cm tall. Of these, each quadrat was 
randomly selected for three different degrees of girdling 
treatments. Care was taken to a position of the quadrats in 
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such a way that all of the plants inside the quadrats were 
as far away as possible from the edges, to avoid possible 
edge effects from ingrowing roots of nontreated plants. 

The three different girdling treatments were: control 
(plants left intact, CK), semi-girdling (girdle semi-circle of 
the phloem, SG), and full-girdling (girdle full-circle of the 
phloem, FG); every treatment was comprised of squares. 
Girdling consisted in removing a 10–12 mm wide band of 
bark at the bottom of the main stem of each branch. 
Studying the leaf senescence process and interrelated 
physiological parameters under SG may assist us in 

determining whether the system with half sieve function 
can work as well as phloem that is not damaged at all. After 
girdling, a soluble sugar content, starch content, net 
photosynthetic rate (PN), photosynthetic pigment content, 
Chl fluorescence, proline (Pro) content, and malondialde-
hyde (MDA) content of A. sparsifolia were determined, 
respectively, on the 1st, 11th, 21st, and 31st day (days after 
treatment, DAT). The examined leaves were all fully 
developed and expanded, and were mainly selected from 
the second leaf on the inferior branches (not stems). After 
three DAT, we checked the survival rate of plants in the 
sample plot to determine whether plant death occurred due 

to improper treatment. In most squares, all of the plants 
survived. In one or two squares, however, individual plants 
expired; then we removed these plants and ensured that 
each square contained at least ten plants. 
 
Measurement of PN was conducted in the field as described 
by Mittler et al. (2001) using a portable photosynthesis 
system (LI-COR 6400, LI-COR Inc., Lincoln, NE, USA). 
Specifically, starting from August 22, 2013, we measured 
the PN of A. sparsifolia once every 10 d within the square, 
totally four times. The measurement was conducted on 
cloudless days at 10:00 h (GMT+6), when the PN of plants 
peaks during the day. 

As the measured leaves were too small to meet the size 
of 6 cm2 of the leaf chamber, a scanner (HP Scanjet 3770, 
Hewlett-Packard, Palo Alto, USA) was used to determine 
a particular leaf area. Image Pro Plus 6.0 software (Media 
Cybernetics, Silver Springs, MD, USA) was used to 
calculate the actual area and values of PN. Five replicates 
were performed at each treatment using fully developed 
and expanded leaves. 
 
Photosynthetic pigments content: All leaves were fully 
developed and selected from the second to fifth leaves on 
each branch. The fresh leaves were homogenized using 
sand, MgCO3, and 100% acetone, and then extracted with 
80% acetone. After centrifugation at 2,500 rpm for 2 min, 
the absorbance of the solution was measured by a UV/Vis 
spectrophotometer (Jenway 6400, Krackeler Scientific, 
London, UK) at 470, 647, and 663 nm, with a correction 
for scattering measured at 750 nm. The concentrations of 
the Chl per unit of leaf fresh mass were determined using 
the equation of Lichtenthaler (1987).  
 

The measurement of Chl fluorescence was carried out 
according to the procedure of Strasser and Govindjee 
(1992). Specifically, adequately dark-adapted (20 min) 
leaves were used at room temperature (25°C) using a Plant 
Efficiency Analyzer (Handy PEA, Hansatech, King's Lynn, 
Norfolk, UK). Irradiance was 3,600 μmol(photon) m2 s1 
to generate fast fluorescence curves expanding from O 

(taken as F0, minimal recorded fluorescence intensity) to P 
(Fm, maximal recorded fluorescence intensity). By using 
this technique, following parameters were calculated: (1) 
Maximum quantum yield for primary photochemistry 
(Fv/Fm); (2) approximated initial slope of the fluorescence 
transient (M0); the total normalized complementary area 
above the O-J-I-P transient [reflecting single-turnover 
primary bound plastoquinone (QA) reduction events] (Sm); 
(3) quantum yield for electron transport (at t = 0) (φE0); (4) 
probability that a trapped exciton moves an electron into 
the electron transport chain beyond QA

- (at t = 0) (ψ0); and 
(5) performance index on absorption basis (PIabs).  
 
Soluble sugars and starch content: Leaves for the 
measurement of soluble sugars and starch were selected 
selected from the second to fifth leaf on each of the 
branches of A. sparsifolia. The leaves were dried at 75°C 
for 24 h until a stable mass was maintained. Dried 
A. sparsifolia leaves were ground to powder for later study. 
The leaves (0.5 g of dry mass) were extracted with 4 mL 
of 80% ethanol at 80°C for 40 min, followed by two 
extractions with 2 mL of 80% ethanol. The supernatants 
were combined and purified by 10 g of activated carbon at 
80°C for 30 min. We then added ethanol (80%) to the 

product to maintain a constant volume for measuring the 
amount of soluble sugar. Then, the remaining sample was 

dried at 45°C to remove ethanol, and boiled for 10 min with 
3 mL of double-distilled water in 7.5 mL-centrifuge tubes. 
The samples were then cooled to room temperature (about 
28°C), and we added 4 mL of HClO4 to decompose starch. 
Starch in the paste was hydrolyzed for 15 min, and soluble-
sugar glucose was determined at 630 nm as described 

previously by Li et al. (2011). The starch content was 
calculated using the formula: Starch content [%] = 
G (glucose mass obtained from standard curve) × 0.9 = 
DM (dry mass) × 100.  
 
Pro content: The measurement of the Pro content was 
based on the method described by Demiral and Türkan 
(2005). We ground plant samples (0.5 g) and mixed them 
with 3% (w/v) sulfosalicylic acid. Afterwards, we filtered 
homogenate through filter paper. After adding acid nin-
hydrin and glacial acetic acid, the obtained mixture was 
boiled in a water bath at 100°C for 1 h. The sample reaction 
mixture was then placed in an ice bath to terminate the 
reaction. The mixture was extracted with toluene and pure 
toluene was taken as a control. The extract was placed in a 
cuvette and its absorbance was read at 520 nm (Jenway 
6400, Krackeler Scientific, London, UK). The Pro 
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concentration was calculated using a calibration curve and 
expressed as mol(Pro) g−1(FM, fresh mass). 
 
MDA content was measured according to Rahman et al. 
(2012). Thiobarbituric acid (TBA) reactive substances 
representing the lipid peroxidation products were extracted 
by the homogenization of a 0.2 g leaf sample in 5 mL 
of solution containing 20% trichloroacetic acid and 
0.5% TBA. The mixture was heated at 95°C for 30 min, 
and the reaction was stopped using an ice bath. The cooled 
mixture was centrifuged at 5,000 × g for 10 min at 25°C, 
and the absorbance of the supernatant at 532 and 600 nm 
was recorded (Jenway 6400, Krackeler Scientific, London, 
 

 UK). After subtracting the nonspecific absorbance at 
600 nm, the MDA concentration was determined by its 
molar extinction coefficient, i.e., 155 M1 cm1 (Kosugi 
and Kikugawa 1985, Rahman et al. 2012). 
 
Data analysis: The significance of data differences 
between CK, SG, and FG after 1, 11, 21, and 31 DAT were 
analyzed by one-way analysis of variance (ANOVA) using 
PASW Statistics 18.0 software (Macintosh, SPSS Inc., 
Chicago, IL, USA) for each parameter. Once a significant 
difference was detected, post-hoc LSD multiple range tests 
at p<0.05 were used to identify statistically significant 
differences.  

Results 
 
Carbohydrate characteristics: In our experiment, both 
soluble sugar and starch exhibited the same trend after 
girdling. On 1 DAT, there was little difference between 
treatments (CK, SG, and FG) in leaf soluble sugar. After 
11 DAT, however, compared with CK, soluble sugar of 
A. sparsifolia subjected to SG and FG increased by 8.7 and 
20.6%, respectively. After 31 DAT, soluble sugar of the 
SG and FG plants increased by 48.3 and 81.6%, 
respectively, compared with CK. For CK, soluble sugar 
increased by 24.2% from 1 to 21 DAT, while from 21 to 
31 DAT, the soluble sugar content decreased by 12.7%. 
For SG, soluble sugar increased by 55.0% from 1 to 31 
DAT; for FG, soluble sugar increased by 81.6% from 1 to 
31 DAT (Fig. 1).  

On 1 DAT, there was only a slight difference between 
treatments in leaf starch. After 11 DAT, however, com-
pared with CK, starch of A. sparsifolia subjected to SG and 
FG increased by 5.8 and 18.1%, respectively. After 
21 DAT, compared with CK, starch in the SG and FG 
plants increased by 14.7 and 37.8%, respectively, while 
after 31 DAT, it increased by 45.0 and 64.2%, respectively. 
For CK, starch increased by 14.8% from 1 to 21 DAT, 
while from 21 to 31 DAT, the starch content decreased by 
9.5%. Starch increased by 48.0% from 1 to 31 DAT in SG, 
while it was enhanced by 68.5% in FG during the same 
period (Fig. 1). 
 
Photosynthesis characteristics: In the present study, PN 
declined with time independently on the treatment (Fig. 2). 
While after 1 DAT, PN in the SG and FG leaves decreased 
by 1.9 and 6.4%, respectively, after 31 DAT, PN declined 
by 43.4 and 81.9% in the SG and FG leaves, respectively, 
compared with CK (Fig. 2). 
 
Photosynthetic pigment characteristics: All pigments, 
such as Chl a, Chl b, Chl (a+b), Car, and both their ratios 
of Chl a/b and Chl/Car decreased with time in each 

treatment. At the beginning, no difference was apparent 
between CK and both girdling treatments, while the 
decline in pigment contents became more apparent after 11 
DAT (Fig. 3), particularly in the SG (10.9, 9.4, 10.5, 9.2, 

1.7, and 1.3%, respectively, for Chl a, Chl b, Chl (a+b), Car, 
Chl a/b, and Chl/Car) and even more in FG plants (32.7, 
26.4, 31.0, 14.4, 8.6, and 18.8%, respectively). The 
reduction in pigment contents continued with treatment 
duration and after 31 DAT; it decreased by 32.7, 26.4, 
31.0, 14.4, 8.6, and 18.8%, respectively, in the SG for 
Chl a, Chl b, Chl (a+b), Car, Chl a/b, and Chl/Car com-
pared with CK, while in the FG, pigments decreased 
by 62.0, 44.5, 57.1, 35.1, 31.9, and 33.9%, respectively 
(Fig. 3).  
 
Chl fluorescence characteristics: The study revealed 
that, on the 1st day, there was no significant difference in: 
1) Fv/Fm; 2) M0; Sm; 3) φE0; 4) ψ0; and 5) PIabs. Chl 
fluorescence parameters, such as Fv/Fm, Sm, φE0, ψ0, and 
PIabs declined with time, and M0 increased with time 
independently on the treatment (Fig. 4). The significant 
difference appeared after 11 DAT and became more 
obvious further on. On the 31st day, compared with CK, 
Fv/Fm, Sm, φE0, ψ0, and PIabs in SG leaves decreased by 
24.3, 26.0, 31.2, 26.6, and 70.9%, respectively, while M0 
increased by 45.6%. After 31 DAT, compared with CK, 
Fv/Fm, Sm, φE0, ψ0, and PIabs in FG leaves decreased by 62.8, 
47.0, 63.9, 40.6, and 90.7%, respectively, while M0 

increased by 99.3% (Fig. 4). 
The Chl fluorescence kinetic curve of A. sparsifolia 

exhibited a typical O-J-I-P phase 1 DAT, whereas, regard-
less of the treatment, there was no K-phase. However, after 

11 DAT, the Chl fluorescence kinetic curve of the FG 
plants showed the K-phase. Contrary to it, no K-phase was 
found in other treatments. After 21 and 31 DAT, both the 
SG and FG plants exhibited the apparent K-phase, whereas 
there was still no K-phase in the CK plants (Fig. 5). 
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Fig. 1. Soluble sugar (A) and starch (B) contents
of Alhagi sparsifolia under control (CK), semi-
girdling (SG), and full-girdling (FG) after 1, 11, 
21, and 31 d. *  significant difference at the 
0.05 probability level according to LSD test (n
= 5) estimated by two-tailed ANOVA between 
CK and other treatments (SG, FG). Data points
represent the means of five biological replicates
 SE. DM – dry mass. 

 

 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Net photosynthetic rate (PN) of 
Alhagi sparsifolia under control (CK), semi-
girdling (SG), and full-girdling (FG) after 1, 
11, 21, and 31 d. Data points represent the 
means of five biological replicates ± SE. *  
significant difference at the 0.05 probability 
level according to LSD test (n = 5) estimated 
by two-tailed ANOVA between CK and other 
treatments (SG, FG).  

 
Pro and MDA characteristics: Both Pro and MDA con-
tents increased with time during our experiment (Fig. 6). 
At the beginning, the Pro and MDA contents in A. sparsi-
folia leaves changed only slightly. Starting 11 DAT, both 
Pro and MDA contents increased by 9.1 and 8.6%, res-
pectively, in the SG plants, while they increased by 35.0 

and 23.8%, respectively, in the FG compared with CK 
plants. After 31 DAT, the Pro and MDA contents increased 
by 26.0 and 22.1%, respectively, in SG, while they 
enhanced by 50.9 and 48.4%, respectively, in FG 
compared with CK (Fig. 6).  

 
Discussion 
 
The primary function of girdling is to remove a ring of 
phloem, thereby disrupting the basipetal movement of 
photosynthetic products through the phloem. This action 

may result in the accumulation of carbohydrates on the 
side of the girdle closer to the source(s) of metabolites, and 
in a reduction in tissue on the side opposite to the girdle  
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(Rivas et al. 2006, Urban and Alphonsout 2007, Yang et 
al. 2013). Our study showed that both soluble sugar and 
starch content increased in the girdled (SG, FG) leaves. As 
leaf senescence can be induced by a carbohydrate “feast”, 
the acceleration of leaf senescence in the girdled (SG, FG) 
leaves in our study might result from the increase of 
carbohydrates, which was consistent with previous studies 
(Parrott et al. 2005, 2010). In fact, our study was 
conducted during the late growing season; regardless of the 
type of treatment, A. sparsifolia basically exhibited the 
signs of senescence throughout the entire 31 d-lasting 
experiment. In our study, leaf soluble sugar and starch 
showed the trend of first increasing and then decreasing 
during the natural senescence (CK) process. After the 
girdling treatment (SG, FG), however, soluble sugar and 
starch increased continuously during the 31 d period. This 

may be because the function of photosynthetic apparatus 
did not rapidly decline during the early stage of senescence 
and carbohydrates could be still constantly synthesized 
and slowly accumulated in leaves through photosynthesis. 

Nevertheless, with proceeding senescence, the function of 
photosynthetic apparatus began to decline, as well as 
compounds synthesized via photosynthesis, while there 
was a continual stream of sugar outputting to storage 

tissues, such as roots. Consequently, at a particular moment 
of senescence, leaf carbohydrate concentration started to 
decline, which was evidenced previously by similar 
experiments (Masclaux et al. 2000). On the other hand, 
when the sieve tube is damaged as a result of phloem 
girdling, the products of photosynthesis accumulate in the 
leaf and cannot be exported. Even later in senescence the 
plant is unable to export excessive carbohydrates through 
phloem transport. Thus, we could not observe the decrease 
of the sugar content in the girdled leaves in A. sparsifolia 
in the late stage of the experiment.  

PN decreased the most rapidly in the FG leaves and 
slowly in natural (CK) leaves during leaf senescence. For 
this reason, we believe that girdling accelerated leaf 
senescence. Moreover, PN after the girdling treatment (SG 
and FG) began to decline greatly, and this reduction was 

also accompanied by the accumulation of soluble sugar and 
starch and it increased with the degree of girdling. We 
considered that a rise in carbohydrate concentration cannot 
be the only factor limiting PN, since the PN was also 

continually reduced in the CK treatment in the course of 
the experiment (Fig. 2). On the other hand, the carbo-
hydrate concentration showed no decline. This might be 
due to a reduction in PN induced by changes in the structure 
and function of the photosynthetic apparatus which might 
be revealed by changes in the Chl content and Chl fluo-
rescence. Whereas, it is clear that high concentrations of 
carbohydrates is one of the reasons limiting PN of plants 
and inducing leaf senescence. Similar conclusions can be 
found for Malus sylvestris (L.) Mill. var. domestica 
(Borkh.) (Moore et al. 2003), Anacardium occidentale L. 
(Schaper and Chacko 1993), Vitis vinifera L. (Harrell and 

Williams 1987, Roper and Williams 1989), and Mangifera 

indica L. (Lu and Chacko 1998). 
Decline of the Chl content and PN has been used as an 

indication of leaf senescence (Dong et al. 2008, Dai and 
Dong 2011). In our study, Chl a, Chl b, and Car contents 
declined during the 31-d experiment, which indicated that 
each type of treatment (CK, SG, and FG) exhibited leaf 
senescence. In addition, the results also demonstrated that, 
regardless of the type of treatment, Chl a decreased more 

rapidly than Chl b during leaf senescence. According to the 
different function of Chl a and Chl b in photosynthesis 
(Argyroudi-Akoyunoglou and Akoyunoglou 1970), the 
higher ratio of Chl a/b indicated that Chl a contained more 
molecules that were excited directly by light and thus more 
molecules were directly involved in photochemical 
reactions, which is conducive to improving photosynthetic 

efficiency. In the senescence process, Chl a is more easily 

decomposed compared to Chl b, and Chl a/b tends to 
decrease, which may also explain why plants show low PN 
in the senescence process. Our experiment also led to the 
same conclusion. 

In addition, total Chl was reduced more rapidly than 
Car, which was revealed by changes in Chl/Car. For most 
of the higher plants, the Chl content decreased faster than 
carotenoids during leaf senescence, causing senescent 
leaves to turn yellow (Matile 1992, 1994; Biswal 1995), 
which was consistent with our results. Car can absorb 
excessive light energy in the cell and quench reactive 
oxygen species, thus preventing membrane lipid peroxi-
dation (Willekens et al. 1994) and protecting photosyn-
thetic function (Burton and Ingold 1984). So, we believe 
that during the senescence process, the decline in Chl/Car 
of leaves in A. sparsifolia occurred most likely because the 
plants needed to absorb residual light during photo-
synthesis and quench reactive oxygen species to maintain 
the plant cells in a more stable state. This was proven by 
the increase in MDA during the experiment, as well as 
greater MDA concentrations under SG and FG treatments 
compared with CK. High retention of Car in the senescence 
process prevents membrane lipid peroxidation, which has 

also been proven by previous studies (Rivas et al. 2011).  
Plant senescence induced by girdling or by the high 

content of carbohydrates, and reduction in the Chl content 
and photosynthesis resulting from senescence, have been 
studied frequently, but there are few studies on plant Chl 
fluorescence parameters during senescence (Lu et al. 
2002). The Fv/Fm value is the maximum photochemical 
efficiency after dark adaptation. It also represents the 
primary light energy conversion efficiency of PSII and is 
an important parameter to study physiological state. Under 

nonstress conditions, the Fv/Fm usually reaches the value of 
0.80–0.85; in adverse conditions, however, this value was 
significantly lower (Björkman and Demmig 1987). The 
present study showed that each type of senescence led to 
the decline of Fv/Fm. In natural senescence (CK), Fv/Fm 
declined slightly, which indicated that the plant was still in 
a good status. However, the plants subjected to SG and FG 
exhibited the significant decline of Fv/Fm during 
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senescence, and the value was much lower than 0.8 after 
31 DAT, which indicated that the plants were under stress; 
the factor causing stress might be the high content of 
carbohydrates. The girdling-induced stress could be 
indicated by the increase of Pro in the SG and FG leaves, 
because the increase of Pro is always associated with 
oxidative stress. Thus, Pro is a reliable indicator of stress 
(Jaleel et al. 2007). Performance index (PIabs) involves 
three independent parameters (ABS/RC, φP0, and ψ0); 
therefore, the PIabs can more accurately reflect the state of 
photosynthetic apparatus. In addition, it is more sensitive 
to some stresses compared to Fv/Fm and can better reflect 
the impacts of stresses on the photosynthetic apparatus 
(Appenroth et al. 2001, Van Heerden et al. 2003, 2004). In 
our study, the trend of PIabs was the same as that of Fv/Fm, 
but the degree was much greater. This result indicated that 
PIabs was much more sensitive to leaf senescence 
compared to Fv/Fm. 

Regarding the fast Chl fluorescence induction kinetic 
parameters, M0, Sm, φE0, and ψ0 primarily reflect changes 
on the acceptor side of PSII, including primary quinone 
 

 acceptor (QA), second electron quinone acceptor (QB), and 
plastoquinone (PQ) pool. M0 reflects the maximum rate of 
QA reduction, i.e., the reduction rate of QA in the O-J 
process (Strasser and Strasser 1995, Strasser et al. 2000, 
2004). It is relevant to pigments in the reaction center, 
light-harvesting pigment, and the state of QA. Sm reflects 
the energy needed to reduce QA completely. The more 
electrons that enter the electron transfer chain from QA

-, 
the longer it takes to reach Fm and the greater is the value 
of Sm. When leaves are damaged by light, the degradation 
of D1 protein intensifies, causing electron transfer 
complex, especially QB, to easily detach from the protein 
complex, resulting in reduced storage capacity of the 
acceptor, shown as Sm decrease. In the present study, 
girdling accelerated leaf senescence, and in the senescence 
process, the depredation of D1 protein was intensified. 
This then cause QB shed from protein complexes, which 
resulted in reduced storage capacity of the acceptor pool, 
and was shown as Sm decrease. 

Electron acceptor capacity (Sm) of the acceptor side of 
PSII becomes smaller, leading to the probability that a 

 
 

Fig. 5. Chlorophyll (Chl) fluorescence of Alhagi sparsifolia under control (CK), semi-girdling (SG), and full-girdling (FG) after 1 (A), 
11 (B), 21 (C), and 31 d (D). *  significant difference at the 0.05 probability level according to LSD test (n = 5) estimated by  
two-tailed ANOVA between CK and other treatments (SG, FG). Data points represent the means of five biological replicates ± SE.  
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Fig. 6. Proline (Pro) (A) and malondialdehyde 
(MDA) (B) contents of Alhagi sparsifolia under 
control (CK), semi-girdling (SG), and full-girdling
(FG) after 1, 11, 21, and 31 d. *  significant 
difference at the 0.05 probability level according to
LSD test (n = 5) estimated by two-tailed ANOVA
between CK and other treatments (SG, FG). Data
points represent the means of five biological 
replicates ± SE. FM – fresh mass. 

 
trapped exciton moves an electron into the electron 
transport chain beyond QA

- (ψ0), and the quantum yield for 
electron transport (φE0) decreases. More energy is used to 
reduce QA, accelerating QA reduction (M0), which is 
apparent as an increase of M0. 

Previous studies have shown that the emergence of the 
K-phase is a result of the suppression of the water-splitting 
system and the acceptor part before QA (Guissé et al. 1995, 
Strasser et al. 2000, 2004). In this suppression process, the 

oxygen evolution complex (OEC) is damaged, thus the K-
phase can constitute a special indicator of OEC injury (Van 
Rensburg et al. 1996, Strasser et al. 2000, 2004). In our 
study, the differences between two kinds of senescence 
was found in Chl fluorescence kinetic curves on the donor 
side of PSII. During 30 d after girdling, the CK plants 
showed no K-phase and no OEC damage; under the SG 
treatment, the K-phase appeared after 21 d and in FG, the 
K-phase appeared after 11 d. In other words, after FG, 
damage of OEC became to be apparent within 11 d, while 
it postponed to 21 d after SG, contrary to CK, where OEC 
sustained very stable during senescence. 

From the changes in the structure and function of PSII, 
we believe that the naturally occurring senescence process 
would not normally cause serious damage to the structure 
of PSII, at least in the prometaphase of senescence. 
However, plant senescence induced by girdling and high 
concentrations of carbohydrates could cause changes in 
the mechanism and function of PSII, and at least OEC was 

damaged. This seems to indicate that natural plant 
senescence may be a subject to strict regulation, and in the 
natural senescence process, PSII structure does not 
degenerate a lot, it still maintain a good performance. 
However, in the case of plant senescence caused by  
 

external factors, such as the high content of carbohydrates, 
senescence may surpass the regulatory capacity of the 
plant itself, which in turn leads to speeding up plant 
senescence. In this case, some organs or tissues may be 
alienated in terms of structure and function, and their 
physical conditions would be seriously affected. Photo-
synthetic rate declined more dramatically after the girdling 
than that in the natural senescence system, which exactly 
illustrated this problem. Nevertheless, the decline of 
photosynthetic rate was due to damage of PSII structure, 
reduction in energy use efficiency and reduction in content 
of photosynthetic pigments.  

From the above discussion, we can draw the following 
conclusions. First, the beginning and process of senes-
cence cannot be completely dominated by the concentration 

of carbohydrates. When the carbohydrate concentrations in 
leaves started to reduce in the later period of natural 
senescence, the plants still exhibited a significant 
senescence characteristic, so senescence in the later period 
was not because of the high concentrations of carbo-
hydrates. Second, the high concentrations of carbohydrates 
indeed accelerated the process of senescence, which could 
be seen from the subsequent performance of leaves of A. 
sparsifolia under the SG and FG treatment. Third, such 
senescence probably cannot be entirely regulated by 
senescence genes. It was manifested as degeneration of 
some organs and tissues in their structure and function, as 
well as suppression of related physiological metabolism. 
Finally, plant senescence induced by the high 
concentrations of carbohydrates was likely to damage 
OEC on the donor side of PSII and electron transfer chain 
by the acceptor side of PSII, thereby accelerating the plant 
senescence. 
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