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Stem girdling influences concentrations of endogenous cytokinins
and abscisic acid in relation to leaf senescence in cotton
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Abstract Many studies have shown that root–shoot

imbalance influences vegetative growth and development

of cotton (Gossypium hirsutum L.), but few have examined

changes in leaf senescence and endogenous hormones due

to stem girdling. The objective of this study was to deter-

mine the correlation between some endogenous phytohor-

mones, particularly cytokinins and abscisic acid (ABA),

and leaf senescence following stem girdling. Field-grown

cotton plants were girdled on the main stem 5 days after

squaring (DAS), while the non-girdled plants served as

control. Plant biomass, seed cotton yield, main-stem leaf

photosynthetic (Pn) rate, chlorophyll (Chl) and malondi-

aldehyde (MDA) concentrations, as well as levels of

cytokinins and ABA in main-stem leaves and xylem sap

were determined after girdling or at harvest. Main-stem

girdling decreased the dry root weight and root/shoot ratio

from 5 to 70 days after girdling (DAG) and reduced seed

cotton yield at harvest. Main-stem leaf Pn and Chl con-

centration in girdled plants were significantly lower than in

control plants. Much higher levels of MDA were observed

in main-stem leaves from 5 to 70 DAG, suggesting that

stem girdling accelerated leaf senescence. Girdled plants

contained less trans-zeatin and its riboside (t-Z ? t-ZR),

dihydrozeatin and its riboside (DHZ ? DHZR), and iso-

pentenyladenine and its riboside (iP ? iPA), but more

ABA than control plants in both main-stem leaves and

xylem sap. These results suggested that main-stem girdling

accelerated leaf senescence due to reduced levels of cyto-

kinin and/or increased ABA. Cytokinin and ABA are

involved in leaf senescence following main-stem girdling.
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Abbreviations

ABA Abscisic acid

Chl Chlorophyll

Pn Photosynthetic rate

DHZ ? DHZR Dihydrozeatin and its riboside

iP ? iPA Isopentenyladenine and its riboside

t-Z ? t-ZR Trans-zeatin and its riboside

MDA Malondialdehyde

DAG Days after girdling

JA Jasmonic acid

MeJA Methyl jasmonate

DAS Days after squaring

PBS Phosphate-buffered saline

PGRs Plant growth regulators

Introduction

Stem or shoot girdling obstructs the downward phloem

transport, resulting in the accumulation of photosynthates

in the canopy and improving the availability of metabolites

for developing organs above the cutting (Wallerstein et al.

1978). Therefore, girdling has been widely used to improve

flowering, fruit set and fruit size in citrus, grape, peach and

other fruit tree crops (Trueman and Turnbull 1994; Agusti

et al. 1998; Gusti et al. 2005). Since girdling also disrupted
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root respiration (Johnsen et al. 2007), and increased

expression of certain genes, especially those involved in

carbohydrate metabolism (Pourtau et al. 2006; Li et al.

2003), it has been used experimentally to test the rela-

tionship between foliar parts and root systems in many

plant species. Some precise physiological, biochemical and

molecular changes resulting from girdling have been

reported in tree crops (Berüter and Feusi 1997; Goren et al.

2003; Li et al. 2003). It has been shown that fruit from

scored trees at the onset of cell enlargement stage initiate

ethylene production before fruit from unscored trees (Juan

et al. 2009). Moreover, girdling increases the levels of leaf

carbohydrates such as fructose, glucose, sucrose, fructan

and starch in spinach, barley, citrus and sugar maple

(Krapp and Stitt 1995; Parrott et al. 2007; Rivas et al. 2008;

Murakami et al. 2008), and high carbohydrate contents are

associated with the onset of the senescence process

(Pourtau et al. 2004, 2006; Wingler et al. 2006; Parrott

et al. 2005, 2007). However, the effect of stem girdling on

leaf senescence and the underlying mechanisms in field

crops, especially in cotton (Gossypium hirsutum L.), is

poorly understood.

Leaf senescence is a form of programmed cell death and

is characterized by decline in both chlorophyll and photo-

synthesis and by an increase in MDA content (Kakani et al.

2004). Degradation of chloroplast components is one of the

earliest and most visible symptoms of leaf senescence,

which starts at the leaf margins and progresses to the

interior of the leaf (Thomas and Stoddart 1980). The onset

and progression of leaf senescence were accompanied by a

number of physiological and molecular events such as

chloroplast disintegration, decline in photosynthesis and

breakdown of protein and nucleic acids (Buchanan-Woll-

aston 1997; Buchanan-Wollaston et al. 2003; Chandlee

2001). The loss of assimilatory capacity following leaf

senescence contributed to low fiber yield, and delayed leaf

senescence might increase cotton productivity (Wright

1999).

Leaf senescence is considered the result of complex

interaction between external factors such as drought, high

salinity and low temperatures (Marani et al. 1985; Lim and

Nam 2007) and internal factors such as plant hormones

(Yong et al. 2000; Dong et al. 2008). Cytokinin and ABA

are commonly identified phytohormones during research

on leaf senescence. Cytokinins are a structurally diverse

group of N6-substituted purine derivatives capable of

inducing plant cell division. Trans-zeatin riboside (t-ZR),

dihydrozeatin riboside (DHZR) and isopentenyladenine

(iPA) are the most commonly detected physiologically

active cytokinins in plants (Mok et al. 2000). Plants over-

expressing the isopentenyl transferase (IPT) gene showed

massive cytokinin overproduction and delayed leaf senes-

cence (Smart et al. 1991). In contrast, abscisic acid (ABA)

is considered a senescence enhancer. Water-deficit stress

accelerated leaf senescence through more accumulation of

ABA in plant leaves (Pic et al. 2002). Although previous

studies have reported possible correlation of leaf senes-

cence with cytokinins and ABA in cotton (Dong et al.

2008, 2009), their contribution to leaf senescence and plant

integrity after stem girdling has not been studied.

In the present study, stem girdling at the early squaring

stage was used to determine the physiological parameters

of cotton plants and the correlation between foliar and root

development, particularly the correlation of leaf senes-

cence to phytohormones in cotton.

Materials and methods

Field experiments were conducted in 2007 and 2008 at the

Cotton Experimental Station of Shandong Cotton Research

Center (SCRC), Linqing (36�610N, 115�420E), Shandong,

China. SCRC21, a Bacillus thuringiensis Berliner (Bt)

transgenic cotton (Gossypium hirsutum L.) cultivar,

developed by SCRC, Shandong Academy of Agricultural

Sciences, was used in both years.

Experiment design and field management

SCRC 21 was sown on 22 April 2007 and on 26 April

2008. After complete emergence each year, seedlings were

thinned to the targeted plant density (4 plants m-2) by

retaining one vigorous plant per hill. There were two

treatments, girdling and non-girdling each year. Girdling

treatments were conducted 5 days after squaring (DAS) for

both years (21 June 2007 and 24 June 2008). Girdling was

done by carefully removing the outer bark and phloem

tissues from the main stem (above the cotyledon node) with

a standard razor blade to form two separate semicircular

wounds on each plant. These two wounds were on opposite

sides with 1.5 cm vertical distance on the main stem. The

width of each wound was about 2 mm. After being steril-

ized with 70% ethanol, the wounds were tightly wrapped

around with parafilm to protect the girdled area from

pathogen invasion. Non-girdled plants served as the cor-

responding controls.

The experiment was arranged into a randomized com-

plete block design with three replications. Each plot

(32 m2) contained four rows, with row length of 10 m and

in-row spacing of 80 cm. Vegetative branches and growth

terminals on the main stems in each plot were removed

manually at peak squaring and peak boll-setting stages

following local management requirements. Each year

before sowing, the cotton field was fertilized with 15 tons

of chicken manure and 600 kg of commercial compound

fertilizer containing (by weight) 20% N, 13% P2O5 and
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33% K2O per hectare. Side dressing with 90 kg ha-1 N

was done 90 days after sowing. Water stress was mini-

mized with timely irrigation. Other management practices

were conducted according to local agronomic recommen-

dations unless otherwise indicated.

Data collection

For both years, the weight of the above-ground (leaves,

stem, fruiting forms and branches) and below-ground

portions (root system) were determined at 5, 20, 50 and

70 days after girdling (DAG). Roots were collected with a

sieve and weighed after drying at 80�C for 48 h to a con-

stant weight. Seed cotton was manually harvested and

weighed after air drying for 5 days. The plant biomass and

root/shoot ratio (w/w) were also recorded.

During the growth season, the fourth true leaf on the main

stem from the top was used for physiological analysis. Leaf

chlorophyll (Chl) contents were determined as described in

He et al. (2002). Briefly, 0.20 g of fresh leaves was placed in a

100-ml test tube. The tissues were homogenized with polytron

after adding 10–15 ml pure methanol. The homogenate was

then filtered and made up to 100 ml with pure methanol. The

Chl concentration in the supernatant was spectrophotometri-

cally determined by measuring the absorbances at 652 and

665 nm for Chla and Chlb, respectively. Leaf photosynthetic

(Pn) rate was measured using LI-6400 portable photosynthesis

system (Li-Cor, Lincoln, NE, USA). The measurements were

taken between 09:00 and 11:00 h on cloudless days when

ambient photosynthetic photon flux density exceeded

1,500 lmol m-2 s-1. Three plants per replicate were exam-

ined and the mean values were calculated.

Leaf malondialdehyde (MDA) content was estimated

following the procedure of Heath and Packer (1968).

Samples of 200 mg were ground in 5 ml distilled water. In

the same solution, 5 ml TBA–TCA reagent (0.5% thio-

barbituric acid and 20% TCA dissolved in 100 ml of dis-

tilled water) was added. The slurry was kept in water bath

at 95�C for 30 min. Cooled solution was obtained by

placing in ice bath and centrifuged at 10,000g for 10 min.

Optical density of supernatant was recorded at 600 and

535 nm. The difference in optical density gave the actual

intensity of color developed by MDA.

Fresh samples of main-stem leaves and the xylem sap

were used for phytohormone quantification. The extraction

and purification of t-Z ? t-ZR, DHZ ? DHZR, iP ? iPA

and ABA in leaves were conducted according to Fernández

et al. (1995). Tissues (0.5 g fresh leaves) were extracted by

mixing through repeated inversion with 25 ml of 80% (v/v)

cold methanol containing 10 mg l-1 butylated hydroxy-

toluene during 14 h at 4�C in the darkness. The resulting

extract was filtered through GF/A glass-fiber filters

(Whatman Sci. Ltd.) and the solid residue was re-extracted

with 15 ml of the same solvent (7 h). The combined

methanolic extracts were evaporated under reduced pres-

sure at 35�C and the resulting aqueous solutions were made

to a final volume of 5 ml with distilled water. Samples

were cleared by centrifugation (10,0009g for 25 min at

4�C) and the supernatants adjusted to pH 3 with acetic acid.

The extracts were percolated through equilibrated Sep-Pak

C18 cartridges (Waters, Milford, USA). After loading, the

cartridges were washed twice with 5 mL of distilled water

and the PGRs retained were eluted by passing 5 ml of 80%

methanol (v/v) twice. Methanolic fractions were reduced to

dryness, redissolved in 2 ml of 10 mM phosphate-buffered

saline (PBS) (pH 7.4) (0.01 M Na2HPO4 and 0.15 M NaCl)

and applied to an immunoaffinity column against zeatin-

type (ZR and DHZR) and isopentenyl-type (iPA) cytoki-

nins. The column was washed with 30 ml of PBS, and then

with 30 ml of distilled water that was discarded. The

retained cytokinins were finally washed from the column

with 30 ml pure methanol. The separation of the different

cytokinins was accomplished following the method repor-

ted by Horgan and Scott (1987).

The DHZR, t-ZR (raised against trans-Zs potential cross

reaction with cis-Zs), and iPA were determined by ELISA

using monoclonal antibodies (Phytodetek, Agdia, Elkhart,

IN, USA) following the protocol provided by the manu-

facturer. The absorbance was recorded at 405 nm. Calcu-

lation of the ELISA data was performed as described in

Weiler (1982). As antibodies of cytokinins also recognize

free bases, nucleotides and 9N-glucosides, what was mea-

sured might be the sum of free bases, ribosides, nucleotides

and 9N-glucosides of the corresponding cytokinins. For

simplicity, the cytokinins would be identified as t-Z ?

t-ZR, DHZ ? DHZR and iP ? iPA, respectively.

Concentration of ABA was also determined by the

ELISA method as described in Gawronska et al. (2003),

using anti-IgG polyclonal antibody, anti-ABA monoclonal

antibody and ABA-conjugated alkaline phosphatase as

tracer, all of which were provided by the China Agricul-

tural University, Beijing. The anti-ABA antibody shows

complete reactivity with (±) ABA and very low cross-

reactivity with compounds structurally similar to ABA. To

check if the samples contained any immunoreactive com-

pounds, several dilutions of the standard curve were spiked

with three dilutions of the samples with the highest and

lowest concentrations of ABA. The spiked standard curves

were parallel to the original one in its linear range (data not

shown). The alkaline phosphatase activity was visualized

with p-nitrophenylphosphate as a substrate in 1 M dietha-

nolamine and 0.5 mM MgCl2 (pH 9.8). Absorbance of the

resulting color was measured at 405 nm and the ABA

concentration was calculated.

Xylem sap was collected between 19:00 and

07:00 hours from three plants per treatment according to
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Noodén et al. (1990). The plants were cut off about 1 cm

below the position of cotyledons and the cut surface was

wiped with methanol/formic acid/H2O (14/1/2, by volume)

to inhibit phosphatase action and thereby prevent the loss

of nucleotides. The cut stem was connected to low-volume

plastic tubing, which extended into a glass tube with

0.1 ml concentrated formic acid in an ice bath. The vol-

umes of the sap samples were then determined, and sam-

ples were frozen, freeze dried and stored in the dark at

-40�C. Samples were analyzed for t-Z ? t-ZR, DHZ ?

DHZR, iP ? iPA and ABA as described above.

Statistical analysis

Data were statistically analyzed with DPS Data Processing

System (Tang and Feng 1997). The initial combined data

for yield and physiological parameters showed interactions

with year. Thus, the data are presented separately for each

year (Steel and Torrie 1980). Means were separated using a

t test.

Results

Root/shoot ratio and cotton yield

In 2007, the dry root weight and root/shoot ratio of girdled

plants were significantly lower than those of non-girdled

control (Table 1). Compared with the control, stem gir-

dling decreased the dry root weight by 32.1% at 20 DAG,

38.4% at 50 DAG and 42.6% at 70 DAG. It also decreased

the root/shoot ratio by 25.8% at 5 DAG, 19.2% at

20 DAG, 34.1% at 50 DAG and 28.9% at 70 DAG. Sim-

ilar results were also obtained in 2008; stem girdling sig-

nificantly reduced dry root weight and root/shoot ratio

from 5 to 70 DAG. It significantly reduced seed cotton

yield by 18.7% in 2007 and 20.9% in 2008 (Table 1).

Photosynthetic rate, chlorophyll content and MDA

content

For both years, stem girdling significantly inhibited leaf

photosynthesis from 5 to 70 DAG (Fig. 1). In 2007,

girdling progressively reduced the net Pn by 10.5% at

5 DAG, 25.9% at 20 DAG, 27.7% at 50 DAG and

29.7% at 70 DAG; in 2008, the reductions were 6.7,

21.1, 25.9 and 27.5%, respectively. Stem girdling

decreased the Chl (Chla ? Chlb) content, but increased

accumulation of MDA in the main-stem leaves in both

years (Table 2). Averaged across the 2 years, it reduced

Chl by 4.3% at 5 DAG, 4.8% at 20 DAG and 9.7% at

50 DAG, and increased MDA by 14.6, 70.2 and 24.7%,

respectively. T
a

b
le

1
D

ry
w

ei
g

h
t

o
f

ro
o

t,
ro

o
t/

sh
o

o
t

ra
ti

o
an

d
se

ed
co

tt
o

n
y

ie
ld

af
te

r
g

ir
d

li
n

g

T
re

at
m

en
ts

D
ry

ro
o

t
w

ei
g

h
t

(g
p

la
n

t-
1
)

R
o

o
t/

sh
o

o
t

S
ee

d
co

tt
o

n

y
ie

ld
(k

g
h

a-
1
)

5
D

A
G

2
0

D
A

G
5

0
D

A
G

7
0

D
A

G
5

D
A

G
2

0
D

A
G

5
0

D
A

G
7

0
D

A
G

2
0

0
7

C
o

n
tr

o
l

1
.6

5
±

0
.0

5
a

7
.2

3
±

0
.1

9
a

7
.7

6
±

0
.0

7
a

8
.5

2
±

0
.1

9
a

0
.1

5
5

±
0

.0
0

7
a

0
.1

2
5

±
0

.0
0

5
a

0
.0

8
5

±
0

.0
1

4
a

0
.0

6
9

±
0

.0
1

4
a

4
,4

2
1

±
3

2
a

G
ir

d
li

n
g

1
.5

7
±

0
.0

7
a

4
.9

1
±

0
.3

1
b

4
.7

8
±

0
.1

4
b

4
.8

9
±

0
.1

1
b

0
.1

1
5

±
0

.0
0

8
b

0
.1

0
1

±
0

.0
0

7
b

0
.0

5
6

±
0

.0
0

7
b

0
.0

4
9

±
0

.0
1

1
b

3
,5

9
6

±
3

6
b

2
0

0
8

C
o

n
tr

o
l

1
.9

3
±

0
.0

8
a

6
.7

1
±

0
.1

9
a

8
.9

0
±

0
.8

a
1

0
.2

±
1

.2
a

0
.1

4
2

±
0

.0
1

0
a

0
.1

1
7

±
0

.0
1

2
a

0
.0

9
3

±
0

.0
0

6
a

0
.0

7
5

±
0

.0
0

7
a

4
,4

2
8

±
4

9
a

G
ir

d
li

n
g

1
.7

1
±

0
.0

5
b

5
.2

0
±

0
.1

7
b

5
.9

9
±

0
.1

1
b

6
.2

2
±

0
.1

9
b

0
.1

0
3

±
0

.0
1

1
b

0
.0

9
5

±
0

.0
0

3
b

0
.0

6
5

±
0

.0
0

8
b

0
.0

4
2

±
0

.0
0

9
b

3
,5

0
4

±
2

6
b

T
h

e
sh

o
o

t
in

cl
u

d
es

m
ai

n
st

em
,

b
ra

n
ch

es
,

fr
u

it
in

g
fo

rm
s

an
d

le
av

es
.

F
o

r
ea

ch
y

ea
r,

v
al

u
es

re
p

re
se

n
t

m
ea

n
±

S
D

o
f

th
re

e
re

p
li

ca
ti

o
n

s
w

it
h

th
re

e
p

la
n

ts
p

er
re

p
li

ca
ti

o
n

.
D

if
fe

re
n

t
le

tt
er

s
w

it
h

in
a

co
lu

m
n

fo
r

ea
ch

y
ea

r
in

d
ic

at
e

si
g

n
ifi

ca
n

t
d

if
fe

re
n

ce
s

at
p

=
0

.0
5

D
A

G
d

ay
s

af
te

r
st

em
g

ir
d

li
n

g

1700 Acta Physiol Plant (2011) 33:1697–1705

123



Cytokinin and ABA levels in xylem sap

Plants attained peak levels of t-Z ? t-ZR, DHZ ? DHZR

and iP ? iPA in the xylem sap at 20 DAG, while their

ABA levels steadily increased from 5 to 70 DAG,

regardless of treatment. Girdling significantly decreased

the levels of t-Z ? t-ZR, DHZ ? DHZR and iP ? iPA in

xylem sap starting at 5 DAG (Table 3). In contrast to

cytokinin, girdling significantly increased the ABA con-

centration (Table 4). Averaged across 2 years, decreases of

40.6, 57.3 and 67.2% in t-Z ? t-ZR level, 50, 66 and

87.8% in DHZ ? DHZR level, and 47.1, 38.6 and 38.5%

in iP ? iPA level were observed at 5, 20 and 70 DAG for

girdled plants. Girdling also increased the ABA concen-

tration in xylem sap by 12.2, 37.9 and 31.2%, respectively.

Cytokinin and ABA levels in main-stem leaves

As expected, stem girdling also affected levels of cytokinin

and ABA in the main-stem leaves. Levels of t-Z ? t-ZR,
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**
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**

** **

**
**

**

2007 2008

Fig. 1 Changes in photosynthetic rate (Pn) in the main-stem leaf at

different days after girdling (DAG) in 2007 and 2008. Cotton was

sown on 22 April 2007 and 26 April 2008; girdling was done on 21

June 2007 and 24 June 2008 (5 days after squaring). The Pn of the

main-stem leaf was measured 22 and 51 DAG instead of 20 and

50 DAG due to cloudy weather in 2007. In 2008, the Pn was

measured 23 and 69 DAG instead of 20 and 70 DAG due to cloudy

weather. Values are mean ± SD of three replications per experiment,

and each replication includes three plants. *,**Significant differences

from control at p = 0.05 and p = 0.01, respectively

Table 2 Effects of girdling on leaf chlorophyll (Chl) and malondialdehyde (MDA) content at 5, 20 and 50 days after girdling (DAG)

Treatments Chl (mg g-1 FW) MDA (lmol g-1 FW)

5 DAG 20 DAG 50 DAG 5 DAG 20 DAG 50 DAG

2007

Control 2.16 ± 0.05a 2.23 ± 0.03a 1.51 ± 0.04a 4.64 ± 0.06b 6.00 ± 0.34b 16.95 ± 0.18b

Girdling 2.02 ± 0.07b 2.12 ± 0.04b 1.36 ± 0.05b 5.02 ± 0.12a 10.43 ± 0.22a 20.72 ± 0.18a

2008

Control 2.04 ± 0.10a 2.36 ± 0.04a 2.09 ± 0.05a 4.76 ± 0.09b 4.59 ± 0.08b 14.46 ± 0.70b

Girdling 2.00 ± 0.04a 2.25 ± 0.04b 1.89 ± 0.07b 5.75 ± 0.12a 7.59 ± 0.07a 18.44 ± 0.16a

For each year, values represent mean ± SD of three replications with three plants per replication. Different letters within a column for each year

indicate significant differences at p = 0.05

Table 3 Effects of girdling on cytokinin (t-Z ? t-ZR, DHZ ? DHZR and iP ? iPA) and ABA levels in xylem sap at 5, 20 and 70 days after

girdling (DAG)

Treatments t-Z ? t-ZR (ng g-1) DHZ ? DHZR (ng g-1) iP ? iPA (ng g-1)

5 DAG 20 DAG 70 DAG 5 DAG 20 DAG 70 DAG 5 DAG 20 DAG 70 DAG

2007

Control 60 ± 3.1a 119 ± 7.3a 78 ± 5.4a 148 ± 5.2a 1,181 ± 45a 928 ± 18.6a 73.7 ± 2.4a 90 ± 3.1a 39 ± 2.3a

Girdling 45 ± 4.0b 54 ± 3.6b 29 ± 2.8b 77 ± 5.1b 390 ± 18b 123 ± 5.7b 40 ± 1.3b 53 ± 1.4b 25 ± 1.2b

2008

Control 65 ± 5.3a 139 ± 6.5a 99 ± 6.4a 168 ± 8.2a 1,254 ± 52.1a 1,151 ± 16.4a 81 ± 1.6a 112 ± 2.2a 44 ± 2.6a

Girdling 47 ± 3.4b 56 ± 4.3b 29 ± 3.0b 81 ± 3.9b 438 ± 18.0b 131 ± 12.1b 42 ± 1.7b 71 ± 1.1b 26 ± 2.7b

t-Z ? t-ZR, DHZ ? DHZR and iP ? iPA represent trans-zeatin and its riboside, dihydrozeatin and its riboside and isopentenyladenine and its

riboside, respectively. For each year, values represent mean ± SD of three replications with three plants per replication. Different letters within a

column each year indicate significant differences at p = 0.05
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DHZ ? DHZR and iP ? iPA in the main-stem leaves were

markedly reduced, but those of ABA were raised from 5

to 70 DAG (Fig. 2). Girdling decreased concentrations

of total cytokinins (t-Z ? t-ZR, DHZ ? DHZR and

iP ? iPA) in 2007 by 48.3% at 5 DAG, 35.2% at 20 DAG,

78.4% at 50 DAG and 84.8% at 70 DAG; in 2008, the

decreases were 48.1, 74.3, 60.3 and 83.9%, respectively

(Fig. 2a, b, c). In contrast, stem girdling increased ABA

levels in 2007 by 53.6% at 5 DAG, 21.0% at 20 DAG,

66.5% at 50 DAG and 32.5% at 70 DAG; in 2008, the

increases were 32.9, 36.8, 59.2 and 31.2%, respectively

(Fig. 2d).

Discussion

Girdling refers to the destruction of phloem, such as the

removal of a strip of bark from the stem or major limbs and

heat treatment in leaf petioles. It blocks the translocation of

photosynthates and metabolites in phloem (Cohen 1981; Li

et al. 2003). In the present study, we not only found sig-

nificant effects of girdling on root growth and develop-

ment, root/shoot ratio and economic yield, but also marked

effects on leaf senescence and some phytohormones.

Leaf senescence is a degenerative process that involves

orderly and sequential change in physiology and bio-

chemistry (Thomas 1992). Senescence too early or too late

would reduce the yield and quality (Wright 1999; Wingler

et al. 2006). Too early senescence of a whole plant in

cotton is referred to as premature senescence, which has

been occurring on an increasing scale since modern

transgenic Bacillus thuringiensis Berliner cotton cultivars

were introduced for commercial production (Dong et al.

2006). The loss in chlorophyll and decline in photosyn-

thesis are early symptoms of leaf senescence (Smart 1994;

Bleecker and Patterson 1997). In the absence of other

acceptors in mitochondria and chloroplasts, electrons from

the electron transport chains are leaked and react with O2 to

form activated oxygen species such as superoxide (O2
-),

hydrogen peroxide (H2O2), hydroxyl radical (.OH) and

singlet oxygen (1O2) (Halliwell and Gutteridge 1985). If

the activated oxygen species were not eliminated imme-

diately, the membranes of most plant cell organelles would

Table 4 Effects of girdling on abscisic acid (ABA) levels in xylem

sap at 5, 20 and 70 days after girdling (DAG)

Treatments ABA (ng g-1)

5 DAG 20 DAG 70 DAG

2007

Control 221 ± 5.2b 617 ± 6.3b 1,136 ± 8.4b

Girdling 259 ± 7.3a 817 ± 7.1a 1,497 ± 11.5a

2008

Control 205 ± 6.2b 528 ± 3.1b 995 ± 7.3b

Girdling 219 ± 4.2a 762 ± 9.1a 1,300 ± 13.6a

For each year, values represent mean ± SD of three replications with

three plants per replication. Different letters within a column for each

year indicate significant differences at p = 0.05
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Fig. 2 Changes in zeatin and its riboside (t-Z ? t-ZR), dihydrozeatin

and its riboside (DHZ ? DHZR), isopentenyl and its adenine

(iP ? iPA), and abscisic acid (ABA) in cotton main-stem leaves in

2007 and 2008. Cotton was planted on 22 April 2007 and 26 April

2008 and girdled on 21 June 2007 and 24 June 2008 (5 days after

squaring). Values are mean ± SD of three replications per experi-

ment, and each replication includes three plants. *,**Significant

differences from control at p = 0.05 and p = 0.01, respectively
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be destroyed, and then more malondialdehyde (MDA)

would accumulate. Thus, MDA together with Chl content

and Pn has been used as valid indication of leaf senescence

(Dong et al. 2008). In our study, the Pn and Chl contents

were lower, and MDA content higher in girdled plants than

in non-girdled control plants, suggesting that girdling sig-

nificantly accelerated leaf senescence through promotion of

chlorophyll degradation and membrane lipid peroxidation.

The decreased seed cotton yield as a result of stem girdling

was at least partially attributed to the accelerated leaf

senescence following girdling.

Plant hormones play an important role in the process of

leaf senescence. Different classes of plant hormones are

involved in the process, such as IAA, gibberellins, ethyl-

ene, cytokinins and ABA (Gan and Amasino 1995; Gha-

nem et al. 2008; He et al. 2002; Zacarias and Reid 1990;

Tao et al. 1983; Garrison et al. 1984; Smart 1994). Our data

showed that girdling significantly decreased cytokinin

levels in main-stem leaf and substantially increased the

ABA level. Cytokinins (t-Z ? t-ZR, DHZ ? DHZR and

iP ? iPA) are anti-senescence agents (McGaw and Burch

1995; Perrin et al. 1997; Badenoch-Jones et al. 1996;

Robson et al. 2004), while ABA is an endogenous promoter

of leaf senescence (Ray et al. 1983; He and Jin 1999).

Much evidence suggests that exogenous application of

cytokinins or the overproduction of CKs in transgenic

plants transformed with the isopentenyl transferase (IPT)

and zeatin O-glucosyltransferase (ZOGl) can delay leaf

senescence (Van Staden et al. 1994; Rivero et al. 2007;

Cowan et al. 2005; Havlova et al. 2008). ABA could pro-

voke carbohydrate accumulation in mature leaves (Estruch

et al. 1989) and influence the metabolic fluxes (Schippers

et al. 2007). It is also indicated that ABA increase in leaves

could be partially responsible for the decreased CK levels,

thereby indirectly enhancing senescence (Brugière et al.

2003). Therefore, we suggest that cytokinin and ABA

might be involved in the regulation of leaf senescence

following girdling in cotton.

Previous grafting studies showed that plant hormones

such as cytokinin and ABA can be transported from root to

leaves to regulate leaf senescence (McKenziel et al. 1998;

Catterou et al. 2002; Dong et al. 2008). Our data also

showed that girdling significantly reduced the levels of

t-Z ? t-ZR, DHZ ? DHZR and iP ? iPA, but increased

the ABA level in the xylem sap, which were in accordance

with phytohormone changes in main-stem leaves. These

findings further suggest that the cytokinins and ABA

involved in leaf senescence following girdling might be at

least partially root-sourced as reported in Van Staden et al.

(1994).

In conclusion, girdling accelerated the main-stem leaf

senescence as indicated by declines in Chl content and Pn,

and an increase in MDA content. Correspondingly, it also

decreased levels of cytokinins and increased those of ABA

in both leaves and xylem sap. Cytokinins and ABA are

involved in leaf senescence following girdling. The results

of the study add new evidences to the role of cytokinins

and ABA in leaf senescence in relation to plant girdling.
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