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a b s t r a c t
The objective of this study was to determine the roles of shoot and root in the regulation of premature
leaf senescence induced by potassium (K) deﬁciency in cotton (Gossypium hirsutum L.). Two contrasting
cultivars (CCRI41, more sensitive to K deﬁciency; and SCRC22, a less sensitive cultivar) were selected for
self- and reciprocal-grafting, using standard grafting (one scion/one rootstock), Y grafting (two scions/one
rootstock) and inverted Y grafting (one scion/two rootstocks) at the seedling stage. Standard grafting was
studied in the ﬁeld in 2007 and 2008. There were no obvious differences in senescence between CCRI41
and SCRC22 scions while supplied with sufﬁcient K. However, SCRC22 scions showed signiﬁcantly greater
K content, SPAD values (chlorophyll content), soluble protein content and net photosynthetic rates than
CCRI41 scions while grown in K deﬁcient solution or soil, regardless of rootstock cultivars, grafting types,
growth stage and growth conditions. Also, SCRC22 scions had greater yield and less variation in boll
weight either between upper- and lower sympodials, or between proximal and distal fruit positions
from the main stem in the ﬁeld under K deﬁciency, probably owing to reduced leaf senescence. Although
the effect of rootstocks on leaf senescence under K deﬁciency was signiﬁcant in some cases, the scion
cultivars explained the highest percentage of variations within grafting treatments. The shoot-to-root
feedback signal(s), rather than high shoot demand for K nutrition, was involved in the shoot regulation
of premature senescence in cotton plants, achieved possibly by altering root K uptake.
© 2011 Elsevier GmbH. All rights reserved.

Introduction
Transgenic Bacillus thuringiensis Berliner (Bt) cotton (Gossypium hirsutum L.) has been adopted in most major cotton countries
including China, where its adoption reached 70% in recent years
(James, 2009). However, Bt cotton cultivars are more susceptible to potassium (K) deﬁciency (Zhang et al., 2007; Yang et al.,
2011), although the mechanisms underlying this response are not
well understood. In parallel with the inadequate input of K fertilizer, premature senescence, characterized by early chlorophyll
degradation and reduced photosynthesis in mature leaves (Bednarz
and Oosterhuis, 1995; Zhao et al., 2001) during ﬂowers and boll
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development (Wright, 1999), has been occurring on an increasing
scale (Dong et al., 2006; Tian et al., 2008) and this has limited cotton
productivity (Zhao et al., 2001).
Premature senescence of cotton induced by K deﬁciency was
believed to result from faster fruit set, greater boll load and/or
reduced root growth (Brouder and Cassman, 1990; Wright, 1999;
Pettigrew, 2003), since the former would enhance remobilization
of K from leaves and the latter would impair K supply to leaves.
Dong et al. (2008) selected two Bt cotton lines with the same yield
potential but contrasting senescence properties to study the factors controlling leaf senescence, and found that leaf senescence
may result from root characteristics. Also, we observed that premature senescence/K-deﬁciency symptoms can occur in some cotton
cultivars before ﬁrst bloom when boll load is negligible in ﬁelds
with low available K (unpublished data). Therefore, whether shoot
demand or root supply or both dominate the premature senescence caused by K deﬁciency in cotton remains unclear and this
has impeded the development of management solutions to the
problem.
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of Agricultural Sciences), were used in the present study. Although
both genotypes contain the Bt gene, they exhibit different degrees
of leaf senescence. CCRI41 is susceptible to senescence induced by
K deﬁciency, whereas SCRC22 has relatively late senescence under
K deﬁciency.
Growth chamber experiment

Fig. 1. Sketch of the three types of grafting studied: (a) standard graft with one
scion and one rootstock; (b) “Y” graft with two scions grafted onto one rootstock;
(c) “inverted Y” graft with one scion grafted onto two rootstocks.

Grafting is commonly used for horticultural crops, and also has
been used as a tool to explore root–shoot interactions governing a
range of physiological responses, including abiotic stress tolerance
(Ghanem et al., 2011b). Data for the relative importance of root
(rootstock) and shoot (scion) in regulating growth and some physiological processes are variable. There is considerable evidence that
elite rootstocks can mediate resistance to biotic (Anwar et al., 2002)
and abiotic stress in plants, such as thermal stress (Rivero et al.,
2003) and salt stress (Ruiz et al., 2006; Albacete et al., 2009, 2010;
Ghanem et al., 2011a), thereby inﬂuencing scion growth and yield
(Van Norman et al., 2004; Dodd et al., 2009; Jones et al., 2009) as
well as delaying leaf senescence (Dong et al., 2008; Ghanem et al.,
2011a). The importance of the shoot, in the regulation of growth
(Chen et al., 2003; Tandonnet et al., 2010), leaf senescence (Faiss
et al., 1997), branching (Beveridge et al., 1997; Foo et al., 2007),
and drought tolerance (Holbrook et al., 2002) was also documented.
Grafting studies indicate that both shoot and root are effective in
the regulation of cambium development (Matsumoto-Kitano et al.,
2008), growth (Werner et al., 2010), and the response of the plants
to salt stress (Etehadnia et al., 2008). Other studies have shown that
the relative role of root and shoot in grafted plants depended on the
environment (Cornish and Zeevaart, 1988), species (Rivero et al.,
2004), genotype (Beveridge, 2000; Holbrook et al., 2002; Dodd et al.,
2009), growth stage (Ookawa et al., 2001), and growth processes
(Holbrook et al., 2002).
To investigate rootstock and scion effects on premature senescence in cotton, we have developed three types of grafting between
two contrasting cultivars (Li et al., 2009). The ﬁrst type is standard
grafting involving one scion and one rootstock (Fig. 1a); this can
evaluate the relative role of root and shoot in regulating senescence. The second type is “Y” grafting with two scions grafted onto
one rootstock (Fig. 1b) to more precisely evaluate the role of shoot
physiology at the same level of mineral and phytohormone supply.
The third type is “inverted Y” grafting with one scion grafted onto
two rootstocks (Fig. 1c) to evaluate interactions between two contrasting roots in regulation of leaf senescence. In the present study,
the three types of grafts were studied at high (2.5 mM, as control)
and low (0.03 or 0.01 mM, to induce premature senescence) levels of K in the growth chamber at the seedling stage. The standard
grafts were also studied in the ﬁeld at different levels of K fertilizer. A better understanding of rootstock and scion regulation of
premature senescence in cotton would facilitate the development
of approaches to manage this problem.
Materials and methods
Plant material
Two transgenic insect-resistant cotton (Gossypium hirsutum L.)
cultivars, CCRI41 [containing Bacillus thuringiensis (Bt) and cowpea
trypsin inhibitor (CpTI), developed by the Cotton Research Institute,
Chinese Academy of Agricultural Sciences] and SCRC22 (containing
Bt, developed by the Cotton Research Center, Shandong Academy

Growth conditions
The experiment was performed in a growth chamber with
12 h light/12 h dark at 30 ± 2/22 ± 2 ◦ C, 70–80% humidity and
600 mol m−2 s−1 photosynthetically active radiation. Seeds were
surface-sterilized with 9% H2 O2 for 30 min, and then germinated
in a K-free sand medium. After emergence (4 d after germination),
uniform seedlings were cultured hydroponically by transferring to
16 cm × 13 cm × 16 cm plastic pots ﬁlled with 2.2 L of 1/2-strength
modiﬁed Hoagland’s solution. The constituents of the solution
were (mM) 2.5 Ca (NO3 )2 , 1 MgSO4 , 0.5 (NH4 )H2 PO4 , 2 × 10−4
CuSO4 , 1 × 10−3 ZnSO4 , 0.1 Fe Na EDTA, 2 × 10−2 H3 BO3 , 5 × 10−6
(NH4 )6 Mo7 O24 and 1 × 10−3 MnSO4 . The concentration of K in the
form of potassium sulphate (K2 SO4 ) in solutions varied before and
after grafting (see below).
Four uniform seedlings were raised per pot. All solutions were
changed twice per week. De-ionized water was added daily to
replace the water lost by evapo-transpiration. Solution pH was
maintained at 6.5 by adding concentrated solution of NaOH and air
was bubbled into the solution to provide O2 and achieve nutrient
homogeneity.
Grafting
Preliminary studies indicated that grafting did not affect the
growth and development of cotton plants, irrespective of the type
of grafting and growth environment (growth chamber or ﬁeld). For
example, there were no signiﬁcant differences in SPAD values of the
youngest fully expanded leaves (the 4th leaf from the top of plant)
between ungrafted control and self-grafts in the growth chamber
experiment, as well as lint yield in the ﬁeld (Table 1). Therefore,
only self-grafts were used as controls in the present study.
To properly evaluate the contribution of root and shoot to K
deﬁciency-induced senescence, grafting at the root–shoot junction
is necessary. However, the survival rate was too low for this kind of
grafting to yield meaningful results. Consequently, the graft union
in the present study was located at the cotyledonary node of the
rootstock or just below it.
Standard grafting: When the rootstocks (4 d after germination,
i.e. 4 DAG) were transferred to solutions containing 0.1 mM K, the
scions started to germinate in sand. After full expansion of scion
cotyledons (5 DAG), the 1st true leaf of the rootstock appeared, and
grafting was carried out. Scions and rootstocks were joined at the
cotyledonary node by the wedge-grafting technique (Fig. 1a), and
grafted joints were wrapped with Paraﬁlm (American National Can
Inc., Chicago, USA) to prevent dehydration.
“Y” grafting: The sizes of scions and rootstock for Y grafting were
the same as for the standard grafting. The scions from two separate
seedlings were cut with a razor blade 2–3 cm below the apex. The
rootstock was prepared by removing the shoot and cutting vertically downward approximately 2 cm at the cotyledonary node
without damaging the cotyledons. Then two wedge-cut scions were
placed into the gap of the rootstock, with the cut surfaces of scions
and rootstock in complete contact (Fig. 1b). Paraﬁlm was used to
reinforce the union.
“Inverted Y” grafting: The scion plant and two rootstock plants
were germinated at the same time. When their ﬁrst true leaf
appeared, two separate rootstocks were severed at the hypocotyls
and a diagonal slice was made in each. An elastic band was placed
over the two rootstocks, creating a V-shape slit at the junction of the
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Table 1
Comparison of SPAD values (indicating chlorophyll content) in the youngest fully expanded leaf (the 4th leaf from the top of plant) at the 7–8 leaf stage in the growth chamber
and lint yield (kg ha−1 ) in the ﬁeld between ungrafted control and self-grafts under K deﬁciency. Standard grafting was performed with one scion and one rootstock. “Y”
grafting indicates two scions grafted onto one rootstock, and “inverted Y” grafting is constructed with one scion grafted onto two rootstocks. In the growth chamber, the
ungrafted and self-grafted plants were grown hydroponically in low K solutions (0.03 mM K for standard and Y grafting, 0.01 mM K for inverted Y grafting); in the ﬁeld,
available K in soil was 58.7 mg kg−1 and no K fertilizer was applied. For each parameter, means within a row followed by the same letter are not signiﬁcantly different
according to Duncan’s multiple range test, p < 5%, n = 4.
SPAD values
Standard grafting scion/rootstock

Y grafting scion + scion/rootstock

Inverted Y grafting scion/rootstock + rootstock

41a ungrafts

41/41

22b ungrafts

22/22

41 ungrafts

(41 + 41)/41

22 ungrafts

(22 + 22)/22

41 ungrafts

41/(41 + 41)

22 ungrafts

22/(22 + 22)

20.8b

20.0bc

29.3a

30.5a

13.8d

14.4d

27.6a

23.7b

22.8c

25.3c

29.4b

33.5a

Lint yield (kg ha−1 )
2007 (standard grafting)

2008 (standard grafting)

41 ungrafts

41/41

22 ungrafts

22/22

41 ungrafts

41/41

22 ungrafts

22/22

545b

444b

1090a

938a

43b

48b

114a

139a

a
b

CCRI41.
SCRC22.

two cut surfaces. The individual scion was cut into a wedge shape
and inserted into the incision of both rootstocks (Fig. 1c), and the
union was reinforced by paraﬁlm. The diameter of scion and rootstocks cuttings were carefully selected in order that all cut surfaces
ﬁt well at the graft unions.
For each of the grafting procedures above, two cultivars
were reciprocal- or self-grafted; standard grafts were denoted
as scion/rootstock, “Y” and “inverted Y” grafts were denoted as
(scion + scion)/rootstock and scion/(rootstock + rootstock), respectively.
Grafted seedlings, grown in above modiﬁed Hoagland’s solution
with 0.1 mM K (mild K deﬁciency) to ensure either higher survival rate of grafts or faster occurrence of leaf senescence induced
by severe K deﬁciency (0.03 mM) after recovery, were immediately covered with perforated plastic bags, and transferred to
80 mol m−2 s−1 photosynthetically active radiation, to maintain
high humidity and minimize transpiration. Five days after grafting,
the plastic bags were removed, but plants were still retained in a
low light environment. Two days later, when the graft union was
well established, plants were transferred to the normal growth condition indicated above, and exposed to either severe K deﬁciency
(0.03 mM K) or normal K nutrition (2.5 mM K). Because inverted Y
grafts had two rootstocks providing nutrients for one scion, they
were grown in solution containing only 0.01 mM K after establishment so that leaf senescence was induced faster. One week after
establishment, the cotyledons and auxiliary bud from cotyledonary
nodes of the rootstock (standard and Y grafts) were removed.

Leaf analysis
At the 7–8 leaf stage, SPAD value, which had a linear
relationship with chlorophyll content in the preliminary study
(Y = 0.0411X + 0.2023; Y and X being chlorophyll content and SPAD
value, respectively, r2 = 0.8080, p < 0.01, and n = 15), and photosynthesis rate (Pn) of the youngest fully expanded leaf were measured
by SPAD-502 Chlorophyll Meter (Minolta Inc., Tokyo, JP) and Li6400 (LI-COR, Lincoln, USA) with 1000 mol m−2 s−1 quantum ﬂux
and 500 mol mol−1 CO2 concentration. The same leaves were
sampled and separated into two halves. One half was stored at
−80 ◦ C for determination of soluble protein with Coomassie Blue
dye-binding assay (Bradford, 1976), and the other was oven-dried
at 80 ◦ C for analysis of K with atomic absorption spectrophotometry
(SpectAA-50/55, Varian) (Zhang et al., 2009).
A completely randomized design was used with four replications (pots). Each replicate consisted of four plants. Similar trends

of results were found in ﬁve independent repeat experiments, and
thus data are given for one of them.
Field experiment
Field trials were conducted in 2007–2008 in Beijing at the
Shangzhuang Experiment Station (40◦ 08 N; 116◦ 10 E) of China
Agricultural University.
Grafting
Standard grafting was performed in the greenhouse in mid-April
of both years. Two cultivars were germinated simultaneously, and
the seedlings were raised in paper cups (250 mL) ﬁlled with sandy
loam from the ﬁeld. When most seedlings reached the two-leaf
stage, self- and reciprocal-grafting were carried out just below the
cotyledonary node of the rootstock, retaining the cotyledons and
true leaves of the scion.
Grafts were immediately covered with perforated plastic bags,
and then exposed to reduced light intensity (60 mol m−2 s−1 ) created by a shadecloth. A large quantity of water was poured into this
area per day to maintain higher humidity. Seven days after grafting, the plastic bags and shadecloth were gradually removed over a
period of three days. The established grafts were selected to acclimate in the greenhouse for three days, and were transplanted to
the ﬁeld on May 9, 2007 and May 4, 2008.
Growth conditions
The soil was a sandy loam, with a pH of 8.0 (water:soil = 2.5:1.0),
organic matter content of 0.65% (digested with potassium dichromate under strong acid), available nitrogen of 24.9 mg kg−1
(extracted with 1 M KCl), available P of 14.2 mg kg−1 (extracted with
0.5 M NaHCO3 ), and available K of 58.7 mg kg−1 (extracted with 1 M
NH4 OAC). Based on the deﬁciency criteria for available K for cotton (Qin and Zhang, 1983), the soil used in this experiment was
K-deﬁcient (<70 mg kg−1 ).
A split plot design with four replications was used for the
ﬁeld experiment. The main plots were assigned the K fertilizer
rates (0 and 195 kg K ha−1 in the form of potassium sulphate),
while the grafting treatments (CCRI41/CCRI41, CCRI41/SCRC22,
SCRC22/CCRI41, and SCRC22/SCRC22) constituted the sub-plots.
Each plot contained three rows 6 m long with an inter-row
spacing of 1.2 m and an intra-row spacing of 0.4 m, for a plant
density of 20,800 plant ha−1 . The ﬁeld management followed conventional practices. One hundred and ﬁfty two kg N ha−1 as urea
and di-ammonium phosphate and 138 kg P ha−1 as di-ammonium
phosphate, as well as 97.5 kg K ha−1 were applied before sowing.
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At the early ﬂowering stage, urea-N (for both low and high K
treatment) and K (for only high K treatment) were top-dressed at
69 kg N ha−1 and 97.5 kg K ha−1 . Plots were specially maintained
insect-free by applying chemical pesticides such as omethoate and
imidacloprid.
Sampling
Cotton plants were de-topped (by removing the tip of the main
stem to enhance the growth of reproductive organs via changing
direction of assimilates allocation, which is a conventional measure
for cotton production in China) on July 26 and July 28, 2007 and
2008, respectively. Prior to that, the ﬁrst expanded leaves (denoted
as 0 d old) from the apex were labeled. At least ﬁve 23 d old leaves
were used for SPAD value and Pn determination for each plot in
2008, with the same methods as those in the growth chamber
experiment (except Li-6400 with 1200 mol m−2 s−1 quantum ﬂux
and 400 mol mol−1 CO2 concentration).
In both years, ﬁve representative plants from the central row of
each plot were selected to determine boll numbers per plant, boll
weight at each fruit position and lint percentage (%). The 1st–4th,
5th–8th and 9th–12th sympodials from the bottom were denoted
as lower, medium and upper sympodials, respectively. Yield was
determined by harvesting all plants including the ﬁve representatives in a plot.
Data analysis
Analysis of variance was performed using SAS statistical software (V8, SAS Institute Inc., Cary, USA), and means of the grafts
were compared using Duncan’s multiple range test. Because excessive precipitation in July and August 2008 (353.8 mm vs. 226.3 mm
in the same period in 2007) reduced yield dramatically, the data for
yield and its components were presented separately for each year.
Results
Role of shoots in K deﬁciency-induced senescence at the seedling
stage
Standard grafts
Grafts grew well in K-sufﬁcient solution (2.5 mM), but K deﬁciency (0.03 mM) resulted in pronounced leaf senescence. Under
K sufﬁciency, the K content in the 4th leaf from the top was above
3.0% and no difference was found between the two genotypes. Also,
SPAD values, soluble protein content, and photosynthesis rates
(Pn) in the same leaf of SCRC22 scions were similar to those of
CCRI41 scions (Table 2). Under K deﬁciency, the K content in leaf
was reduced to 0.15–0.22%, accompanied with lower SPAD values,
protein content, and Pn compared with K sufﬁciency. Moreover,
K deﬁciency caused signiﬁcant differences in leaf K content and
senescence between genotypes, and SCRC22 scions had greater K
content and those variables were related to senescence rather than
CCRI41 regardless of rootstock genotypes (Table 2).
When grown in K sufﬁcient solutions, scion effect was only signiﬁcant for K content (p < 0.001) and SPAD values (p = 0.002), and
no signiﬁcant rootstock effect and interaction between scion and
rootstock were found (Table 2). Scion effect was signiﬁcant for all
four traits (p < 0.001) determined under K deﬁciency, and rootstock
effect was only signiﬁcant for Pn (p = 0.039) (Table 2). Coinciding
with this, the mean K content, SPAD value, soluble protein content and Pn across SCRC22 scions grown in K-deﬁcient solution
were 37, 40, 70 and 68% greater than those across CCRI41 scions,
whereas these four traits across SCRC22 rootstocks were only −3,
1, −7 and 6% higher than those across CCRI41 rootstocks (Table 2).
These results suggest that the scion genotype explained the greatest

percentage of variations in leaf senescence induced by K deﬁciency
among grafts.
In addition, the interaction between scion and rootstock was
signiﬁcant for SPAD value (p = 0.014) and Pn (p = 0.046) under K
deﬁciency (Table 2), indicating that leaf senescence in terms of
chlorophyll content (SPAD value) and Pn was inﬂuenced by interaction of scion and rootstock, besides the scion effect (SPAD value
and Pn) and rootstock effect (Pn).
Y grafts
Similar to standard grafts, we found no signiﬁcant differences in
K content, SPAD value, soluble protein content and Pn among scions
in Y grafts receiving sufﬁcient K. However, SCRC22 and CCRI41
scions growing on the same rootstock (either SCRC22 or CCRI41)
exhibited different K contents and senescence under K deﬁciency
(0.03 mM), the former having signiﬁcantly greater values for the
above-mentioned traits than CCRI41 scions (Table 3).
The effects of the rootstock on the SPAD values and soluble protein content in scions of Y grafts were signiﬁcant,
but did not exceed the effects of the scion. For example,
the SPAD value of the CCRI41 scion in graft combination of
(CCRI41 + SCRC22)/SCRC22 was increased 13% by the SCRC22 rootstock compared with the average value of the two CCRI41 scions in
(CCRI41 + CCRI41)/CCRI41, whereas the SPAD value of the SCRC22
scion in (CCRI41 + SCRC22)/CCRI41 was 60% greater than the average value of the two CCRI41 scions in (CCRI41 + CCRI41)/CCRI41.
In addition, the soluble protein content of the SCRC22 scion was
reduced 14% by the CCRI41 rootstock in (CCRI41 + SCRC22)/CCRI41
relative to the average value of the two SCRC22 scions in
(SCRC22 + SCRC22)/SCRC22, whereas this trait for the CCRI41 scion
in (CCRI41 + SCRC22)/SCRC22 was 43% lower than the average value
of the two SCRC22 scions in (SCRC22 + SCRC22)/SCRC22.
The mean K content, SPAD value, soluble protein content and
Pn across SCRC22 scions grown in K-deﬁcient solution were 23, 58,
37 and 71% greater than those across CCRI41 scions, whereas these
four traits across SCRC22 rootstocks were only 11, 31, 14 and 25%
greater than those across CCRI41 rootstocks (Table 3).
Inverted Y grafts
Potassium-sufﬁcient solution (2.5 mM) enabled inverted Y
grafts to grow well, and K content, SPAD values, soluble protein
content and Pn did not differ signiﬁcantly between scions (Table 4).
When K concentration in solution was reduced to 0.01 mM, low
leaf K content and senescence as well as their variations between
SCRC22 and CCRI41 scions were induced as in standard and Y grafts
(Table 4). The mean K content, SPAD value, soluble protein content
and Pn across SCRC22 scions were 32, 30, 21 and 39% greater than
those across CCRI41 scions.
When compared with self-grafts, reciprocal-grafts had the
same variables related to leaf senescence (except Pn), suggesting that the integration of two contrasting rootstocks does not
change the shoot dominance in regulation of leaf senescence.
With respect to Pn, when the SCRC22 scion was grafted onto
one SCRC22 and one CCRI41 rootstock [SCRC22/(SCRC22 + CCRI41)],
the Pn decreased by 14% relative to SCRC22/(SCRC22 + SCRC22),
but was 27% greater than that of the CCRI41 scion grafted onto
the same rootstocks [CCRI41/(SCRC22 + CCRI41)], indicating that
the CCRI41 shoot had more inﬂuence on Pn than on CCRI41
root.
Inﬂuence of shoots on K deﬁciency-induced senescence in the ﬁeld
Physiological variables involved in senescence at the late boll
ﬁlling stage
The SPAD values, soluble protein content and Pn of 23 d old
main stem leaves located at the ﬁrst node from the top of
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Table 2
Effect of K deﬁciency on the leaf senescence of standard graft (scion/rootstock) cotton at the 7–8 leaf stage. Grafting was performed at the 1-leaf stage of the rootstock and
cotyledonary stage of the scion. Grafts were maintained in nutrient solution with 0.1 M K during establishment, and transferred to solutions with either 0.03 or 2.5 mM K
after establishment. The K content (%), SPAD values (indicating chlorophyll (chl) content), soluble protein and photosynthetic rate (Pn) in the youngest fully expanded leaf
(4th leaf from the top of plant) were determined. For each K level, means within a column followed by the same letter are not signiﬁcantly different according to Duncan’s
multiple range test, p < 5%, n = 4. P values are presented for each main effect or interaction.
Protein (mg g−1 )

Pn (mol CO2 m−2 s−1 )

K level (mM)

Scion/rootstock

K content (%)

Chl (SPAD)

2.5

CCRI41/CCRI41
CCRI41/SCRC22
SCRC22/SCRC22
SCRC22/CCRI41
Scion
Rootstock
Scion × rootstock

3.4a
3.2a
3.5a
3.2a
<0.001
0.073
0.940

34.2a
33.4a
37.6a
36.1a
0.002
0.243
0.400

0.9a
0.9a
0.9a
1.0a
0.103
0.455
0.421

13.9a
13.1a
14.7a
14.5a
0.066
0.420
0.940

0.03

CCRI41/CCRI41
CCRI41/SCRC22
SCRC22/SCRC22,
SCRC22/CCRI41
Scion
Rootstock
Scion × rootstock

0.15b
0.15b
0.20a
0.21a
<0.001
0.755
0.073

25.5b
27.1b
35.8a
37.8a
<0.001
0.824
0.014

0.5b
0.5b
0.8a
0.9a
<0.001
0.117
0.575

7.2b
8.6b
13.6a
12.9a
<0.001
0.039
0.046

Table 3
Effect of K deﬁciency on the leaf senescence of “Y” graft cotton (scion + scion/rootstock) at the 7–8 leaf stage. Grafting was performed at the 1-leaf stage of the rootstock and
cotyledonary stage of the scion. Grafts were maintained in nutrient solution with 0.1 M K during establishment, and transferred to solutions with either 0.03 or 2.5 mM K
after establishment. The K content (%), SPAD values (indicating chlorophyll (chl) content), soluble protein and photosynthetic rate (Pn) in the youngest fully expanded leaf
(4th leaf from the top of plant) of each scion were determined. For each K level, means within a column followed by the same letter are not signiﬁcantly different according
to Duncan’s multiple range test, p < 5%, n = 4.
K level (mM)

Scion + scion/rootstock

K content (%)

Chl (SPAD)

Protein (mg g−1 )

Pn (mol CO2 m−2 s−1 )

2.5

(CCRI41a + CCRI41)/CCRI41
(CCRI41 + CCRI41)/CCRI41
(CCRI41 + SCRC22)/CCRI41
(CCRI41 + SCRC22)/CCRI41
(SCRC22 + SCRC22)/SCRC22
(SCRC22 + SCRC22)/SCRC22
(CCRI41 + SCRC22)/SCRC22
(CCRI41 + SCRC22)/SCRC22

2.4a
2.4a
2.5a
2.7a
2.8a
2.7a
2.9a
2.7a

38.0a
38.9a
36.1a
37.7a
38.6a
39.1a
38.7a
36.6a

1.0a
1.2a
1.0a
1.2a
1.2a
1.3a
1.2a
1.2a

11.2a
10.7a
10.2a
11.9a
12.6a
13.1a
12.5a
11.3a

0.03

(CCRI41 + CCRI41)/CCRI41
(CCRI41 + CCRI41)/CCRI41
(CCRI41 + SCRC22)/CCRI41
(CCRI41 + SCRC22)/CCRI41
(SCRC22 + SCRC22)/SCRC22
(SCRC22 + SCRC22)/SCRC22
(CCRI41 + SCRC22)/SCRC22
(CCRI41 + SCRC22)/SCRC22

0.37b
0.33b
0.37b
0.42a
0.48a
0.42a
0.40a
0.36b

14.4c
15.6bc
13.4c
24.0a
23.7a
22.9a
24.9a
16.9b

0.5c
0.5c
0.5c
0.6b
0.7a
0.7a
0.6b
0.4c

6.9b
5.7b
5.1b
10.5a
10.8a
9.6a
9.0a
5.7b

a

The bold scion was measured.

de-topped cotton plants were determined on August 20, 2008.
Owing to excessive precipitation in July and August of 2008
(353.8 mm vs. 226.3 mm in the same period in 2007) and consequent poor root growth, the application of 195 kg ha−1 K fertilizer
did not prevent premature senescence completely, as indicated by
lower K content (about 0.50%) compared with reference (Reddy
et al., 2000) and K deﬁciency symptoms were observed during

the boll ﬁlling period, although to a lesser extent compared with
0 kg ha−1 of K fertilizer.
In terms of the differences among grafting treatments, SCRC22
scions still had greater SPAD values and Pn than CCRI41 scions, irrespective of rootstock genotypes and amount of K fertilizer (Table 5),
as observed in seedlings grown in nutrient solution (Table 2). However, the range of variations between grafts supplied with more K

Table 4
Effect of K deﬁciency on the leaf senescence of “inverted Y” graft cotton (scion/rootstock + rootstock) at the 7–8 leaf stage. Grafting was performed at the 1-leaf stage of
both rootstock and scion. Grafts were maintained in nutrient solution with 0.1 M K during establishment, and transferred to solutions with either 0.01 or 2.5 mM K after
establishment. The K content (%), SPAD values (indicating chlorophyll (chl) content), soluble protein and photosynthetic rate (Pn) in the youngest fully expanded leaf (4th leaf
from the top of plant) were determined. For each K level, means within a column followed by the same letter are not signiﬁcantly different according to Duncan’s multiple
range test, p < 5%, n = 4.
K level (mM)

Scion/rootstocks + rootstocks

K content (%)

Chl (SPAD)

Protein (mg g−1 )

Pn rate (mol CO2 m−2 s−1 )

2.5

CCRI41/(CCRI41 + CCRI41)
CCRI41/(CCRI41 + SCRC22)
SCRC22/(SCRC22 + SCRC22)
SCRC22/(CCRI41 + SCRC22)

3.8a
3.7a
3.9a
3.8a

34.5a
34.1a
37.3a
36.5a

1.4a
1.4a
1.4a
1.5a

13.9a
13.8a
15.7a
15.5a

0.01

CCRI41/(CCRI41 + CCRI41)
CCRI41/(CCRI41 + SCRC22)
SCRC22/(SCRC22 + SCRC22)
SCRC22/(CCRI41 + SCRC22)

0.25b
0.24b
0.34a
0.31a

25.3b
24.3b
33.5a
31.1a

0.5b
0.5b
0.6a
0.6a

4.7c
4.8c
7.1a
6.1b

332

B. Li et al. / Journal of Plant Physiology 169 (2012) 327–335

Table 5
Effect of K deﬁciency on leaf senescence of standard graft (scion/rootstock) cotton in the ﬁeld. Grafting was performed at the 2-leaf stage of both rootstock and scion grown in
250 mL paper cup ﬁlled with sandy loam in the greenhouse. Grafts were transferred to the ﬁeld with available K of 58.7 mg kg−1 after establishment. Zero and 195 kg K ha−1
in the form of potassium sulphate were split-applied, half before sowing and half at early ﬂowering. SPAD values (indicating chlorophyll (chl) content), soluble protein and
photosynthetic rate (Pn) of 23 d old leaves from the ﬁrst node of de-topped plants were determined in 2008. For each K rate, means within a column followed by the same
letter are not signiﬁcantly different according to Duncan’s multiple range test, p < 5%, n = 4.
K rate (kg K2 SO4 ha−1 )

Scion/rootstock

Chl (SPAD)

Protein (mg g−1 )

Pn (mol CO2 m−2 s−1 )

195

CCRI41/CCRI41
CCRI41/SCRC22
SCRC22/SCRC22
SCRC22/CCRI41

47.3b
47.1b
52.1a
52.9a

3.6a
3.6a
4.1a
4.0a

19.8c
22.1b
22.6ab
23.6a

0

CCRI41/CCRI41
CCRI41/SCRC22
SCRC22/SCRC22
SCRC22/CCRI41

34.1b
33.3b
47.2a
45.7a

2.6b
2.8b
3.4a
3.3a

9.8b
10.7b
19.1a
17.5a

Table 6
Effect of K deﬁciency on yield and yield components of standard grafts (scion/rootstock) in the ﬁeld (2007–2008). Grafting was performed at the 2-leaf stage of both rootstock
and scion grown in 250 mL paper cup ﬁlled with sandy loam in greenhouse. Grafts were transferred to the ﬁeld with available K of 58.7 mg kg−1 after establishment. Zero
and 195 kg K ha−1 in the form of potassium sulphate were split-applied, half before sowing and half at early ﬂowering. For each K rate, means within a column followed by
the same letter are not signiﬁcantly different according to Duncan’s multiple range test, p < 5%, n = 4.
Year

K rate (kg K2 SO4 ha−1 )

Scion/rootstock

Boll no.

Boll wta (g)

Lint ptb (%)

Lint yield (kg ha−1 )

2007

195

CCRI41/CCRI41
CCRI41/SCRC22
SCRC22/SCRC22
SCRC22/CCRI41

50.3a
52.6a
49.5a
44.3a

4.3b
4.7b
6.0a
6.2a

41.3b
41.5b
43.4a
42.9a

1013b
980b
1085ab
1291a

0

CCRI41/CCRI41
CCRI41/SCRC22
SCRC22/SCRC22
SCRC22/CCRI41

36.3a
41.2a
43.4a
41.8a

3.0c
3.0c
5.1a
4.4b

40.0b
40.4b
43.1a
42.8a

444b
542b
938a
931a

195

CCRI41/CCRI41
CCRI41/SCRC22
SCRC22/SCRC22
SCRC22/CCRI41

34.1a
32.4a
30.2a
30.5a

2.7b
3.0b
3.7a
3.5ab

39.0b
38.8b
41.0a
40.9a

343b
287b
532a
454a

0

CCRI41/CCRI41
CCRI41/SCRC22
SCRC22/SCRC22,
SCRC22/CCRI41

9.9b
13.1b
23.5a
19.8a

1.4b
1.7ab
2.1a
2.0ab

37.3b
36.8b
40.7a
40.4a

48b
61b
139a
125a

2008

a
b

wt, weight.
pt, percentage.

fertilizers was narrower than that without K fertilizer (Table 5). Furthermore, for those grafts without K fertilizer application, soluble
protein content in the leaf of SCRC22 scions was also greater than
that of CCRI41 scions as well.
Yield and its components
Lint yield in 2008 was signiﬁcantly less than that in 2007, being
independent of K and grafting treatments (Table 6), which could be
explained by less boll numbers, less boll weight and lint percentage due to excessive wet weather during the period of boll forming
and ﬁlling. In addition, the application of K fertilizer (195 kg ha−1 )
increased lint yield by elevating boll numbers and boll weight in
both years (Table 6), which may be partly attributed to the alleviation of leaf senescence.
The lint yield of SCRC22 scions was signiﬁcantly greater than
CCRI41 scions except with high K fertilizer in 2007, regardless of
rootstock genotypes (Table 6). Both greater boll weight and greater
lint percentage, but not boll number (except without K fertilizer in
2008), of SCRC22 scions contributed to their greater yield (Table 6).
The mean lint yields across SCRC22 scions were 89, 56 and 141%
greater than those across CCRI41 scions for 0 kg ha−1 K fertilizer
in 2007, and 195 and 0 kg ha−1 K fertilizer in 2008, respectively.
Rootstocks had no signiﬁcant effect on lint yield (Table 6).
The spatial distribution of boll weight can reﬂect the extent of
leaf senescence, because leaf senescence can decrease the biosynthesis and supply of assimilates to bolls, especially those produced

at the upper sympodials and lateral distal fruit positions from the
main stem. Considering less variation in lint yield among grafts
receiving high K fertilizer in 2007, and low yields in 2008, we
focused on the spatial distribution of boll weight in the low K treatment in 2007.
The boll weight of SCRC22 scions at all sympodial and fruit positions were signiﬁcantly greater than those of CCRI41, irrespective
of rootstock genotypes (Tables 7 and 8). In terms of boll weight variations within one grafting treatment, we found that those within
SCRC22 scions were much smaller than those within CCRI41 scions
(Tables 7 and 8), indicating later and reduced leaf senescence of the
former. For example, the mean boll weight at the second and third
lateral fruit positions of fruiting branches across SCRC22 scions

Table 7
Comparison of boll weight (g) at different lateral fruit positions of sympodials
among grafts (scion/rootstock) without K fertilizer (2007). Means within each column followed by the same letter are not signiﬁcantly different according to Duncan’s
multiple range test, p < 5%.
Scion/rootstock

BP1a

BP2

BP3

LSD0.05

CCRI41/CCRI41
CCRI41/SCRC22
SCRC22/SCRC22
SCRC22/CCRI41

4.1d
4.2c
6.1a
5.9b

3.3d
3.5c
5.6a
5.5b

2.8d
2.9c
5.1a
4.7b

0.45
0.76
0.76
0.67

a
BP1, BP2, BP3: lateral position 1, 2, and 3 in the fruiting branches from main
stem.
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Table 8
Comparison of boll weight (g) at different sympodials among grafts (scion/rootstock)
without K fertilizer (2007). Means within each column followed by the same letter
are not signiﬁcantly different according to Duncan’s multiple range test, p < 5%.
Scion/rootstock

1st–4tha

5th–8th

9th–12th

LSD0.05

CCRI41/CCRI41
CCRI41/SCRC22
SCRC22/SCRC22
SCRC22/CCRI41

4.3c
3.9d
5.7b
5.8a

3.5d
3.9c
5.9a
5.5b

2.3d
2.7c
5.2a
4.7b

0.48
1.01
0.68
0.61

a
1st–4th, 5th–8th, 9th–12th: 1st–4th, 5th–8th, and 9th–12th of the sympodials
from the bottom of main stem.

were 7 and 18% lower than that at the ﬁrst position whereas these
differences for CCRI41 scions were 19 and 31%, respectively. In
addition, the mean boll weight at middle (5th–8th), and upper
(9th–12th) sympodials across SCRC22 scions were 0 and 12% lower
than that at lower (1st–4th) sympodials whereas these differences
for CCRI41 scions were 10%, and 37%, respectively.
Discussion
Grafting is useful for exploring how changing the genetic makeup of the root or shoot affects the corresponding phenotype of
shoot or root. We developed grafts with cotton seedlings under
mild K deﬁciency to determine the roles of the shoot and root on K
deﬁciency-induced leaf senescence at the seedling stage and hence
the effect of interaction between shoot and root within the same
genotype on the roles of the shoot and root could be eliminated as
early as possible.
The results of our grafting study (Tables 2–8) revealed that leaf
senescence induced by K deﬁciency in the two cotton cultivars
appeared largely shoot dependent. Moreover, we found a close positive relationship between leaf K content and senescence indicated
by SPAD values (Fig. 2a), protein content (Fig. 2b) and Pn (Fig. 2c)
under K deﬁciency for those grafts grown in a growth chamber at
the seedling stage. Thus, we consider that cotton leaf senescence
due to K deﬁciency can be attributed to K uptake and mobilization
in root rather than shoot sensitivity to K, and the shoot can regulate
the uptake of K by the root as reported in Marschner (1995).
Historically, the root system has been regarded as a major factor of leaf senescence by producing and/or delivering cytokinins to
aerial parts through the xylem (Sitton et al., 1967; Garrison et al.,
1984). Our unpublished data indicate that the late senescence of
SCRC22 scions is closely associated with increased cytokinins (CKs)
in leaves and rootstock xylem sap, even when grafted onto CCRI41
(early senescence genotype) rootstock and vice versa for the early
senescence of CCRI41 scions. When a single tomato cultivar was
grafted onto rootstocks from a recombinant inbred line population
and grown with moderate (75 mM) salinity, xylem K and zeatin
concentrations were strongly correlated with maintenance of the
photosynthetic apparatus, indicating a rootstock effect (Albacete
et al., 2009). Therefore, we assume that K and CKs from roots are
critical for leaf senescence under either K deﬁciency or salt stress,
whether they are regulated by shoot or root.
Faiss et al. (1997) obtained similar results to ours when demonstrating that grafting non-transformed (wild-type) tobacco scions
onto the root system of cytokinin-overproducing transgenic plants
did not prevent normal leaf senescence of wild-type scions. However, Dong et al. (2008) reported conﬂicting results for cotton. Using
two lines contrasting in leaf senescence (one of which was the
same late senescence SCRC22 as in our experiment) to perform
reciprocal- and self-grafts, Dong et al. (2008) found that the graft
of early senescence scions onto late senescence rootstocks alleviated leaf senescence, whereas that of late senescence scions onto
early senescence rootstocks enhanced leaf senescence. Thus, they
inferred that leaf senescence is considerably affected by the root

Fig. 2. Relationships between leaf K content (%, x) and SPAD values (indicating
chlorophyll (Chl) content) (a), soluble protein (b), and photosynthetic rate (Pn) (c)
of the youngest fully expanded leaf (4th leaf from the top of plant) grown at low
K level (0.03 mM for standard and Y-grafts, and 0.01 mM for inverted Y-grafts) in
growth chamber experiments. Each point represents the mean of a replication and
linear regressions were ﬁtted with Sigmaplot 11.0.

genotype. These contrasting results may be explained by several
possible mechanisms. (1) The interaction of scion by rootstock varied with genotypes. For example, the rootstock effect on tomato
salinity response depended on the shoot genotype (Santa-Cruz
et al., 2002), and rootstock effects on several shoot variables (leaf
area, gs and [X-ACC] leaf) were dependent on the scion (Dodd et al.,
2009). Therefore, the interaction between the late senescence line
(K2, SCRC22) and the early senescence line (K1) could have been
large in the study of Dong et al. (2008), whereas the interaction
between SCRC22 and CCRI41 (early senescence) in the present
study was nonexistent or small (Table 2). (2) The effect of the root on
leaf senescence can depend on the shoot water and nutritional status (Dodd, 2005; Wilkinson and Hartung, 2009). It is possible that
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the prevalence of these conditions in the K1 shoot (Dong et al., 2008)
but not in the CCRI41 shoot permitted the SCRC22 root to alleviate
senescence. (3) The signals and their sources, and sites of one signal
pathway for one kind of phenotype are diverse (Matsumoto-Kitano
et al., 2008). We consequently presumed that although CCRI41
in the present study and K1 in the study of Dong et al. (2008)
had similar early senescence phenotypes, certain genes responsible for signal synthesis, transportation and perception associated
with senescence are different between them, resulting in variable
responses to the same graft partner (SCRC22). This may also be part
of the mechanisms underlying the interaction between scion and
root.
The results of a grafting study in soybean (Ookawa et al., 2001)
indicated that the relative importance of root and shoot in regulation of leaf senescence varied with the growth stage. For example,
the properties of the rootstock inﬂuenced the senescence of the
scion at the early stage of ripening, but at the late stage of ripening, the scion played a major role. Nevertheless, we observed that
the more important role of the shoot in the control of cotton leaf
senescence was consistent from the seedling stage (Tables 2–4) to
the late boll ﬁlling stage (Table 5), and to the mature stage (Table 6),
thus suggesting that changes in either shoot demand or root function during the growth season does not affect the important role of
shoot in regulation of leaf senescence.
Large boll load has been considered as one of the important
factors causing premature senescence in cotton (Wright, 1999;
Pettigrew, 2003). However, the early senescence cultivar, CCRI41 in
the present study, did not have more bolls than the late senescence
cultivar SCRC22 (Table 6), deﬁnitely indicating that the difference in K deﬁciency-induced senescence between CCRI41 scions
and SCRC22 scions at maturity in the ﬁeld was independent of
sink demand. In addition, the K uptake of CCRI41 rootstock was
enhanced by SCRC22 scion (Tables 2–4), indicating that potential
root supply of K in CCRI41 is not the major cause for its premature senescence. Therefore, we concluded that factors beyond shoot
demand and root supply in terms of K nutrition are responsible for
the premature senescence of cotton plants in the present study.
Considering that scions can regulate K uptake (Tables 2–4) and
CKs delivery (unpublished data) in root, and K uptake and CKs
delivery were positively related to leaf senescence (Fig. 2; Albacete
et al., 2009), it appears that the shoot-to-root feedback signal(s)
was probably involved in the role of shoot in regulating premature
senescence of cotton plants by altering K uptake and CKs delivery, as found in pea (Pisum sativum L.) and Arabidopsis (Arabidopsis
thaliana) (Beveridge et al., 1997; Foo et al., 2007).
The present grafting studies provides reliable evidence that the
shoot plays a major role in K deﬁciency-induced senescence in
cotton. We will continue to verify it using more genotypes, and
to further explore the physiological and molecular mechanisms
underlying this phenomenon, such as shoot-to root feedback signal(s) and their targeted processes, including K uptake and CKs
delivery. This is not only of fundamental scientiﬁc interest, but is
also of practical importance in the management of cotton affected
by K deﬁciency.
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