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Abstract Hormones play an important role in regulating

the growth of rice tiller buds. However, little is known

about the hormonal changes that occur during tiller bud

growth and the mechanism of hormonal regulation of tiller

bud growth. Here, two rice cultivars, Yangdao 6 (Indica)

and Nanjing 44 (Japonica), were used to investigate the

changes in plant hormones during tiller bud growth and the

mechanism that underlies the hormonal regulation of tiller

bud growth. In the present study, panicles were removed

after heading to stimulate the growth of dormant tiller buds

located at the elongated upper internodes. At the same

time, external abscisic acid (ABA), gibberellic acid (GA3)

and a-naphthalene acetic acid (NAA) were applied. The

results demonstrated that auxin and cytokinin (CTK) play

important and different roles in the regulation of tiller bud

growth. Auxin in the nodes inhibits tiller bud growth, while

CTK is transferred to the tiller buds to promote growth.

The inhibitory effects of GA3 and NAA on tiller bud

growth are mainly due to the control of the indole-3-acetic

acid (IAA) or CTK contents in plants. As opposed to auxin

and CTK, the ABA contents in nodes and tiller buds

remained unchanged before tiller bud growth after panicle

removal. Meanwhile, external ABA application only

slightly slowed the growth of the tiller buds, suggesting

that ABA may not be a key regulator of tiller bud growth.

These results indicate that auxin, CTK and ABA together

likely play roles in the regulation of tiller bud growth.

Keywords Abscisic acid � Cytokinin � Indole-3-acetic

acid � Rice (Oryza sativa L.) � Tiller bud

Abbreviations

CTK Ctyokinin

NAA a-Naphthalene acetic acid

ABA Abscisic acid

GAs Gibberellic acids

Z ? ZR Zeatin ? zeatin riboside

iP ? iPR Isopentenyladenine ? isopentenyladenine

riboside

IAA Indole-3-acetic acid

NSC Non-structural carbohydrates

N Nitrogen

Introduction

Rice (Oryza sativa L.) is one of the most important food

crops and is responsible for feeding more than half of the

world’s population. The yield potential of rice can be

dissected into four major components: grain weight, grain

number per panicle, panicle number per plant and the ratio

of filled grains. The tiller of rice, which determines the

panicle number per plant, is an important agronomic trait

for grain production and is also a model system for the

study of branching in monocotyledonous plants (Li et al.

2003).

The rice tiller number is dynamic and adjustable (Kariali

and Mohapatra 2007), and plant hormones play an impor-

tant role in regulating tiller occurrence. Leopold (1949)

indicated that shoot growth in grasses is regulated by the

same type of auxin-induced apical dominance as in dicot-

yledons; removal or suppression of auxin activity could
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release the tiller (lateral buds) from apical control. It has

been shown that the exogenous application of cytokinin

(CTK) stimulates tiller bud growth in wheat (Langer et al.

1973). However, exogenous application of auxin inhibited

the effect of CTK (Harrison and Kaufman 1982). In addi-

tion, the application of gibberellic acid 3 (GA3) inhibited

the occurrence of rice tillers (Hong et al. 1998; Zhang

2006), and higher abscisic acid (ABA) contents in the

stems and tillers decreased wheat tillers (Liang and Ma

1998), and the application of ethylene at an early tillering

stage increased the number of tillers in sugarcane (Zhou

et al. 2007). A recent study found a new terpenoid plant

hormone that inhibits shoot branching and originates from

carotenoids (Umehara et al. 2008).

Rice tiller growth occurs in a two-stage process: the

formation of an axillary bud (tiller bud) and its sub-

sequent growth. Previous research specifically studied the

effects of exogenous hormones on tiller occurrence and

the relationship between the percentage of tiller occur-

rence and the content endogenous hormones. However,

the hormonal changes during tiller bud growth and the

mechanism of hormonal regulation of tiller bud growth

are still unclear.

Normally, rice tiller buds form on the elongated upper

internodes and become arrested when the mother stems

begin to differentiate their own panicles (Hanada 1993; Li

1979), but removing the panicle after heading stimulates

the growth of the dormant tiller buds (Tomotsugu et al.

2007). In our study, we removed the panicle after full

heading to stimulate the growth of dormant tiller buds

located at elongated internodes and simultaneously applied

a-naphthalene acetic acid (NAA), ABA and GA3 to control

the growth of tiller buds. Our objectives were to investigate

the changes in plant hormones during tiller bud growing

and the mechanism that underlies the effect of hormonal

regulation on tiller bud growth.

Materials and methods

Plant growth and treatments

The experiments were conducted at the experimental sta-

tion of Nanjing Agriculture University, Jiangning County,

Jiangsu Province, China in 2008. The soil type was Gleyed

paddy soil with 16.1 g kg-1 organic matter, and the

available amounts of nitrogen, phosphorus and potassium

were 74.7, 10.36 and 82.6 mg kg-1, respectively. Nitrogen

(90 kg urea ha-1 at basal levels and 90 kg urea ha-1 at

panicle initiation), phosphorus (135 kg single superphos-

phate ha-1 at basal levels) and potassium (90 kg KCl ha-1

at basal levels and 90 kg KCl ha-1 at panicle initiation)

were applied during the growing season.

Two rice cultivars, Nanjing 44 (a Japonica cultivar) and

Yangdao 6 (an Indica cultivar), were grown in the paddy

field. Seeds were sown on a seedbed on May 20, and they

were raised and transplanted on June 25 at a hill spacing of

30.0 9 13.3 cm with two seedlings per hill. The plot

dimensions were 4 9 4 m.

Each cultivar had five treatments: RP treatment (panicle

removal after full heading), ABA treatment (application of

ABA after panicle removal), GA treatment (application of

GA3 after panicle removal), NAA treatment (application

of NAA after panicle removal) and control treatment

(intact plant). The concentrations of the three hormones are

50 mg l-1, and 5 ml of hormone solution was applied to

each plant. The RP and control groups were sprayed with

same quantity of water. ABA, GA3, and NAA were pur-

chased from Sigma–Aldrich (USA). Each treatment had

three replicates with a completely randomized block

design.

Sampling and measurements

The panicles were removed and hormones were sprayed at

18:00 at the full heading stage. Plants were sampled from

the day of treatment to 5 days later. After the treatments,

samples were collected every day at 06:00.

Each day during the sampling dates, tiller buds located

at the leaf axils of the second leaves from the top and the

nodes where tiller buds grew were sampled. The samples

were frozen in liquid nitrogen for 15 min and then stored at

-40�C.

Three hills of whole plants for each plot were sampled

on day five after treatment. Leaves and stems plus leaf

sheaths were separated and put into different sample bags.

All of the fresh samples were placed in a forced-air oven,

incubated for 1 h at 105�C and dried at 75�C until a con-

stant weight was obtained. The dried samples were milled

to pass through a 1 mm screen and then stored in plastic

bags for chemical analysis.

Tiller bud growth

At each sampling date, forty tiller buds were cut off, and

their lengths were measured in one treatment. The weights

of the tiller buds were taken on a sample group of 10 buds,

and four sample groups were measured at each stage.

Measurements of endogenous hormones

The methods for extraction and purification of zeatin

(Z) ? zeatin riboside (ZR), isopentenyladenine (iP) ?

isopentenyladenine riboside (iPR), gibberellic acids (GAs,

GA1 ? GA4), indole-3-acetic acid (IAA) and ABA were

essentially identical to those described by Yang et al.
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(2001). A sample of approximately 0.5 g (tiller buds about

0.2 g) was ground in a mortar (on ice) with 5 ml of 80%

(v/v) methanol extraction medium containing 1 mmol l-1

butylated hydroxytoluene (BHT) as an antioxidant. The

methanolic extracts were incubated at 4�C for 4 h and

centrifuged at 10,0009g for 15 min at the same tempera-

ture. The supernatants were passed through Chromosep

C18 columns (C18 Sep-Park Cartridge, Waters Corp,

USA), which had been prewashed with 10 ml of 100% and

5 ml of 80% methanol. The hormone fractions were dried

with N2 and dissolved in 1 ml of phosphate-buffered saline

(PBS) containing 0.1% (v/v) Tween 20 and 0.1% (w/v)

gelatin (pH 7.5) for analysis by enzyme-linked immuno-

sorbent assay (ELISA).

The mouse monoclonal antigens and antibodies against

Z ? ZR, iP ? iPR, GAs (GA1 ? GA4), IAA and ABA and

immunoglobulin G-horseradish peroxidase (IgG-HRP)

used in the ELISA were produced at the Phytohormones

Research Institute of China Agricultural University. The

method for quantification of the Z ? ZR, iP ? iPR, GAs

(GA1 ? GA4), IAA and ABA contents by ELISA has been

described previously (Yang et al. 2001). The recoveries of

IAA, Z ? ZR, iP ? iPR, ABA and GAs were 79.2 ± 4.9,

86.5 ± 3.7, 87.9 ± 3.5, 82.3 ± 4.1 and 76.5 ± 4.6%,

respectively.

Measurements of nitrogen and non-structural

carbohydrates in plants

Total plant nitrogen (N) was determined by the Kjeldahl

method. Dry plant samples (0.5 g) were digested with 3 g

catalyst (3:1 K2SO4:CuSO4), 10 ml of H2SO4 and 2 ml of

H2O2 for at least 6 h at 375�C. The N content was mea-

sured according to Bao (2007).

Non-structural carbohydrates (NSC) were extracted with

perchloric acid and measured by the anthrone solution

colorimetric method (Wang 2006). Dry plant samples

(0.2 g) were extracted with 5 ml of 36 mol l-1 perchloric

acid and centrifuged at 4,0009g for 10 min. The residue

was then extracted with 5 ml of 18 mol l-1 perchloric acid.

The supernatants were combined, and water was added to

100 ml. For the anthrone colormetric method, 0.1 ml of the

combined supernatant was boiled in 5 ml of anthrone-

H2SO4 solution (0.15 g anthrone in 100 ml of 70% H2SO4)

for 20 min at 80�C, and then the absorption at 620 nm was

measured.

Statistical analysis

The results were analyzed for variance using SPSS 16.0 for

Windows. Data from each sampling set were analyzed

separately. The means were tested by the least significant

difference method at P = 0.05 (LSD 0.05).

Results

Tiller bud development from dormancy or germination

Panicle removal quickly released the dormancy of tiller

buds and stimulated their germination. Thirty-six hours

after panicle removal, the length and fresh weight of the

tiller buds were significantly higher in the RP plots than in

the control treatments (Fig. 1). The lengths of tiller buds at

108 h after panicle removal were 3.16 cm for Nanjing 44

and 3.80 cm for Yangdao 6, respectively, which were 4.9

and 6.6 times greater than those of the control, respec-

tively. The application of ABA, GA3 and NAA had dif-

ferent effects on the growth of tiller buds after panicle

removal. The application of GA3 or NAA completely

reversed the effect of panicle removal on tiller bud growth.

There were no differences in the lengths and fresh weights

of tiller buds among the GA, NAA and control treatments

108 h after panicle removal. However, the ABA applica-

tion could not completely offset the effect of panicle

removal on tiller bud growth. The lengths and fresh

weights of the tiller buds in the ABA treatment showed

increasing trends that were similar to the RP treatment,

although the magnitudes of the former treatment were

significantly less than the latter 36 h after panicle removal

(Fig. 1).

Phytohormone contents in nodes

The IAA content in nodes decreased notably by 65.5 and

56.2% in Yangdao 6 and Nanjing 44, respectively, com-

pared with the control treatment at 12 h after treatment.

GA3 application after panicle removal increased the IAA

content in the nodes, but the value did not return to that of

the control plants. The application of ABA or NAA had no

obvious effects on the IAA contents in nodes (Fig. 2a, b).

Panicle removal decreased the ABA content in the nodes

of both cultivars. Compared with the RP treatment, GA3 or

NAA application increased ABA content in the nodes, but

the enhancement was lower than that in the control plants.

ABA application transiently increased the ABA content in

the nodes. After reaching a peak at 12 h after treatment, the

ABA content in the nodes gradually decreased. There was

no significant difference in the ABA contents in nodes

between the ABA and control treatments of the two culti-

vars at 60 and 36 h after treatment (Fig. 2c, d).

Panicle removal and ABA or NAA application did not

obviously affect the GA1?4 content in the nodes. On the

contrary, the application of GA3 significantly increased the

GA1?4 content in the node transiently, which reached a

peak at 12 h after treatment and then decreased gradually.

There were no significant differences between the GA1?4
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contents in all treatments at 36 and 60 h after treatment in

Yangdao 6 and Nanjing 44 (Fig. 2e, f).

Unlike IAA, the Z ? ZR content increased notably in

the nodes of both Yangdao 6 and Nanjing 44 after panicle

removal and reached a peak at 36 h after treatment and

then decreased gradually. The value, however, was higher

than that in the control plants at 108 h after treatment.

ABA application also increased the Z ? ZR content in

nodes significantly compared with the control plants, but

the Z ? ZR content in nodes of the ABA treatment were

lower than that in the RP treatment. The application of GA3

or NAA after removal of the panicle completely reversed

the stimulation of panicle removal on the Z ? ZR content

in nodes (Fig. 2g, h). The changes in the iP ? iPR content

with different treatments showed a similar trend to Z ? ZR

(Fig. 2i, j).

Phytohormone contents in tiller buds

Panicle removal had different effects on the IAA contents

in tiller buds of the two cultivars. Thirty-six hours after

panicle removal, the IAA content in tiller buds increased

notably in Yangdao 6 and remained unchanged in Nanjing

44 compared with the control plants. The application of

ABA after panicle removal had no significant effect on the

IAA content in tiller buds. The application of GA3 and

NAA after panicle removal decreased the IAA content in

tiller buds in Yangdao 6 compared with the RP treatment,

and there was no significant effect on the IAA content in

tiller buds of Nanjing 44 (Fig. 3a, b).

Panicle removal decreased the ABA contents in the tiller

buds of both cultivars, and the ABA content in tiller buds

of the RP treatment was significantly lower than that of

control plants from 36 h after treatment. Application of

GA3 or NAA reversed the negative effect of panicle

removal on the ABA content in tiller buds during entire

treatment period. There were no significant differences in

the ABA contents in tiller buds from the GA3, NAA and

control treatments (Fig. 3c, d).

Compared with the RP treatment, the application of

ABA increased the ABA contents in tiller buds, but the

levels remained lower than in the control plants from 36 h

after treatment (Fig. 3c, d). Neither panicle removal nor the

application of growth regulators had an obvious effect on

the GA1?4 content in tiller buds (Fig. 3e, f).

The Z ? ZR content increased notably in tiller buds of

both Yangdao 6 and Nanjing 44 after panicle removal and

reached a peak at 36 h after treatment, after which the

Z ? ZR content remained stable, and the value was higher

than that in the CK plants at 108 h after treatment. The
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Fig. 1 Changes in the fresh

weight (a: Yangdao 6;

b: Nanjing 44) and length

(c: Yangdao 6; d: Nanjing 44)

of tiller buds under different

treatments. RP panicle removal

after full heading, ABA
application of ABA after

panicle removal, GA application

of GA3 after panicle removal,

NAA application of NAA after

panicle removal, control: intact

plant. Vertical bars represent the

standard error of the mean

(length of tiller buds n = 10,

fresh weight of buds n = 4)
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ABA treatment also increased the Z ? ZR content in tiller

buds compared with the control plants, but compared

with the RP treatment, the Z ? ZR content in tiller buds of

the ABA treatment was significantly lower than that of

Yangdao 6. The application of GA3 or NAA completely

inhibited the increase in the Z ? ZR content in tiller buds

after panicle removal. The Z ? ZR contents in tiller buds

of these two treatments were not significantly different

compared with the control plants at 108 h after treatments

(Fig. 3g, h). The changes in the iP ? iPR content under

different treatments showed a similar trend to the Z ? ZR

content (Fig. 3i, j).

N and NSC contents in plants

Panicle removal increased the N content in leaves but had

no significant effect on the N contents in stems and leaf

sheaths. In contrast, panicle removal significantly increased

the NSC content in the leaves and stem sheath. The

application of growth regulators had no significant effect

on the N and NSC contents in the leaves and stem sheath

(Fig. 4).

Discussion

The correlation between endogenous hormones

and tiller bud growth

Tillers are grain-bearing branches in monocotyledonous

plants. Normally, tiller buds formed on the elongated upper

internodes become arrested when the mother stems begin

to differentiate their own panicles (Hanada 1993; Li 1979),

but those buds exhibit significant elongation after decapi-

tation (Tomotsugu et al. 2007). In this study, the length and

fresh weight of dormant tiller buds increased greatly after

panicle removal (Fig. 1). Thus, panicle removal releases

tiller buds from dormancy and stimulates their growth.

Before the length and fresh weight of the tiller buds
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Fig. 2 Hormonal changes in the second node from the top of

Yangdao 6 (in boxes a, c, e, g, and i) and Nanjing 44 (in boxes b, d, f,
h, and j) under different treatments. RP panicle removal after full

heading, ABA application of ABA after panicle removal, GA

application of GA3 after panicle removal, NAA application of NAA

after panicle removal, control: intact plant. Vertical bars represent the

standard error of the mean (n = 4)
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increased after panicle removal, the Z ? ZR and iP ? iPR

contents in both the nodes and buds increased significantly

(Figs. 2g–j, 3g–j). On the contrary, the IAA content in the

nodes decreased significantly (Fig. 2a, b), while the IAA

content in the buds did not change notably after panicle

removal (Fig. 3a, b). The results of our study indicate that,

similarly to other plants (Bangerth et al. 2000; Li et al.

1995), auxin acts in the stem to inhibit tiller bud growth,

and, in opposition, CTK is transferred to the buds to pro-

mote the growth of tiller buds. In addition to these two

hormones, ABA was also thought to be a possible auxin-

induced second messenger that directly represses axillary

bud outgrowth (Tucker 1978), and additive repression has

been observed when apical auxin and basal ABA treat-

ments were combined in Ipomoea (Cline and Oh 2006). In

the present study, before tiller bud growth after panicle

removal, the ABA contents in the nodes and buds did not

significantly change. The decrease in ABA content in tiller

buds and the growth of tiller buds occurred simultaneously

(Fig. 3c, d), and these changes occurred later than the

changes in IAA in the nodes. These results indicate that

ABA may not be the decisive factor for tiller bud growth.

Effects of applied hormones on tiller bud growth

Auxin significantly inhibits lateral bud outgrowth follow-

ing decapitation when applied to the stem stumps of many

species. NAA, a synthetic auxin, is generally more potent

than IAA for the inhibition of lateral bud outgrowth (Cline

1996). In the present study, NAA application completely

reversed the promoting effect of panicle removal on tiller

bud growth; the fresh weight and length of tiller buds did

not increase notably during the entire treatment period

(Fig. 1). Some research has suggested that basipolar auxin

may control CTK production in roots and that it is possibly

delivered to lateral buds, consequently regulating the

growth of lateral buds (Bangerth et al. 2000; Li et al. 1995).

In this study, we found that NAA inhibits the increase in

the Z ? ZR and iP ? iPR contents in tiller buds and the

tiller nodes induced by panicle removal. This occurrence
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Fig. 3 Hormonal changes in tiller buds located at the second node

from the top of Yangdao 6 (boxes a, c, e, g, and i) and Nanjing 44

(boxes b, d, f, h, and j) under different treatments. RP panicle

removal after full heading, ABA application of ABA after panicle

removal, GA application of GA3 after panicle removal, NAA
application of NAA after panicle removal, control: intact plant.

Vertical bars represent the standard error of the mean (n = 4)
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may be the main factor responsible for the inhibitory effect

of NAA on the growth of tiller buds induced by panicle

removal.

The application of GA3 inhibits tiller bud growth of

barley, and the application of chlormequat chloride (CCC),

which inhibits GA biosynthesis, promotes tillering of

spring barely (Ma and Smith 1992; Woodward and Mar-

shall 1988). In this study, GA3 application also completely

reversed the effect of panicle removal on tiller bud growth.

Zhang (2006) proposed that GA3 promotes the transfer of

nutritive substances to the main stem to control tiller

occurrence; however, our study shows that GA3 application

does not significantly affect the N and NSC contents in

plants (Fig. 4), indicating that GA3 may not promote the

transfer of nutritive substances to the main stem to control

tiller occurrence. Our experiments showed that the appli-

cation of GA3 increases the IAA content in the nodes

compared with the RP treatments and inhibits the increase

in the Z ? ZR and iP ? iPR contents in tiller buds and

nodes induced by panicle removal. We suggest that GA3

may increase the IAA content in plants to control CTK

production, which thus inhibits the growth of tiller buds in

rice. As opposed to GA3 and NAA application, ABA

application did not inhibit the growth of tiller buds com-

pletely, but it slowed the growth rate of tiller buds (Fig. 1).

Combined with the changes in endogenous ABA levels,

this result confirms the hypothesis that ABA may not be the

decisive factor for tiller bud growth (Liu et al. 2009).

It is widely agreed that lateral bud outgrowth depends on

the balance of hormones rather than the absolute level of

any individual hormone (Emery et al. 1998; Sae and

Hitoshi 2001). The relative levels of IAA and CTK are

important for the early growth of axillary buds, while at

later stages, there is a significant negative correlation

between the level of ABA and the growth of axillary buds

(Gong and Li 2005). Research on transgenic plants has

verified the importance of the relative concentrations of

IAA and CTK on the outgrowth of axillary buds (Medford

et al. 1989; Romano et al. 1991; Romano et al. 1993;

Sitbon et al. 1992).

In our research, before the length and fresh weight of the

tiller buds increased after panicle removal, the Z ? ZR and

iP ? iPR contents in both the nodes and buds and the IAA

content in nodes increased significantly, and GA3 and NAA

inhibited the growth of rice tiller buds by regulating the

IAA or CTK contents in plants. This result indicates that

auxin and CTK may play key roles in regulating the growth

of rice tiller buds. In contrast to auxin and CTK, the ABA

content in the nodes and buds remained unchanged before

tiller bud growth after panicle removal, and the application

of ABA did not completely inhibit the growth of tiller

buds. Therefore, ABA may not be a key regulator of tiller
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bud growth, though it affects the growth velocity of tiller

buds. The results of the present study indicate that auxin,

cytokinin and ABA together take part in the regulation of

tiller bud growth.
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