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Abstract – Aromatic rices (Oryza sativa L.) compared to the leading varieties are low-yielding, susceptible to lodging and prone to attack by a
number of insect pests and diseases. Under these conditions, various agricultural chemicals such as fertilizers, pesticides and growth regulators
have been used for their cultivation. Few investigations, however, have examined the influence of these chemicals on rice aroma and flavor. In
this study, changes in rice aroma after treatment with gibberellic acid, paclobutrazol, 3-indole acetic acid, and a regulator mixture consisting
of paclobutrazol, proline and zinc chloride were for the first time examined using two aromatic rice cultivars. Applications were carried out
after 25% of panicles had emerged. We studied 12 odor-active compounds, extracted and identified using static headspace coupled with gas
chromatography. At the concentrations tested, all treatments with growth regulators resulted in reduced aroma content that affected overall
flavor. In a smelling evaluation, control samples were significantly higher in intensity than treated samples. The difference between the aromas
of control and treated samples was largely related to 2-acetyl-1-pyrroline, the major rice aroma compound, and lipid oxidation volatiles. For
instance, in the cultivar Guixiangzhan grown during the late season, gibberellic acid treatment decreased the content of 2-acetyl-1-pyrroline
by 19%, 3-indole acetic acid by 9%, paclobutrazol by 22%, and the regulator mixture by 21% compared with the control. Similar trends
were observed in the Peizaruanxiang cultivar, with decreases ranging from 10 to 24%. Our findings demonstrate that treatments with growth
regulators inhibited the metabolic processes associated with the formation of volatile compounds.

aromatic rice / paclobutrazol / gibberellic acid / 3-indole acetic acid / 2-acetyl-1-pyrroline / lipid-derived volatiles

1. INTRODUCTION

Aromatic rices constitute a special subgroup of rice that is
becoming increasingly popular all over the world. They are a
bit more expensive, but their qualities are well worth the price.
The economic value of aromatic rice depends mainly on the
flavor of the grains. Studies involving the isolation and iden-
tification of odor-active compounds in rice grains have been
performed for decades. The literature, however, reveals that
other than lipid oxidation products and 2-acetyl-1-pyrroline,
there are few specific volatile compounds or classes of com-
pounds that contribute to other desirable or undesirable aroma
or flavor attributes in rice (Buttery et al., 1988; Petrov et al.,
1996; Widjaja et al., 1996; Champagne, 2008; Maraval et al.,
2008; Yang et al., 2008).

Small variations in flavor can make rice highly desired by
or unacceptable to targeted consumers. Rice aroma and flavor
are determined by genetic factors, but are also very much de-
pendent on environmental conditions during production, and
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pre- and post-harvest practices. The environmental and genetic
regulation of rice aroma has been reviewed by Bourgis et al.
(2008), Bradbury et al. (2008b) and Champagne (2008). Agri-
cultural chemicals are extensively used in growing aromatic
rices. This is mainly because aromatic rices are low-yielding
and susceptible to lodging (Yoshihashi et al., 2002; Bradbury
et al., 2008b). Few studies have explored the impact of agri-
cultural chemicals on the flavor of rice. It was reported in a
pioneering study that rice plants fertilized at a normal nitrogen
rate of 150 kg N/ha had a lower concentration of volatile com-
pounds compared with plants fertilized at a lower nitrogen rate
(Bradbury et al., 2008b).

In crop production, application of growth regulators has
been used extensively for a variety of purposes, which include
improved growth and yield, and survival under different stress
conditions (Yim et al., 1997; Loutfi and Chlyah, 1998; Sawan
and Sakr, 1998; Sudria et al., 2001; Mander, 2003; Lancon et
al., 2007). Despite extensive literature on the subject, however,
there are no reports of attempts made to evaluate the effects
of the application of growth hormones on the aroma quality of
rice grains. Hence, in the present study, the possible effect of
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growth regulators applied as foliar spray on the volatile com-
ponents of rice was determined using two aromatic rice cul-
tivars grown in South China. The influence of the different
treatments on odor-active compounds in brown and white rice
grains was analyzed using static headspace coupled with gas
chromatography. In addition, yield, milling quality, grain vit-
reosity, amylose and protein contents of the two aromatic rice
cultivars as influenced by treatments with growth regulators
were investigated.

2. MATERIALS AND METHODS

2.1. Growth regulators and standard compounds

Gibberellic acid 90%, paclobutrazol 95%, 3-indole acetic
acid 99%, proline and zinc chloride were purchased from
Xiamen Topusing Chemical Co., Ltd. (Fujian, P.R. China).

Authentic compounds used for identification were (E)-
2-hexenal, hexanal, 1-nonanol, decanal and benzaldehyde
(Sigma, St. Louis, MO), octanal, 1-pentanol and 1-hexanol
(Fluka, Buchs, Switzerland), 2,6-dimethylpyridine used as an
internal standard, 1-heptanol (BDH Chemicals, Poole, Eng-
land), 1-octanol, and nonanal (Merck, Darmstadt, Germany).
2-acetyl-1-pyrroline was synthesized from 2-acetylpyrole, 5%
rhodium on an activated alumina catalyst, celite (Fluka, Buchs,
Switzerland), silver carbonate (Aldrich, Milwaukee, WI), ben-
zene and methanol (Merck, Darmstadt, Germany), as de-
scribed previously (Wongpornchai et al., 2004; Sriseadka
et al., 2006). The purity of the synthesized 2-acetyl-1-
pyrroline compound was confirmed by gas chromatography-
mass spectrometry, infrared, and 1H and 13C-nuclear mag-
netic resonance, and the actual concentration determined using
tetramethylsilane (Aldrich, Steinheim, Germany) as an inter-
nal standard. Standard stock solutions were prepared with ben-
zyl alcohol (Fisher, Loughborough, UK) and stored at −80 ◦C
until used. Reagents used for quality evaluation were all pro-
cured from Guanghua Chemicals (Guangzhou, P.R. China).
Water was purified through an Aquapro AWL-6001-P distil-
lator (EverYoung, Guangzhou, P.R. China).

2.2. Rice samples and growth conditions

Experiments to determine the aroma and quality response
of two aromatic rice cultivars, namely Guixiangzhan and
Peizaruanxiang, to different growth regulators were conducted
during the early and late seasons of 2008, at the South China
Agricultural University’s experimental farm in Guangzhou,
P.R. China, on a sandy loam soil. The two cultivars accounted
for the major aromatic rice cultivars grown in the region
(Goufo et al., 2010). Seeds of Guixiangzhan were collected
from a previous harvest, while those of Peizaruanxiang were
purchased from a local shop situated inside the University.
Transplanting was done manually in early April for the early
season and late July for the late season, with hill spacing of
20 cm × 20 cm. Paddy fields were treated like all conventional
cultivars with a common fertilizer and pesticide program.

2.3. Foliar application of growth regulators

Foliar application of growth regulators was carried out after
the emergence of approximately 25% of panicles by spray-
ing plants uniformly to the point of run-off (approximately
100 mL/m2) using a Gloria type hand sprinkler (Guangzhou,
P.R. China) with constant flow. The experimental design for
all experiments was a randomized complete block with three
replications, each consisting of a 16.20-m2 plot size. Treat-
ments included (1) a plot sprayed with distilled water and
maintained as control, (2) a plot sprayed with 40 mg/L gib-
berellic acid prepared using 95% ethanol as surfactant, (3) a
plot sprayed with 25 mg/L paclobutrazol, (4) a plot sprayed
with 25 mg/L 3-indole acetic acid, and (5) a plot sprayed with
a combination of paclobutrazol (15 mg/L), proline (120 mg/L)
and zinc chloride (2000 mg/L), which we will refer to as reg-
ulator mixture. The treatments were applied late in the af-
ternoon. The concentration of each substance was selected
on the basis of previous experiments conducted since 2003
by our laboratory to establish optimum dosages for various
rice cultivars, including the two aromatic cultivars used in
this study, and on actual practices employed by farmers in
Guangzhou. Gibberellic acid was selected for improved paddy
yield, 3-indole acetic acid for improved grain quality, and pa-
clobutrazol for lodging prevention and increased efficiency of
mechanical harvest. In one of those studies, combined applica-
tion of paclobutrazol, proline and zinc chloride could remark-
ably reverse the effects of various environmental stresses such
as salinity on rice, and therefore was included in the study.

2.4. Harvesting, storage, yield and quality parameters
measured

At maturity when 95% of the grains turned yellow, a 2.6-m2

area from the center three rows of each plot was harvested
using a sickle. Yield components measured included average
paddy yield and 1000-grain rough rice weight. The samples
were threshed and dried to 120 g/kg moisture content, then
separated into two sets. The first set, used for the analysis
of volatile compounds, was kept in a refrigerator at 8 ◦C,
while the second set was left at room temperature for three
months and used to determine rice quality parameters. Head
rice recovery was estimated using a Jing Mi testing rice grader,
JFQS-1320 (Guangzhou, P.R. China), grain vitreosity using
a SDE-A light box (Guangzhou, P.R. China), and amylose
and protein content as described in the literature (Juliano and
Villareal, 1993). Duplicate measurements were taken for each
sample and the mean value of three samples per treatment was
taken as the final result.

2.5. Static headspace and semi-quantification of some
major rice volatiles

Brown rice samples were ground (Moulinex, Caen, France)
into a powder (less than 0.3 mm in diameter) which was used
immediately. Samples were aged approximately three months
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for the late harvest and six months for the early harvest. Ex-
tractions were performed in duplicate for each sample with
three samples per treatment.

The headspace procedure and conditions were optimized
to provide a wide linear range useful for extraction and
identification of compounds of interest. Each sample (3.0 g)
was weighed into a 20-mL headspace vial. One µL of 2,6-
dimethylpyridine as an internal standard (0.5 mg/mL) was
added to the content of the vial before sealing it airtight with
a polytetrafluoroethylene/silicone septum secured by an alu-
minum cap (Restek Corp., Bellefonte, PA). Sample vials were
introduced into the headspace autosampler (Agilent Technolo-
gies G1888, Wilmington, DE) and equilibrated for 9 min at
120 ◦C with high-speed shaking prior to collection of the
volatile components. After pressurizing, loop filling and loop
equilibration times of 0.10, 0.01 and 0.60 min, respectively,
a sample of headspace was collected through a 3-mL sam-
ple loop and automatically transferred to the gas chromatogra-
phy via a heated transfer line for 0.40 min. The oven, sample
loop and transfer line temperatures were set at 120, 130 and
140 ◦C, respectively. Gas chromatographic separation was per-
formed on an Agilent 6890N GC system (Agilent Technolo-
gies, Wilmington, DE) coupled to a flame ionization detector,
and equipped with Agilent ChemStation software A.01.04 and
B.01.03 for data collection and evaluation. Separation was per-
formed using a 60 m × 0.32 mm i.d. × 1.0 µm film thickness
HP-5 fused silica capillary column (J&W Scientific, Folsom,
CA), with a splitless injection at 230 ◦C. The temperature of
the HP-5 column was programed starting at 50 ◦C after injec-
tion, after which it was increased at a rate of 5 ◦C/min from
50 to 200 ◦C. Gas chromatography/flame ionization detector
experiments were carried out with the temperature of the de-
tector set at 250 ◦C and a carrier gas flow rate of 3 mL/min.

Rice sample volatiles were identified by their gas chro-
matography retention times relative to those of authentic com-
pounds run under the same conditions, and by comparison
of the calculated retention indices with the literature data.
Peak areas were obtained with the aid of the instrument’s
digital integrator and the concentrations were expressed as
2,6-dimethylpyridine (2,6-DMP) equivalents using the for-
mula:

concentration (ng/g) = compound area

×
2,6-DMP concentration (ng/µL) × injection volume (µL)

2,6-DMP area × rice sample weight (g) × recovery factor
·

The recovery factor of compounds of interest was deter-
mined, with most of the components showing satisfactory re-
coveries.

2.6. Quantification of 2-acetyl-1-pyrroline

The procedure to extract 2-acetyl-1-pyrroline from the
rice samples was the same as described above with some
minor changes. Instead of the flame ionization detector, a
nitrogen-phosphorus detector was used as reported previously

(Sriseadka et al., 2006). Two replications of 1.0 g of each sam-
ple were subjected to the analysis. The gas chromatography
was equipped with a 30-m-long, 0.53-mm i.d., 1.5-µm film
thickness, fused silica capillary column (HP-5, J&W Scien-
tific, Folsom, CA). The injection port and nitrogen-phosphorus
detector temperatures were set at 230 and 300 ◦C, respectively,
with a splitless mode. Helium was used as the carrier gas with
a flow rate of 5.0 mL/min. The column temperature started at
50 ◦C, and was then programed at 5 ◦C/min to 125 ◦C. The
concentration of 2-acetyl-1-pyrroline in the extracts was de-
termined using the peak area ratios of 2,6-dimethylpyridine
and 2-acetyl-1-pyrroline appearing at retention times of 8.29
and 9.39 min, respectively, and plotting them on a calibration
curve, which was obtained from known concentrations of the
synthetic 2-acetyl-1-pyrroline. The concentration of 2-acetyl-
1-pyrroline in the rice is shown as a weight ratio per dry matter
of the rice.

2.7. Estimation of lipid peroxidation in brown rice

grains

Malondialdehyde content was measured as an additional
lipid oxidation marker in brown rice grains harvested at 7,
14, 21 and 28 days after heading, by the thiobarbituric acid
method (Yong et al., 2003).

2.8. Sensory evaluation protocol

For sensory analysis, 2 trained panelists and 12 untrained
students were selected. Two tests were conducted, one on
brown rice powder and the other on milled rice. Three samples
were chosen for each treatment and each sample was exposed
to the panelists twice. In the first test, a portion of brown rice
powder weighing exactly 20.0 g was placed in a 27-mL bot-
tle and sealed with an aluminum cap. Cooking without water
was carried out in an autotherm heater (Walnut Creek, CA)
with agitation for 20 minutes at 80 ◦C. The warm cooked rice
powder was placed into sniffing bottles presented to the pan-
elists who were required to smell and say which of the sam-
ples had the most intense odor. In the second test, portions
of milled rice were rinsed, and then cooked using a QLT-
3651 rice cooker (Taiwan Quality Group Co., Taiwan) with
a rice:water ratio of 1:2. The amount of time the red light of
the cooker was on was considered as the cooking time. Af-
ter cooking, samples were held for 10 min in the cooker be-
fore testing. The aroma intensities of all rice samples were
rated on a hedonic scale of 5 points: 0 for non-aromatic, 1 for
subtly aromatic, 2 for clearly aromatic but not as strong as
Guixiangzhan/Peizaruanxiang, 3 for aromatic and as strong
as Guixiangzhan/Peizaruanxiang, and 4 for more aromatic
than Guixiangzhan/Peizaruanxiang. The reference samples of
Guixiangzhan and Peizaruanxiang grown without growth reg-
ulators were presented to the panelists prior to the actual test,
and the two cultivars were tested in different sessions.

2.9. Statistical analysis

A statistical one-way analysis of variance was performed
to assess differences in odor-active compound concentrations,
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Table I. Changes in relative concentrations of selected flavor molecular markers in the headspace vapor of Guixiangzhan brown rice treated at

25% panicle emergence with growth regulators. The regulator mixture consisted of paclobutrazol, proline and zinc chloride. Concentration of a

compound in the headspace is expressed as internal standard equivalent (ng of 2,6-dimethylpyridine/g dry weight sample). Values in the same

row for each season with different letters are significantly different (P < 0.05) based on Duncan’s multiple range test. “Trace” means the value

obtained was below the detection limit of quantification (<0.50 ng/g). ND = not detected.

Compound Relative concentration (ng/g)

Control Gibberellic acid Indole acetic acid Paclobutrazol Regulator mixture

Late Early Late Early Late Early Late Early Late Early

season season season season season season season season season season

Aliphatic alcohols

1-pentanol 12.65a 12.28a 2.49b 1.50c 2.39b 2.13c 2.49b 4.63b 2.87b 2.10c

1-hexanol 7.74a 9.37a 2.08b 4.37b 1.69b 4.78b 1.66b 0.80c 1.99b 1.62c

1-heptanol 9.69a 10.57a 1.63b 1.31b 0.95b 0.85b 0.67b 0.94b 0.79b 1.39b

1-octanol 16.39a 11.36a 3.48b 4.86b 3.98b 5.87b 3.42b 2.94c 4.67b 4.94b

1-nonanol 30.70a 25.23a 6.60b 9.19b 4.07b 3.97c 3.43b 4.19c 3.01b 3.80c

Aromatics

benzaldehyde 7.22 ND ND ND 7.41 ND ND ND ND ND

Aliphatic aldehydes

hexanal 6.19a 10.34a 1.49b 2.22b 2.09b 2.64b 2.00b 1.87b 2.22b 2.27b

(E)-2-hexenal 8.19a 8.98a 2.91c 5.24b 6.07b 4.55b 6.15b 4.74b 6.41b 5.76b

octanal 4.15a 6.96a 0.77b 1.10bc 0.69b 0.93c 0.65b 1.23bc 0.82b trace

nonanal 13.59a 15.99a 4.59c 8.14bc 14.19a 6.04d 6.34bc 6.99cd 8.15b 9.31b

decanal 11.04a 13.79a 3.16b 1.08c 3.52b 1.09b 2.68b 1.13c 1.12b 1.25c

N-containing compounds

2-acetyl-1-pyrroline 6.52a 3.60a 2.37cd 1.46c 3.46c 2.05b 4.05b 1.76bc 1.90d 1.63bc

odor intensity, and yield and quality parameters between con-
trol and treated samples. All analyses were carried out us-
ing SPSS 15.0 (Chicago, IL). The difference of means was
resolved by means of confidence intervals using Duncan’s
multiple range test at P < 0.05. A three-way analysis of
variance was also conducted to estimate the effects of treat-
ment/cultivar, season and replication on aroma compounds de-
tected and rice odor. Season and replication were considered
as random effects; therefore a compound F-test was used for
calculating F values. Data presented are an average of dupli-
cate determinations for each sample with three samples per
treatment.

3. RESULTS AND DISCUSSION

3.1. Separation and identification of odor-active

compounds

In this study, 2-acetyl-1-pyrroline and lipid-derived volatile
compounds were selected to elucidate the overall effect of fo-
liar application of growth regulators at approximately 25%
panicle emergence on the aroma of two aromatic rice cultivars.
It should be kept in mind that our intent was not to assess the
relative importance of each compound in the overall aroma of
the two rices, but just to compare major compounds previously
identified in rice.

In our study, static headspace coupled with gas chromatog-
raphy appeared a suitable choice for the isolation of com-

pounds of interest. A selection was made between two detec-
tors, a flame ionization detector for the determination of lipid
oxidation volatiles and other major volatiles, and a nitrogen-
phosphorus detector for 2-acetyl-1-pyrroline (Fig. 1). Overall,
12 compounds emanating from the headspace of the two rices
were identified with some certainty and used in the study. They
belonged to the chemical classes of alcohols (5), aromatics (1),
aldehydes (5) and nitrogen-containing compounds (1).

3.2. Influence of growth regulators

on 2-acetyl-1-pyrroline content

When changes to 2-acetyl-1-pyrroline content after foliar
application of growth regulators on rice plants are considered,
it can be seen that in all treated samples, the level of 2-acetyl-
1-pyrroline decreased significantly (P < 0.05) compared with
controls treated with distilled water, with a similar behavior
in both cultivars (Tabs. I, II). A good correlation between the
concentration of 2-acetyl-1-pyrroline, referred to as pleasant
and popcorn-like in various rice samples, and sensory intensity
has been established (Champagne, 2008; Maraval et al., 2008;
Yang et al., 2008). Therefore, 2-acetyl-1-pyrroline has been
widely used as a good indicator of aroma and flavor quality in
rice.

In Guixiangzhan, control samples grown during the late
season had a 2-acetyl-1-pyrroline relative concentration of
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Figure 1. Typical gas chromatography/flame ionization detector and gas chromatography/nitrogen-phosphorus detector profiles of headspace

volatiles in Guixiangzhan brown rice grains obtained from samples treated with distilled water at 25% panicle emergence. Compounds are

followed in parenthesis by their corresponding retention indexes calculated based on a series of n-hydrocarbons using a HP-5MS column.

2,6-dimethylpyridine is used as an internal standard.

6.25 ng/g. 2-Acetyl-1-pyrroline in samples treated with growth
regulators ranged in concentration from 1.90 ng/g for the
regulator mixture to 4.05 ng/g for paclobutrazol (Tab. I). In
Peizaruanxiang, gibberellic acid treatment decreased the con-
centration of 2-acetyl-1-pyrroline by 32%, 3-indole acetic acid
by 21%, paclobutrazol by 30%, and the regulator mixture by
47% compared with the control, which has a concentration of
1.71 ng/g (Tab. II). Similar trends were observed with samples
grown during the early season with decreases ranging from 43

to 59% for Guixiangzhan and 35 to 56% for Peizaruanxiang.
The three-way analysis of variance showed that there were sig-
nificant (P < 0.05) cultivar and treatment effects on 2-acetyl-
1-pyrroline content. Significant (P < 0.05) season-by-cultivar
and season-by-treatment interactions were also observed.

Quantification of 2-acetyl-1-pyrroline was performed us-
ing static headspace coupled to gas chromatography and a
nitrogen-phosphorus detector, and the content in early and
late harvest samples calculated from a linear calibration curve
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Table II. Changes in relative concentrations of selected flavor molecular markers in the headspace vapor of Peizaruanxiang brown rice treated

at 25% panicle emergence with growth regulators. The regulator mixture consisted of paclobutrazol, proline and zinc chloride. Concentration

of a compound in the headspace is expressed as internal standard equivalent (ng of 2,6-dimethylpyridine/g dry weight sample). Values in the

same row with different letters for each season are significantly different (P < 0.05) based on Duncan’s multiple range test. “Trace” means the

value obtained was below the detection limit of quantification (<0.50 ng/g). ND = not detected.

Compound Relative concentration (ng/g)

Control Gibberellic acid Indole acetic acid Paclobutrazol Regulator mixture

Late Early Late Early Late Early Late Early Late Early

season season season season season season season season Late season season

Aliphatic alcohols

1-pentanol 2.83ab 3.14a 1.43c 1.51c 2.79ab 2.07b 2.30b 1.75bc 2.40a 1.55c

1-hexanol 2.15a 3.37a 1.56c 1.18b 1.84abc 1.21b 1.58bc 1.48b 1.82abc 1.30b

1-heptanol 0.95a 1.35a 0.85a 1.06b 0.95a 1.09b trace 1.27ab trace 1.10ab

1-octanol 3.47a 4.09a 2.52b 3.02b 3.97a 3.35b 3.26ab 3.07b 3.58a 3.15b

1-nonanol 2.73a 2.42a 1.70c trace 2.40ab 1.76b 1.82bc 1.69b 1.67c 1.84ab

Aromatics

benzaldehyde ND ND ND ND ND ND ND ND ND ND

Aliphatic aldehydes

hexanal 5.60a 6.61a 1.57c 2.22c 2.46bc 2.34bc 3.07b 2.17c 2.65bc 2.97b

(E)-2-hexenal 5.62a 4.76a 1.83b 1.74bc 5.98a 2.12b 5.21a 1.53c 6.17a 2.14b

octanal 1.07a 2.20a 0.68b 0.88b 0.70b 0.89b 0.64b 0.60b 0.65b 1.08b

nonanal 11.14a 12.73a 4.08c 5.78b 9.80a 5.45b 6.76b 5.30b 4.43bc 4.54b

decanal 0.66 trace trace trace trace trace trace trace ND trace

N-containing compounds

2-acetyl-1-pyrroline 1.71a 1.15a 1.17bc 0.75b 1.36b 0.74b 1.20b 0.51b 0.90c 0.59b

plotted with known amounts of synthetic 2-acetyl-1-pyrroline
(Fig. 2). The findings were consistent with the analysis per-
formed earlier using a flame ionization detector, where gib-
berellic acid, 3-indole acetic acid, paclobutrazol and the
regulator mixture were shown to adversely influence 2-acetyl-
1-pyrroline content in both the brown and the milled rice.
When averaged over treatments, it seemed that gibberellic
acid, paclobutrazol and the regulator mixture produced the
lowest mean 2-acetyl-1-pyrroline, 1.95, 1.90 and 1.89 µg/g
in Guixiangzhan, respectively, and 0.35, 0.34 and 0.31 µg/g
in Peizaruanxiang brown grains from the late season (Fig. 2).
Therefore, samples treated with growth regulators are much
lower in 2-acetyl-1-pyrroline, the principal rice aroma, com-
pared with the control.

3.3. Influence of growth regulators on lipid-derived

volatiles

Considering the changes that occurred in lipid-derived rice
volatiles after foliar application of growth regulators on rice
plants, it was observed that there was generally a significant
(P < 0.05) decrease in the levels of most of the aldehydes
and the alcohols, as was the case with 2-acetyl-1-pyrroline
(Tabs. I, II). Recent studies have shown that aldehydes make
up over 90% of all the odor-active compounds in rice (Maraval
et al., 2008; Yang et al., 2008). In concentration, nonanal, de-

scribed as citrus, floral and fruity (Buttery et al., 1988), was the
most significant aldehyde present in the two rices, comprising
5.99 ng/g in Guixiangzhan and 12.73 ng/g in Peizaruanxiang
maintained as control during the early season, and 13.59 ng/g
and 11.14 ng/g during the late season, respectively. Its concen-
tration was highest throughout the study relative to hexanal;
it may, thus, have a great impact on the global aroma of the
two rice cultivars. Hexanal is considered one of the most po-
tent odorants in rice after 2-acetyl-1-pyrroline (Suzuki et al.,
1999; Lam and Proctor, 2003). Hexanal contributes rancid, un-
pleasant notes on high dilution, but exhibits green, grass-like
odors at low concentrations (Widjaja et al., 1996). Hexanal
was found to have the highest contribution to milled rice odor
during early storage contrary to octanal, which contributes
more during long-term storage with a slightly fruity and citrus-
like odor (Lam and Proctor, 2003). The relative concentra-
tions of hexanal and decanal changed by a larger factor rel-
ative to those of the other aldehydes, with decreases of 5.0 to
12.8 times in Guixiangzhan and 2.1 to 3.6 times in Peizaru-
anxiang. The aldehydes underwent these changes after foliar
application of all growth regulators, but they were greater for
samples treated with gibberellic acid during the late season.
This was generally the trend of change observed for the two
types of rice. An exception to this trend is (E)-2-hexenal, de-
scribed as apple and green, which decreased in concentration
in Guixiangzhan and Peizaruanxiang grown during the early
season, but in Peizaruanxiang grown during the late season
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Figure 2. Comparison of 2-acetyl-1-pyrroline contents in Guixiangzhan and Peizaruanxiang rice grains after foliar application of growth regu-

lators at 25 % panicle emergence: control treated with distilled water (CTR), gibberellic acid (GA3), 3-indole acetic acid (IAA), paclobutrazol

(PBZ), and a regulator mixture consisting of paclobutrazol, proline and zinc chloride (PPZ). The amount of 2-acetyl-1-pyrroline in rice samples

is calculated from a calibration curve constructed using various concentrations of synthetic 2-acetyl-1-pyrroline against 2,6-dimethylpyridine

used as an internal standard. Vertical bars with different letters above are significantly different (P < 0.05, Duncan’s multiple range test).

Capped bars represent the standard deviations.

remained constant (P < 0.05) after treatments with 3-indole
acetic acid (5.98 ng/g), paclobutrazol (5.21 ng/g) and the reg-
ulator mixture (6.17 ng/g) (Tab. II).

The most critical odorant among all the lipid-derived alco-
hols is 1-hexanol, which has more pleasant aroma descriptors
such as vegetal, herbaceous and green. A clear discrimination
between aromatic and non-aromatic rice cultivars was shown
for this component by three papers (Petrov et al., 1996;
Maraval et al., 2008; Yang et al., 2008), with 1-hexanol con-
centration significantly higher for aromatic rice samples. In
the three studies, 1-pentanol, described as plastic, fusel and
oil-like, was also identified as a discriminant and occurred
in high concentration in non-aromatic rices. 1-pentanol is
also one of the three major volatile components during nor-
mal lipoxygenase-3 rice storage (Suzuki et al., 1999). Con-
sequently, the decrease in the level of volatile alcohols after
foliar application of growth regulators will, hence, have a sig-
nificant impact on the global aroma of rice.

Lipid-derived volatiles are thought to be produced mainly
via lipid oxidation and decomposition (Lam and Proctor,
2003). More evidence of inhibition of lipid oxidation in our
study is the decrease in malondialdehyde level, a non-volatile
product of lipid peroxidation. Changes in malondialdehyde
content with time for both the control and treated samples
in the two rices grown during the late season were plotted as
shown in Figure 3. Malondialdehyde was at a greater concen-
tration in control samples treated with distilled water than sam-
ples treated with growth regulators for any harvesting time,
with a similar background level for the two rices. It may be
postulated that the other lipid-derived odor-active volatiles

often cited in rice, such as (E)-2-octenal, 2-pentylfuran and
(E, E)-2,4-decadienal also decreased in concentration due to
foliar application of growth regulators.

Most of the oxidation products discussed so far have been
tagged as likely causing rancid and stale flavor, and are
reported to increase in concentration over time (Lam and
Proctor, 2003; Wongpornchai et al., 2004). In our study
(Tabs. I, II), and with the exception of 1-octanol, 1-nonanol
and benzaldehyde in Guixiangzhan, and 1-nonanol, (E)-2-
hexenal and decanal in Peizaruanxiang, all volatiles appeared
to increase in concentration with storage duration in con-
trol samples, which was not the case in samples treated with
growth regulators, where most lipid-derived volatiles were
substantially lower in abundance or remained at relatively un-
changed levels. This constitutes an interesting result and pro-
vides evidence for the ability of growth regulators to reduce
off-flavor development in rice grain during storage, probably
by inducing various enzymatic actions and preventing lipid hy-
drolysis, leading to decreases in volatile compounds, or their
conversion into non-volatile compounds. The results obtained
over the two growing seasons also indicate that some growth
regulators could have a selective effect on the metabolism
of volatile compounds like gibberellic acid on 1-hexanol,
1-octanol, 1-nonanol, (E)-2-hexenal and nonanal, which in-
creased in concentration over time.

3.4. Influence of growth regulators on aromatic

compounds

Benzaldehyde, with an almond-like odor, is one of the nine
volatiles identified by Petrov et al. (1996) to discriminate
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Figure 3. Evolution of malondialdehyde level during the late season in Guixiangzhan and Peizaruanxiang brown rice after foliar application of

growth regulators at 25% panicle emergence: control treated with distilled water (CTR), gibberellic acid (GA3), 3-indole acetic acid (IAA), pa-

clobutrazol (PBZ), and a regulator mixture consisting of paclobutrazol, proline and zinc chloride (PPZ). All points for each day are significantly

different (Duncan’s multiple range test at P < 0.05) from the control. Capped vertical lines represent the standard deviations.

aromatic and non-aromatic rices. In our study, it was selected
to study the effect of foliar application of growth regulators on
aromatic volatile compounds in rice, and was detected only
in Guixiangzhan samples grown during the late season and
treated with distilled water (7.22 ng/g), and 3-indole acetic
acid (7.41 ng/g) (Tab. I). Therefore, treatments with growth
regulators resulted in reduced benzaldehyde content.

3.5. Influence of growth regulators on cooked rice odor

Growing Guixiangzhan and Peizaruanxiang rice cultivars
with growth regulators decreased the aroma content and
changed the sensory properties to a level that could be eas-
ily detected by taste panel evaluation of brown rice powder
cooked without addition of water. Similarly, in cooked milled
rice, samples treated with distilled water possessed a strong
characteristic aroma, which differed greatly from the odor of
samples treated with growth regulators. Only a few sensory
panelists, however, were able to detect a significant difference
in rice odor due to treatment of Guixiangzhan with 3-indole
acetic acid during the early season. Panelists gave scores from
3.11 to 3.87 for control samples and from 2.10 to 2.94 for
samples treated with growth regulators (Tab. III).

As shown by the calculated F values, there were no sig-
nificant (P < 0.05) season effects on rice odor. Season-
by-cultivar and season-by-treatment interactions were, how-
ever, significant. Key thermally induced odorants in rice
have also been assigned and include 2-methoxy-4-vinyphenol
(spicy), 4-vinylguaiacol and 4-vinylphenol (phenolic, medici-
nal) (Maraval et al., 2008; Yang et al., 2008). These results in-
dicate a decrease in their concentrations. Therefore, rice grown

Table III. Decrease in rice odor intensity after foliar application of

growth regulators at 25% panicle emergence. The regulator mixture

consisted of paclobutrazol, proline and zinc chloride. Means in the

same column (for each rice cultivar) with different letters are signif-

icantly different (P < 0.05) according to Duncan’s multiple range

test.

Treatment Guixiangzhan rice Peizaruanxiang rice

Late Early Late Early

season season season season

Control 3.87a 3.20a 3.11a 3.15a

Gibberellic acid 2.31c 2.71b 2.20b 2.56b

Indole acetic acid 2.91b 2.94ab 2.10b 2.54b

Paclobutrazol 2.72bc 2.71b 2.76b 2.40b

Regulator mixture 3.04b 2.83b 2.23b 2.52b

with growth regulators is expected to have significant decrease
in flavor that may negatively affect consumer acceptance.

3.6. Beneficial role of growth regulators

In a general sense, growth regulators are transported from
one part of the rice plant to another, where they elicit a spe-
cific response. One such response is the role that gibberellic
acid, paclobutrazol and 3-indole acetic acid play in the alle-
viation of adverse effects of various stresses. Coincidentally,
with high salinity (NaCl) during our study, exposure to the
four treatments resulted in a reversal of shoot- and leaf-related
responses to salt stress (data not shown). More detailed in-
sights into the beneficial effect of growth regulators can be ob-
tained when stress tolerance is considered together with yield
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Table IV. Improvement in some yield and quality attributes of Guixiangzhan and Peizaruanxiang rice cultivars after foliar application of

growth regulators at 25% panicle emergence: control treated with distilled water (CTR), gibberellic acid (GA3), 3-indole acetic acid (IAA),

paclobutrazol (PBZ), and a regulator mixture consisting of paclobutrazol, proline and zinc chloride (PPZ). Means in the same column (for each

rice cultivar) with different letters are significantly different (P < 0.05) according to Duncan’s multiple range test.

Treatment Grain yield Grain weight Head rice yield Grain vitreosity Amylose content Protein content

(t/ha) (g/1000) (%) (%) (%) (%)

Late Early Late Early Late Early Late Early Late Early Late Early

season season season season season season season season season season season season

Guixiangzhan rice

CTR 5.09b 4.72b 25.92ab 25.11a 65.15a 48.35c 89.33ab 88.33b 19.51ab 17.60ab 8.01b 7.90b

GA3 6.41a 5.71a 26.21ab 26.42a 63.28b 48.46bc 86.33b 86.33c 18.89b 16.13b 7.02c 7.71b

IAA 5.20 b 4.94 b 27.23a 27.80a 65.48a 48.99a 90.67a 90.00a 20.38a 17.78a 8.63a 8.70a

PBZ 5.55ab 4.95b 25.61b 26.25a 64.44ab 48.84ab 87.67ab 88.00bc 20.62a 16.60ab 8.07b 8.04ab

PPZ 5.47b 4.97b 26.05ab 26.10a 64.72ab 48.78ab 87.33b 88.33b 19.64ab 16.17b 8.00b 7.78b

Peizaruanxiang rice

CTR 6.44b 5.18c 21.70b 21.14bc 65.72ab 56.17b 80.33b 78.33b 28.20a 28.10a 8.09bc 8.11b

GA3 7.60 a 6.44a 21.09c 20.22c 63.19c 55.74b 81.33b 80.00b 28.27a 26.13b 7.77c 7.39c

IAA 6.75 ab 5.68b 22.12a 22.67a 66.34a 62.02a 83.00ab 83.67a 25.76b 28.27a 9.06a 8.83a

PBZ 6.44b 5.52bc 21.96ab 21.52ab 65.96a 60.96a 85.67a 82.33a 28.24a 26.87ab 8.63abc 7.97bc

PPZ 6.57b 5.37bc 21.98ab 21.78ab 64.49bc 61.11a 80.00b 84.00a 28.04ab 27.47ab 8.78ab 8.24ab

and quality parameters. It can be seen from Table IV that for
most of the yield and quality parameters measured, there were
one or more treatments with growth regulators under which
an improvement was found. The highest grain yield was ob-
tained with gibberellic acid during both growing seasons, 6.41
and 5.71, 7.60 and 6.44 t/ha in Guixiangzhan and Peizaru-
anxiang, respectively. Paclobutrazol seemingly produced the
highest head rice rate (65.96%) and grain vitreosity (85.67%)
in Peizaruanxiang, while treatment with 3-indole acetic acid
was beneficial to 1000-grain weight (27.23; 22.12 g), head
rice yield (65.48; 66.34 %), grain vitreosity (90.67; 83.00%),
amylose content (20.38; 25.76%) and protein content (8.68;
9.06%).

Leaf-applied growth regulators can enter the leaf either by
penetration of the cuticle or via the stomatal pathway, and
affect rice growth by way of several mechanisms. Paclobu-
trazol, for example, has been widely used with marked suc-
cess to reduce plant height and increase chlorophyll content
in aromatic rice plants. Paclobutrazol is translocated primarily
apo-plastically through the xylem to its site of action where it
decreases the rate of cell division and elongation by the inhi-
bition of ent-kaurene oxidase, which catalyzes the sequential
oxidations from ent-kaurene to ent-kaurenoic acid in the early
sequence of gibberellic acid biosynthesis (Yim et al., 1997).
Gibberellic acid is associated with the stimulation of the for-
mation of hydrolytic enzymes in germinating cereal grain and
the induction of carbohydrate translocation (Mander, 2003).
The most significant physiological effect of exogenous gib-
berellic acid on rice plants is to break dwarfism and stimulate
the elongation of leaves and stems. The pathways of forma-
tion of volatile aroma compounds in the rice plant are, there-
fore, very important to understand the mechanisms of action
of growth regulators in rice.

Although L-proline was identified as the principal precur-
sor of 2-acetyl-1-pyrroline in rice (Yoshihashi et al., 2002),
the biochemical pathways of 2-acetyl-1-pyrroline synthesis
are presently not well elucidated (Bourgis et al., 2008). Fra-
grance in rice is reported to be due to an eight-base pair
deletion in exon 7 of a gene on chromosome 8 encoding
a putative betaine aldehyde dehydrogenase 2. Chen et al.
(2008) suggested that the functional betaine aldehyde de-
hydrogenase 2 inhibits 2-acetyl-1-pyrroline biosynthesis in
non-fragrant rice by converting 4-aminobutyraldehyde into 4-
aminobutyric acid, while the non-functional enzyme results in
4-aminobutyraldehyde accumulation, leading to the formation
of 2-acetyl-1-pyrroline in fragrant rice. Bradbury et al. (2008a)
instead suggested γ-aminobutyraldehyde as the effective sub-
strate for betaine aldehyde dehydrogenase 2. On the contrary,
Huang et al. (2008) did not propose any direct role for betaine
aldehyde dehydrogenase 2. Their work led to the conclusion
that ∆1-pyrroline-5-carboxylate, usually the immediate pre-
cursor of proline synthesized from glutamate, reacts directly
with methylglyoxal to form 2-acetyl-1-pyrroline. Although
the pathways proposed may exist, decreases in the levels of
volatile compounds in rice found after treatment with growth
regulators can mostly be explained by side activities on en-
zymes involved in the biosynthesis of 2-acetyl-1-pyrroline and
other volatile compounds and the alteration of the mechanisms
involved in their transport. In the case of betaine aldehyde de-
hydrogenase 2-dependent 2-acetyl-1-pyrroline synthesis, de-
creases in 2-acetyl-1-pyrroline accumulation in response to
growth regulators could be attributed to an activation of be-
taine aldehyde dehydrogenase 2. In the second case, foliar
application of growth regulators would have reduced the ac-
tivity of enzymes involved in proline biosynthesis from glu-
tamine and which include glutamine synthetase, glutamate
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synthase and ∆1-pyrroline-5-carboxylate synthetase. Other en-
zymatic activities cannot, however, be excluded. This hypoth-
esis should be tested in the light of recent findings which
showed that at least one other mutation drives the accumu-
lation of 2-acetyl-1-pyrroline (Bourgis et al., 2008; Fitzgerald
et al., 2008).

The major deteriorating mechanism occurring in rice being
lipid oxidation and decomposition, the low level observed for
lipid-derived volatiles can be explained by the inhibition of
lipooxygenase and lipase activities and hence a reduction of
the rate of oxidation of unsaturated fatty acids such as oleic
and linoleic acids (Suzuki et al., 1999). The same comment
might hold true for benzaldehyde, which is reported to orig-
inate from oxidation reactions of cinnamic acid or phenylac-
etaldehyde.

In any case, the possibility of other mechanisms operating
in parallel should also be considered. Interaction of aroma
compounds with other compounds such as starch matrices,
lipids and proteins, may increase or decrease aroma retention
even during cooking (Champagne, 2008). Storage tests indi-
cated that 2-acetyl-1-pyrroline can exist as a complex within
the hydrophobic region of crystalline starch (Yoshihashi et al.,
2002). Growth regulators can affect the matrix composition
and the migration process of aroma molecules which, in turn,
will affect the flavor perceived. It has also been demonstrated
that the application of exogenous auxins such as 3-indole
acetic acid alters the gland formation process, the number of
glands produced and their integrity in many plants by inhibit-
ing the formation of trichomes, which would affect the biosyn-
thesis of volatile compounds and their secretion from glands
and mesophyll cells into intercellular spaces (Sudria et al.,
2001).

We would have expected a positive effect of proline ap-
plication on the aroma quality of the two fragrant rice culti-
vars because of its possible involvement in the biosynthesis of
2-acetyl-1-pyrroline (Yoshihashi et al., 2002). This was, how-
ever, not the case in our work. This was probably because pro-
line was applied along with zinc chloride and paclobutrazol,
the latter being predominant in its activity. Another explana-
tion is that it is a biosynthetic pathway in aromatic rice grains
which leads to the formation of 2-acetyl-1-pyrroline from pro-
line and not the level of free proline.

4. CONCLUSION

As evidenced by this study, foliar treatment of aromatic rice
plants at panicle emergence with growth regulators at optimum
concentrations, although improving grain yield and quality, re-
sulted in reduced aroma content and flavor. In a confirmatory
sensory evaluation, rice flavor was most intense in cooked rice
from the control plots than samples treated with gibberellic
acid, paclobutrazol and 3-indole acetic acid. Although the type
of action of growth regulators can be highly variable depend-
ing on cultivar, concentration, and time and mode of applica-
tion, we recommend that normal agronomic practices without
application of regulators are adhered to. If growth regulators

are to be used for purposes such as improved yield and qual-
ity, and survival under stress conditions, then the aroma quality
needs to be carefully monitored.
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