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We previously isolated a rhizobacterium (Bacillus subtilis
IJ-31) and demonstrated that its associated allelochemicals
could indicate plant growth retardation. However, little is
known about how the growth of plants is regulated by B.
subtilis IJ-31 and its allelochemicals. In this study, we
investigated whether plant growth retardation in this
relationship occurred through the inhibition of gibberellin
(GA) biosynthesis. GA 3β-hydroxylase activity was found
to be inhibited by B. subtilis IJ-31 and hydrocinnamic acid
(HCA), which is one of the allelochemicals produced by B.
subtilis IJ-31. Additionally, thin layer chromatography
(TLC) demonstrated that B. subtilis IJ-31 culture broth
and HCA both inhibit GA 3β-hydroxylase (MBP-GA4)
activity. The retardation of plants by HCA was then
confirmed in vivo and in vitro using a Ryegrass and
Arabidopsis growth retardation assay. Furthermore,
treatment with either B. subtilis IJ-31 culture extract or its
allelochemicals resulted in significant down-regulation of
XTR9 gene expression in Arabidopsis. Overall, we identified
the functional mechanism of plant growth retardation by
B. subtilis IJ-31 and its allelochemicals.
Keywords: Bacillus subtilis, gibberellin 3β-hydroxylase,
allelochemicals, xyloglucan endotransglycosylases, hydrocinnamic
acid

The rhizosphere is usually occupied by rhizobacteria that
inhibit plant growth, as well as those that promote growth
[12]. The interactions between plants and rhizobacteria
have been the focus of many investigations [14].
Rhizobacteria release phytohormones, small molecules or
volatile compounds that may act directly or indirectly with
the plant to regulate plant growth and morphogenesis [6,
14, 21]. These organic substances are referred to as plant
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growth regulators or allelochemicals. Plant growth inhibitory
activity is one of its main functions besides promoting
plant growth substances. Most plant growth retardants
inhibit the formation of active gibberellins (GAs) [15] and
can thus be used to reduce unwanted shoot elongation.
GAs are tetracarbocyclic diterpenes that occur naturally
in higher plants [10, 11]. One of the main hormonal
functions of GAs is the promotion of longitudinal growth
[15]. Plant cell elongation is a turgor-driven process
believed to be controlled, both in extent and direction, by
cleavage of load-bearing cross-links between cellulose
microfibrils, leading to wall-loosening and enabling elongation
to occur [21]. The enzyme, xylogucan endotransglycosylase
(XET), has a potential role in GA-stimulated cell elongation
[21]. XET, was shown to cleave within the β(l-4)-linked
xyloglucan (XG) backbone, and transfer the newly
formed, potentially reducing terminus to a low-molecularweight acceptor substrate, an XG oligosaccharide [4, 13, 21].
We previously isolated a rhizobacterium that was a
potent inhibitor of plant growth and identified it as
Bacillus subtilis IJ-31 [8]. Investigations conducted to gain
a better understanding of this B. subtilis IJ-31-mediated plant
growth retardation revealed that the strain produced three
plant growth regulators; indol acetic acid (IAA), indol
propionic acid (IPA), and hydrocinnamic acid (HCA) [7, 8].
In this study, to identify the functional mechanism of
plant growth retardation by B. subtilis IJ-31 and its
allelochemicals, we hypothesized that B. subtilis IJ-31 and
its allelochemicals functioned as inhibitors of gibberellins
biosynthesis and transcriptional regulation of XTR9. Here,
we provide experimental evidence supporting our hypothesis.

MATERIALS AND METHODS
Plant Material
Arabidopsis thaliana, ecotype Columbia (Col-0), was used in both
the root growth assay and hypocotyl growth assay. Red pepper,
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Capsicum annuum L., was used for GA content analysis and crude
GA 3β-hydroxylase preparation. Perennial Ryegrass, Lolium perenne
L., was used for the plant growth retardation assay. All experiments
were performed in triplicate and repeated at least three times.
Extraction and Quantification of Endogenous GAs
Red peppers were harvested 60 days after sowing (DAS), and their
shoots were immediately frozen in liquid nitrogen and stored at
-80oC. The samples were then lyophilized for 24 h after which the
endogenous gibberellins were extracted and quantified as described
by Lee et al. [9]. GAs were quantified using [17,17-2H2]GAs (20 ng
each) as internal standards (obtained from Prof. L. N. Mander,
Australian National University, Canberra, Australia). The three most
prominent ions were identified using a GC-MS-SIM (6890N network
GC system and 5973 network mass selective detector; Agilent
Technologies, Palo Alto, CA, USA) with dwell times of 100 ms.
The endogenous GAs contents were calculated from the peak area
ratios. Retention time was determined based on hydrocarbon standards.
Protein Expression and Purification
The full-length cDNA of gibberellin 3β-hydroxylase (GA4,
At1g15550) was fused in-frame with MBP and expressed in
Escherichia coli. The MBP-GA4 protein was purified using amylose
resin and then used for the enzyme inhibition assay. Crude GA 3βhydroxylase was extracted from 2-month-old red peppers. Twenty g
of red peppers was immediately frozen in liquid nitrogen and then
ground in liquid nitrogen into a fine powder. To extract crude GA
3β-hydroxylase, 10 g of the ground powder was resuspended in
100 ml of extraction buffer [50 mM Bis-tris propane buffer (pH
7.0), 4 mM α-ketoglutarate, 5 mM L-ascorbic acid, 0.5 mM Fe2SO4]
and filtered through two layers of Miracloth and then used for the
assay.
Gibberellin 3β-Hydroxylase Activity Assay
The conversion of GA9 to GA4 by GA 3β-hydroxylase was measured
using the recombinant MBP-GA4 protein. The enzyme reaction
mixture was composed of 1.5 ml of substrate solution containing
1,000 ppm GA9 (obtained from Prof. L. N. Mander, Australian
National University, Canberra, Australia), 4 mM α-ketoglutarate, 5 mM
ascorbic acid, 0.5 mM FeSO4, 100 mM phosphate-buffered saline,
and 0.5 ml of purified enzymes. After the reaction mixture was
incubated for 1 h at 30oC, 2 ml of ethyl acetate was added to stop
the reaction and extract the GAs. GA9 and GA4 were then separated
by thin-layer chromatography (TLC) using a running solvent [hexane:
ethyl acetate: acetic acid, 50:50:1 (v/v/v)]. Various inhibitors of GA
3β-hydroxylase were also tested using this method.
Measurement of Plant Retardation
Ryegrass was grown in soil pots for 5 days and then treated with
100 ml of HCA or trinexapac-ethyl. After treatment with growth
inhibitors, the Ryegrass was grown for 7 more days. The control
Ryegrass was then mock-treated with 100 ml of tap water.
Surface-sterilized Arabidopsis seeds were planted on 0.7% agar
(w/v) media containing ½ strength MS salts. Then, hypocotyl
elongation was measured after 6 days of growing in dark conditions
with various concentrations of HCA. For the measurement of root
growth, 4-day-old seedlings were transferred from MS plates to
vertical plates containing various concentrations of HCA, and the
additional root growth was measured after 6 days.

RNA Extraction and Northern Hybridization
Total RNA was extracted from liquid nitrogen-frozen samples using
a Plant RNeasy extraction kit (Qiagen), after which it was treated
with DNase I and used for first-strand cDNA synthesis by M-MVL
Reverse Transcriptase (Bioneer). The relative mRNA levels were
determined by electrophoresis of the total RNA [1]. To measure the
XTR9 (At4g25820) expression levels, a probe was prepared by PCR
using the following primers: forward 5'-CAAGAAGGAGTACTT
GTTTGGTAAGAT-3'; reverse 5'-CTCTTAAAATCGGTACAATAG
TTGTAGAT-3'. A 630-bp PCR product was then obtained and
labeled as described by Feinberg and Vogelstrin [5] via [α-32P] dCTP
using a random primer DNA labeling kit (Takara). The labeled
DNA fragments were used for Northern hybridization. Northern
hybridization was performed as described by Sambrook et al. [16]
using a Hybond-N+ nylon membrane (Amersham-Pharmacia Biotech).
Three biological replicates were used in the experiments.

RESULTS AND DISCUSSION
Influence of Bacillus subtilis IJ-31 and Its Allelochemicals
on GA Biosynthesis
Microorganisms can biosynthesize a large number of
chemicals with different skeletons [6], and many have
been identified as plant growth regulators [21]. We
previously identified a rhizobacterium, B. subtilis IJ-31,
that exhibited growth retardation activity against plants [7,
8]. As a step towards verifying the functional mechanism
of plant growth retardation by B. subtilis IJ-31 and its
allelochemicals, we measured the content of GAs in red
pepper plants that had been treated with B. subtilis IJ-31
and compared them with those of control plants (without
treatment of B. subtilis IJ-31). The red peppers were grown
in soil in pots for 30 days and then treated with 100 ml of
B. subtilis IJ-31 cultured broth (2.0 × 108 CFU/ml). The
control red peppers were mock-treated with the same
medium without B. subtilis IJ-31. The plants were then
grown for 30 more days, at which time the GAs content
was measured. The B. subtilis IJ-31 treated plants used in
this analysis were much smaller than the control plants
(Fig. 1). GAs content analysis showed that, when
compared with the control, B. subtilis IJ-31 treated red
peppers had 11.3% lower GA4 levels and 20.5% higher
GA9 levels (Table 1). These findings suggest that GA9 is
converted to GA4 in the GA biosynthesis pathway by the
GA 3β-hydroxylase. If so, B. subtilis IJ-31 may act as an
inhibitor of GA 3β-hydroxylase. To investigate whether
the allelochemicals produced by B. subtilis IJ-31 [indole 3acetic acid (IAA), indole 3-propionic acid (IPA), and
hydrocinnamic acid (HCA)] could also inhibit the activity
of the GA 3β-hydroxylase, we performed an enzyme
inhibition assay using crude GA 3β-hydroxylase prepared
from 2-month-old red peppers. In this assay, the crude GA
3β-hydroxylase was incubated for 60 min with its known
substrates, [2H2] GA20 and [2H2] GA9. Following treatment
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Fig. 1. Growth retardation of red peppers by Bacillus subtilis IJ-31.
(A) Sixty-day-old soil-grown red peppers. (B) Sixty-day-old soil-grown red peppers treated with B. subtilis IJ-31. The red peppers were grown in soil pots
for 30 days and then treated with 100 ml of B. subtilis IJ-31 (2.0 × 108 CFU/ml). The control red peppers were mock-treated with the same medium without
B. subtilis IJ-31.

with candidate inhibitors (IAA, IPA, HCA), we analyzed
the remaining substrates. The substrates were clearly
reduced by the crude 3β-hydroxylase, with only 4.9% and
1.7% of the substrate in the control group remaining for
[2H2] GA20 and [2H2] GA9, respectively. However, for
samples treated with HCA, 37.5% of the [2H2] GA20 and
41.9% of the [2H2] GA9 remained (Table 2). These results
indicate that HCA may act as an inhibitor of GA 3βhydroxylase.
When coupled with the observed inhibition of GA 3βhydroxylase activity by B. subtilis IJ-31 culture broth and
HCA, these results provide evidence that B. subtilis IJ-31
or/and HCA inhibit GA 3β-hydroxylase activity.

Table 1. Amount of GAs in red peppers treated with B. subtilis
IJ-31.
GAs
GA1
GA3
GA4
GA5
GA8
GA9
GA12
GA15
GA19
GA20
GA24
GA34
GA44
GA53

Bacillus subtilis IJ-31 Culture Broth and HCA Inhibit
the GA 3β-Hydroxylase Activity
To confirm the inhibition activity against GA 3βhydroxylase, we performed thin-layer chromatography
(TLC) assays using recombinant maltose-binding protein,
MBP-GA4 (GA 3β-hydroxylase, At1g15550). In this
system, GA9 was used as the substrate of recombinant
GA4, and B. subtilis IJ-31 culture broth extract was
employed as the inhibitor. HCA was also used as an
inhibitor of GA 3β-hydroxylase. The recombinant MBPGA4 protein was able to convert GA9 to GA4 and induce a
mobility shift on the TLC, whereas MBP protein alone
could not convert the GA9 to GA4 (Fig. 2), demonstrating
that the recombinant MBP-GA4 protein has GA 3βhydroxylase activity in vitro. These results indicate that the
MBP-GA4 fusion protein can be used for TLC analysis. To
further corroborate the inhibitory effect of B. subtilis IJ-31

Amount of GA (ng/g of fresh weight)
Control
2.0 ± 0.3
2.7 ± 0.2
7.1 ± 0.2
3.3 ± 0.1
2.9 ± 0.1
7.8 ± 0.2
1.0 ± 0.2
2.3 ± 0.1
1.5 ± 0.1
1.7 ± 0.1
5.2 ± 0.2
2.8 ± 0.2
1.8 ± 0.1
1.1 ± 0.1

B. subtilis IJ-31 treated
1.9 ± 0.1
2.5 ± 0.2
6.3 ± 0.1
3.2 ± 0.2
3.0 ± 0.2
9.4 ± 0.1
1.2 ± 0.2
2.1 ± 0.1
1.8 ± 0.1
2.2 ± 0.2
4.7 ± 0.2
1.7 ± 0.1
2.0 ± 0.3
1.3 ± 0.1

Table 2. Conversion of [2H2]GA20 to [2H2]GA1 and [2H2]GA9 to
[2H2]GA4 by crude 3β-hydroxylase, prepared from red peppers.
Reaction
Substrate
Control
IAA
IPA
HCA

[2H2] GA content (ng/100 ml reaction mixture)
[2H2] GA20
28.5 ± 3.5
1.4 ± 1.4
5.2 ± 2.5
2.5 ± 2.2
10.7 ± 1.6

[2H2] GA9
28.1 ± 2.3
0.5 ± 1.2
1.3 ± 0.2
1.6 ± 1.5
11.8 ± 4.0

Substrate, 30 ng of [2H2]GA20 and 30 ng of [2H2]GA9 in buffer solution;
Control, substrate was incubated for 1 h with a crude 3β-hydroxylase
solution; IAA, substrate was incubated for 1 h with a crude 3β-hydroxylase
solution and 50 ppm of IAA; IPA, substrate was incubated for 1 h with a
crude 3β-hydroxylase solution and 50 ppm of IPA; HCA, substrate was
incubated for 1 h with a crude 3β-hydroxylase solution and 50 ppm of
HCA.
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Fig. 4. In vitro inhibition of the MBP-GA4 protein by HCA.

Fig. 2. In vitro functional analysis of the recombinant MBPGA4 protein.
Recombinant protein, MBP-GA4, was incubated for 1 h with GA9 and
then subjected to TLC. MBP protein was used as the control protein. (A)
Diagram showing conversion of GA9 to GA4 by 3β-hydroxylation. (B)
MBP-GA4 converts the GA9 to GA4, resulting in a shift of mobility upon
TLC.

against GA 3β-hydroxylase in vitro, we conducted a TLC
assay using ethyl acetate extract of the B. subtilis IJ-31
(Fig. 3). In the TLC assay, we used 12.5 and 25 ppm of
ethyl acetate extract of B. subtilis IJ-31 as inhibitors of GA
3β-hydroxylase. At 12.5 ppm, the extract of B. subtilis IJ31 exhibited greater inhibition of GA 3β-hydroxylase than
the control treatment (without inhibitor). This inhibitory
activity showed a greater increase when we added 25 ppm
of extract to the recombinant GA4 protein (Fig. 3).

MBP-GA4 was incubated with GA9 and subjected to TLC. Lanes A, The
MBP protein was used as the control protein; B, GA9 and GA4 were
subjected to TLC as standard markers; C, MBP-GA4 converts the GA9 to
GA4; D, E, F, G, Treatment with 0.05, 0.1, 0.5, and 1 mM of each inhibitor,
respectively.

The inhibition activity was also examined using various
concentrations of HCA. We used trinexapac-ethyl, which
is a known inhibitor of GA biosynthesis [15], as a positive
control for the TLC assay. As expected, HCA inhibited the
activity of recombinant GA4 protein when applied at
concentrations of 0.5 mM and higher, demonstrating that
HCA also inhibits GA 3β-hydroxylase in vitro (Fig. 4).
These results indicate that the mechanism by which plant
growth is retarded by B. subtilis IJ-31 is inhibition of GA
3β-hydroxylase.
Plant Growth Retardation by Hydrocinnamic Acid
Since HCA can inhibit the GA 3β-hydroxylase activity,
treatment with HCA is expected to retard plant growth. To
test this hypothesis, we measured the growth of Ryegrass
treated with either HCA or trinexapac-ethyl. When compared

Fig. 3. In vitro inhibition of the recombinant MBP-GA4 protein
by Bacillus subtilis IJ-31.

Fig. 5. Hydrocinnamic acid results in growth retardation of
Ryegrass.

MBP-GA4 was incubated for 1 h with GA9 and then subjected to TLC.
Lanes A, MBP protein was used as the control protein; B, GA9 and GA4
were subjected to TLC as standard markers; C, MBP-GA4 converts GA9
to GA4; D, E, The MBP-GA4 conversion reaction in response to treatment
with 25 or 12.5 ppm of B. subtilis IJ-31 ethyl acetate extract, respectively.

The Ryegrass was grown in soil pots for 5 days and then treated with
100 ml of HCA or trinexapac-ethyl. After treatment with or without inhibitors,
the Ryegrass was grown for 7 more days. The control Ryegrass was mocktreated with 100 ml of tap water Pots. A, Trinexapac-etyl (200 ppm); B,
HCA (200 ppm); C, Control (tap water).
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with that of control Ryegrass, HCA-treated Ryegrass showed
retarded growth after 7 days of treatment. Furthermore, it
showed similar retardation when compared with that of
trinexapac-ethyl-treated Ryegrass (Fig. 5).
We also investigated the effects of various concentrations
of HCA on root growth and hypocotyl elongation of
Arabidopsis wild-type (Col-0) seedlings cultivated on MS
media plates. To determine hypocotyl length, the seedlings
were grown in dark conditions for 5 days in the presence
of various concentrations of HCA. As the concentration
of HCA increased, the length of both the roots and
hypocotyls decreased (Fig. 6). Specifically, root growth
was inhibited by more than 50% for plants grown in 6 µM
HCA, whereas hypocotyl elongation inhibition of about
50% was observed in plants grown in 50 µM HCA (Fig. 6).
These results indicate that HCA also impacts plant growth
retardation in vivo.
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Expression of XTR9 is Down-Regulated by Bacillus
subtilis IJ-31
Xyloglucan endotransglycosylases (XETs) modify a major
structural component of the plant cell walls, xyloglucan,
and therefore influence plant growth and development [2].
The expression of XETs increases in response to GAs [21].
In this study, we hypothesized that B. subtilis IJ-31 and
its allelochemicals function as inhibitors of GA 3βhydroxylase and may cause down-regulation of the
expression of XETs. To test this hypothesis we measured
the expression levels of XTR9 (At4g25820), which is
involved in plant cell elongation by cleavage of loadbearing cross-links between cellulose microfibrils, leading
to wall-loosening and enabling elongation to occur [21], in
Arabidopsis treated with either plant hormones (GA4,
HBA, CA, SA) or plant growth retardants (IAA, IPA,
HCA) from B. subtilis IJ-31. To investigate the expression
of XTR9, plants were treated with 0.5 mM of one of the
plant hormones or plant growth retardants, 12 h after total
RNA was extracted from 12-day-old Arabidopsis seedlings.
Northern hybridization analysis showed that the XTR9
expression levels decreased dramatically in Arabidopsis
seedlings treated with all three growth retardants from
B. subtilis IJ-31 when compared with the control plants
(Fig. 7), indicating that all three growth retardants could
down-regulate the expression of XTR9. These observations
suggest that IAA, IPA, and HCA may play a role in XETsregulated plant growth processes. This suggestion is
supported by the finding that XTR9 expression levels were
up-regulated in response to treatment with GA4 and SA
(Fig. 7). These findings are consistent with previous
reports that gibberellins can enhance the expression of
XET genes [3] and that XET activity is associated with
growth maintenance in maize [21]. We also examined the
expression levels of XTR9 in Arabidopsis treated with
various concentrations of B. subtilis IJ-31 ethyl acetate
extract. Consistent with the previous results, we found that
expression of XTR9 was highly down-regulated when
treated with B. subtilis IJ-31 ethyl acetate extract at

Fig. 6. Effect of hydrocinnamic acid on Arabidopsis seedling
growth.
(A) Effect of HCA on hypocotyl elongation. Seedlings were grown for
6 days under dark conditions on MS media containing various concentrations
of HCA. (B) Effect of HCA on root growth. The 4-day-old seedlings were
transferred from MS plates to vertical plates containing various
concentrations of HCA and the additional root growth was measured after
6 days of growth. Ten roots were measured for each concentration of
HCA.

Fig. 7. Regulation of XTR9 expression levels in Arabidopsis by
plant hormones and allelochemicals.
Northern hybridization was performed with 12-day-old Arabidopsis
seedlings. Apical segments were incubated for 12 h in incubation buffer
containing 0.5 mM IAA, IPA, HCA, GA4, HBA, CA, and SA.
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Fig. 8. Regulation of XTR9 expression levels in Arabidopsis by
culture extract with EtOAC from B. subtilis IJ-31.
Northern hybridization was performed using 12-day-old Arabidopsis
seedlings. Apical segments were incubated for 12 h in incubation buffer
containing 0, 50, 100, 150, 200, and 400 ppm B. subtilis IJ-31 culture
extract.

100 ppm or more (Fig. 8). These results also support our
hypothesis that B. subtilis IJ-31 and its allelochemicals
play a role in XETs-regulated plant growth processes and
cause plant growth retardation.
In conclusion, the results of the present study indicate
that B. subtilis IJ-31 and its allelochemicals have growth
retardation functions that occur through the inhibition of
GA 3β-hydroxylase and down-regulation of the XTR9
gene. Several lines of evidence support our identification
of these plant growth retardation mechanisms. Moreover,
HCA is the first allelochemical identified as a plant growth
retardant and will serve as a novel tool for reduction of
unwanted growth. These novel findings that B. subtilis
IJ-31 and it allelochemicals function as plant growth
retardants opens up a plethora of questions. Why would
the nonpathogenic rhizobacteria B. subtilis IJ-31 want to
repress plant growth? What is the benefit? Previously,
several reports illustrated that some types of rhizosphere
microorganisms affect plants by their metabolites without
parasitizing plant tissue [17]. However, the reason why
rhizobacteria produce plant growth retardants is unclear.
Further study on these questions will be necessary to
understand the detailed mechanism of B. subtilis IJ-31
action in plant growth retardation.
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