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Mechanisms by which beneficial rhizobacteria promote plant
growth include tryptophan-dependent indole-3-acetic acid (IAA)
synthesis. The abundance of tryptophan in the rhizosphere,
however, may influence the level of benefit provided by IAA-
producing rhizobacteria. This study examined the cucumber-
Bacillus amyloliquefaciens SQR9 system and found that SQR9,
a bacterium previously shown to enhance the growth of cu-
cumber, increased root secretion of tryptophan by three- to
fourfold. Using a split-root system, SQR9 colonization of roots in
one chamber not only increased tryptophan secretion from the
noninoculated roots but also increased the expression of the
cucumber tryptophan transport gene but not the anthranilate
synthesis gene in those roots. The increased tryptophan in iso-
lated rhizosphere exudates was sufficient to support increased
IAA production by SQR9. Moreover, SQR9 colonization of roots
in one chamber in the split-root system resulted in sufficient
tryptophan production by the other roots to upregulate SQR9
IAA biosynthesis genes, including a 27-fold increase in the
indole-3-acetonitrilase gene yhcX during subsequent coloniza-
tion of those roots. Deletion of yhcX eliminated SQR9-mediated
increases in root surface area, likely by reducing IAA-stimulated
lateral root growth. This study demonstrates a chemical di-
alogue between B. amyloliquefaciens and cucumber in which
this communication contributes to bacteria-mediated plant-
growth enhancement.

Many root-associated bacteria can increase crop yield, and they
provide significant advantages over chemical fertilizers for reducing
environmental pollution (Germida and Walley 1996; Shaharoona
et al. 2008). Consequently, many researchers have investigated the
interactions between these bacteria and plants (Germida andWalley
1996; Shaharoona et al. 2008; Zhang et al. 2014).
Some bacteria directly benefit plants via the synthesis and

secretion of a range of phytohormones, including indole-3-acetic
acid (IAA). IAA production is one of the main mechanisms in-
volved in plant-growth promotion by rhizobacteria. Its production

by root-associated bacteria can lead to stimulation of root
production and, consequently, plant growth (Bloemberg and
Lugtenberg 2001).
Several IAA synthesis pathways in plants and microbes have

been characterized, and some key genes and enzymes that par-
ticipate in these pathways have been identified. Tryptophan is a
major substrate for IAA synthesis in rhizobacteria (Hull et al.
2000; Idris et al. 2007; Shao et al. 2015a and b; Wright et al.
1991). In general, the tryptophan-dependent IAA synthesis path-
ways include the indole-3-acetamide, indole-3-pyruvate, trypt-
amine, and indole-3-acetonitrile pathways (Spaepen et al. 2007).
The biosynthesis of IAA by bacteria living in the rhizosphere is
affected by root exudates (Bais et al. 2006), and the composition
of root exudates depends on factors such as the plant species and
microbial colonization of the rhizosphere (Bais et al. 2008). To
date, studies of the mechanisms by which rhizobacteria promote
plant growth have mainly focused on the unidirectional contri-
bution of rhizobacteria to the plant. However, the effect of plant-
microbe communication on bacteria-stimulated growth promotion
is poorly understood.
In this study, we demonstrated that plant-microbe commu-

nication can contribute to auxin synthesis by the beneficial
root-associated strain Bacillus amyloliquefaciens SQR9 and to
plant-growth promotion. Cucumber secreted more tryptophan
in root exudates upon colonization by Bacillus amyloliquefa-
ciens SQR9 and, in turn, SQR9 synthesized more IAA in the
rhizosphere, using the root-secreted tryptophan to promote
plant growth.

RESULTS

Colonization of cucumber roots by B. amyloliquefaciens
SQR9 enhanced the secretion of tryptophan.
To test the effect of rhizobacteria on root exudates, a split-root

system was applied that divided cucumber roots into two parts,
each of which was located in a distinct chamber of the root box
(Fig. 1). The roots in the left chamber were either inoculated with
bacteria or were not inoculated as a control, while the right
chamber was used to collect the root exudates. In this manner,
the impact of the bacteria on the plant production of exudates
could be separated from the impact of the bacteria on the root
exudates themselves, such as via catabolism. The root exudates
collected from SQR9-colonized and noncolonized split-root
systems (Fig. 1A) were analyzed by high-performance liq-
uid chromatography (HPLC), and the results showed that
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SQR9-colonized cucumber roots secreted threefold more
tryptophan than the control cucumber roots (Fig. 2A and B). To
test the effect of other rhizosphere microbes on cucumber root
tryptophan secretion, plants were treated in the same manner
as with SQR9 but with the cucumber wilt pathogen Fusarium
oxysporum f. sp. cucumerinum, a beneficial Pseudomonas bras-
sicacearum J12 strain (Zhou et al. 2012), and Bacillus subtilis
168, which is not known to benefit plants. None of these microbes
enhanced the secretion of tryptophan by cucumber roots (Fig.
2A). The high-throughput gas chromatography mass spectrometry

(GC-MS) analysis of the cucumber root exudates yielded similar
results (Fig. 2C); the SQR9-colonized cucumber root exudates
produced approximately four times more tryptophan based on
peak height than the control root exudates.

The transcription of a cucumber tryptophan transport gene
but not a synthesis gene was upregulated
upon B. amyloliquefaciens SQR9 colonization.
To verify the above observation and explore the mechanism

responsible for the enhanced tryptophan secretion, the responses

Fig. 1. Split-root experimental design. Experiment A involved root exudate collection. In the split-root system, the left chamber was inoculated with Bacillus
amyloliquefaciens SQR9, Pseudomonas brassicacearum J12, the pathogen Fusarium oxysporum f. sp. cucumerinum, or Bacillus subtilis 168 or was not
inoculated, as a control. The root exudates were collected from the right chamber 2 days later. Three replicates were included for each treatment. In experiment
B, the left chamber was either inoculated with Bacillus amyloliquefaciens SQR9 or was not inoculated, as a control. Two days after inoculation of the left side
by SQR9, the RNA from roots in the right chamber were extracted and the transcription of cucumber genes was evaluated. Three biological replicates were
included for each treatment. In experiment C, the left chamber was either inoculated with Bacillus amyloliquefaciens SQR9 or was not inoculated, as a control.
Two days later, the right chamber was inoculated with B. amyloliquefaciens SQR9, which was allowed to colonize the roots. RNAwas extracted from the SQR9
cells in the right chamber 48 h after inoculation to further evaluate the transcription of genes related to indole 3-acetic acid synthesis. Three replicates were
included for each treatment.

Fig. 2. Tryptophan detection in root exudates. Root exudates were collected at 2 days after inoculation and were freeze-dried and powdered for analysis.
A,High-performance liquid chromatography spectrum. The root exudates of cucumbers colonized by Bacillus amyloliquefaciens SQR9 contained significantly
more tryptophan than the exudates of noncolonized roots (CK). Inoculation with Pseudomonas brassicacearum J12, the pathogen Fusarium oxysporum f. sp.
cucumerinum (FOC), and the strain Bacillus subtilis 168 did not significantly affect the tryptophan content in root exudates. The tryptophan peaks are shown on
the right and are offset for clarity. B,Quantification of tryptophan in root exudates based on a standard curve.C, Relative quantification by gas chromatography
mass spectrometry. For each column, error bars indicate the standard deviations based on three repeated experiments.
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to SQR9 root colonization of two cucumber genes related to
tryptophan synthesis and transport were investigated (Fig. 1B).
This was similarly performed using a split-root system in which
the RNAwas collected from roots in a separate chamber from the
SQR9-inoculated roots. The results showed that the transcription
of a tryptophan transporter gene (Csa024547), which is the only
specific tryptophan transporter gene in the cucumber genome,
continued to increase during the two days following SQR9 col-
onization and, ultimately, reached a level 40-fold higher than that
of cucumber plants not inoculated with SQR9. However, the
gene encoding anthranilate synthase (Csa013682) did not exhibit
significant differences in transcription (Fig. 3).

B. amyloliquefaciens SQR9 synthesized IAA
using root-secreted tryptophan in the rhizosphere.
To investigate whether the increased tryptophan content in root

exudates would affect the ability of SQR9 to synthesize IAA,
the IAA levels produced by SQR9 in mineral medium supplied
with the following amendments were compared: no amendment,
8 mg tryptophan per liter, cucumber root exudates from un-
inoculated plants, cucumber root exudates from plants inoculated
with SQR9 in the split-root system, and cucumber root exudates
from uninoculated plants but amended with 8 mg of tryptophan
per liter. The results presented in Figure 4 showed that, com-
pared with the unamended cells and cucumber root exudates
from uninoculated plants, SQR9 exhibited significantly increased
IAA production in cultures amended with cucumber root exudates
from SQR9-colonized plants, tryptophan, and cucumber root
exudates from uninoculated plants plus extra tryptophan.

B. amyloliquefaciens SQR9 enhanced plant growth
in response to increased tryptophan in the rhizosphere.
To verify that the induced tryptophan secretion can further

improve the ability of SQR9 to promote plant growth in the
rhizosphere, the growth of cucumber plants in a gnotobiotic
system with SQR9 was evaluated in the presence and absence
of exogenous tryptophan. Inoculating plants with SQR9 at a
final concentration of 106 CFU ml

_1 together with exogenous
tryptophan showed markedly higher cucumber growth compared
with SQR9 alone without exogenous tryptophan, as shown by

cucumber seedling size and biomass (Fig. 5A and B, respectively).
The addition of tryptophan in the absence of SQR9 inoculation did
not affect cucumber growth, and inoculating roots with 106 CFU
of SQR9 per milliliter plus tryptophan resulted in unusual root
architecture and a twofold increase in total root-surface area
(Fig. 5C). However, tryptophan did not significantly affect the
root dry weight (Supplementary Fig. S1).
An SQR9 yhcX gene deletion mutant, which exhibits a 24%

reduction in tryptophan-dependent IAA production due to loss of
a gene in the indole-3-acetonitrile pathway (Shao et al. 2015a),
did not enhance plant growth in response to additional trypto-
phan when inoculated at a density of 106 CFU ml

_1 with 8 mg of
tryptophan per liter (Fig. 6).

Transcription of IAA synthesis genes was upregulated
in root-colonized B. amyloliquefaciens SQR9.
To investigate the transcriptional response of SQR9 to root

colonization following SQR9-mediated induction of enhanced
tryptophan secretion, SQR9 was either preinoculated into the left
chamber of a split-root system or not, as a control, and 2 days
later, a subsequent inoculation of SQR9 was performed in the
right chamber (Fig. 1C). The plant was then allowed to grow for
another 2 days before RNA extraction using a bacterial RNA
extraction kit. The quantitative polymerase chain reaction (qPCR)
results showed that the tryptophan-dependent IAA synthesis genes
were significantly upregulated in roots colonized with SQR9
when another part of the root was precolonized with SQR9,
compared with the control treatment (Fig. 7). The transcription
of the gene yhcX was up-regulated 27-fold (Fig. 7). This in-
duction is consistent with the accumulation of tryptophan in root
exudates induced by preinoculation with SQR9.

DISCUSSION

Our previous study showed that tryptophan-dependent IAA
synthesis is a major mechanism by which B. amyloliquefaciens
SQR9 promotes plant growth (Shao et al. 2015a and b). The
critical finding demonstrated in this study is that the colo-
nization of cucumber roots by B. amyloliquefaciens SQR9
stimulates the transcription of the root tryptophan transporter

Fig. 3. Transcription of genes in cucumber. Csa013682 encodes anthrani-
late synthase, the key enzyme involved in tryptophan synthesis in plants.
Csa024547 encodes a tryptophan-specific transporter. Values are relative to
the same genes in cucumber without inoculation. The transporter gene was
up-regulated upon inoculation with SQR9, whereas the synthesis gene
remained unchanged. For each column, error bars indicate the standard
deviations, based on three different repeated experiments. Double asterisks
above the bars indicate significant differences compared with no inocula-
tion control (P < 0.01).

Fig. 4. Indole 3-acetic acid (IAA) production of SQR9 in response to root
exudates and tryptophan. The results were normalized to the concentration
of cells. Error bars indicate the standard deviations based on three repeated
experiments. Different letters above the bars indicate significant differences
(P < 0.05).
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gene and, consequently, enhances tryptophan secretion. SQR9
subsequently uses this tryptophan as a substrate for IAA syn-
thesis, which, in turn, benefits plant growth. Thus, the collective
results support the model that the plant-growth promotion in
rhizosphere was affected by altered root exudation induced by
SQR9 inoculation (Fig. 8).
At present, factors regulating the expression of plant-

beneficial traits are poorly understood. Root-secreted trypto-
phan is known to be important to the ability of many beneficial
bacteria that promote plant growth. However, past studies have
not considered the source of the tryptophan and, in particular,
whether the root exudate composition is a variable factor that
is influenced by plant-microbe communication (Zhang et al.
2014). As reported, the tryptophan content in cucumber root
exudates is not sufficient to support detectable IAA production
by bacteria (Kamilova et al. 2006a and b). Our demonstration
that cucumber roots increase tryptophan secretion in response
to colonization by Bacillus amyloliquefaciens SQR9, increasing
subsequent IAA production by SQR9, illustrates a bidirectional
communication process between this rhizosphere bacterium and
the plant. In combination with our data showing increased plant
growth by SQR9 (Shao et al. 2015a and b) (Fig. 5), these findings
suggest that plant-microbe communication can be an important
component of bacterial plant-growth promotion.
An interesting question is whether this cross-talk leading to

plant-growth promotion is common for microbes and plants. In
this study, a beneficial bacterium from the tomato rhizosphere,
Pseudomonas brassicacearum J12 (Zhou et al. 2012), failed
to induce the secretion of tryptophan from cucumber roots.
Similarly, the beneficial bacterium Pseudomonas fluorescens
WCS365 from the potato rhizosphere did not increase the growth
of cucumber that secreted a low amount of tryptophan in root
exudates, but it did increase the growth of other plants with higher
amounts of tryptophan in root exudates (Geels and Schippers
1983, Kamilova et al. 2006a and b). The fact that SQR9 was
originally isolated from the cucumber rhizosphere may suggest
that the specificity of this SQR9-cucumber crosstalk is a re-
flection of coevolution of the plant host and rhizobacterium.

MATERIALS AND METHODS

Growth condition of strain and plant.
Bacillus amyloliquefaciens SQR9 (China General Microbi-

ology Culture Collection Center accession number 5808),
Pseudomonas brassicacearum J12 (National Center for Bio-
technology Information accession number: JN605747), and
Bacillus subtilis 168 (Bacillus Genetic Stock Center) were
grown at 37�C in Luria-Bertani medium (LB). The DyhcX
mutant strain of SQR9 (Shao et al. 2015a) was grown at 37�C in
LB medium containing 4 µg of chloramphenicol and 20 µg of
zeocin per milliliter. The fungal pathogen Fusarium oxysporum
f. sp. cucumerinum NJAU-2 was stored at the Jiangsu Pro-
vincial Key Laboratory for Organic Solid Waste Utilization,
Nanjing Agricultural University and was maintained on potato

Fig. 5. Growth promotion of SQR9 with exogenous tryptophan. Tryptophan was added at a concentration of 8 mg per liter.A, Plant growth,B, plant dry weight, andC,
root surface area. Error bars indicate the standard deviations based on five repeated experiments. Asterisks above the bars indicate significant differences (P < 0.05).

Fig. 6. Verification of effect of the yhcX mutant on the root surface area.
Plants were inoculated with 106 cells of SQR9 (wild type) and DyhcX, both
with and without tryptophan added at a concentration of 8 mg per liter. Error
bars indicate the standard deviations based on at least five repeated experi-
ments. Asterisks above the bars indicate significant differences (P < 0.05).
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dextrose agar plates. A conidial suspension of Fusarium oxy-
sporum f. sp. cucumerinum was prepared as described pre-
viously (Cao et al. 2011).
Cucumber seeds of the cultivar Jinchun 4 were surface-

disinfected in 2% NaClO solution for 15 min, were washed
thoroughly with distilled water, and were planted in axenic
tissue culture bottles containing vermiculite. The seeds were
allowed to germinate and grow for approximately 4 days in a
growth chamber at 23�C with a 16-h light and 8-h dark photo-
period, and the seedlings were then aseptically and individually
transplanted into 50-ml flasks containing 35 ml (to emerge the
seedling roots in the medium) of sterile liquid 1/4 sucrose-free
Murashige Skoog (MS) medium (Murashige and Skoog 1962).
The seedlings were then allowed to grow for another 3 weeks
with gentle shaking (50 rpm) for 2 h per day on a shaker. The

MS medium was replaced every other day during the growth
period.
For root exudates collection and the colonization assay, the

cucumber seedlings were transferred to a sterilized split-root
system (six plants in each), which consisted of a glass wall to
completely separate the root chamber into two halves (Fig. 1). The
seedlings were then cultured for 2 more weeks in 1/4 sucrose-free
MSmedium. Prior to inoculation withB. amyloliquefaciens SQR9
and other tested strains, a 100-µl aliquot of the root medium was
spread on solid LB medium to test for contamination. Contami-
nated systems were discarded.

Exudates collection and RNA extraction
from cucumber roots.
After 2 weeks of culturing in the split-root system, one

chamber of the system was inoculated with SQR9 cell sus-
pensions at a final concentration of 5 × 106 ml

_1. Noninoculated
chambers served as a control (Fig. 1A). Then, two days later,
the medium in the other side chamber was replaced with ster-
ilized double-distilled water and was cultured, at 23�C with a
16-h light and 8-h dark photoperiod for 4 days, to collect the
exudates from the noninoculated root side. Root exudates were
collected every day during the four-day period (Fig. 1A). To
investigate the specificity of the effect of SQR9, the plants were
treated with Pseudomonas brassicacearum J12, the cucumber
soil-borne fungal pathogen F. oxysporum f. sp. cucumerinum,
and Bacillus subtilis 168, instead of SQR9. All treatments
consisted of three replicates (containers), and each container
contained six plants. For each of the three replicates, the root
exudate solutions collected during the four days were pooled
and, then, were filtered through a 0.45-µmmembrane (Millipore)
and the sterility of the filtered exudates was tested by plating
100 µl of exudate on LB plates and incubating the plates at 30�C
for 3 days. The root exudates were freeze-dried and powdered for
further use. The roots from which the exudates were collected
were cut, and the concentrations of root exudates were normal-
ized to the dry weights of these roots.
Additionally, two days after inoculation with SQR9, the roots

from which the exudates were collected were cut, were flash-
frozen in liquid nitrogen, and were ground to a powder for RNA
extraction using a Qiagen RNeasy plant mini kit (Fig. 1B). The
extracted RNA samples were evaluated on a 1% agarose gel,
and their RNA concentrations and quality (A260/A280) were de-
termined using a NanoDrop ND-2000 spectrophotometer (Nano-
Drop). RNA was extracted from three plants per treatment.

Fig. 7. Gene transcription of Bacillus amyloliquifaciens SQR9 in the rhi-
zosphere. Values indicate the relative transcription of genes related to in-
dole 3-acetic acid (IAA) synthesis by SQR9 on roots precolonized by SQR9
compared with that on roots of cucumber without precolonization. Gene
expression was examined after 48 h of SQR9 colonization on roots in
the right chamber. In SQR9, yclBC is within the same gene cluster as
genes encoding an aromatic acid decarboxylase, which catalyzes the de-
carboxylation of indole-3-pyruvate to indole-3-acetaldehyde. dhaS encodes
indole aldehyde dehydrogenase, which catalyzes the conversion of indole-
3-acetaldehyde into IAA. yhcX encodes a putative nitrilase involved in
the indole acetonitrile pathway. ybgE encodes a branched-chain amino
acid aminotransferase involved in the tryptophan side-chain oxidase
pathway. Error bars indicate the standard deviations based on three re-
peated experiments.

Fig. 8. Model of cucumber–Bacillus amyloliquifaciens interactions. Colonization of plant roots by B. amyloliquefaciens SQR9 upregulates the expression of
the tryptophan transporter in cucumber roots, which increases tryptophan secretion by the roots. SQR9 then senses this tryptophan and produces indole 3-acetic
acid (IAA) to consequently benefit plant growth.
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Quantification of tryptophan in root exudates.
The concentration of tryptophan was measured using two

methods, HPLC analysis and GC-MS, which were carried out
at Nanjing Agricultural University and the University of Cal-
ifornia Davis, respectively.
For the HPLC analysis, lyophilized root exudates were dis-

solved in ultra-pure water. A tryptophan standard of chromato-
graphic gradewas purchased from Sigma-Aldrich. Ultra-purewater
with a specific resistance of 18.3 MW per centimeter (Milli-Q Plus
system, Millipore) was used to prepare all solutions and the
tryptophan standard. Ten microliters of sample solution was in-
jected for HPLC analysis. A Waters e2695 Separations module
was used to separate the components of solutions, and the
2489 UV/Vis detector was used to detect the components. The
column was an Xbridge-C18 (5 µm, 4.6 × 250 mm) and
the mobile phase consisted of a 95:5 mixture of A and B, where
A was pH 4.0 CH3COONa solution (c [Na+] = 8.5 mM) and
B was methanol. The temperature of the column was set at
25�C, and the detector wavelength was set to 280 nm. A
standard curve was generated using a tryptophan gradient. The
final concentration was calculated based on peak area and
was then normalized to the root dry weight and number of
collecting days.
For the GC-MS analysis, freeze-dried root exudates were

shipped to the Genome Center Core at the University of Cal-
ifornia Davis for analyses. The sample program and analysis
were performed as described (Badri et al. 2013).

Plant-growth promotion assay.
Bacillus amyloliquefaciens SQR9 and its DyhcX mutant

strain were washed with sterilized water and were suspended in
1/4 sucrose-free MSmedium (optical density at 600 nm [OD600] =
0.6). The effect of exogenous tryptophan and SQR9 on the
growth of cucumber plants was assessed using the following six
treatments: i) a control treatment, consisting of plants without
tryptophan or SQR9, ii) adding tryptophan only, iii) adding 105

CFU of SQR9 per milliliter, iv) adding 105 CFU of SQR9 and
tryptophan per milliliter, v) adding 106 CFU of SQR9 per
milliliter, and vi) adding 106 CFU of SQR9 and tryptophan per
milliliter. A subsequent experiment for comparing the effect of
SQR9 DyhcX mutant was subsequently tested as follows: i)
control treatment, consisting of plants without tryptophan or
SQR9, ii) tryptophan-only treatment, iii) treatment with 106 of
SQR9 per milliliter, iv) treatment with 106 of SQR9 and tryp-
tophan per milliliter, v) treatment with 106 of DyhcXmutant per
milliliter, and vi) treatment with 106 of DyhcX mutant and
tryptophan per milliliter. Based on the analysis of tryptophan
in the root exudates, tryptophan was added to a final con-
centration of 8 mg per liter for all treatments that included
tryptophan. The underground part of the system was covered
with black to avoid the effect of light on IAA. After treatment
for one week, the dry weight and root index of each plant was
measured to evaluate plant growth. All treatments and controls
were repeated five times.

SQR9 IAA production
with different cucumber root exudates.
A culture experiment was performed to evaluate the IAA

production by B. amyloliquefaciens SQR9 under different
conditions. B. amyloliquefaciens SQR9 was grown at 37�C in
LB medium for 8 h, and 1 ml of the culture was centrifuged and
washed with sterile water. The cells were resuspended and
cultured in mineral medium with glucose (per liter, 20 g of
glucose, 2.0 g of (NH4)2SO4, 0.2 g of MgSO4×7H2O, 0.01 g of
CaCl2×2H2O, 0.001 g of FeSO4×7H2O, 1.5 g of Na2HPO4×12H2O,
and 1.5 g of KH2PO4) at 25�C and 140 rpm in the dark for 48 h,
and different substrates were then added to the culture medium

as follows: i) 8 mg of tryptophan per liter, ii) regular cucumber
root exudate, iii) regular cucumber root exudate plus 8 mg of
tryptophan per liter, and iv) SQR9-colonized cucumber root
exudates. The concentrations of the root exudates in these
treatments were the same as those in the exudates collected
from hydroponic plants. To monitor the growth curves of SQR9
for these treatments, cells were harvested 6, 8, 10, 12, 14, 16,
18, 20, 22, 24, 26, 28, and 34 h after inoculation, and their
OD600 was measured (Supplementary Fig. S2). The supernatant
collected at 48 h was also concentrated to detect IAA with an
enzyme-linked immunosorbent assay (ELISA) using an IAA
ELISA kit (Shanghai Lengton Bioscience Co., Ltd.). Finally,
IAA production was normalized to the cell number.

RNA extraction of SQR9 that colonized
on cucumber roots.
After transplanting the cucumber seedlings from the hydro-

ponic flask to the split-root system and allowing them to grow
for 2 weeks, one chamber was inoculated with a final con-
centration of 5 × 106 of SQR9 per milliliter; noninoculated
chambers served as a control. Two days later, suspensions of
SQR9 were added to the other chambers of both the SQR9
precolonized treatment and the control experiment (Fig. 1), and
the seedlings were allowed to grow for an additional two days.
The roots that received a secondary inoculation were cut and
flash-frozen in liquid nitrogen for RNA extraction using the
e.Z.N.A bacterial RNA kit (OMEGA Bio-tek) (Fig. 1C). The
extracted RNA samples were evaluated on a 1% agarose gel,
and the RNA concentration and quality (A260/A280) were
determined using a NanoDrop ND-2000 spectrophotometer
(NanoDrop). Each sample consisted of three replicates.

Gene transcription quantification.
Reverse-transcription PCR was performed for RNA extracted

from both cucumber plants and SQR9, using the PrimeScript RT
reagent kit (Takara). The concentration of cDNA was measured
using a NanoDrop ND-2000 spectrophotometer (NanoDrop),
and RNA samples were diluted as necessary for real-time qPCR,
which was used to quantify the transcription of genes related to
IAA synthesis in B. amyloliquefaciens SQR9 and genes related
to tryptophan synthesis and transport in cucumber plants. Real
time qPCR was performed using an ABI 7500 Cycler (Applied
Biosystems). The 20-µl reaction solution consisted of 10 µl of
SYBR Premix EX Taq (2×; TaKaRa), 0.4 µl of each primer
(10 µM), 0.4 µl of ROX reference dye II (50×), 2 µl of template
DNA, and 6.8 µl of double distilled H2O. The thermal cycling
conditions were set to the following: 30 s at 95�C for initial
denaturation, followed by 40 cycles of 5 s at 95�C and 34 s at
60�C. The two target genes in cucumber plants, Csa013682,
which encodes anthranilate synthase, and Csa024547, which
encodes a tryptophan transporter (Cucurbit Genomics data-
base), were quantified using an ubiquitin extension protein–
coding gene as an internal reference (Huang et al. 2009;
Wan et al. 2010); the primers are shown in Supplementary
Table S1.
The transcription levels of six genes of SQR9 involved in IAA

synthesis, including yhcX, yclC, yclB, yhdR, ybgE, and dhaS
(Shao et al. 2015a), were measured using recA as an internal
reference. The specificity of the amplification was verified by a
melting-curve analysis and agarose gel electrophoresis. The
relative transcription levels were calculated using the 2

_DDCT

method, as reported previously (Livak and Schmittgen 2001).

Statistical analysis.
Differences among the multiple treatments were calculated

and statistically analyzed using an analysis of variance and
Duncan’s multiple range tests (P < 0.05). Pairwise comparisons
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were performed using Student’s t test. SPSS version 20.0 was
used for the statistical analysis (SPSS Inc.).
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