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Abstract

The volatile organic compounds (VOCs) emitted by plant rhizobacteria play a significant role in the promotion of plant
growth. However, it is unclear how VOCs play a role in plant growth and which component participates in this process. In
this study, we assessed the effect of the VOCs emitted by Bacillus sp. JCO3 on the promotion of plant growth and identified
the overall functional mechanism. The results indicated that the VOCs produced by JCO03 could significantly promote the
biomass accumulation of Arabidopsis and tomato. Furthermore, an analysis of Arabidopsis mutants perturbations in hor-
mone production and signaling, in conjunction with analyses of hormone contents and gene expression levels, indicated that
auxin and strigolactone played essential roles in the promotion of plant growth induced by the VOCs produced by JC03. The
results showed that the ARF1 and CCD7 genes were significantly upregulated in the Arabidopsis seedlings exposed to the
VOCs emitted by JCO3 and the results of the endogenous hormone levels detection experiment reached the same conclusion.
Furthermore, the VOC-induced phenotype was reduced or, even lost in the ARF I, and CCD7 mutant lines, while the phe-
notype remained in A. thaliana ecotype Col-0 seedlings and in other mutants, such as etr!, OSTI and gail. Finally, GC-MS
analysis results positively identified the compounds released from JCO03, including 3-hydroxy-2-butanone, 1, 3-propanediol,
2-methyl-dipropanoate, tetrahydrofuran-3-ol, 2-heptanone, 2-ethyl-1-hexanol. Only tetrahydrofuran-3-ol, 2-heptanone and
2-ethyl-1-hexanol, at different concentrations, significantly promoted the growth of the Arabidopsis seedlings. In this study,
we first demonstrated that the VOCs emitted by JCO3 promoted plant growth through the action of auxin and strigolactone,
and identified several new compounds, tetrahydrofuran-3-ol, 2-heptanone and 2-ethyl-1-hexanol, that could promote plant
growth. The important achievement of our study is the further elucidation of the interacting mechanisms related to plant
responses to the VOCs emitted by microbes.
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Introduction

Plants are living organisms that play a major rolein the
environment and life on the earth; however, there are many
factors that affect plant growth and reduce their ability to
reach their greatest growth potential (Kopsell and Kop-
sell 2008). Plant growth factors influence or dictate plant
characteristics as well as plant adaptation. Generally, there
are two factors, which can affect plant growth and develop-
ment: genetic factors and environmental factors. Genetic
factors are also called internal factors, and environmental
factors are considered external; nevertheless, the two fac-
tors interact in various ways. Environmental factors deter-
mine the growth and development of plants (Kopsell and
Kopsell 2008).

There are many environmental factors that affect plant
growth, such as climate, temperature, water, light, nutrition,
soil characteristics, (Li et al. 2010; Valverdebarrantes et al.
2017). In addition, an important environmental factor that
can significantly promote plant growth, rhizobacteria, has
been well studied in recent years; rhizobacteria are gener-
ally referred to PGPR (plant-growth-promoting rhizobac-
teria) (Lugtenberg and Kamilova 2009). Plant growth can
be affected by PGPR in two different ways, directly or indi-
rectly. The direct promotion of plant growth by PGPR entails
providing the plant either with compounds biosynthesized
by the bacteria, such as an essential nutrient from the envi-
ronment, or hormones (Beneduzi et al. 2012). In addition,
the growth of plants can be limited by low levels of soluble
phosphate. However, some PGPR can solubilize inorgani-
cally or organically bound phosphates, thereby promoting
plant growth (Vassilev et al. 2006). The indirect promotion
of plant growth occurs when PGPR decrease or prevent the
harmful effects of one or more plant pathogens (Beneduzi
et al. 2012). Additionally, the development and growth of
plant organs could also influence crop production by modu-
lating photosynthesis, nutrient remobilization, and index of
harvest (Igbal et al. 2012, 2017). Phytohormones, such as
auxin, ethylene, jasmonates, salicylic acid, and strigolac-
tone (SL), have been shown to increase the growth of plants
(Igbal et al. 2017). Jasmonates were demonstrated to be
naturally occurring plant growth regulators in the plant king-
dom (Per et al. 2018). In addition, ethylene is also regarded
as a multifunctional phytohormone that regulates growth
(Igbal et al. 2017). Mostofa and associates found that strigo-
lactones, a class of carotenoid-derived phytohormones, were
initially discovered as an “ecological signal” for parasitic
seed germination and the establishment of a symbiotic rela-
tionship between beneficial microbes and plants (Mostofa
et al. 2018).

The significant role of VOCs emitted by plant rhizo-
bacteria in plant growth promotion has recently been well
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documented (Ryu et al. 2003; Rath et al. 2018). The first
study mentioning the effect of the VOCs emitted by bacte-
ria on plant growth was reported by Cook and Stall (1969);
however, research on VOCs only began to become popular
following the discovery of bacterial VOCs promoting the
growth of Arabidopsis in 2003. The results of that study
showed that the total leaf area of Arabidopsis exposed
to the VOCs released by B. amyloliquefaciens GB03 for
10 days increased by ~ fivefold (Ryu et al. 2003). Addi-
tionally, other bacterial species have been evaluated as
growth inducers through VOC emission. Zou and associ-
ates (2010) demonstrated that B. megaterium XTBG-34
can increase the fresh weight of Arabidopsis by releas-
ing volatiles (Zou et al. 2010). Gutiérrez-Luna found that
some VOCs emitted by Bacillus sp. can modify the root
architecture and promote nutrient uptake, thus promoting
the growth of plants (Gutiérrez-Luna et al. 2010). A study
carried out by Orozco-Mosqueda indicated that the chlo-
rophyll concentration and, fresh weight of shoots and roots
of Medicago truncatula seedlings treated with the VOCs
released from Arthrobacter agilis UMCV?2, were increased
by 35%, 35%, 40%, respectively (Orozco-Mosqueda et al.
2013). In addition, some fungal species were reported to
promote plant growth by releasing VOCs. Minerdi and
associates (2011) demonstrated that Fusarium oxyspo-
rum MSA35 could promote plant growth, as measured
by increasing root and shoot length, fresh weight and
chlorophyll concentration, by emitting volatiles (Minerdi
et al. 2011). Trichoderma viride, a species of fungus, was
reported to promote plant growth through releasing vola-
tiles by Hung et al. in (2013). Additionally, VOCs can
stimulate induced systemic resistance (ISR) in several
plant species in response to pathogen challenge (Kloep-
per et al. 2004; Ryu et al. 2005).

Over the past decades, studies on VOCs have targeted
individual microbes, mainly focusing on a few bacterial
and fungal species, such as Bacillus sp., Arthrobacter sp.,
Trichoderma sp. (Ryu et al. 2003, 2004; Orozco-Mosqueda
et al. 2013; Hung et al. 2013; Tahir et al. 2017). However,
the mechanisms associated with the VOCs emitted by
microbes were also investigated to varying extents. Previ-
ous studies indicated that VOCs can promote plant growth
by four primary mechanisms: essential nutrient modulation,
sugar accumulation, metabolism and hormonal balance
(Hung et al. 2013). It was demonstrated that the VOCs emit-
ted by B. subtilis strain JS had the ability to regulate tobacco
gene expression, which was associated with metabolism and
cellular processes, thus regulating plant growth and devel-
opment (Kim et al. 2015). Afterward, Wang and associates
(2017) suggested that VOCs could modulate the distribution
of essential nutrients in plants (Wang et al. 2017). Moreo-
ver, the modulation of plant hormones plays an important
role in plant growth and development. Until now, there have
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been few new developments or findings in this research area.
For example, B. amyloliquefaciens GB03 could modulate
endogenous photosynthesis and sugar transduction by reduc-
ing ABA synthesis-related gene expression (Sanchez-Ldpez
et al. 2016). Hao and associates (2016) demonstrated that B.
amyloliquefaciens FZB42 could regulate plant growth by
releasing VOCs and activating the expression of different
genes related to plant hormones (Hao et al. 2016). How-
ever, this area of research is still new and it is still unknown
whether plants react to the VOCs emitted by microbes
through conserved regulated mechanisms and which sign-
aling pathways are involved in this process.

In addition, recent research has focused on characterizing
the volatile compounds and series of VOCs produced by
various PGPR have been identified that can significantly pro-
mote plant growth, including 2,3-butanediol, 13-tetradeca-
dien-1-ol, 2-pentylfuran, 2-methyl-n-1-tridecene, 2-butanone
and acetoin (3-hydroxy-2-butanone) (Farag et al. 2006; Zou
et al. 2010; Park et al. 2015). However, it is unclear whether
there are any additional components in the volatile com-
pounds released by microbes that can promote plant growth.
Therefore, to investigate these questions, we established the
model of plant and Bacillus sp. JCO3 interaction that was
previously identified to significantly promote characteris-
tics of plant growth. In our study, we demonstrated that the
VOCs emitted by JCO3 could significantly promote the bio-
mass accumulation of Arabidopsis and tomato seedlings;
moreover, the VOCs could promote the elongation of Arabi-
dopsis roots. The results detecting the regulation of gene
expression levels showed that auxin and SL played essential
roles in the response to the VOCs produced by JCO3 pro-
moting plant growth as well. Finally, we determined that
tetrahydrofuran-3-ol, 2-heptanone and 2-ethyl-1-hexanol,
which were components of the compounds released from
JCO03, significantly promoted growth and that different con-
centrations of these chemicals increased fresh weight. In
this study, we first demonstrated that the VOCs emitted by
JCO03 promoted plant growth through auxin and SL action
and identified several new compounds, tetrahydrofuran-3-ol,
2-heptanone and 2-ethyl-1-hexanol that promoted plant
growth. The significant achievement of our study is the fur-
ther elucidation of the mechanisms plant responses to the
VOCs emitted by microbes.

Materials and methods

Plants, bacteria, and growth conditions

Bacillus sp. JC03, which was isolated from the pear rhizo-
sphere soil by our lab and collected from Zhejiang Prov-

ince, China and has demonstrated plant growth promotion
characteristics, was used in our study. JC03 was cultured

on Luria—Bertani (LB) agar medium and incubated at
28 °C for 24 h. In this study, Escherichia coli DH5a was
used as a negative control, and DH5« was cultured on LB
agar medium and incubated at 37 °C for 24 h. Moreover,
Solanum lycopersicum (Micro-Tom), A. thaliana (ecotype
Col-0) and phytohormone biosynthesis and metabolism-
related gene mutants (ARF1, CCD7, etrl, OSTI and gail)
were studied. All the test plant seeds were surface-steri-
lized by soaking in 70% ethanol for 30 s followed by soak-
ing in 10% sodium hypochlorite solution for 2—3 min and
then soaking in sterilized water 4-5 times until the sodium
hypochlorite was completely removed. The surface-steri-
lized Arabidopsis seeds were laid on a plate divided into
two sections containing 0.5 X Murashige and Skoog Basal
Medium (MS medium) (PhytoTech™, M519), while the
seeds of S. lycopersicum were placed in a tissue culture
bottle containing 0.5 X MS medium. All the seedlings were
cultured in growth chambers with 14 h light (150 pmol
photons m~2 /s)/10 h dark photoperiod at 22 °C.

Growth-promotion evaluation of the VOCs emitted
by Bacillus sp. JC0O3

To assess the plant growth promotion activity of the VOCs
emitted by JC03, one day before the assessment experi-
ments, the rhizobacteria JC03 were streaked onto LB
plates and incubated at 28 °C in darkness for 24 h. Bacte-
rial cells were harvested from LB plates with sterile water,
and the concentration was adjusted to 1x 10° CFU/mL.
JCO03 suspension culture (20 uL) was applied dropwise to
the non-plant side of the Petri dishes divided into two sec-
tions that contained the Arabidopsis seedlings [refer to the
method reported by Zhang et al. (2007)]. By positioning
the plants and bacteria on separate sides of the petri dish,
the plants are exposed to bacterial VOCs without physical
contact. In these experiments, E. coli DH5a was intro-
duced as a negative control, and sterile water was used as
a mock control. The plant structure and biomass measure-
ment indexes, such as taproot length, lateral root number,
fresh weight, plant height, and stem diameter, were deter-
mined 30 days post-treatment. The effect of VOCs on the
promotion of tomato growth was determined according to
the same experimental design principle. However, because
the tomato plants grow faster and larger than Arabidopsis
seedlings, we cultured the tomato plants in tissue culture
bottles and placed a small beaker containing bacteria on
one side of the tissue culture bottle to prevent direct con-
tact between microbes and plants. To verify the growth-
promoting activity of each identified VOC component,
plant growth and compound inoculations were established
in the same manner as described above. All experiments
were performed three times.
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Plant RNA extraction and Q-RT-PCR analysis

The total RNA of Arabidopsis was extracted by using the
TRIZOL reagent (Life Invitrogen™, Cat. No. 15596-026).
Total RNA (1 mg) was used for reverse transcription and
treated with DNase I (gDNA wiper from Vazyme™, Cat.
No. R133-01). Then, reverse transcription was conducted by
using HiScript™ Q Select RT SuperMix (Vazyme™, Cat.
No. R133-01). Q-RT-PCR was performed by using the ABI
7500 system (ABI) with the SYBR premix Ex-Taq mixture
(Takara). The reaction was performed under the following
conditions: 94 °C for 5 min, followed by 45 cycles of 94 °C
for 10 s, 55 °C for 20 s, and 72 °C for 30 s, and ending with
72 °C for 5 min. The 3-Tub 4 gene was employed as the
internal standard.

Effect of the VOCs emitted by JCO3
on the transcription of genes involved
in phytohormone biosynthesis

Total RNA was extracted from 1.0 g fresh weight Arabidop-
sis leaves that were collected 30 days after exposure to the
VOCs emitted by JCO3 using TRIZOL reagent (Life Invit-
rogen™, Cat. No. 15596-026). E. coli DH5a was introduced
as a negative control, and sterile water was used as a mock
control. The expression levels of ARFI, ABF4, ERF2, CCD7
and GA2o0x1 were analyzed. All the primers used in this
study are listed in the Supporting Information (Table S1).

Quantification of endogenous phytohormones
in Arabidopsis seedlings

For endogenous phytohormone quantification, 1.0 g fresh
weight Arabidopsis leaves were harvested and frozen in lig-
uid nitrogen and pulverized with a mortar and pestle. Indole
acetic acid (IAA), abscisic acid (ABA), gibberellins (GA)
and ethylene (ETH) were measured by using the following
kits: TAA ELISA kit (Biomatik™, Cat. No. EKU04915);
ABA ELISA kit (Agrisera™, Cat. No. AS111748); GA
ELISA kit (Biomatik™, Cat No. EKU04370); and ETH
ELISA Kit (Biotsz™, Cat. No. JM-E100015053). The
extraction, purification and quantification of each phyto-
hormone (IAA, ABA, SL, GA, and ETH) were performed
according to the manufacturer’s instructions. The data
describing the detected endogenous phytohormones, which
were calculated according to each corresponding conversion
formula and the detection value from the enzyme labeling
instrument, were statistically analyzed.

For SL analysis, 1.0 g of fresh weight Arabidopsis
leaves was ground in a mortar with liquid nitrogen. The
samples were extracted and purified according to the pro-
tocol described by Lopez-Raez et al. (2010). Strigolac-
tone was detected and quantified by LC-MS/MS. Data
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acquisition and analysis were performed by using the
software MassLynx version 4.1 (WATERs™). The total
area of all the corresponding MRM transitions was used
for statistical analysis.

Signaling pathway dependence analysis

To analyze the regulatory pathways involved in the plant
growth promoted by the VOCs emitted by JC03, mutant
lines of plant hormone synthesis coding genes (ARF1I,
CCD7, etrl, OSTI and gail) were used in this study. The
of VOC to promote the growth of the different Arabidopsis
mutants was assessed, and the fresh weight of the mutants
was determined 45 days after exposure to the VOCs emit-
ted by JCO3. E. coli DH5a was introduced as a negative
control, and sterile water was used as a mock control.

Extraction and analysis of the VOCs emitted by JC03
(SPME-GC/MS analysis)

Divinylbenzene/carboxen on polydimethylsiloxane (DCP/
PDMS, 50/30 um) solid phase microextraction (SPME)
fiber (Supelco, Bellefonte, PA, USA, Cat. No. 57299-U)
was used for VOC extraction. A 2 cm SPME fiber was
recommended. Twenty microliters of JCO3 suspension cul-
ture was applied dropwise to a 200 ml vial containing MS
agar medium, and the mixture was incubated at 28 °C. E.
coli DH5a incubated with MS agar medium and MS agar
medium alone were used as the negative control and the
mock control. To collect the VOCs, the SPME fiber was
inserted into the headspace of the vial 7 days after incuba-
tion and exposed to the emitted VOCs at room tempera-
ture for 15 h, which was previously determined to be the
optimal extraction time based on the combination of the
number and abundance of compounds recorded (Curran
et al. 2005).

GC-MS analysis was performed by using a Bruker 450-
GC gas chromatograph in combination with a Bruker 320-
MS mass spectrometer as described by Farag et al. (2006).
The column was an HP5-MS of 30 m, 0.25 pum, and 0.25 mm
with helium as the carrier gas (flow rate: 1.0 ml/min). The
SPME fibers were desorbed at 220 °C for 5 min, and the
GC method was initiated with an initial oven temperature
of 40 °C for 5 min. The temperature was then increased by
10 °C/min until it reached 240 °C, and then the temperature
was held at 240 °C for 2 min. The mass spectra for the VOCs
were analyzed by referring to the data in the NIST/EPA/
NIH Mass Spectrum Library. All of the VOCs from Bacil-
lus sp. JCO3 that were characterized were purchased from
Sigma-Aldrich and evaluated individually for their ability to
promote plant growth in our assessment system.
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Statistical analysis

All bioassays were conducted three times with 24 seed-
lings per treatment. The data were subjected to analyses of
variance (ANOVA) by using SPSS 24.0 (SPSS Inc., USA).
Standard errors and standard deviations were calculated. For
percentage data, an arcsine transformation was applied prior
to ANOVA. Means were assessed by Fisher’s Protected least
significant difference (LSD) test at the level of P=0.05.

Results

VOCs emitted by JCO3 promote plant growth
in Arabidopsis and tomato

To assess the effect of the VOCs emitted by JCO3 on Arabi-
dopsis seedling growth, divided petri dishes (I-plates)
supplied with MS-agar medium were used (Fig. 1). The
results showed that the VOCs emitted by JC0O3 were able to
stimulate the production of plant biomass; the fresh weight

of Arabidopsis plants exposed to VOCs was increased by
threefold compared to that of mock-treated plants (Fig. la,
b; Table 1). Moreover, the VOCs emitted by JC0O3 were
able to promote the extension of the root and increase
in the lateral root in Arabidopsis seedlings (Fig. 1d, e;
Table 1). However, no significant increase in the produc-
tion of biomass and the formation of lateral roots were
observed in plants inoculated with E. coli DH5a compared
to those of mock-treated plants (Fig. 1a, c, d, f; Table 1).

To verify the growth-promoting effect of the VOCs
emitted by JCO3, the tomato model system was used to
repeat the assessment experiment. As shown in Supple-
mental Fig. 1, the VOCs emitted by JC03 were able to
stimulate the production of plant biomass in tomato; in
tomato seedlings inoculated with JCO3, the fresh weight
increased by almost tenfold and the plant height, stem
diameter and number of leaves increased significantly
compared to mock-treated plants (Fig. S1; Table S2). How-
ever, no significant increase in biomass production was
observed in the tomato seedlings inoculated with E. coli
DH5a (Fig. S1; Table S2).

Fig. 1 Effect of volatile organic
compounds emitted by Bacil-

Mock

E. coli DH50,

lus sp. JCO3 on the growth of
Arabidopsis. The Arabidopsis
seedlings were cultured in
growth chambers following

30 days JCO3 volatile exposure
by using two division plate
assay system. The growth of
seedling expose to JCO3 30 for
days were photographed (b, e).
A non-growth-promoting E. coli
strain DH5« (¢, f) and water
treatment alone (a, d) were car-
ried out in this study for control

Bacillus sp. JC03

Table 1 Volatile organic

. . Treatment Taproot length (cm) Lateral root number (cm) Fresh weight (mg)
compounds emitted by Bacillus
sp. JCO3 promote the plant Bacillus sp. JC03 6.28+1.12° 21.75£8.19* 216423
growth in Arabidopsis E. coli DH5« 6.71+1.00* 0.25+0.45 83+1.2°
Mock 6.16+0.92* 0.17+0.39° 7.9+0.9°

Values within the same column with different letters are significantly different (P <0.05) by LSD test, val-

ues are means + SD (n=24-30)
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«Fig. 2 Effects of VOC emitted by JCO3 on encoding genes expression
level and content changes of endogenous hormone in Arabidopsis.
a Transcriptional expression profiles of genes involved in plant hor-
mone synthesis in Arabidopsis. Q-RT-PCR was performed to deter-
mine the relative expression levels of genes involved in plant hor-
mone synthesis such as ARF4, ABF4, ERF2, CCD7 and GA20xI in
each treatment. The expression values of the individual genes were
normalized using B-Tub4 gene as an internal standard. b Detection of
endogenous phytohormones in Arabidopsis treated with VOC com-
ponents produced by Bacillus sp. JCO3. Leaves of Arabidopsis in dif-
ferent treatments were harvested at the indicated time points for the
quatity detection of phytohormones. The content of IAA, ABA, ETH,
strigolactone and GA were determined in each treatment in this study.
All data are presented as means of three replicates +SD, and error
bars represent the standard errors of three independent treatment sam-
ples. All experiments were performed three times, and similar results
were obtained

VOCs emitted by JCO3 promote plant growth
by affecting the transcription of genes involved
in phytohormone biosynthesis and metabolism

The promotion of plant growth is often accompanied by the
regulation of the transcription of genes involved in phytohor-
mone biosynthesis and metabolism. In this study, the expres-
sion levels of ARFI1, ABF4, ERF2, CCD7 and GA2o0x1,
which are involved in phytohormone biosynthesis in Arabi-
dopsis, were analyzed by quantitative reverse-transcription
PCR (Q-RT-PCR). As demonstrated in Fig. 2a, the VOCs
emitted by JCO3 could modify the transcription of ARFI and
CCD?7 in Arabidopsis; the results revealed that VOCs emit-
ted by JCO3 could increase the expression of the ARFI gene
and could significantly decrease the expression of the CCD7
gene. However, there was no difference in the transcription
levels of these two genes in the Arabidopsis seedlings treated
with DHSa (Fig. 2a). In addition, we also quantified the
transcription of genes involved in other phytohormone bio-
synthetic and metabolic processes, such as ABF4, ERF?2,
and GA2o0x1, which are involved in abscisic acid, ethylene
and gibberellin biosynthetic processes, respectively. Q-RT-
PCR results revealed that there was no significant difference
among the treatments (Fig. 2a). Therefore, the results indi-
cate that the VOCs emitted by JCO3 promote plant growth
probably via the auxin and strigolactone signaling pathways.

The level of phytohormones in Arabidopsis
was altered by the VOCs released from JC03

Many studies have shown that plant growth is regulated by a
variety of endogenous hormones. Therefore, in this study, we
also investigated the effect of the VOCs released from JC03 on
phytohormone accumulation levels. We quantitatively deter-
mined IAA, ABA, GA, ETH and SL accumulation in Arabi-
dopsis leaves with different treatments. As expected, the VOCs
released from JCO3 led to a significant increase in the endog-
enous levels of IAA and a significant decrease in the level of

SLs in Arabidopsis plants; however, there were no significant
differences in the levels of ABA, GA and ETH (Fig. 2b). As
shown in Fig. 2b, the accumulation of endogenous IAA in the
leaves of Arabidopsis treated with the VOCs released from
JCO3 gradually increased with treatment time and reached a
maximum at 35 dpt; however, in the leaves of Arabidopsis, nei-
ther E. coli DH5a nor the mock treatment resulted in changes
in the endogenous phytohormone content at the same time
points (Fig. 2b). Furthermore, we also found that the level of
SLs in the leaves of Arabidopsis treated with VOCs released
from JCO3 gradually decreased and reached a minimum at 25
dpt (Fig. 2b). Additionally, the results of the other phytohor-
mone tests (such as ABA, GA and ETH) showed that there
was no significant difference in the hormone levels among the
treatments (Fig. 2b). The above results indicated that the VOCs
emitted by JCO3 promote plant growth, mainly by regulating
the levels of auxin and strigolactone in plants.

Auxin and strigolactone were involved in VOCs
emitted by JCO3 promoting plant growth

To verify the conclusions described above, we compared the
ability of the VOCs emitted by JCO3 to promote plant growth
in the phytohormone biosynthesis- and metabolism-related
gene mutants, etrl, ARFI, CCD7, OSTI and gail. The fresh
weight of the Arabidopsis mutants in each treatment was
determined. As shown in Fig. 3, consistent with the results
in the wild type Col-0, the VOCs emitted by JC03 led to a
significant (P <0.05) increase in plant growth in all tested
Arabidopsis plants, except the ARFI and CCD7 mutants,
compared with the respective mock controls (Fig. 3). The
results showed that the fresh weight of the Arabidopsis seed-
lings exposed to the VOCs emitted by JCO3 was significantly
increased in etrl, OST1 and gail mutants, while there were
no significant (P <0.05) differences in ARFI and CCD7
mutants (Fig. 3). The above results indicated that ARFI and
CCD7 mutations could affect the growth promoting effect of
the VOCs emitted by JCO3 on plants. Thus, we can conclude
that the growth promotion of the VOCs emitted by JC03
depends on the auxin and strigolactone signaling pathways.
Furthermore, we also determined the fresh weight of the
Arabidopsis seedlings exposed to the VOCs released from
E. coli DH5a and there were no significant (P <0.05) dif-
ferences compared with the respective mock controls. The
above results were in accordance with the previous results
shown in the wild type plants.

Tetrahydrofuran-3-ol, 2-heptanone
and 2-ethyl-1-hexanol were the main components
of the VOCs that promoted plant growth

To determine which components in the VOCs functioned
in plant growth promotion, solid phase microextraction
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Fig.3 Auxin and strigolactone actin were involved in VOCs emitted
by JCO3 promoting plant growth. The Arabidopsis hormone synthe-
size coding gene mutant lines (ARFI, CCD7, etrl, OSTI and gail)
were carried out to analyze the regulatory pathways which take part
in VOCs emitted by JCO3 promoting plant growth. The growth pro-
moting ability of VOCs to different A. thaliana mutants was assessed
and the fresh weight of different A. thaliana mutants were detected at

(SPME) coupled with GC-MS was carried out to analyze
the volatile compounds in this study. As shown in Fig. 4a,
five volatile compounds from Bacillus sp. JCO3 that had
relatively high peak areas, e.g., > 1%, and were not simi-
lar to the E. coli DH5a and mock control treatment were
identified (Fig. 4a). The identified VOCs included two
alcohols (2-ethyl-1-hexanol and tetrahydrofuran-3-ol), two
ketones (3-hydroxy-2-butanone and 2-heptanone) and one
acid (1,3-propanediol-2-methyl-dipropanoate). Further-
more, the peak areas of tetrahydrofuran-3-ol, 2-heptanone,
and 2-ethyl-1-hexanol were much higher than the other two
compounds (Fig. 4a).

To verify that the growth promotion of Arabidopsis
induced by the VOCs emitted by JC03 was due to the above
identified components, the divided petri dishes (I-plates)
supplied with MS—agar medium were used and the growth
promoting capacity of each compound was evaluated with at
different concentrations (Fig. 4b). As shown in Fig. 4b, tet-
rahydrofuran-3-ol, 2-heptanone, and 2-ethyl-1-hexanol were
able to promote plant growth. We found that the seedlings
treated with tetrahydrofuran-3-ol, 2-heptanone, and 2-ethyl-
1-hexanol grew more robustly than mock control. Moreover,
we also noticed that, for each of these three compounds, the

@ Springer

45 days after exposure to VOCs emitted by JC03. The E. coli DH5«
was introduced as negative control, and the sterile water as a mock
control. Data are presented as means of three replicates +SD, and
error bars represent SD for three replicates. Means with asterisk have
significant differences (¥*P <0.05; **P <0.01; LSD test). All experi-
ments were performed three times, and similar results were obtained

concentration that promoted the best plant growth was dif-
ferent (Fig. 4b). The results in Fig. 4b shows that the best
concentrations of tetrahydrofuran-3-ol, 2-heptanone, and
2-ethyl-1-hexanol to promote plant growth were 1 pg/ul,
10 ng/ul, and 1 pg/ul, respectively.

To quantitatively demonstrate the growth-promoting
effects of various substances on Arabidopsis seedlings, the
fresh weight of plants in each treatment was determined.
As shown in Fig. 4c, compared with the blank control,
the fresh weight of plants treated with compounds such as
tetrahydrofuran-3-ol, 2-heptanone, and 2-ethyl-1-hexanol
increased significantly (Fig. 4c). Tetrahydrofuran-3-ol and
2-ethyl-1-hexanol exhibited the strongest increase in the
fresh weight of the seedlings at a concentration of 1 ug/ul,
while 2-heptanone exhibited the strongest increase in the
fresh weight of seedlings at a concentration of 10 ng/ul
(Fig. 4c). The above results indicate that the promotion of
plant growth by the VOCs released by JC0O3 may not be the
result of a single component but may be a result of the inter-
action of multiple components, for instance, tetrahydrofuran-
3-0l, 2-heptanone, and 2-ethyl-1-hexanol.
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Fig.4 Identification of each component of microbial VOC and evalu-
ation of its promoting function. a Chromatographic profiles of vola-
tiles releasing from Bacillus sp. JCO3. The asterisk on the peak means
the specific compounds released from JC03. The compounds released
from strains JCO3 positively identified include 3-hydroxy-2-butanone,
1, 3-propanediol, 2-methyl-dipropanoate, tetrahydrofuran-3-ol, 2-hep-
tanone, and 2-ethyl-1-hexanol. B-C Growth promotion response of A.
thaliana to different concentration of VOC components produced by
Bacillus sp. JCO3. The Arabidopsis seedlings were cultured in growth
chambers following 30 days JCO3 volatiles exposure, with differ-
ent concentrations by using two division plate assay system. b The

Discussion

Plant growth can be affected by plant growth rhizobacte-
rium (PGPR) in two different ways, directly and indirectly.
The plant growth-promoting VOCs emitted by PGPR
are defined to act directly on plants and have been stud-
ied previously (Ryu et al. 2003). It has been demonstrated

10 pg/10 pL

100 ng/10 pL. 10 ng/10 pL

growth of seedling expose to different volatiles (tetrahydrofuran-3-ol,
2-heptanone, and 2-ethyl-1-hexanol) for 30 days were photographed.
¢ The growth promoting ability of identified bacterial volatiles to A.
thaliana ecotype Col-0 was assessed and the fresh weight of Arabi-
dopsis seedlings in different treatment (tetrahydrofuran-3-ol, 2-hep-
tanone, and 2-ethyl-1-hexanol) were determined at 45 days after
exposure to the bacterial volatiles. The Data are presented as means
of three replicates +SD, and error bars represent SD for three repli-
cates. Means with asterisk have significant differences with each con-
trol treatment (*P < 0.05; **P <0.01; LSD test). All experiments were
performed three times, and similar results were obtained

that some PGPR, such as B. amyloliquefaciens IN937a, B.
amyloliquefaciens GB03, P. fluorescens SS101 and Paeniba-
cillus polymyxa E681, emit volatile compounds that stimu-
late the growth of Arabidopsis (Ryu et al. 2003; Lee et al.
2012; Asari et al. 2016). Zhang et al. (2008) reported that
volatile emissions from B. amyloliquefaciens GB03 augment
photosynthetic capacity by increasing chlorophyll content
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and photosynthetic efficiency in Arabidopsis (Zhang et al.
2008). Additionally, Park et al. (2015) recently found that the
VOCs emitted by P. fluorescens SS101 could stimulate plant
growth and development. In our study, we demonstrated that
B. subtilis JCO3 could promote various plant growth indexes
by releasing VOCs through establishing a noncontact co-
culture system of plants and bacteria. We observed a clear
and significant increase in the root length, leaf area and fresh
weight of Arabidopsis and tomato plants following exposure
to the VOCs emitted by JCO3 (Figs. 1 and S1). It is well
known that the lateral root architecture, is an important com-
ponent of the plant root system, directly affects plant root
morphogenesis and plays a critical role in the absorption
of nutrients by plants (Bensmihen 2015). A study carried
out by Gutiérrez-Luna et al. (2010) concluded that Bacil-
lus species modified root architecture, eliciting increases in
total fresh weight, primary root length, lateral root number,
and lateral root length in Arabidopsis. In this study, we also
found that the volatile compounds released by JC03 could
modify the development of plant roots, thereby affecting the
uptake of nutrients by plants. A clear and significant increase
was observed in the root length and lateral root numbers of
Arabidopsis treated with the VOCs emitted by JCO3 (Fig. 1;
Table 1). Thus, we hypothesized that the VOCs emitted by
JCO03 promoted plant growth mainly by affecting plant root
morphogenesis.

It is generally known that phytohormones regulate numer-
ous important biological processes in plant development.
PGPR have been determined to modulate plant growth by
regulating the process of plant hormone synthesis (Tahir
et al. 2017). Zhang et al. (2007) reported that microbial
VOCs induced numerous physiological changes related to
growth hormones and photosynthesis. Arabidopsis mutants
of crel and ein2 have been reported to be insensitive to the
volatiles produced by B. amyloliquefaciens GB03, indicating
a role for cytokinins in the detection of PGPR signals (Ryu
et al. 2003). Our results showed that the VOCs emitted by
JCO03 could modify the transcription of ARFI and CCD7
in Arabidopsis. As a result, the expression of the ARFI
gene was increased, and the expression of the CCD7 gene
was significantly decreased in Arabidopsis exposed to the
VOCs emitted by JC03; however, there was no significant
difference in the expression levels of the ABF4, ERF2, and
GA2o0x1 genes (Fig. 2a). An analysis of Arabidopsis mutants
perturbations in hormone production and signaling, in con-
junction with analyses of hormone contents, has indicated
that auxin and strigolactone (but not ETH, GA and ABA)
may participate in the growth-promoting effect of the VOCs
emitted by JC03. The quantification of plant endogenous
hormones indicated that the VOCs released from JC03 led
to a significant increase in the endogenous levels of IAA
and a significant decrease in the level of SLs in Arabidopsis
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plants; however, there were no significant differences in the
levels of ABA, GA and ETH (Fig. 2b). Moreover, the fresh
weight of the Arabidopsis seedlings exposed to the VOCs
emitted by JCO3 was significantly increased in etrl, OSTI
and gail mutants, while there were no significant (P <0.05)
differences in ARF'I and CCD7 mutants (Fig. 2b). The above
results indicated that the VOCs emitted by JC03 promoted
plant growth mainly by regulating the levels of auxin and
strigolactone in plants. Our results were not quite the same
as those reported by Zhang et al. (2007, 2008), in which
the VOCs emitted by B. amyloliquefaciens GB0O3 promoted
plant growth in a manner dependent on ABA, auxin and
cytokinin pathways. Our results also demonstrated that these
plant signaling pathways were not the same as those involved
in the regulation of plant growth promoted by the VOCs
released from Bacillus species.

Microbial VOCs are signaling molecules with low molec-
ular weight (<300 g/mol), high vapor pressure (0.01 kPa at
20 °C), and low boiling point, which are ideal characteristics
for traveling through the air, soil, and water and for modu-
lating physiological processes (Kanchiswamy et al. 2015).
Over the past few decades, diverse chemical compounds
emitted by the metabolism of rhizobacteria have been iden-
tified by GC-MS (Korpi et al. 2009). These compounds are
produced during primary and secondary metabolism, includ-
ing mainly the metabolism of ketones, alcohols, furans, sul-
fur compounds and terpenes. The first identified compound,
2, 3-butanediol, was reported by Ryu et al. (2003). Ann et al.
(2013) determined that 3-hydroxy-2-butanone acted as an
elicitor that could increase the fresh weight of tobacco at 1
to 10 ppm. Subsequently, several new compounds that could
act as growth elicitors were identified, such as 2-methyl-n-
1-tridecene, 13-tetradecadien-1-ol and 2-butanone, which
can increase the fresh weight of tobacco (Park et al. 2015).
Additionally, in this study, we demonstrated that tetrahydro-
furan-3-ol, 2-heptanone, and 2-ethyl-1-hexanol were able to
promote plant growth. It was found that the seedlings treated
with tetrahydrofuran-3-ol, 2-heptanone, or 2-ethyl-1-hexanol
grew more robustly (Fig. 4b, c). Furthermore, we noticed
that the concentration that promoted the best plant growth
was different for each of the three compounds. The above
results indicated that the plant growth induced by the VOCs
released by JC03 might not be the result of a single compo-
nent, but a result of the interaction of multiple components,
for instance tetrahydrofuran-3-ol, 2-heptanone, and 2-ethyl-
1-hexanol. In this study, we determined that the VOCs emit-
ted by JCO3 promote plant growth, mainly by regulating the
levels of auxin and strigolactone in plants. Thus, the question
of how the VOC:s activate the auxin and strigolactone signal-
ing pathways is raised. Do the three substances we identified
(tetrahydrofuran-3-ol, 2-heptanone, and 2-ethyl-1-hexanol)
take part in this process, or is there another mechanism? All
these questions need to be discussed in future studies.
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