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Abstract

Background and aims Microbial volatile organic
compounds (mVOCs) play crucial roles in plant
growth regulation and induce systemic resistance.
Rhodopseudomonas palustris strain PS3 exhibits sig-
nificant plant growth-promoting effects on various
plants. This study aimed to elucidate the roles and
mechanisms by which R. palustris mVOCs promote
the growth of Arabidopsis thaliana and Chinese cab-
bage, and to explore their potential for biocontrol in
Chinese cabbage.

Methods Arabidopsis thaliana Col-0 and Chinese
cabbage were cultivated to evaluate the plant growth-
promoting traits and biocontrol activities of R. palus-
tris mVOCs in both sterilized soil and natural soil.
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The compositions of mVOCs from PS3 and YSC3
strains were determined via GC—MS, and the tran-
script levels in the plants and fungus were examined
via RT—qPCR.

Results  PS3 mVOCs remarkably promoted A. thali-
ana growth, increasing fresh weight, root length,
and lateral root numbers, while YSC3 mVOCs only
increased the number of lateral roots. The most effec-
tive PS3 mVOCs were identified as nonadecane, hex-
adecane, and ethyl acetate, and nonadecane showed
superior effects. PS3 mVOCs activated the expres-
sion of auxin-responsive genes (SAUR38 and EXP14)
in A. thaliana. Additionally, treating Chinese cab-
bage with PS3 mVOCs not only promoted its growth
but also helped suppress leaf spot disease caused by
Alternaria alternata.
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Conclusions These findings suggest that PS3
mVOCs promote plant growth by influencing auxin-
responsive genes to stimulate root development. It
also inhibits fungal pathogens by suppressing melanin
synthesis, reducing foliar diseases in leafy vegetables.
These results suggest that PS3 mVOCs could serve
as an effective biostimulant and biocontrol agent for
improving crop health in sustainable agriculture.

Keywords Plant growth-promoting rhizobacteria
(PGPRs) - Volatile organic compounds (VOCs) -
Photosynthetic bacterium - Gas chromatography—
mass spectrometry (GC—MS) - Auxin - Antifungal
activity - Crop protection

Introduction

Microbial volatile organic compounds (mVOCs) are
a specific category of VOCs that are generated as
byproducts of the metabolic processes of microorgan-
isms, particularly bacteria and fungi (Kanchiswamy
et al. 2015; Schalchli et al. 2016). A previous litera-
ture survey reported that the mVOC 3.0 database con-
tained information on 1860 unique mVOCs emitted
from 604 bacterial and 340 fungal species (Lemfack
et al. 2018), and there must now be more compounds
included in the database. These compounds gener-
ally have low molecular masses (with an average of
300 Da) and high vapor pressures (0.01 kPa) and can
readily traverse through pores in soil and rhizosphere
environments, allowing them to effectively interact
with plants (Chandrasekaran et al. 2022).

Several mVOCs can trigger particular plant
growth regulatory reactions (Fincheira & Quiroz
2018; Kanchiswamy et al. 2015; Schalchli et al.
2016; Schenkel et al. 2015; Schulz-Bohm et al.
2017), which is an effective strategy for enhanc-
ing plant growth, yield, defense, and productiv-
ity (Chandrasekaran et al. 2022). Bacillus subti-
lis GBO3 was initially identified as a producer of
mVOCs that promote plant growth and can increase
the total leaf surface area of Arabidopsis thaliana
(Ryu et al. 2003). Among the mVOCs, 2,3-butan-
ediol and acetoin were identified as efficient mol-
ecules for promoting plant growth, particularly
for enhancing shoot biomass (Ryu et al. 2003).
In addition, a Bacillus sp. strain isolated from the
rhizosphere soil of Citrus aurantifolia was shown
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to produce effective mVOCs, such as 6,10,14-tri-
methyl 2-pentadecanone, benzaldehyde, and
9-octadecanone. These compounds were proven
to increase the primary root length (PRL), lateral
root number (LRN), and shoot length of A. thali-
ana (Gutiérrez-Luna et al. 2010). Certain mVOCs
have been demonstrated to regulate plant growth
by modulating plant hormone biosynthesis, percep-
tion, and homeostasis. The mVOCs emitted by B.
subtilis SYST2 could increase the auxin and cyto-
kinin concentrations in Solanum lycopersicum seed-
lings (Tahir et al. 2017a). Trichoderma spp. were
found to release 6-pentyl-2H-pyran-2-one (6-pp), a
compound that plays a role in modulating the root
architecture of A. thaliana (Garnica-Vergara et al.,
2016). This modulation occurs through auxin sign-
aling pathways, specifically by affecting the activ-
ity of PIN-auxin transport proteins in specific root
tissues to influence lateral root (LR) development
(Garnica-Vergara et al., 2016).

In addition to their growth-promoting activities,
mVOCs can also act as biocontrol agents by activat-
ing plant defense mechanisms. Several studies have
suggested that mVOCs can effectively inhibit various
types of phytopathogens (Fernando et al. 2005; Kai
et al. 2007; Mitchell et al. 2009; Raza et al. 2016).
The mycelial growth of the oomycete Phytophthora
capsici was significantly inhibited by specific mVOCs
emitted by Bacillus and Acinetobacter sp. (Syed-Ab-
Rahman et al. 2019). Similarly, B. subtilis was found
to emit mVOCs such as benzaldehyde, nonanal, ben-
zothiazole, and acetophenone, which exhibited activ-
ity against the potato ring rot causal agent Clavibac-
ter michiganensis subsp. sepedonicus (Rajer et al.
2017). These mVOCs reduced the colony sizes of
the pathogens and induced abnormalities in the cells
(Rajer et al. 2017).

Rhodopseudomonas palustris is a phototrophic
purple nonsulfur bacterium (PNSB) (Imhoff 2006)
that is distributed in a variety of natural environments
(Harwood 2022). PNSBs possess versatile metabolic
pathways, and the deduced modes of action for plant
growth promotion are attributed to biofertilization,
biostimulation, and biocontrol (Lee et al. 2022). In a
previous study, we isolated two R. palustris bacterial
strains, PS3 and YSC3, from paddy soils (Wong et al.
2014). PS3 served as an elite plant growth-promot-
ing rhizobacterium (PGPR) inoculant, can colonize
on the surface of roots, and exhibited marked plant
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growth-promoting effects on various plants, such as
cabbage, lettuce, tomato, rice, etc. (Hsu et al. 2015,
2021; Lee et al. 2022; Wong et al. 2014). In contrast,
YSC3 did not exhibit the same level of effectiveness
(Hsu et al. 2021), although it was genetically very
closely related to PS3 (Lo et al. 2020).

To date, reports on the composition and effects of
mVOCs produced by R. palustris are lacking. In this
study, we investigated the plant growth-promoting
effects of the mVOCs emitted by R. palustris PS3
and YSC3 strains on A. thaliana, and identified the
effective compounds and efficient concentrations of
the mVOC:s. In addition to using the model plant, we
would also like to verify the beneficial effects of the
R. palustris mVOCs working on commercial crops
cultivated in natural soil. We treated PS3 mVOCs
on Chinese cabbage (two cultivars used) cultivated
in the non-sterilized soil to examine the effect of the
mVOCs on plant growth in the presence of indig-
enous microbes. Additionally, we showed the biocon-
trol potential of PS3 mVOCs against fungal disease
(Alternaria leaf spot) in Chinese cabbage and pro-
posed its mechanism for repressing the pathogenicity
of the pathogen.

Materials and methods
Preparation of bacterial inoculants

R. palustris strains PS3 and YSC3 were cultivated
in modified van Niel medium supplemented with
CH;COONa (2 g/L) and peptone (5 g/L) (.e.,
NPNSB medium) as described previously (Lo et al.
2020). Then, 3 mL of the above individual precul-
ture inoculum was transferred to fresh modified
van Niel broth (50 mL) in a 250 mL Erlenmeyer
flask and cultured for 22 h. Escherichia coli DH5«
was used as a negative control in this study accord-
ing to the literature (Tahir et al. 2017a, 2017b) and
was cultured in Luria—Bertani (LB) medium at
37 °C for 18 h with shaking (200 rpm). Then, 3 mL
of the preculture inoculum was transferred to fresh
LB broth (50 mL) in a 250 mL Erlenmeyer flask
and cultured for 18 h. All bacterial cultures were
adjusted until the cell density (ODg,,) reached
1.0 (approximately 1x10° colony-forming units
[CFU]/mL) and then spread on culture plates for
further experiments.

Plant materials and growth conditions

The A. thaliana accession Columbia (Col-0) was the
wild-type genotype and was kindly provided by Prof.
Huang-Lung Tsai (Institute of Molecular and Cel-
lular Biology, National Taiwan University). Seeds
of A. thaliana were surface-sterilized by soaking in
70% ethanol for 30 s in a 1.7 mL tube, followed by
soaking in 1% sodium hypochlorite solution for 7 min
and rinsing four to five times in sterile distilled water.
The sterilized seeds of A. thaliana were sown on Petri
plates containing half-strength Murashige and Skoog
salt (1/2 MS) medium as described by (Li et al. 2022)
and incubated at 25 °C for one week under a 16 h
light/8 h dark photoperiod.

Seeds of Chinese cabbage (Brassica rapa L.
ssp. chinensis “Michelle” and “Maruba Santoh”)
were purchased from Known-You Seed Co., Ltd.
(Kaohsiung City, Taiwan) and Fruitful Harvest Agri-
culture Co., Ltd. (Kaohsiung City, Taiwan), respec-
tively. Chinese cabbage seeds were surface-sterilized
by soaking them in 70% ethanol for 1 min, followed
by soaking them in 1% sodium hypochlorite solution
for 7 min, and then rinsed four to five times in ster-
ile distilled water. The surface-sterilized seeds were
sown on 1/2 MS medium and incubated for one week
under the conditions described above.

Evaluation of the plant growth-promoting activity of
mVOCs

1) I-plate assay with A. thaliana seedlings grown in
sterile agar.
To evaluate the beneficial effects of mVOCs
generated by R. palustris on plant growth, we
conducted I-plate assay as described by Park
et al. (2015). Half of the partitioned Petri dish
(also known as the I-plate) contained 1/2 MS
medium for plant growth, and the other half
contained the culture medium corresponding to
the individual bacterial strain (R. palustris PS3
and YSC3, and E. coli DHS5a, respectively).
Five germinated A. thaliana seedlings (one
week old) were placed on a 1/2 MS medium
partition using sterile forceps, and 50 pL of
bacterial suspension (ODg,,= 1.0, equivalent to
1.0x 10° CFU/mL) was spread on the other side
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using a triangular glass coating rod, as illus-
trated in Supplementary Fig. S1(A). The bacte-
ria-free broth was used as the control treatment.
The plates were sealed with micropore surgical
tape (3 M Company, St. Paul, MN 55144, USA)
and incubated for seven days at 25 °C under a
16 h light/8 h dark photoperiod. The experiment
was performed with five replicates and repeated
at least three times. The effects of mVOCs pro-
duced by the respective bacterial strains on
plant growth were determined by assessing the
differences in fresh weight (FW), PRL, and
LRN.

2) Tissue culture jar assay with A. thaliana seed-

lings grown in sterile soil.

To investigate the effects of the mVOCs on
plant growth in soil media, 50 pL of indi-
vidual microbial cultures (PS3, YSC3, and
E. coli DHS5a, respectively) spread on Petri
plates (6 cm @) were cultured for three days
at 37 °C in advance. The plates were taped
upside down to the top lid of a tissue culture
jar (12x10 cm), as shown in Supplemen-
tary Fig. S1(B). Four germinated A. thaliana
seedlings (one week old) of equal size were
transferred to tissue culture jars containing
autoclaving sterile soil (approximately 70 g,
containing appropriate amounts of perlite and
organic matter, 2:1) and sealed with Parafilm
to avoid the escape of the mVOCs produced by
the tested bacterial strains (Tahir et al. 2017a).
The jars were then placed at 25 °C for one
week under a 16 h light/8 h dark photoperiod.
Plant growth parameters were determined by
evaluating the differences in FW between the
controls and the plants exposed to mVOCs.
Each experiment was performed with five rep-
licates and repeated at least three times.

3) Pot experiments with Chinese cabbage grown in

either sterile soil or natural soil.

One-week-old Chinese cabbage plants (Brassica
rapa L. ssp. Chinensis “Michelle” or “Maruba
Santoh”) were transferred to 3-inch pots (Xin-
Rong Horticultural Co., Ltd., Changhua City,
Taiwan) containing 70 g of sterile soil (a mix-
ture of perlite and organic matter at a ratio of
1:2). The Petri plate was placed in the bottom of
the tissue culture jar, and the 3-inch pot with the
transplanted Chinese cabbage was stuck to the
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top of the jar and then sealed with Parafilm, as
illustrated in Supplementary Fig. S2. This setup
allowed only the PS3 mVOCs, not the bacterial
cells, to come in contact with the plant. To eval-
uate the influence of indigenous soil microbes
on the effects of PS3 mVOCs, we used unsteri-
lized soil (i.e., natural soil) and unsterilized
seeds for the experiment described above. In the
control treatment, the PS3 broth was not spread
on the NPNSB medium. The Chinese cabbage
seedlings were subsequently grown at 25 °C for
3 weeks, after which the dry weight (DW) and
leaf area (LA) were recorded.

Identification of the composition of the mVOCs in R.
palustris

R. palustris strains PS3 and YSC3 were preculti-
vated in NPNSB medium at 37 °C as described ear-
lier. These bacterial cultures were adjusted to a cell
density of ODg,,=1.0. These cell suspensions were
spread onto 100 mL of NPNSB agar medium filled
in a 500 mL serum bottle and incubated at room tem-
perature (approximately 25 °C) for 3 days to allow
sufficient bacterial growth for mVOC collection.
For mVOCs extraction, a Universal PCXR8 Sample
Pump (224-PCXRS8) was used with a constant flow
rate of 20+5 mL/min for 3 h. NPNSB agar medium
without bacterial inoculation served as the control
group (Supplementary Fig. S3). Before sampling, the
device was connected to the serum bottles, and fresh
air was circulated overnight using a pump to ensure
that the volatiles collected were exclusively generated
during the 3-h sampling period.

The method for the adsorption and analysis of
mVOCs was performed as described by Chen et al.
(2023) with some modifications. mVOCs were col-
lected in thermal desorption (TD) tubes packed with
200 mg of Tenax TA (60/80 mesh) (Gwaun Elai
Medi Science Campus Llantrisant, UK) at room
temperature. Gas chromatography—mass spectrom-
etry (GC-MS) was performed using an Agilent
gas chromatograph connected to an Agilent 5977B
GC/MSD single quadrupole mass spectrometer.
The equipment was equipped with a split-on col-
umn (30 m in length, with an internal diameter of
0.25 mm and film thickness of 1.0 um). To achieve
rapid heating of the cold trap, the temperature was
raised to 350 °C (Kappers et al. 2011). Prior to
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volatile desorption, the Tenax TA was subjected to
nitrogen flow (30 mL/min) for 30 min to remove
the water. The GC program was configured with an
initial temperature of 40 °C and was maintained for
a period of 3.5 min. Subsequently, a linear thermal
gradient was applied, increasing the temperature at a
rate of 10 °C per minute until reaching 280 °C. The
temperature was then held at 280 °C for 2.5 min.
Throughout the analysis, the column flow rate was
set to 1 mL/min. Electron impact ionization was
utilized at an energy level of 70 electron volts (eV)
for ionization of the column effluent. The ionization
process involved scanning in the m/z range from
45 to 400. The scanning was conducted at a rate of
three scans per second. The retention indices on the
HP5-MS column were calculated using n-alkanes
ranging from C8 to C20. These calculated reten-
tion indices were then compared to the correspond-
ing values reported in the literature (Adams 2017).
MassHunter software was used to screen the NIST

17 database to identify compounds. All the GC—MS
analyses were performed three times.

Verification of the plant growth-promoting effects
of three main organic compounds identified in R.
palustris mVOCs

Three synthetic organic compounds (i.e., nonade-
cane, hexadecane, and ethyl acetate) were selected
from among the candidates identified by GC—MS to
verify their individual effects on plant growth promo-
tion (Table 1). Five germinated A. thaliana seedlings
(one week old) were placed on 1/2 MS medium on
one side of the I-plate. Each chemical compound was
dissolved in dichloromethane (DCM) to final con-
centrations of 5, 50, and 500 ng/25 pL (Park et al.
2015), and 25 pL was applied to a sterile filter paper
disc (8 mm @) on the other side of the I-plate. To
evaluate the synergistic effects of multiple VOCs, two
compounds that exhibited marked growth-promoting

Table 1 Analysis of volatile organic compounds produced by the control, R. palustris PS3 and YSC3 identified by GC—MS analysis

RT Compounds Categories RI  RRI* Identification Control  PS3 YSC3 Activity/References
Peak area Peak area Peak area

5.615 Dimethyl ether  Ethers NA 328 MS 121x10° 1.08x10* 1.51x105

7.129  Ethyl Acetate Esters NA 606 MS,ST - 3.67x10° 4.25x104 Antifungal activity
(Oro et al. 2018;
Terra et al. 2018)

10.004 Toluene Benzene NA NA MS - 1.43%x10° -

15.213 2-Methyl-1-nitro- Nitros, Aliphatic NA NA  MS - 1.87x10° -

propane

23.008 Hexadecane Alkane 1594 1600 MS,RIST - 5.02x10* 2.75%104 Antimicrobial
activity and ISR
(Bee Park et al.
2013; Faridha
Begum et al.
2016)

23.969 2,4,6-Trimethyl-  Alkane 1702 NA MS - 2.87x10° -

octane

25.659 Nonadecane Alkane 1871 1900 MS,RIST - 1.84%x10* 2.68x106 Antimicrobial
activity, Plant
growth promotion
and ISR (Jishma
et al. 2017)

25.902 1,2-Benzenedi- Esters 1892 NA MS - 2.16x103 -

carboxylic acid,
butyl octyl ester

RT retention time, RI retention index in this study, RRI* retention index in references, MS GS-MS, and ST compound standards

“NA” indicates that the RI value for the compound could not be calculated in this study or is not reported in the existing literature.
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indicates that this compound was not present in the VOCs
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effects on A. thaliana were selected. The dosage of
the individual compound used for the combination
was based on its effective concentration in the single-
compound trial. The sealed plates were placed ver-
tically and incubated at 25 °C for one week under a
16 h light/8 h dark photoperiod. The FW, PRL, and
LRN of the plants were measured after incubation.
Each experiment was performed three times, with at
least five replicates for each trial.

Evaluation of the antifungal activity of PS3 mVOCs

In the pot experiments with Chinese cabbage grown
in the natural soil (i.e., nonsterilized soil), we
observed many disease symptoms of fungal infections
appearing on the leaf surface of plants grown from
the unsterilized seeds. The percentage of the fungus-
infected leaves on the test plant was calculated as
described by Kittimorak et al. (2013):

Leaf incidence (% ) = % x 100

where Ni is the number of leaves with Alternaria
black spots (i.e., leaves with small, circular, or dark
spots), and Nt is the total number of leaves. Each
experiment was performed three times with at least
five replicates.

We isolated a putative pathogenic fungal strain
from the unsterilized Chinese cabbage seeds and
performed molecular identification by internal tran-
scribed spacer (ITS) gene sequencing with the prim-
ers ITS5 (5’-GGAAGTAAAAGTCGTAACAAGG-
3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC) as
described previously by Gardes and Bruns (1993).
This strain was identified as Alternaria alternata
strain BR-01. The ITS sequence of strain BR-01 has
been deposited in GenBank under the accession num-
ber PP301345.1. Additionally, a phylogenetic tree
analysis was performed. The morphology of the iso-
late was also confirmed by comparison with known
strains of A. alternata documented in the literature.
BR-01 was cultured in 6 mL of potato dextrose broth
(PDB) at 30 °C for 24 h. Then, the culture broth (100
puL) was spread on 1.5% (w/v) PDA medium and
incubated at 30 °C for 7 days.

The in vitro antifungal activity of PS3 mVOCs was
evaluated by dual plate assay (Giorgio et al. 2015). The
suspension of PS3 was prepared as described above
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and spread onto an NPNSB agar plate. A plug (0.5 cm
@) of the fungal mycelium of A. alternata BR-01 was
placed on the surface of the PDA medium. A Petri dish
containing the fungal mycelial plug was placed upside
down over the PS3 plate, as illustrated in Supplemen-
tary Fig. S4. The upper and lower plates were sealed
together with Parafilm to form a chamber and prevent
the leakage of mVOCs. The plates were incubated at
30 °C. The control groups were prepared in a similar
manner but without the PS3 inoculum. The experi-
ments were performed three times with at least five rep-
licates. After 10 days, the colony diameter of the tested
pathogenic fungus was measured, and the percentage
inhibition was calculated as follows:

c — Dt
c

Percentage inhibition of fungal diameter = (% )D x 100

where Dc is the colony diameter of the pathogenic
fungus cultivated in the untreated control group, and
Dt is the colony diameter of the pathogenic fungus
cultivated in the treatment group (Prapagdee et al.
2008).

Verification of the pathogenicity of PS3
mVOCs-treated A. alternata by detached-leaf assay

To verify whether the pathogenicity of the A. alternata
BR-01 spores treated with PS3 mVOCs was reduced
on the host plant, a detached-leaf assay as described by
(Cortes et al. 2022) was conducted using two-week-old
leaves of Chinese cabbage (Michelle variety). Prior to
being treated with spores, the leaves were sprayed with
sterile distilled water until runoff to maintain leaf wet-
ness (Tymon et al. 2016). A moderate amount of sterile
water was sprayed into the Ziplock bag (28 cm * 20 cm)
to maintain high humidity. We prepared two kinds of
A. alternata BR-01 spore suspensions. One contained
spores collected from intact fungal mycelium culture on
PDA medium for 10 days; the other contained spores
collected from the yellowish-white fungal mycelia that
were exposed to PS3 mVOCs for 10 days in the dual
plate assay. The Chinese cabbage leaves were immersed
in the above two spore suspensions (8 10* spores/mL)
and then incubated in a Ziplock bag at 25 °C for one
week under a 16 h light/8 h dark photoperiod (Cortes
et al. 2022). For comparison, the control group was
treated with sterile distilled water. The experiment had
three replicates.
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Total RNA extraction, cDNA synthesis, and target
gene expression analyses

To investigate the underlying mechanisms of the plant
growth-promoting activity triggered by PS3 mVOCs,
one-week-old A. thaliana Col-0 seedlings were
exposed to the PS3 mVOCs for one week. Leaves and
roots were collected from either PS3 mVOC-treated
or non-PS3 mVOC-treated A. thaliana plants to ana-
lyze the expressions of specific genes. Each had three
biological and technical replicates.

To analyze the transcript of the key melanin syn-
thesis gene Aapks in the fungal pathogen (A. alternata
BR-01), total RNA was extracted from the 10-day-old
PS3 mVOCs-treated or non-mVOCs-treated mycelia.
Each had three biological and technical replicates.

Total RNA from A. thaliana seedlings or myce-
lia of the fungal pathogen was extracted via TRIzol
reagent (Invitrogen, United States) and the Direct-
zol™ RNA MiniPrep Kit (Zymo Research, USA)
following the instructions provided by the manufac-
turer. To perform reverse transcription, 2.2 pg of total
RNA was treated with the TURBO DNA-free™ Kit
(Invitrogen, USA). The first-strand cDNA was sub-
sequently synthesized via SuperScrip™ IV Reverse
Transcriptase (Invitrogen, USA) in the presence of
oligo(dT),, primers. The quantity and quality of the
RNA were measured by an ND-1000 spectrometer
(NanoDrop Technologies, Inc., DE, USA). Quantita-
tive reverse transcription PCR (RT—qPCR) was con-
ducted to measure gene expression using LightCycler
480 SYBR Green I Master Mix (Roche Diagnostics,
Germany). The fluorescence intensity during PCR
amplification was measured using a LightCycler 480
System (Roche, Germany). In a final reaction volume
of 10 pL, the following components were included:
4.5 pL of cDNA template (diluted 50-fold), 5 pL of
SYBR Green I Master Mix, 0.5 pL of each of the
primers (10 mM), and nuclease-free water. The ther-
mocycling conditions were as follows: preincubation
at 95 °C for 10 min, followed by 40 cycles of 95 °C
for 15 s, 60 °C for 30 s, and 72 °C for 1 s. Subse-
quently, 95 °C for 5 s and 60 °C for 1 min were used
to obtain the melting curve. In the plant growth pro-
motion experiment, the housekeeping gene UBQI0
was used as the reference gene for transcript normal-
ization (Lee et al. 2006). For the biocontrol experi-
ment against A. alternata BR-01, the housekeep-
ing gene GAPDH was used as the reference gene

for transcript normalization (Li et al. 2023). Finally,
the log,-fold change in the expression of each gene
was calculated using the -AACT method (Livak &
Schmittgen 2001). The primers used for RT—qPCR
are listed in Supplementary Table 1.

Statistical analysis

All the statistical analyses of variance were per-
formed with SAS version 9.4 (SAS Inc., Cary, NC,
USA). Fisher’s protected least significant difference
(LSD) test, Tukey’s honestly significant difference
test (Tukey HSD test), and Chi-squared test (X2
test) were used for multiple range analyses to deter-
mine the significant differences between the groups
of data. The results were considered statistically
significant at P <0.05.

Results

Effects of the mVOCs emitted by PS3, YSC3, and
E. coli on A. thaliana growth

The effects of the mVOCs emitted by the individual
bacterial strains (PS3, YSC3, and E. coli) on the
growth of A. thaliana were evaluated via the dual
plate assay (i.e., I-plate). According to the results
shown in Fig. 1, the growth-promoting activity of
the PS3 mVOCs was superior to that of the other
treatments. Compared with those of the control, the
FW (Fig. 1E) and LRN (Fig. 1G) of A. thaliana sig-
nificantly increased by 30% and 64%, respectively,
in the presence of R. palustris PS3 (Fig. 1B). On
the other hand, after exposure to YSC3 mVOCs,
A. thaliana exhibited an increase in only the LRN,
while the FW and PRL did not differ from those in
the control group (Figs. 1A, C and G). Conversely,
the growth of A. thaliana was inhibited by exposure
to E. coli mVOCs (Fig. 1A and D).

To evaluate the plant growth-promoting effects
of R. palustris mVOCs in soil, A. thaliana was cul-
tivated in a tissue culture jar, as shown in Supple-
mentary Fig. S1B. The bacterial strains were cul-
tured on agar plates, which were taped upside down
to the inner side of the top lid of the jar (Supple-
mentary Fig. S1). As shown in Fig. 2, the seedlings
of A. thaliana treated with PS3 mVOCs showed a
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Fig. 1 Effects of microbial VOCs on the growth of A. thali-
ana Col-0 seedlings in the I-Plate. Five 1-week-old A. thaliana
Col-0 seedlings were exposed to VOCs derived from bacterial
strains and incubated for one week. A Control (ddH20), (B)
R. palustris PS3, (C) R. palustris YSC3, (D) E. coli, (E) plant

significant increase (19%) in FW (Fig. 2E). In con-
trast, the growth of A. thaliana exposed to YSC3
mVOCs was not much different from that of the
control group (Fig. 2E).

Identification of the composition of R. palustris
mVOCs

We identified the composition of the mVOCs
derived from two R. palustris strains, PS3 and
YSC3, by GC—MS. As shown in Supplemen-
tary Fig. S5, the mVOCs profiles were very simi-
lar between PS3 and YSC3. Seven deduced VOCs
were identified by excluding the peaks shown in the
profile of the control group (Table 1). By further
comparison with the standard compounds (STs), the
following three main volatile compounds were con-
firmed: ethyl acetate, hexadecane, and nonadecane
(Table 1), which were considered the main com-
ponents of PS3 or YSC3 mVOCs. These mVOCs
from strains PS3 and YSC3 were collected under
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YSC3 E.coli Control PS3 YSC3 E.coli

fresh weight, (F) primary root length and (G) lateral root num-
ber. The error bars indicate the standard deviation of the mean
(n=15). Different letters indicate significant differences in the
mean values at p <0.05 (Fisher’s protected least significant dif-
ference test, LSD test)

identical conditions. Based on the peak area in the
GC—MS spectra, the relative contents of nonade-
cane (RT 25.660) and ethyl acetate (RT 7.101) were
greater in the YSC3 strain than in the PS3 strain
(Supplementary Fig. S5).

Effects of synthetic VOCs on A. thaliana growth

The effects of the three main VOCs (i.e., ethyl ace-
tate, hexadecane, and nonadecane) on plant growth
promotion were evaluated individually (Fig. 3).
Treating A. thaliana with 5 and 50 ng of nonade-
cane dissolved in 25uL DCM could increase the FW
by 70% and 82%, respectively, compared with that
in the control group (Fig. 3B). However, neither
ethyl acetate nor hexadecane had a significant effect
on plant growth (Fig. 3B). Treatment with 5 and
50 ng of nonadecane increased the PRL by 25% and
17%, respectively (Fig. 3C). Treatment with 50 ng
of hexadecane tended to promote growth in terms
of the PRL, although this effect was not statistically
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YSC3 E.coli

Fig. 2 Effects of microbial VOCs on the growth of A. thaliana
Col-0 seedlings in plant tissue culture jars. Four 1-week-old A.
thaliana seedlings were grown in soil at the bottom of a jar.
The agar plates (6 cm @) for bacterial growth (R. palustris PS3,
R. palustris YSC3, and E. coli, equivalent to 5%107 CFU)
were placed on the top lid of the jar and coincubated with the

significant (Fig. 3C). In contrast, 50 ng of ethyl
acetate inhibited PR growth to a certain extent
(Fig. 3C). Compared with the control group, the
group treated with 50 ng of nonadecane exhibited
a significant increase of 46% in the LRN (Fig. 3D).
On the other hand, hexadecane and ethyl acetate did
not significantly increase the LRN (Fig. 3D).

Since hexadecane or nonadecane individually pro-
moted plant growth to a certain extent in A. thaliana,
we also evaluated the synergistic effects of these
compounds. The criterion for selecting the candi-
date compound and the effective dose for preparing
the combination was based on the effectiveness of the
individual compounds, as shown in Fig. 3. For exam-
ple, we selected nonadecane at a dose of 50 ng/25uL.
DCM, which showed a significant growth-promoting
effect on A. thaliana (Fig. 3B), and hexadecane at a
dose of 50 ng/25uL DCM, which tended to promote
the growth of A. thaliana (Figs. 3C and 3D). We
mixed these two compounds to evaluate their syner-
gistic effects.

However, we did not apply ethyl acetate in a com-
bination because this compound did not show a more
promising effect than the control for each parameter.
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plants for one week. A Control, (B) R. palustris PS3, (C) R.
palustris YSC3, (D) E. coli and (E) plant fresh weight. The
error bars indicate the standard deviation of the mean (n=12).
Different letters indicate significant differences in the mean
values at p <0.05 (LSD test)

As shown in Fig. 3, the combination of hexadecane
(50 ng) and nonadecane (50 ng) resulted in a 62%
increase in FW (Fig. 3B), a 35% increase in PRL
(Fig. 3C), and a 98% increase in LRN (Fig. 3D) com-
pared to those in the control group. Consequently, the
beneficial effects of the combination of hexadecane
(50 ng) and nonadecane (50 ng) were greater than the
individual effects of nonadecane alone, resulting in a
13.5% increase in PRL and a 32% increase in LRN
(Fig. 3).

PS3 mVOC:s influenced the expression of
auxin-related genes in A. thaliana

Auxin is a key regulator of plant growth and devel-
opment. To investigate the relationship between the
growth-promoting activity triggered by mVOCs and
auxin, we conducted RT—qPCR analysis to examine
the expressions of several key auxin-related genes,
such as AEC (Auxin Efflux Carrier), SAUR38 (Small
Auxin-Up RNA 38), and EXPI4 (Expansin 14) in A.
thaliana plants. As shown in Fig. 4, the expression
of the auxin transport gene AEC was downregulated
in both leaves and roots following treatment with
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Fig. 3 Assessment of the effects of single VOCs and two
mixtures of VOCs on the growth of A. thaliana. A Seedlings
(1 week old) treated with the respective pure VOCs at the indi-
cated effective concentrations. B Fresh weight, (C) primary
root length and (D) number of lateral roots of A. thaliana after
one week of treatment with the compounds. The control repre-
sents treatment with distilled water (ddH20), CH2CI2 repre-
sents treatment with dichloromethane as the solvent, N refers

either PS3 mVOCs or pure nonadecane. In the plants
treated with PS3 mVOCs or nonadecane, the expres-
sion of the auxin-responsive gene SAUR38 was down-
regulated in the leaves but upregulated in the roots
(Fig. 4). Similarly, the auxin-responsive gene EXPI4
was upregulated in the roots of plants treated with
PS3 mVOCs or nonadecane (Fig. 4).
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to treatment with nonadecane at a concentration of 50 ng,
and N+HD represents the treatment combination consisting
of 50 ng of nonadecane and 50 ng of hexadecane. The error
bars indicate the standard deviation of the mean (n=15). Dif-
ferent letters indicate significant differences in the mean values
at p<0.05 (Tukey’s honestly significant difference test, Tukey
HSD test)

PS3 mVOCs enhanced the growth of Chinese
cabbage plants

In addition to using a model plant as the experimen-
tal material, we evaluated the plant growth-promot-
ing effects of PS3 mVOCs on widely grown leafy
vegetables. As shown in Fig. 5A, both varieties of
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Fig. 4 Transcriptional expression of genes involved in growth
regulation after exposure to PS3 mVOCs. The log2-fold
change values of AEC, SAUR38, and EXP14 after exposure to
PS3 mVOCs and pure nonadecane (50 ng) for one week. PS3/
leaf represents the mRNA sample isolated from the leaves of
the PS3 mVOC-treated plants; PS3/root represents the mRNA

Chinese cabbage (i.e., “Michelle” and ‘“Maruba
Santoh”) exhibited faster growth and greater leaf
numbers than the control group (i.e., without PS3
mVOC treatment). Compared with that in the con-
trol, the DW of the “Michelle” variety increased
by 37.5%, while that of the “Maruba Santoh” vari-
ety increased by 14% (Fig. 5B). LA measurements
were performed on fully expanded Chinese cabbage
leaves. Compared to the control, the “Michelle”
variety showed a 14.8% increase in LA, while
the “Maruba Santoh” variety exhibited an 8.9%
increase (Fig. 5C); however, there was no statisti-
cally significant difference.

We further assessed the effect of PS3 mVOCs on
the growth of Chinese cabbage cultivated in unsteri-
lized soil (i.e., natural soil). As shown in Fig. 5A
(panels e and f), the PS3 mVOC-treated “Michelle”
Chinese cabbage plants exhibited faster growth
and more leaves than the control group. The DW
and LA increased by 35.6% and 20%, respectively
(Figs. 5B and C). In addition, more vigorous root
growth was observed in the treatment group than

I
EXP14

sample isolated from the roots of the PS3 mVOC-treated
plants; nonadecane/leaf represents the mRNA sample isolated
from the leaves of the nonadecane-treated plants; and nonade-
cane/root represents the mRNA sample isolated from the roots
of the nonadecane-treated plants. The bars and error bars rep-
resent the means + SDs

in the control group, as the roots extended beyond
the bottom of the pot (Supplementary Fig. S6).
When the root system of the Chinese cabbage plants
was removed intact, the PS3 mVOC-treated plants
exhibited better root growth and greater root density
than the control group (Supplementary Fig. S6).

PS3 mVOCs showed biocontrol potential against leaf
spot disease in Chinese cabbage

We observed many spots appeared on the leaf surface
of plants grown from unsterilized seeds of Chinese
cabbage “Michelle” (Fig. 6A and B), particularly in
the control (Fig. 6A). On the other hand, in the group
treated with PS3 mVOCs, this symptom was rela-
tively mild, and the number of infected leaves was
less than that in the control group (Fig. 6B). The dis-
ease incidence in the control was 32.4%; in contrast,
the PS3 mVOC-treated group exhibited a significant
reduction in disease incidence, with a rate of 8.1%
(Fig. 6C).
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Fig. 5 Effect of PS3 mVOCs on the growth of “Michelle” and
“Maruba Santoh” Chinese cabbage cultivated in sterilized and
unsterilized soil. A Morphologies of cultivated plants. One-
week-old Chinese cabbage seedlings (of the Michelle and
Maruba Santoh varieties) were grown in sterilized soil at 25 °C
for 3 weeks (panels a, b, ¢ and b). The results of a trial involv-
ing one-week-old “Michelle” seedlings grown in unsterilized
soil are shown in panels e and f. These plants were treated
with/without PS3 VOCs. This figure displays the mature
leaves, fully expanded leaves, and immature leaves of Chinese
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cabbage. The fully expanded leaves in the control group were
labeled #3 and #4, and those in the PS3 VOCs-treated group
were labeled #5 and #6 for the “Michelle” variety and #4 and
#5 for the “Maruba Santoh” variety. B Dry weights of the har-
vested Chinese cabbage after 21 days of treatment. C Leaf area
of the fully expanded leaves of Chinese cabbage after 21 days
of treatment. Scale bar=5 cm. The error bars represent the
standard deviation of the mean (n=6). Different letters indi-
cate significant differences in the mean values at p <0.05 (LSD
test)
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A putative pathogenic fungal strain was isolated
from the unsterilized seeds of Chinese cabbage
“Michelle” and identified as A. alternata strain BR-01
by phylogenetic analysis based on the ITS DNA bar-
code gene (Supplementary Fig. S7). We conducted
an antagonistic analysis via an agar plate assay (Sup-
plementary Fig. S4) and found that the diameters of
the fungal colonies treated with PS3 mVOCs were
smaller than those of the colonies in the control group
(Fig. 6D). The inhibition rates were 8.6%, 14.3%,
16.5%, and 20.8% on the 3rd, 5th, 7th, and 10th
days, respectively, after treatment with PS3 mVOCs
(Fig. 6E). Moreover, morphological changes appeared
in the fungal strains treated with PS3 mVOCs, with
the mycelia becoming lighter or turning white (i.e.,
yellowish-white) (Fig. 6D). We further verified the
pathogenicity of the PS3 mVOC-treated A. alternata
BR-01 spores. As shown in Fig. 6F, we found that the
most severe symptoms of infection were observed
in leaves treated with intact BR-O1 spores, whereas
those in leaves immersed in the PS3 mVOC-treated
A. alternata spores were less severe (Fig. 6F). These
spores were derived A. alternata BR-01 mycelia that
had turned white, and previous reports have indi-
cated that the fungal pathogenicity was related to the
melanin content (Cao et al. 1992; Dhingra & Sinclair
1978; Ye et al. 2020). Accordingly, we conducted
RT—qPCR to determine the transcriptional activi-
ties of a key melanogenic synthesis gene (Aapks),
which contributes to appressorium formation, stress
response, cell integrity, and virulence in A. alternata
(Li et al. 2023). As shown in Fig. 6G, the expression
of the Aapks gene in the PS3 mVOC-treated BR-01
mycelia was significantly lower than that in the intact
BR-01 mycelia.

Discussion
PS3 mVOCs can promote plant growth

This study offers the first comprehensive evaluation
of the mVOCs produced by R. palustris. Our find-
ings demonstrate that mVOCs from strain PS3 sig-
nificantly enhance plant growth by affecting crucial
developmental processes. As a result, we observed
increased fresh weight (FW), primary root length
(PRL), and lateral root number (LRN) in A. thali-
ana Col-0 seedlings (Figs. 1 and 2). In contrast, the

mVOCs produced by R. palustris YSC3, a geneti-
cally similar strain to PS3, did not promote the
growth of A. thaliana. This finding aligns with our
previous studies using bacterial broth as an inocu-
lant, which demonstrated that PS3 acts as a PGPR,
whereas YSC3 does not (Hsu et al. 2021; Wong
et al. 2014). These results highlight the potential
of PS3 mVOCs as a novel plant growth-promoting
agent.

Nonadecane is a key compound that promotes plant
growth and functions at low concentrations

The mVOCs of the two R. palustris strains showed
similar major components (Supplementary Fig. S5),
but their relative contents differed based on peak area
analysis. Nonadecane significantly promoted A. thali-
ana growth at 5 and 50 ng, while hexadecane was
effective only at 50 ng (Fig. 3). The combination of
these compounds at the optimal amount (50 ng) was
more effective than either compound alone, espe-
cially in promoting A. thaliana root growth (Fig. 3).
Although these two compounds (i.e., nonadecane and
hexadecane) have been identified previously among
VOCs with plant growth promotion effects (Jishma
et al. 2017; Pahlavan Yali & Hajmalek 2021), this
is the first report demonstrating their individual and
combined effects.

We observed that higher doses of mVOC:s, such as
nonadecane, do not necessarily yield greater growth-
promoting effects (Fig. 3). Some compounds exhibit
optimal growth-promotion at relatively low concen-
trations, consistent with previous findings (Park et al.
2015). High concentrations of individual or mixed
volatile compounds with plant growth-promoting
properties have been reported to inhibit plant growth
(Blom et al. 2011; Somova et al. 2001; Spaepen et al.
2009; Weller et al. 2006). Similarly, Gamboa-Becerra
et al. (2022) reported that certain bacteria, such as
Pseudomonas palleroniana strain MAB3, Serratia
liquefaciens strain ATCC 27592, and Erwinia per-
sicina strain h-5, significantly increased the fresh
weight (FW), primary root length (PRL), and lat-
eral root number (LRN) of A. thaliana at a dose of
1.0x10* CFU, but inhibited growth at a relatively
high dose (1.0x 10® CFU). Given the similar mVOC
compositions of PS3 and YSC3, we deduced that the
initial concentration of YSC3 mVOCs was likely too
high to effectively promote plant growth.
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«Fig. 6 Biocontrol potential of PS3 mVOCs against leaf spot
disease in Chinese cabbage. A Leaf morphology of “Michelle”
Chinese cabbage in the control group. B Leaf morphology
of “Michelle” Chinese cabbage in the PS3 mVOC-treated
group. C Incidence of leaf spot disease on Chinese cabbage.
The volume of the PS3 bacterial suspension used to produce
the mVOCs was 300 pL, and the suspension was treated with
A. alternata BR-01. D Morphological differences in the colo-
nies of A. alternata cultured on PDA for 10 days after treat-
ment with PS3 mVOCs. E The inhibition rate of A. alternata
was calculated at 3, 5, 7 and 10 days after treatment with PS3
mVOCs. F Evaluation of the effect of PS3 mVOCs on the
pathogenicity of A. alternata BR-O1. The Chinese cabbage
leaves were immersed in spore suspensions (8x 10* spores/
mL) derived from the intact mycelia of A. alternata BR-01
or from the yellowish-white BRO1 mycelia exposed to PS3
mVOCs for two weeks. The control group was treated with
sterile distilled water. The detached leaves for the respec-
tive treatments were incubated in a Ziplock bag at 25 °C for
one week under a 16 h light/8 h dark photoperiod. G Log2-
fold change in Aapk gene expression. RNA was isolated from
the above two kinds of spores, and the transcription of the
key melanin synthesis gene Aapks in A. alternata BR-01 was
measured by RT—qPCR. Scale bars in (A) and (B)=5 cm. (C)
“*” indicates a significant difference between the two groups,
p<0.05 (Chi-squared test, X2 test). The error bars in (E) and
(G) represent the standard deviation of the mean (n=06)

PS3 mVOCs stimulate auxin-responsive genes and
promote lateral root development in A. thaliana

Treatment with PS3 mVOCs or the effective indi-
vidual pure compounds promoted the root develop-
ment of A. thaliana, particularly in terms of the LRN
(Fig. 1G, Fig. 3D, and G). Auxin is a critical hormone
for lateral root formation, influencing various devel-
opmental stages. Zhang et al. (2007) demonstrated
that plant growth promotion by the mVOCs of B.
subtilis GBO3 was linked to activated basipetal auxin
transport and increased auxin accumulation in the
roots of A. thaliana.

As shown in Fig. 4, the expressions of the auxin-
responsive genes SAUR38 and EXP14 were upregu-
lated in the roots of A. thaliana treated with PS3
mVOCs or nonadecane, while the expression of
the auxin transport gene AEC was downregulated.
SAUR3S8 (small auxin UP RNA38) genes are pri-
mary auxin-responsive genes that regulate auxin
synthesis and transport and are rapidly induced
upon auxin exposure (Franco et al. 1990; Kong et al.
2013). EXP14 (EXPANSINI4), which encodes a cell
wall-loosening factor, is essential for lateral root

emergence (Lee et al. 2013). Conversely, AEC (auxin
efflux carriers) are involved in polar auxin transport
(PAT), ensuring precise auxin distribution critical for
forming local auxin maxima in developing tissues
(Mohanta & Mohanta 2014).

The amplified AEC sequence in this study corre-
sponds to At2g17500 (i.e., PILSS, data not shown),
an intracellular auxin transport facilitator localized
to the endoplasmic reticulum (Barbez et al. 2012;
Zhang et al. 2007). PILSS is known to control cellu-
lar auxin accumulation and influence free IAA levels
(Barbez et al. 2012). The observed downregulation of
AEC suggests a reduction in auxin efflux, potentially
limiting auxin transport and altering its distribution.
These findings indicate that, in addition to promot-
ing plant growth through root colonization (Lee et al.,
2021), PS3 promotes plant growth through the emis-
sion of mVOCs that modulate auxin homeostasis and
cell expansion, facilitating lateral root development.
However, further evidence from plant physiological
and molecular studies is required to confirm these
mechanisms.

Synergistic effects of PS3 mVOCs and indigenous
soil microbes on the growth of Chinese cabbage

As shown in Fig. 5, the application of PS3 mVOCs
enhanced the growth of both varieties of Chinese
cabbage (Brassica rapa L. ssp. chinensis “Michelle”
and “Maruba Santoh”). Notably, in experiments
with unsterilized (natural) soil, the Michelle vari-
ety exhibited greater dry weight (DW) and leaf area
(LA) compared to experiments with sterilized soil.
This stronger growth promotion in natural soil may
be attributed to the contribution of indigenous soil
microbes, as the production of mVOCs by soil micro-
organisms is well-documented (Raza et al. 2016). A
comparison of the control treatments between steri-
lized and natural soils (Fig. 5B) revealed that while
indigenous microbes alone promoted plant growth
(Michelle variety), additional DW was observed
with the application of PS3 mVOCs. These findings
indicate that PS3 mVOCs can effectively promote
plant growth even in the presence of indigenous
soil microbes. Furthermore, they suggest that PS3
mVOCs may act synergistically with other indigenous
PGPRs in the soil to enhance plant growth.
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Fig. 7 Proposed mechanisms by which PS3 mVOCs promote
plant growth and biocontrol. The numbered labels in the illus-
tration correspond to the beneficial effects of PS3 mVOCs,
detailed as follows: (1) PS3 mVOCs modulate auxin homeo-
stasis by regulating auxin-related genes such as SAUR38 and
EXP14, which promotes lateral root initiation and subse-

PS3 mVOCs suppress A. alternata pathogenicity by
inhibiting melanin biosynthesis and fungal growth

As shown in Fig. 6, leaf spot symptoms were
observed on Chinese cabbage leaves, and the fungal
strain A. alternata BR-01 was isolated from unsteri-
lized seeds. A. alternata is a known pathogen respon-
sible for various plant diseases, including leaf spot,
rot, and blight. It can persist in seeds and seedlings
and is commonly spread through airborne spores
(Akhtar et al. 2004).

PS3 mVOC:s effectively inhibited the growth of A.
alternata BR-01 and altered its morphology, result-
ing in a yellowish-white fungal colony (Figs. 6D
and 6E). This whitening indicates a loss of melanin,
which is critical for fungal survival, pathogenicity,
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quently enhances above-ground plant growth. (2) PS3 mVOCs
suppress the growth, pathogenicity, and virulence of pathogens
such as A. alternata, thereby mitigating the incidence of leaf
spot disease in plants. This illustration was created at BioRen-
der.com (accessed on 27 November 2024)

and resistance to radiation and oxidative stress (Cao
et al. 1992; Dhingra & Sinclair 1978; Ye et al. 2020).
Consequently, PS3 mVOCs reduced the pathogenicity
of A. alternata BR-01 on Chinese cabbage (Fig. 6F).

Melanin biosynthesis in A. alternata is regulated
by the key gene Aapks, which influences infection
structure differentiation, cell wall composition, and
stress responses, all of which are essential for fungal
growth and virulence (Li et al. 2023). When treated
with PS3 mVOC:s, the expression of Aapks was sig-
nificantly suppressed (Fig. 6G), suggesting that PS3
mVOCs inhibit the pathogenicity and virulence of A.
alternata BR-01 by disrupting melanin biosynthesis.
However, further studies are needed to elucidate the
precise molecular mechanisms underlying this inhibi-
tory effect.
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Conclusions and perspective

This study revealed that the mVOCs produced by PS3
promote plant growth by influencing auxin-respon-
sive genes to stimulate root development. Addition-
ally, they help control fungal pathogens by suppress-
ing melanin synthesis. The deduced mechanisms of
PS3 mVOC:s are illustrated in Fig. 7.

These findings highlight the potential of PS3
mVOCs as a biostimulant or biocontrol agent for
sustainable agriculture. The effectiveness of PS3
mVOCs in natural soil conditions suggests compat-
ibility with indigenous microbial communities, which
may lead to synergistic interactions with other PGPR.
These findings underscore the potential for the use
of PS3 mVOCs in various crop systems beyond con-
trolled environments.
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