Volatile compounds from beneficial rhizobacteria Bacillus spp.
promote periodic lateral root development in Arabidopsis
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Abstract

Lateral root (LR) formation is coordinated by both endogenous and external factors. As biotic factors, Plant growth-promoting
rhizobacteria (PGPRs) can affect LR formation, while the regulation mechanism is unclear. In this study, by applying various
marker lines, we found that volatile compounds (VCs) from PGPR strain Bacillus amyloliquefaciens SQR9 induced a high
frequency of oscillation and prebranch site formation, and further accelerated the development and emergence of the lateral
root primordia (LRP), thus promoting LR development in model plant Arabidopsis. We demonstrated a critical role of auxin
on SQRY9 VCs-induced lateral root formation via respective mutants and pharmacological experiments. Our results showed
that the YUC9 (YUCs)-mediated auxin biosynthesis, polar auxin transport, and auxin signaling pathway are involved in SQR9
VCs-induced LRs formation. We further showed that acetoin, a major component of SQR9 VCs, is less active in promoting
root development compared to SQR9 cells, suggesting uncharacterized VCs might contribute to SQR9 effect in mediating
LR formation. In summary, our study revealed a novel mechanism of PGPR-produced VCs in regulating LR branching in a

non-contact manner, and further efforts will explore useful VCs to promote plant root development.

INTRODUCTION

Plant lateral root (LR) development is regulated by both intrinsic and environmental factors. In model plant
Arabidopsis , the LR develops along the primary root axis, this process begins when a patch of xylem pole-
pericycle (XPP) cells are specified as LR founder cells (LRFCs), and activated to undergo several anticlinal
and periclinal divisions to form a dome-shaped LRP, which finally grows outward and emerges from the
primary root (De Rybel et al., 2010; Ive De Smet et al., 2008; Dubrovsky et al., 2008; Fernandez et al.,
2015; Malamy & Benfey, 1997; J. E. Vermeer et al., 2014). Phytohormone auxin plays a critical role in
regulating the whole LR development stages (De Rybel et al., 2010; I. De Smet et al., 2007; Du & Scheres,
2018; Dubrovsky et al., 2008; Lee, Cho, & Kim, 2015). Recent studies usingpDR5:Luciferase reporter line
proved that a periodic gene oscillation triggers the repetitive prebranch site formation, and the whole region
of rhythmically pulsed expression of DR5:Luciferase is designated as oscillation zone (OZ) (Moreno-Risueno
et al., 2010; Van Norman, Xuan, Beeckman, & Benfey, 2013). The oscillatory gene expression process is
also described as the root clock (W. Xuan, De Gernier, & Beeckman, 2020), which can be characterized
by amplitude and frequency of DRS5:Luciferase expression in OZ. Researches further indicated that lateral
root cap (LRC)-derived auxin is critical in the output of the root clock through modulating the oscillation
amplitude to determine whether a prebranch site is created or not (Moller, Xuan, & Beeckman, 2017; W.
Xuan et al., 2015; W. Xuan et al., 2016).

Environmental factors can affect different LR development stages (Motte, Vanneste, & Beeckman, 2019).



Light, heavy metal cadmium, and water deficit has been recently reported to affect LR formation through
modulating DR5: Luciferase expression in OZ and subsequent prebranch site formation (Kircher & Schopfer,
2018; Orman-Ligeza et al., 2018; Xie et al., 2019). Beneficial rhizosphere microorganisms can dramati-
cally affect root development by facilitating root cell division and differentiation (Lopez-Bucio et al., 2007;
Ortiz-Castro, Martinez-Trujillo, & Lopez-Bucio, 2008; Ortiz-Castro, Valencia-Cantero, & Lopez-Bucio, 2008;
Patten & Glick, 2002; Zamioudis, Mastranesti, Dhonukshe, Blilou, & Pieterse, 2013; Zou, Li, & Yu, 2010;
Zuniga et al., 2013). Pathogenic bacterium can also strongly induces LR formation (Kong et al., 2020).
Moreover, a single bacterial genus (Variovorax ) can manipulate plant hormone levels via metabolic signal
interference to maintain root growth in a complex microbiome (Finkel et al., 2020). Nonetheless, how those
biotic factors regulate LR formation in spatiotemporal-molding machinery and how they interacted with the
intrinsic mechanisms are still not clear.

Bacillus spp., an extracellular plant growth-promoting rhizobacteria (ePGPRs) species, could promote
growth of several plant species (Gray & Smith, 2005; Martinez-Viveros, Jorquera, Crowley, Gajardo, &
Mora, 2010). VCs produced by some Bacillus spp. affect plant growth and development (Meldau et al.,
2013; Perez-Flores et al., 2017; Ryu et al., 2003). In this study, we explored the effects of VCs produced
by seven different Bacillus spp. strains on plant root development and chose B. amyloliquefaciens SQR9
as the representative to investigate further the role of its VCs in regulating LR development by employing
molecular genetics and pharmacological approaches. Our study provides a tentative model for understanding
the PGPR manipulating mechanisms on LR formation regulation.

MATERIALS AND METHODS
Plant material and growth conditions

Arabidopsis thalianaaccessions Col-0 was as wild-type plant genotypes. The marker linespDR5:GUS (Ul-
masov, Murfett, Hagen, & Guilfoyle, 1997),pDR5:Lucifease(Moreno-Risueno et al., 2010), pCYCB1:GUS
(Himanen et al., 2002),PIN1:PIN1:GFP (Benkova et al., 2003), PIN2:PIN2:GFP(Blilou et al., 2005),
PIN3:PIN3:GFP (Zadnikova et al., 2010),PIN7:PIN7:GFP (Blilou et al., 2005) and the mutant linestiriafb2
(Dharmasiri, Dharmasiri, & Estelle, 2005),CASPI1,,,:shy2-2 (J. E. M. Vermeer et al., 2014),slr-1/iaal/
(Fukaki, Tameda, Masuda, & Tasaka, 2002),arf7arf19 (Yoko Okushima, Fukaki, Onoda, Theologis, & Tasaka,
2007), auzi-7 (Pickett, Wilson, & Estelle, 1990), pin2(Roman, Lubarsky, Kieber, Rothenberg, & Ecker,
1995), pin3(salk_005544 ), ech2ibr1ibr3ibr10 (Strader et al., 2011), and gh3.3-1gh3.5-2gh3.6-1 (Gutierrez et
al., 2012) were used in this study. After 2-3 d of stratification at 4°C in the dark,Arabidopsis seeds were
surface-sterilized with 30% (v/v) NaClO solution for 10 min. The seeds were germinated and grown on agar
plates containing Murashige and Skoog Basal Salts Mixture (MS salts, PhytoTech LABS) in square Petri
plates (10 x10 cm). Standard growth medium consisted of 0.5 x MS salts (2.15 g I'!), 0.1g I'* Myo-inositol,
0.5g 1"12-(N-morpholino) ethanesulfonic acid (MES), 1% sucrose (pH 5.7), and 1% Agar (Solarbio). Plants
were vertically placed in a plant growth chamber, under a long-day photoperiod (16 h: 8 h, light: dark),
with a light intensity of 100 umol m™ s71, at 22 °C. After 3 d of growth, the seedlings were applied for further
experiments.

Growth of rhizobacteria and co-cultivation with plants

For experiments involving bacterial VCs, bi-compartmented Petri dishes (9 ¢cm diameter) were used. One
of the compartments was filled with MSgg (Branda, Gonzalez-Pastor, Ben-Yehuda, Losick, & Kolter, 2001)
agar medium, and the other was filled with MS salts agar medium. Four days before plant experiments,
all of the Bacillus spp. strains (obtained from China General Microbiology Culture Collection Center:B.
amyloliquefaciens SQR9, B. amyloliquefaciens FZB42 B. amyloliquefaciens SCmB, B. megaterium SXwC,
B. megaterium D4, B. subtilis GZtD, B. subilis 168) and SQR9 mutants AysnE (Shao, Xu, Zhang, Shen, &
Zhang, 2014) and AalsD (Wu et al., 2018) were grown in Luria-Bertani (LB) liquid medium at 37°C with
170 rpm overnight. The bacterial cells were washed twice by centrifugation for 3 min at 5,000g, and finally
resuspended in double-distilled water (DDW). Three drops of 3 pl bacterial suspension (or DDW as a control)
was spotted at one side of the bi-compartmented Petri dishes filled with MSgg agar. After 3 d of growth of



bacterial strains at 28°C, 3-day-old seedlings (4 plants) were transferred to the adjacent compartment filled
with MS salts agar. The plates were sealed with Parafilm and incubated for 6-8 d in a growth chamber at
22°C. At the end of this period, primary root length, lateral root number, and total biomass were recorded.

To evaluate the effect of COs level on the LR formation induced by SQR9 VCs, the uncovered bi-
compartmented plate containing SQR9 and Arabidopsis was put in a square Petri dish (12 x 12 cm) and
two flasks with 4 ml 0.1M Ba(OH)s solution were placed in both sides of square Petri dish. A filter paper
was inserted into each flask to increase the surface for trapping COz(Ditengou et al., 2015) and the square
Petri dish was sealed with Parafilm.

Chemical preparation and treatments

1-N-naphthylphthalamic acid (NPA) and yucasin were dissolved in DMSO to make a 50 mM stock solution.
For treatment, the required amount of the stock solutions was added into MS salts agar and mixed in uniform
before being poured into Petri dishes. Acetoin ([?] 98%, Sigma-Aldrich) was dissolved in DDW to make a
250 mM stock solution and was supplied at different doses (0, 10, 30, 100, 300 and 1000 puM) to the plant
growth medium. Petri dishes containing 5 plants under different treatments were placed in growth chamber
for 8 d to estimate root development. For investigating the effects of acetoin on CYCBI expression pattern,
prebranch sites formation and LRPs development stage, 3-day-old seedlings were grown with 30 uM acetoin
for 6 d.

To test the effects of other VCs from SQR9 on root development, the pure compounds (dodecane, tetrade-
cane, 2-dodecanone, 2-nonanone, pentadecane, 2-undecanone, 2-heptanone) were purchased from Sigma.
Arabidopsisseedlings were exposed to a filter paper added with 0, 1, 10 and 100 pl pure compound in a
bi-compartmented Petri dish for 8 d to estimate root development.

Phenotypic and data analysis

After co-cultivation with bacteria for an indicated time period, the length of the newly elongated PR grown
during the treatment was quantified and emerged LRs in the whole PR were counted. The plates with
seedlings were scanned with EPSON XL11000 for the measurement of PR elongation with Fiji software
(http://fiji.sc/) and emerged LRs were recorded under a microscope. The LR density was determined by
dividing the LR number by the whole PR length for each seedling analyzed. The total biomass production
of each seedling was measured on an analytical balance. LRPs were quantified 6 d after co-cultivation. The
pCYCB1:GUS seedlings were stained and cleared to visualize the LRPs at early stages of development and
each LRP developmental stages were classified according to Malamy and Benfey (1997) as follows. Stage I,
LRP initiation, in the longitudinal plane, approximately 8 to 10 “short” pericycle cells are formed. Stage
II, the formed LRP is divided into two layers by a periclinal division. Stage III, the outer layer of the
primordium divides periclinally, generating a three-layer primordium. Stage IV, LRP with four cell layers.
Stage V-VII, from the LRP is midway through the parent cortex to the LRP appears to be just about to
emerge from the parent root.

GUS histochemical staining

For histochemical analysis of GUS activity, the roots of 3-day-oldpDR5:GUS and pCYCB1:GUS marker
lines were incubated overnight at 37 in a GUS reaction buffer after 6 d of co-cultivation with SQR9. The
stained roots were cleared using the method of Malamy and Benfey (1997). For each marker line and
for each treatment, at least 12 transgenic plants were analyzed. A representative sample was chosen and
photographed using Leica DM2500 microscope.

Luciferase assay

pDR5:Lucifease expression along the primary root was analyzed by using Lumazon (Wei Xuan, Opdenacker,
Vanneste, & Beeckman, 2018). After 6-8 d of co-cultivation, pDR5:Lucifease plants were sprayed with a
1mM potassium luciferin (Gold Biotechnology) and reacted for 15 min in darkness, then imaged immediately
with a 15 min exposure time. For investigating the effects of SQR9 VCs on the periodicity of DR5oscillation,



the position of root tip was marked after 4 d of co-cultivation and the prebranch sites formed in the following
2 d (48h) was counted. The picture series were saved as TIFF format by IVScopeEQ software for further
analysis in Fiji (http://fiji.sc/). The Fiji lookup tables "Fire” was used to convert black and white images
into color scales based on pixel intensity.

Fluorescence microscopy

For confocal microscopy, control or SQR9 VCs-treated transgenicArabidopsis seedlings (pPIN1:PIN1:GFP
,DPIN2:PIN2:GFP , pPIN3:PIN3:GFP and pPIN7:PIN7:GFP ) were mounted in DDW on microscope
slides. A Leica SP8 laser-scanning microscope was used for fluorescence imaging of the Arabidopsisroots.
Chromophores were excited using a 488-nm argon laser, and fluorescence was detected at 500 to 550 nm.
More than eight independent seedlings were analyzed per line, and treatment representative images were
selected for figure construction.

Analysis of SQR9 VCs

B. amyloliquefaciens SQR9 were grown in a head-space bottle containing MSgg medium for 6 d at 28 .
The head-space bottle was preheated in a 50 °C water bath for 5 minutes, then the VCs were collected
with Solid-phase microextraction (SPME) fiber (50/30 ym DVB/CAR on PDMS) for 30min. The SPME
fiber was removed and desorbed at 180 °C for 4 minutes. Gas chromatography-mass spectrometry (GC-MS)
analysis was carried out by Agilent 7890A-5975V, equipped with a chromatographic column (Agilent DB-
wax, 30mx0.25mmx0.25um). Helium was used as the carrier gas (1 ml/min), and the injection temperature
was 260 °C. The column was held at 40 °C for 5 min and then programmed to increase by 5 °C per min
to a final temperature of 250 °C, which was maintained for 5 min. The interface temperature, ion source
temperature and quadrupole temperature was 260 °C, 230 °C and 150 °C respectively; the ionization mode
was EI+, 70ev; the detector voltage was 1106V; the scanning mode was full-scan, and the mass range is
20-400. These compounds were identified by comparison with mass spectra from a library of NIST 2011
through Agilent MSD ChemStation (E.02.00.493).

RNA extraction, RNA-seq and quantitative real-time PCR analysis

Plant materials were collected after 4 d co-cultivation. Frozen samples of the control and SQR9 VCs-treated
seedlings were ground in liquid nitrogen and total RNA was extracted with three biological replicates re-
sulting in a total of 6 samples. Experimental protocols for RNA sequence was performed according to the
manufacture’s (Novogene Experimental Department) technical instruction.

Differential expression analysis of control and SQR9 VCs-treated samples was performed using the DESeq
R package (1.18.0). DESeq provide statistical routines for determining differential expression in digital gene
expression data using a model based on the negative binomial distribution. The resulting P-values were
adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with
an adjusted P-value < 0.05 found by DESeq were assigned as differentially expressed. The auxin-related
differentially expressed genes with a [log2(FoldChange)| > 1 were selected for further analysis.

Three-day-old Arabidopsis seedlings of Col-0 grown on MS slats agar medium were exposed to SQR9 VCs or
not. After 4 d of co-cultivation, total RNA was isolated from control or SQR9 VCs-treated seedlings using
Plant RNA Kit R6827 (OMEGA bio-tek) following the manufacturer’s protocol. The first-strand ¢cDNA
synthesis was generated from 1 pg of total RNA using the HiScript 1st Strand cDNA Synthesis Kit (Vazyme).
Quantitative RT-PCR was performed on a StepOnePlus Real-Time PCR System (Applied Biosystems) using
an SYBR®) Green Master Mix Kit (Vazyme). AtEF1A (AT5G60390) was used as the reference gene and the
primers are listed in Supplemental Table S2. The results were obtained from three biological replicates and
2744Ct wags taken for every sample as the relative expression levels. Values detected by quantitative RT-PCR
are relative to the lowest value for each gene.

RESULTS
Bacillusspp. released VCs promoted Arabidopsis LR development



Arabidopsis seedlings were grown in the presence of 7 different Bacillus strains in bi-compartmented Petri
dishes. After 8 d of co-cultivation, more than half of the bacterial strains, includingB. amyloliquefaciens
SQRY, FZB42, SCmB and B. subtilis168, significantly increased the PR elongation (Fig. 1A and B). A
roughly 273 folds increase in LR number was observed in the seedlings treated with all of the strains (Fig.
1C). To exclude the possibility that increased LR number was only caused by longer PR length, we calculated
the LR density and the result denied this possibility (Fig 1D). Moreover, except for B. subtilis (GZtD and168),
all these strains increased total seedlings biomass production (Fig 1E).

Since B. amyloliquefaciens SQRI is an excellent PGPR strain (L. Chen et al., 2017; Shao et al., 2014; Wu et
al., 2018), we chose SQRY as a typical model to carry out the following research. We found the regulation of
SQR9 VCs on Arabidopsis growth is dose-dependent (Supplemental Fig. S1). All different doses of inoculum
can promote PR elongation (Supplemental Fig. S1B). The promotion effect on LR formation and total
biomass production per seedling was highest with three drops of 3 yl inoculum, while a low bacterial dose

(1 drop) or spreading the inoculum on the half of the dishes caused fewer promoting effects (Supplemental
Fig. S1, C and D).

To exclude the side-effect of bacterial produced CO or auxin for the LR formation induced by SQR9 VCs,
we employed Ba(OH)s to absorb COs (Ditengou et al., 2015) and tested an auxin biosynthesis deficient
SQRY mutant strain AysnE (Shao et al., 2014). These results showed that LR increase is not solely an
effect of elevated COs levels produced by SQR9 or not a direct effect of auxin from SQR9 (Supplemental
Fig. S2). Together, these results demonstrated that the VCs produced by Bacillus spp. are practical factors
to promote LR formation.

SQRI released VCs promoted Arabidopsis LR initiation

To probe the LR development stages that are affected by SQR9 VCs, we used pCYCB1:GUS reporter lines
to determine the LRP development stages. After 6 d co-cultivation, the total LRPs number increased by
33% under SQR9 VCs-treated condition compared to control treatment (Fig. 2B). Intriguingly, LRP stages
I-1IT were notably increased, but LRP stages V-VII were decreased in SQR9 VCs treated seedlings (Fig. 2B).
These results indicated that SQR9 VCs increased LR branching might by inducing thede novo formation of
LRPs and accelerating the LRP emergence. Besides, we observed an enhanced expression of CYCBI in the
meristem by SQR9 VCs treatment (Fig. 2D), indicating that SQR9 VCs promote cell division in the root
apical meristem. This observation may explain why SQR9 VCs can promote Arabidopsis PR, elongation.

Auxin signaling is required for LR initiation (De Rybel et al., 2010; Laskowski et al., 2008; W. Xuan et
al., 2020). We detected the auxin response inArabidopsis root tip and LRPs by using pDR5:GUS marker
lines. After 6 d of co-cultivation, we observed an enhanced expression of pDR5:GUS in the protoxylem at
the meristem and also LRPs by SQR9 VCs treatment (Fig. 2, A and C).

SQR9 released VCs affected oscillation and prebranch site formation

DR oscillation in OZ is an inherent mechanism to pre-pattern LR initiation sites along the PR (Laskowski
& Ten Tusscher, 2017; Moreno-Risueno et al., 2010; Van Norman et al., 2013; W. Xuan et al., 2020). Since
SQRY VCs treatment increased LRP number and LR initiation, we wondered whether SQR9 VCs could
affect the DR5 oscillation and prebranch site formation. To address this question, we quantified the number
of prebranch sites using pDR5:Luciferase reporter lines (Fig. 3A). Compared with control treatment, SQR9
VCs treatment significantly increased the number of prebranch sites by 29% after 6 d of co-cultivation (Fig.
3B). Notably, when co-cultivation for a longer time (8 d), SQR9 VCs treatment resulted in a reduction in
prebranch site number (Supplemental Fig. S3). The density of the prebranch sites and LR along the whole
PR was also increased by SQR9 VCs treatment (Fig. 3D). Moreover, we measured the periodic production
of the prebranch sites in 48 h and found that SQR9 VCs treatment significantly increased the prebranch site
number (Fig. 3C), indicating SQR9 VCs-induced prebranch site formed in a higher frequency. Furthermore,
we observed enhanced expression of theDRS:Luciferase in the OZ of SQR9 VCs-treated roots (Fig. 3E),
indicating an induction of oscillation amplitude by SQR9 VCs.



Auxin isindispensable for SQR9 VCs-induced LR formation

LR development is tightly controlled by auxin (Du & Scheres, 2018). We determined the auxin-related genes
expression levels, which had significant changes in RNA-Seq (Supplemental Table S1). After SQR9 VCs
treatment, most of the genes had a similar expression trend with that in RNA-seq, and TAA6 , [AA19 , [AA28
, PIN2 ,PIN3 , YUCY9 , GH3.3 were up-regulated and GH3.10 was down-regulated (Fig. 4A). Furthermore,
we examined the effects of SQR9 VCs-induced LR formation on a series of auxin related mutants, which are
defective in auxin biosynthesis, transport, or signaling. The results showed that in all of the auxin signaling
mutants, including tirZafb2 , in which oscillation amplitude and prebranch site are drastically compromised
(W. Xuan et al., 2015),arf7arf19 and sir-1/iaal/, which completely abolished LR formation (Fukaki et al.,
2002; Yoko Okushima et al., 2007), andCASPI1,,,:shy2-2 , in which a gain-of-function allele of SHOOT
HYPOCOTYL2 (SHY2)/TAAS3 is restrictedly expressed in the endodermis and LRP emerged is impaired (J.
E. Vermeer et al., 2014), SQR9 VCs treatment did not influence LR formation as compared with the control
treatment (Fig. 4, B and C). Moreover, even though SQR9 VCs could induce the LR formation in auxin
transport mutants (pin2 ,pin3, and auxl-7 ), the effect of promoting LR formation on auxin efflux mutants
pin2 and pin3 were weaker than that on Col-0 (Fig. 4, C and D). However, in the auxin influx mutantauz1-7 |
which has fewer LRs compared with Col-0, SQR9 VCs treatment induced a comparable effect of LR formation
to that in Col-0 (Fig. 4, C and D). In mutant gh3.3-1gh3.5-2gh3.6-1 , which is defective in auxin conjugation
to amino acids (Nakazawa et al., 2001; Staswick et al., 2005), the effects of SQR9 VCs on promoting LR
formation had no change compared with Col-0 (Fig. 2, C and D), while in mutant ech2ibr1ibr3ibr10 , which
is defective in IBA-to-IAA conversion (Strader et al., 2011), SQR9 VCs has an enhanced effects on promoting
LR formation compared with that on Col-0 (Fig. 4, C and D). Meanwhile, adding a well-known auxin efflux
inhibitor NPA (Kim et al., 2010) to the medium with 2uM repressed the promoting effects of SQR9 VCs on
LR formation. When the concentration of NPA reached 5uM, the effects of SQR9 VCs on LR formation was
disappeared (Fig. 5, A and B). NPA also suppressed SQR9 VCs-promoted prebranch site formation (Fig. 5,
C and D). These observations suggested a functional auxin efflux was required for SQR9 VCs-stimulated LR
formation. To confirm this, we analyzed the expression of PIN! , PIN2 ,PIN3 and PIN7 in primary roots of
seedlings expressingpPIN1:PIN1:GFP , pPIN2:PIN2:GFP , pPIN3:PIN3:GFP andpPIN7:PIN7:GFP . The
results showed that SQR9 VCs treatment increased the expression of pPIN2:PIN2:GFP in epidermal and
cortex cells, and slightly induced the expression ofpPIN3:PIN3:GFP in the stele of primary roots (Fig. 5,
E to G), whereas no changes in pPIN1:PIN1:GFP and pPIN7:PIN7:GFPexpression and localization at the
root tip was observed when treated with SQR9 VCs (Supplemental Fig. S4).

TAA is mainly synthesized in a two-step pathway from tryptophan (Y. Zhao, 2012). As a rate-limiting step,
indole-3-puruvate (IPA) is converted to indole-3-acetic acid (IAA) by the catalysis of flavin monooxygenases
encoded by YUCCA (YUC ) genes (Mashiguchi et al., 2011; Y. D. Zhao et al., 2001). To test whether the
increase in LR formation was caused by YUCs-mediated auxin biosynthesis under SQR9 VCs treatment,
we analyzed the YUCSs expression with SQR9 VCs treatment and employed yucasin to inhibit the function
of YUCs specifically (Nishimura et al., 2014). In addition to YUC9 , the expression of YUCS |, YUCS |,
YUC6 , YUC7 were also up-regulated under SQR9 VCs treatment (Fig. 6B). Moreover, the promoting effect
of SQR9 VCs on LR formation was repressed with the increasing concentration of yucasin in the medium
(Fig. 6, A and C). These results indicated that YUCs -mediated auxin biosynthesis is required for SQR9
VCs-promoted LR formation.

Identification of active chemicals regulating LR formation in SQR9 VCs

In order to find specific components of SQR9 VCs that promote LR formation, we analyzed the SQR9
VCs ingredients with a solid-phase microextraction (SPME) technique and GC-MS. The result showed that
SQRY produced various classes of compounds; most of them belong to ketones, hydrocarbons, and alcohols
(Supplemental Table S3). Since 3-hydroxy-2-Butanone (also known as acetoin) was the most abundant
compound within the chromatographic profile of the VCs (Supplemental Table S3), and it has been reported
to promote plant growth (Perez-Flores et al., 2017; Ryu et al., 2003). We thus tested the effect of acetoin on
LR information in Arabidopsis by adding pure acetoin to the medium and using acetoin biosynthesis defective



mutant AalsD (Wu et al., 2018) in this experiment. The results showed that acetoin slightly promoted LR
formation at lower concentration (10 and 30 uM), and higher concentration (100, 300 and 1000 uM) has no
effects on that (Fig. 7, A and B). The effect of SQR9 VCs on inducing LR formation is mildly repressed when
inoculated AalsD (Fig. 7 C and D) and acetoin accounts for 19% of the effects of SQR9 VCs on promoting
LR formation (Fig. 7TE). Moreover, the effects of other components detected in SQR9 VCs on LR formation,
whilst those pure compounds cannot induce LR formation (Supplemental Table S4). We further investigated
whether the mechanism of acetoin promoting LR increase in Arabidopsis is the same as that of SQR9 VCs.
Acetoin did not affect the number of prebranch sites formed within 48 hours in DRS:Lucferase seedlings
(Fig. 8, C and D) and also not affect the CYCBI expression pattern at the PR tips (Fig. 8B). Although
acetoin slightly increased the total number of LRP, the stage distribution of LRPs was not significantly
affected by treatment with it (Fig. 8A). These data indicated that acetoin in SQR9 VCs plays a certain role
in promoting LR formation, but it is feeble compared with the effect of SQR9 VCs as a whole and thus not
explain the role of SQR9 VCs in promoting LR formation.

DISCUSSION

In this study, we propose a model in which beneficial rhizobacterium Bacillus spp. released VCs promotes LR
branching through modulating oscillation. It increased the frequency of prebranch site formation and further
accelerated the emergence of LRP from the PR, resulting in a denser LRP and LR along the PR spatially.
This process is dependent on auxin signaling pathway; fully functional machinery of YUCs-mediated auxin
biosynthesis and polar auxin transport are also required (Fig. 9).

By detecting the amplitude of the DR5:Luciferase oscillation and counting the numbers of prebranch sites,
LRPs and LRs in series of auxin signaling and biosynthesis mutants, W. Xuan et al. (2015) concluded that
both aspects of the oscillation, frequency and amplitude, are necessary for LR pre-patterning. In this study,
we demonstrated that SQR9 VCs significantly enhanced the signal intensity of the DR5:Luciferaseexpression
in the OZ (Fig. 3E) and subsequently formed prebranch sites in shorter period (Fig. 3C). It is suggested that
meristem activity can influence the oscillation frequency (Berg & Tusscher, 2018). Likewise, we observed
an enhanced expression of CYCBI in the meristematic zone of SQR9 VCs-treated seedling (Fig. 2D),
indicating that SQR9 VCs promote cell division in the root apical meristem. Moreover, the density of the
prebranch sites and LR along the primary root was also increased by SQR9 VCs treatment despite the
reduced number of prebranch sites with SQR9 VCs treatment for a longer time (Supplemental Fig. S3
B and C); it is conceivable that denser prebranch sites are the result of higher oscillation frequency while
the reduced prebranch site number is due to the accelated LRP outgrowth. Together, we proposed that the
enhanced LR pre-patterning should be caused by SQR9 VCs-induced stronger intensity and higher frequency
of oscillation.

As a result of oscillation, the spatial distribution of LRP is established, followed by LR initiation, outgrowth,
and emergence (W. Xuan et al., 2020). Increased early LRP stages (I-II) and decreased late (V-VII) LRP
stages suggested SQR9 VCs induced more LR initiation and probably stimulated LRP emergence in advance
(Fig. 1i), and that was further confirmed by the reduced number of prebranch sites with SQR9 VCs treatment
for a longer time (Supplemental Fig. S3). The precise molecular mechanism by which SQR9 VCs regulate
LRP development is still unclear, whereas histochemical staining of pDR5:GUS in LRPs highlighted the role
of local auxin accumulation and signal activation in SQR9 VCs-modulated LRP development (Fig. 2A). The
SLR/TAA14-ARF7/ARF19 module, which is an auxin signaling component, is vital for LR initiation. LRP
and LRs are utterly absent from slr andarf7arf19 mutant roots (Fukaki, Nakao, Okushima, Theologis, &
Tasaka, 2005; Fukaki et al., 2002; Y. Okushima et al., 2005; Wilmoth et al., 2005). Our results showed SQR9
VCs treatment could not rescue the lack of LRs in slr-1/iaal/ and arf7arf19 mutants (Fig. 2, B to D), and
many Auz/IAAs were up-regulated by SQR9 VCs treatment (Fig. 4A; Supplemental Table S1). These data
suggest SQR9 VCs-promoted LR initiation requires integral SLR/TAA14-ARF7/ARF19 module, and other
Aux/TAAs may have a potential role in this process. Moreover, an endodermal SHOOT HYPOCOTYL2
(SHY2)/IAA3 auxin signaling module, which mediates the endodermal volume loss or shape change, is
reported to be crucial for LR initiation (Vermeer & Geldner, 2015; J. E. Vermeer et al., 2014). Also, a PIN3-



dependent hormone reflux pathway is necessary for the progress of LRFCs towards the LR initiation phase,
and the pin3 mutation caused a decreased LRP development in stage I-II (Q. Chen et al., 2015). In this
study, SQR9 VCs did not affect LR formation in CASPI1,,:shy2-2 mutant and had a weaker effect on LR
formation in ping (Fig. 4, B to D), and PIN3 was up-regulated by SQR9 VCs treatment (Fig. 5, E and G;
Supplemental Table S1). It is tempting to speculate that SHY2-mediated endodermis deformation and PIN3-
dependent auxin reflux between the endodermis and pericycle might be involved in SQR9 VCs-promoted LR
initiation. Tang et al. (2017) reported that the FUSCA3 (FUS3)-LEAFY COTYLEDON2 (LEC2) complex
synergistically activates the expression of the auxin biosynthetic gene YUCY in the pericycle founder cells
to function in LR initiation. The GH3.3 , which encodes acyl-acid-amido synthetases to cope with excessive
free IAA inArabidopsis (Gutierrez et al., 2012; Staswick et al., 2005), and YUCs were up-regulated by SQR9
VCs treatment (Fig. 6B; Supplemental Table S1). Moreover, the expression site of up-regulated DR5:GUS
induced by SQR9 VCs, protoxylem pole, is consistent with one of the expression sites of GH3.3 (W. Xuan et
al., 2015) (Fig. 2C). Considering the attenuated effect of SQR9 VCs on inducing LR formation with yucasin
treatment and the enhanced effect of that on IBA-to-IAA conversion deficient mutant ech2ibriibr3ibri0
(Fig. 4, C and D; Fig. 6, A and C), these results indicated the potential roles of YUCs-mediated auxin
biosynthesis in SQR9 VCs-induced LR initiation.

Altogether, our study provides a novel spatiotemporal regulation model of B. amyloliquefaciens SQR9-
produced VCs on the LR formation, which can be instructive to understand how PGPRs or other environment
factors reprogramme root architecture. Nevertheless, it remains unclear which chemical in SQR9 VCs play
the major role in regulating LR formation. Despite the faint simulative effect of acetoin on LR formation,
other substances in SQR9 VCs modulating RSA is worth further exploring.
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