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also increased after exposure to strain Xi9. Compared with 
the control group, the transcriptome analysis of Arabidop-
sis seedlings treated with strain Xi9 for 5 days revealed a 
total of 508 genes differentially expressed (p < 0.05). After 
Gene Ontology enrichment analysis, it was found that genes 
encoding nitrate transport and assimilation, and the lateral 
root-related gene ANR1 were up-regulated. The content of 
NO3

− and amino acid in Arabidopsis seedlings were sig-
nificantly higher from control group (p ≤ 0.01). Plant cell 
wall-related EXPA family genes and pectin lyase gene were 
up-regulated, resulting cell elongation of leaf. SAUR41 
and up-regulation of its subfamily members, as well as the 
down-regulation of auxin efflux carrier protein PILS5 and 
auxin response factor 20 (ARF20) led to the accumulation 
of auxin. These results indicated that VOCs of strain Xi9 
promote Arabidopsis seedlings growth and development by 
promoting nitrogen uptake, regulating auxin synthesis, and 
improving cell wall modification.

Keywords  Lysinibacillus macroides · Transcriptome · 
VOCs · Root-system architecture · Auxin · Cell wall 
modification

Introduction

Plant growth-promoting bacteria (PGPB) can benefit plant 
growth via quite a few of mechanisms and extensively exist 
in the rhizosphere of many plants (Mishra et al. 2021; Qi 
et al. 2018), and they are environment-friendly and sus-
tainable resource (Ferreira et al. 2019). The mechanisms 
of PGPB promoting plant growth include the production of 
plant hormones such as auxin and cytokinin, the increase 
of available minerals (phosphorus, iron and nitrogen), the 
inhibition of pathogens of soil-borne plant diseases and the 

Abstract  Volatile organic compounds (VOCs) have the 
characteristics of long distance propagation, low concentra-
tion, perception, and indirect contact between organisms. 
In this experiment, Lysinibacillus macroides Xi9 was iso-
lated from cassava residue, and the VOCs produced by this 
strain were analyzed by the SPME–GC–MS method, mainly 
including alcohols, esters, and alkanes. By inoculation of L. 
macroides Xi9, VOCs can promote the growth and change 
the root-system architecture of Arabidopsis seedlings. The 
results showed that the number of lateral roots, root den-
sity, and fresh weight of Arabidopsis seedlings were signifi-
cantly higher (p ≤ 0.01), and the number of roots hair was 
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induction of plant systemic resistance (Batista et al. 2021; 
Majeed et al. 2018; Mishra et al. 2021). Lysinibacillus mac-
roides was isolated from cow dung for the first time in 1947, 
which is a spore-forming, Gram-positive bacterium (Coor-
evits et al. 2012; Liu et al. 2015). Lysinibacillus macroides 
could inhibit biofilm and reduce colonization of Salmonella 
(a human pathogen). As a biocontrol agent, L. macroides 
could reduce the amount of Salmonella in plants (Karma-
kar et al. 2022). However, the growth-promoting trait of L. 
macroides has not been reported until now.

Volatile organic compounds (VOCs) have shown to pos-
sess similar abilities to PGPB (Tahir et al. 2017a), includ-
ing the promotion of plant growth (Syed-Ab-Rahman et al. 
2019), induction of plant system resistance (Ryu et al. 2004), 
accumulation of plant secondary metabolites, inhibition of 
plant pathogens (Chen et al. 2021; Santoro et al. 2011), 
and enhancement of plant salt tolerance (Li et al. 2021). 
Microbial volatile compounds have characteristics of low 
molecular weight, weak polarity, high vapor pressure, low 
boiling point and lipophilicity (Chen et al. 2021; Schöller 
et al. 2002; Weisskopf et al. 2021). Compared with other 
secondary metabolites of microorganisms, microbial VOCs 
have the advantage of being able to travel long distances, 
mediating indirect contact between organisms, and low con-
centrations can be perceived. Therefore, VOCs have shown 
another mechanism of promoting plant growth.

Ryu et al. (2003) firstly found that 3-hydroxy-2-butanone 
and (2R,3R)-butanediol generated by two Bacillus could 
stimulate growth and cause systemic resistance of Arabi-
dopsis, increase the production of auxin in Arabidopsis root, 
up-regulate the expression of the auxin transporter gene, 
and promote cell enlargement (Ryu et al. 2004; Zhang et al. 
2007). Park et al. (2015) reported that 13-Tetradecadien-
1-ol and other 10 compounds generated by Pseudomonas 
fluorescens SS101 could facilitate tobacco growth and 
development. Burkholderia gladioli BBB-01 generates 
2,5-dimethylfuran which could control plant fungal disease 
(Lin et al. 2021). Moreover, Tahir et al. (2017b) demon-
strated that albutamol and 1,3-propanediole generated by 
Bacillus subtilis SYST2 could promote tomato growth, with 
a significantly increased photosynthesis rate and stomatal 
conductance after inoculation with VOCs compared with the 
control. Nearly 1000 species of bacteria have reportedly gen-
erated approximately 2000 different VOCs (Lemfack et al. 
2018). Analysis of microbial VOCs has a major impact on 
biotechnology, medicine, and agricultural applications and 
basic science.

Although a large number of researches have demon-
strated that microbial VOCs can mediate plant develop-
ment, the molecular and genetic basis of research is exten-
sive and little is known about the overall transcriptional 
activity of plants. Through high-throughput sequencing, 
transcriptomics provides comprehensive and rapid access 

to almost all transcripts of a particular organ or tissue in 
a given state. In this experiment, the VOCs from L. mac-
roides Xi9 promoted the growth of Arabidopsis seedlings 
and changed the root-system architecture. The growth-
promoting mechanism of VOCs generated by strain Xi9 
was further revealed by transcriptome sequencing. This 
study provides a theoretical basis for strain L. macroides 
Xi9 as a microbial fertilizer.

Materials and methods

Bacterial strain and culture condition

Lysinibacillus macroides Xi9 isolated from cassava residue 
was cultivated on Luria–Bertani (LB) agar medium and 
cultivated at 37 °C. The bacteria was stored in liquid LB 
medium containing 25% glycerol and maintained at − 20 °C 
for a long-term storage.

Phylogenetic analysis and identification of the strain

Total DNA of strain Xi9 was extracted using the Bacteria 
Genomic DNA kit (CWBIO, Beijing, China) according to 
the manufacturer’s protocol. The specialized primers used 
for PCR amplification were 27 forward (5′-AGA​GTT​TGA​
TCC​TGG​CTC​AG-3′) and 1492 reverse (5′-GGT​TAC​CTT​
GTT​ACG​ACT​T-3′). The PCR products were sequenced by 
RuiBiotech. The DNA sequences were compared with Gen-
Bank using the National Center for Biotechnology Informa-
tion (NCBI) BLAST program (http://​www.​ncbi.​nlm.​nih.​gov/​
blast). Based on Jukes-Cantor model and Neighbor-joining 
method, the phylogenetic trees were constructed with the 
MEGA 5.0 program (Cao et al. 2021).

Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) seed-
lings were used because of their suitability for in vitro 
growth. The seeds were washed with 70% ethanol for 5 min 
and 2.6% bleach for 10 min to surface-sterilize, washed with 
sterile water for five times, and then placed on 1.5 mL cen-
trifuge tube to vernalized for 2 days at 4 °C. The seeds were 
cultured on 9 cm petri dishes containing 1/2 Murashige and 
Skoog salt (MS) medium (Hopebio, Qingdao, China), 0.8% 
agar and 2% sucrose, at pH 5.7. These petri dishes were 
placed in plant light incubator with a photoperiod of 8 h 
of darkness and 16 h of light. Petri dishes were tilted at a 
65-degree angle to facilitate roots grow on the surface of 
the medium.

http://www.ncbi.nlm.nih.gov/blast
http://www.ncbi.nlm.nih.gov/blast
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Qualitative analysis of indole‑3‑acetic acid of strain Xi9 
production

Strain Xi9 was inoculated into LB liquid medium contain-
ing 200 mg L-tryptophan and cultivated at 28 °C, 180 rpm 
for 4 days. The bacterial culture suspension was centrifuged 
at 10,000 rpm for 10 min, and then the Salkowski reagent 
(0.5 M FeCl3 1 mL, 35% HClO4 50 mL) was added with an 
equal volume of the supernatant for color development for 
30 min in the darkness (Patten and Glick 2002; Khan et al. 
2014). The observed red color means the strain could pro-
duce indole-3-acetic acid.

Inoculation experiments

Strain Xi9 was cultured on LB agar medium as described 
above for 12  h, inoculated into liquid LB medium to 
the exponential phase, and then followed by dilution to 
1 × 108 cfu/mL. Plastic petri dishes (9 cm) containing a 
center partition were prepared, with one side containing 
1/2 MS medium and the other side containing LB medium. 
Arabidopsis seedlings that germinated for four days were 
transferred to 1/2 MS medium (5 seedlings per plate). To 
investigate the VOCs effect of strain Xi9 on Arabidopsis 
seedling, two groups were set up: (i) 10 μL of strain Xi9 
were added to the other side of the plate containing LB 
medium (Xi9); (ii) 10 μL of liquid LB medium were added 
to the other side of the plate containing LB medium (con-
trol). These plate were sealed by the parafilm, placed in the 
plant light incubator at random and tilted at a 65-degree 
angle to facilitate roots growth. Thus, the VOCs from strain 
Xi9 could directly interact with plants. Each group was 
designed with three biological replicates. Seven days after 
inoculation, the fresh weight, primary root length, and den-
sity of lateral roots of the Arabidopsis seedling were meas-
ured (Tahir et al. 2017b).

Determining the sampling time for Illumina sequencing 
by quantitative real‑time PCR (qRT‑PCR)

Total RNAs were obtained from plants were exposed to 
VOCs of strain Xi9 for 3 days, 5 days, and 7 days using 
TRIzol reagent (CWBIO, Beijing, China) according to the 
manufacturer’s instruction. The cDNA synthesis using 
EasyScript® All-in-One First-Strand cDNA Synthesis 
SuperMix for qPCR (Transgene Biotech, Beijing, China). 
qRT-PCR was carried out using SYBR® Premix Ex Taq 
polymerase (Transgene Biotech, Beijing, China) with the 
Rotor Gene Q Real-time PCR System (Qiagen, Germany). 
The program started with a pre-denaturation at 94 °C for 
30 s, then 94 °C for 5 s, 60 °C for 15 s, and 72 °C for 20 s 
for 40 cycles, subsequently extended at 72 °C for 5 min. 
Every group and each sample was independently assessed 

in triplicate. The 2−ΔΔCt method was used to analyze the 
data. Six genes were chosen to determine the appropriate 
time for Illumina sequencing: two genes related to auxin 
(ARF20 encodes auxin response factor 20, IAA5 encodes 
indole-3-acetic acid inducible 5), two genes related to 
nitrate transporter (NRT1.8 encodes nitrate transporter, 
NRT2.1 encodes high-affinity nitrate transporter), one 
gene related to cell wall modification (EXPA17 encodes 
expansin 17), and one gene related to ABC transporter 
(ABCB15 encodes ABC transporter family protein). The 
primers used for qRT-PCR are shown in Table S1.

Illumina sequencing

For transcriptome analysis, we conducted three independ-
ent experiments to obtain plant materials, and each cor-
responding to one biological replicate. Using mirVana 
miRNA Isolation Kit (Ambion, USA) to extract total RNA 
from Arabidopsis seedlings according to the manufactur-
er’s instruction. The Agilent 2100 Bioanalyzer (Agilent 
Technologies, USA) was applied to detect RNA integrity. 
Samples were subject to subsequent analysis with an RNA 
Integrity Number (RIN) ≥ 7. Qualified total RNA was fur-
ther purified by an Agencourt AMPure XP Kit (Beckman 
Coulter, Brea, CA, USA). After total RNA purified, mag-
netic beads with Oligo (dT) were used to enrich mRNA; 
the mRNA were disrupted into approximately 200-nt frag-
ments after adding disruption reagent. The cDNA frag-
ments were purified using AMPure XP beads. The cDNA 
libraries were set up by the TruSeq Stranded mRNA 
LTSample Prep Kit (Illumina, San Diego, CA, USA) fol-
lowing the manufacturer’s protocol. Based on the Illumina 
sequencing platform (HiSeqTM X Ten), these six libraries 
were sequenced, and 125 bp/150 bp paired-end reads were 
produced. All samples were sequenced on OE Biotech.

Differentially expressed genes (DEGs) identification 
and functional annotation

FPKM (fragments per kilobase of exon per million frag-
ments mapped) (Trapnell et al. 2010) was computed by 
htseq-count and cufflinks to obtain the read counts for each 
gene (Anders et al. 2015). The DESeq R package func-
tions estimate Size Factors and nbinom Test were sepa-
rately used to identify DEGs (Anders and Huber 2012). 
For significantly differential expression, a p < 0.05 and 
|log2FC|> 1 were used as the threshold. Based on the 
hypergeometric distribution, Gene ontology (GO, http://​
www.​geneo​ntolo​gy.​org/) enrichment analysis of DEGs was 
carried out using R.

http://www.geneontology.org/
http://www.geneontology.org/
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Collection and analysis of bacterial volatiles

Strain Xi9 were inoculated into 20 mL of LB sealed with 4 
layers of foil paper and inoculated at 37 °C under agitation at 
180 rpm for 2 days to accumulate VOCs. The LB medium as 
a control group (CK). VOCs were extracted through a blue 
SPME fiber (Polydimethylsiloxane/Divinylbenzene, PDMS/
DVB) (Supelco, Inc., Bellafonte, PA, U.S.A.). The SPME 
fiber tip was exposed to the upper air of the sample. The 
sample was stirred at medium speed with a magnetic stir-
rer, heated to 40 °C, and adsorbed and extracted for 30 min 
(Lin et al. 2021). The needle was inserted into the gasifica-
tion chamber of the gas chromatograph. The fiber tip was 
desorbed at 230 °C for 3 min. The samples were detected 
by a GC–MS-QP2010 from Shimadzu (70  eV; Kyoto, 
Japan) with a Rtx-5 column (30 m × 0.25 mm × 0.25 mm; 
J&WScientiWc, Folsom, CA, USA). The operating condi-
tions included He (1 mL/min) as the carrier gas. The pri-
mary oven temperature was 40 °C, which was maintained 
for 3 min. The oven was then heated to 95 °C at the rate 
of 10 °C/min, further turned to 230 °C at the rate of 3 °C/
min for 5 min (Gutiérrez-Luna et al. 2010). The VOCs were 
recognized by comparing with mass spectra from the library 
(NIST14 and NIST14s).

IAA content analyses of plants

Samples were collected after 7 days of treatment. The con-
tent of IAA was determined by HPLC (Kelen et al. 2004; 
Pérez-Pastrana et al. 2021). Fresh samples (0.15 g) were 
ground in 1 mL precooled 20% methanol, and extracted 
overnight at 4 °C. Samples were centrifuged at 10,000 rpm 
for 10 min, and the extracts were stored. Evaporating under 
reduced pressure at 40 °C to eliminate the organic phase 
of the extracts (approximately 0.3 mL solution). A total of 
0.5 mL petroleum ether was added for extraction and decol-
oration. 1 mol/L citric acid solution was added to samples to 
adjust the pH to 2–3, followed by two extractions with 1 mL 
ethyl acetate, blew dry with nitrogen. The extracts were then 
dissolved, mixed, filtered and loaded onto HPLC (Kromasil) 
C-18 column (250 mm × 4.60 mm, 5 μm).

Nitrate and amino acids analyses

The contents of nitrate (NO3
−) and amino acids were 

detected using 7-day-old plants were treated or not with 
strain Xi9 (1 × 108 cfu/mL). Using the salicylic acid method 
to measure NO3

− content (Xu et al. 2016). Briefly, the mate-
rial was put into a 1.5 mL centrifuge tube, weighed and 
subsequently milled to powder in liquid nitrogen. Then, 
adding 1 mL of deionized water to the tube, and boiling 
the mixture at 100 °C for 15 min, followed by centrifuging 
at 13,000 rpm for 10 min, and the supernatant was used as 

the sample solution for the assay. 100 μL of sample solution 
and 400 μL of 5% (W/V) salicylic acid-sulfuric acid solu-
tion were mixed and reacted for 20 min at room temperature. 
The mixture was followed by adding 9.5 mL of 8% (W/V) 
NaOH solution, mixed, and cooled to room temperature. 
We used 0.1 mL deionized water as a blank reference and 
quantified the optical density at the wavelength of 410 nm. 
The content of nitrate was calculated following the formula: 
Y = C·V/W (C, concentration of nitrate obtained based on 
the OD410 in a regression equation; V, the total capacity of 
extracted samples; W, sample weight; Y, nitrate content). A 
standard curve was prepared with KNO3 at a concentration 
of 10–120 mg/L, and the regression equation was obtained 
from the standard curve.

The total amount of free amino acids in plants was meas-
ured using the ninhydrin method (Sun et al. 2006). Arabi-
dopsis seedlings (0.5 g) were put into 5 mL of 10% acetic 
acid solution, subsequently centrifuged at 10,000 rpm for 
5 min. Then, 500 μL supernatant was brought to 25 mL 
using 0.2 M acetate buffer, pH 5.4. The sample extract 
(10 mL) was boiled at 100 °C for 15 min. Next, 1 mL sam-
ple solution, 1 mL 0.2 M acetate buffer, 100 μL 0.3% ascor-
bic acid solution, and 3 mL ninhydrin solution were mixed, 
boiled at 100 °C for 15 min, and diluted to 20 mL. The 
blank reference consisted of 1 mL of deionized water, and 
the absorbance was measured at a wavelength of 580 nm. 
The total amount of free amino acids was determined using 
the formula: Y = C·V1/W·V2 (Y, the total amount of free 
amino acids; C, amino acid concentration calculated based 
on the OD580 in a regression equation; V1, dilution total vol-
ume; W, sample weight; V2, colorimetric total volume). A 
standard curve was prepared with leucine at a concentration 
of 1–5 μg/mL, and a regression equation was derived from 
the standard curve.

Statistical analysis

The results were analyzed using the statistical software SPSS 
version 19.0 (SPSS Inc., Chicago, IL, USA) by analysis 
of variance (ANOVA) and Duncan’s multiple-range test 
(p < 0.05). The significance was determined by Duncan’s 
(D) test (Wang et al. 2020).

Results

General characteristics of strain Xi9

Strain Xi9 was isolated by our group from cassava residue, 
which was identified based on 16S rRNA gene sequence 
analysis as L. macroides (formerly named Lineola longa 
and Bacillus macroides) (Fig. 1) (Coorevits et al. 2012), 
and it was preserved in the China General Microbiological 
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Culture Collection Center (CGMCC) under No.15583. After 
incubation of strain Xi9 on LB medium for 24 h at 37 °C, 
the colonies were moist, round, and cream-colored, with 
smooth edges and surfaces, and have diameters of 3–5 mm. 
The morphological characteristics of the bacteria were rod-
shaped, single-cell. The strain Xi9 was stained as Gram-
positive strain and could form spores. Oxidase production 
was negative and catalase production was positive for this 
strain. Aesculin, starch, and gelatin were not hydrolyzed by 
this strain. No acid was produced from this strain and the 
Voges–Proskauer assay was positive. Strain Xi9 was verified 
to produce indole-3-acetic acid (Fig. S1).

Phenotypic and physiological features of Arabidopsis 
seedling are affected by L. macroides Xi9

After treatment of the strain Xi9 for 7 days, the phenotype 
of Arabidopsis seedlings of the Xi9 group showed much 
stronger expression than control group (Fig. 2A). In the 
Xi9 group, the number of lateral roots, root density, and 
fresh weight of Arabidopsis seedlings reached a consider-
able difference (p ≤ 0.01), compared with the control group, 
whose values were 108.6%, 148.63%, and 137.5% higher, 
respectively (Fig. 2B–D). However, the primary root length 
did not increase (Fig. 2E). Under the microscope, it was 
observed that the primary root became thicker in the Xi9 
group (Fig. 2F, S2). The VOCs released by strain Xi9 could 
influence the root and shoot development and growth in 
Arabidopsis seedlings.

The volatile emission by L. macroides Xi9

We detected the component of VOCs generated by strain 
Xi9 cultured in 20 mL liquid LB medium for 2 days at 37 °C 
and measured the compound by SPME–GC–MS. Six vola-
tile compounds with relatively high peak areas were iden-
tified including three alkanes (2,6,11-trimethyl-dodecane, 
2,6,10-trimethyltridecane and heptadecane), two esters 

(phthalic acid, ethyl neopentyl ester, and sulfurous acid, 
butyl dodecyl ester), and linalool (Table 1, Fig. 3A, B).

The appropriate time for Illumina sequencing

The changes of 6 genes (ARF20, EXPA17, IAA5, NRT1.8, 
NRT2.1, and ABCB15) in Arabidopsis seedlings treated by 
strain Xi9 for different time points were detected by qRT-
PCR. The results showed that the expression of ARF20 and 
IAA5 reached the highest level at 5 days. The expression of 
EXPA17 and NRT1.8 showed no significant changes at 5 
and 7 days but all higher than at 3 days (p < 0.05), and the 

Fig. 1   Phylogenetic trees of the strain Xi9 based on 16S rRNA gene 
sequence. The phylogenetic trees were built using the MEGA 5.0 pro-
gram, displaying the phylogenetic location of strain Xi9 and some 
other related species based on the sequence of 16S rRNA gene. Boot-
strap values (> 50%) are represented at the branch points based on 
1000 replications. Bar, 0.1 substitutions per nucleotide position

Fig. 2   Growth condition of Arabidopsis seedlings after inoculation 
by L. macroides Xi9. Four-day-old Arabidopsis seedlings growing 
in Petri dishes tilted 65 degrees, inoculated with L. macroides Xi9 or 
liquid LB medium. After 7 days of treatment, A the seedling pheno-
type, B lateral root numbers, C root density, D fresh weight, E pri-
mary root length, and (F) primary root phenotype determined. **indi-
cates p ≤ 0.01
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expression of NRT2.1 reached the highest level at 7 days 
(Fig. 4). We finally decided to sequence the sample on day 5.

Differentially expressed genes (DEGs) of Arabidopsis 
seedlings affected by VOCs of strain Xi9

To achieve a comprehensive transcriptome level in Arabi-
dopsis seedlings affected by VOCs of strain Xi9, six librar-
ies were constructed from Arabidopsis seedlings (three 
biological replicates per group). The raw reads produced 
by six libraries ranged from 47,038,086 to 48,810,854. 
The scale of clean reads was above 97% for each library 

Table 1   GC–MS profile of VOCs generated by L. macroides Xi9

RT (min) Total area (%) Possible compounds

22.011 0.41 Linalool
29.801 0.6 2,6,11-trimethyl-Dodecane
43.512 1.25 Heptadecane
43.883 4.85 Phthalic acid, ethyl neopentyl ester
45.476 0.88 Sulfurous acid, butyl dodecyl ester
47.668 1.24 2,6,10-Trimethyltridecane

Fig. 3   GC–MS profile of 
volatiles of L. macroides Xi9. L. 
macroides Xi9 were inoculated 
into 20 mL of LB and inocu-
lated at 37 °C and 180 rpm for 
2 days to accumulate volatiles. 
A Chromatographic profiles of 
volatiles produced by strain Xi9, 
B structural formulas of VOCs
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after removing the low quality reads (Table S2). For the 
expression profile of Arabidopsis seedlings affected by 
VOCs from strain Xi9, the FPKM was used to calculate 
gene expression. Based on the threshold consisting of a 
p < 0.05 and |log2FC|> 1, a total of 508 genes were dif-
ferentially expressed after exposure to VOCs of strain 
Xi9. 168 genes were up-regulated and 340 genes were 

down-regulated (Table S3). Highly up-regulated genes 
including high-affinity nitrate transporter 2.6 (At3g45060), 
phosphate transporter (At5g43360), high-affinity nitrate 
transporter 2.1 (At1g08090), and MADS-box transcrip-
tion factor (At2g14210). Highly down-regulated genes 
containing 1-deoxy-D-xylulose 5-phosphate synthase 1 
(At3g21500), acyl-CoA N-acyltransferases (NAT) super-
family protein (At2g39030), and UDP-glucosyl transferase 
76E12 (At3g46660).

To identify the functions of DEGs of Arabidopsis seed-
lings, annotated functions of DEGs were analyzed using 
the GO database. In the GO analysis, the largest category 
was biological processes among the three major categories 
(Fig. 5). In the biological process, cellular response to 
ethylene stimulus (GO0071369), oxidation–reduction pro-
cess (GO0055114), and response to nitrate (GO0010167) 
were the three largest groups. In the cell component, the 
most abundant group was proton-transporting ATP syn-
thase complex, catalytic core F(1) (GO0045261). For 
the molecular function category, the three most abun-
dant groups were ADP-ribose diphosphatase activity 
(GO0047631), chitinase activity (GO0004568) and chitin 
binding (GO0008061). The results preliminarily indicated 
that VOCs generated by strain Xi9 mainly affected the 
transcription of genes associated with plant hormone and 
nitrate metabolism.

Fig. 4   qRT-PCR analysis of the gene expression profile at different 
time points. qRT-PCR was performed to assess the expression levels 
of six genes (ARF20, EXPA17, IAA5, NRT1.8, NRT2.1, ABCB15) at 
3, 5 and 7 days

Fig. 5   The GO enrichment analysis of the DEGs of Arabidopsis seedlings. The top 30 GO categories assigned to the DEGs of Arabidopsis 
seedlings during inoculation with VOCs of L. macroides Xi9
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Verification of DEGs using qRT‑PCR

To verify the reliability of the RNA-seq data, several genes 
in Arabidopsis seedlings were detected by qRT-PCR. In Illu-
mina sequencing data, the genes related to nitrate transporter 
(NRT1.8, NRT2.1, and NRT2.6) in Arabidopsis seedlings 
were up-regulated by 3.00-, 6.60-, and 10.43-fold, respec-
tively. In the qRT-PCR result, the expression patterns of the 
genes NRT1.8, NRT2.1, and NRT2.6 were similar with the 
Illumina sequencing data (Fig. S3). In the qRT-PCR, the 
genes related to cell wall modification (EXPA12, EXPA17, 
PILS5, and BG2) were significantly changed in the Xi9 
group than control group (Fig. S3), and in Illumina sequenc-
ing data of Arabidopsis seedlings, these genes were changed 
2.39-, 3.62-, -1.29-, and -3.40-fold, respectively. In the qRT-
PCR, the gene ANR1 related to lateral root was up-regulated, 
and in Illumina sequencing data, the gene was up-regulated 
5.65-fold. The expression pattern of these selected genes in 
qRT-PCR was similar with the Illumina sequencing data, 
suggesting that the Illumina sequencing data were reliable.

VOCs from strain Xi9 influence the auxin synthesis 
in Arabidopsis seedlings

Auxin can affect plant growth and development in various 
aspects by mediating cell expansion and division. In our 
results, some of genes involved in auxin synthesis were 

up-regulated, including SAUR41 and its subfamily members 
(Table 2). In contrast, the gene PILS5, annotated as a auxin 
efflux carrier family protein involved in the polar transport 
of auxin, was down-regulated, resulting in the accumula-
tion of auxin in root and an increase in number of root hair 
(Fig. 6A). The gene ARF20, a negative regulator of the 
auxin response factor, was down-regulated to promote auxin 
production. As expected, the IAA content of Arabidopsis 
seedlings in the Xi9 group was significantly higher than the 
control group (p < 0.05, Fig. 6B), which demonstrated that 
VOCs of strain Xi9 could influence auxin synthesis in Arabi-
dopsis seedlings. 

Cell wall modification was induced by Xi9 VOCs

In addition, the root hair is derived from a single epidermal 
cell. It is believed that the cell wall components loosen-
ing initiates and facilitates root hair growth. The loosening 
may be regulated by cell wall-loosening expansin proteins 
(EXPs). The genes EXPA7, EXPA12, EXPA16, and EXPA17 
were all up-regulated after exposure to VOCs of strain Xi9 
for 5 days, compared with the control group (Table 3). 
Some other genes encoding cell wall modification factors 
important for reducing cell wall rigidity were mainly up-
regulated in the Xi9 group, including pectate lyase, aspartic-
type endopeptidase, and β-1,3-glucanase. Down-regulation 
of the BG2 gene (encodes a beta-1,3-glucanase) reduced 

Table 2   Auxin-related genes 
regulated by VOCs of L. 
macroides Xi9

Gene id Putative function Gene name log2FC

At1g16510 SAUR-like auxin-responsive protein family SAUR41 1.3074
At1g79130 SAUR-like auxin-responsive protein family SAUR40 2.1000
At1g29490 SAUR-like auxin-responsive protein family SAUR68 1.8818
At1g76190 SAUR-like auxin-responsive protein family SAUR61 − 1.7438
At2g17500 Auxin efflux carrier family protein PILS5 − 1.2885
At3g28345 ABC transporter family protein ABCB15 − 1.6990
At4g32280 indole-3-acetic acid inducible 29 IAA29 1.0070
At1g15580 indole-3-acetic acid inducible 5 IAA5 1.6146
At1g35240 auxin response factor 20 ARF20 − 1.4166

Fig. 6   The root hair and 
IAA content of Arabidopsis 
seedlings. A Arabidopsis 
seedlings were inoculated with 
L. macroides Xi9 for 7 days, 
and the root hairs of Arabidop-
sis seedlings increased. B The 
IAA content of Arabidopsis 
seedlings following 7 days of 
exposure were measured by 
HPLC. *indicates p < 0.05
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callose synthesis and cell wall rigidity, increased cell wall 
elasticity, and promoted cell elongation (Fig. 7A, B). These 
findings revealed that the EXPs genes promoted the growth 
and development of root hairs and lateral roots. 

Nitrogen content and lateral roots were influenced 
by Xi9 VOCs

Nitrate (NO3
−) is the best obtainable form of nitrogen in 

soil. Compared with the control group, after inoculation with 
strain Xi9 for 5 days, the transcription of NRT2.1, NRT2.3, 
NRT2.5, NRT2.6, NRT3.1 and NRT1.8 were all up-regulated 
in Arabidopsis seedling (Table 4). Meanwhile, the contents 
of nitrate and amino acids of Arabidopsis seedlings in the 

Xi9 group showed considerably higher expression than con-
trol group (p < 0.05) (Fig. 8A, B). The results illustrated that 
VOCs of L. macroides Xi9 positively influence the content 
of nitrogen in Arabidopsis seedlings. 

In Arabidopsis, the ANR1 MADS-box gene was rec-
ognized as an important regulator for the growth of lateral 
roots during reaction with external nitrate (NO3

−) signals 
(Gan et al. 2012). After Arabidopsis seedlings exposed to 
VOCs from strain Xi9, the gene ANR1 was up-regulated. 
Correspondingly, the length and number of lateral roots were 
considerably greater than control group (Fig. 2A, B).

Table 3   Cell wall modification 
genes that were differentially 
regulated by VOCs of L. 
macroides Xi9

Gene id Putative function Gene name log2FC

At3g15370 Expansin 12 EXPA12 2.3868
At4g01630 Expansin A17 EXPA17 3.6152
At3g55500 Expansin A16 EXPA16 1.8004
At2g43890 Pectinlyase-like superfamily protein – 4.9727
At1g05650 Pectin lyase-like superfamily protein – 2.6535
At5g48430 Eukaryotic aspartyl protease family protein – 2.7162
At3g57260 Beta-1,3-glucanase 2 BG2 -3.4018
At1g62440 Leucine-rich repeat/extensin 2 LRX2 1.0733
At1g12560 Expansin A7 EXPA7 0.8419

Fig. 7   The phenotype of the cell in Arabidopsis seedlings. Arabidop-
sis seedlings were exposed to VOCs for 7 days, and the cell of Arabi-
dopsis seedlings become elongated compared with that of the control 
group (A), (B). **indicates p ≤ 0.01

Table 4   Nitrate-related genes regulated by VOCs of L. macroides 
Xi9

Gene id Putative function Gene name log2FC

At1g08090 Nitrate transporter 2.1 NRT2.1 6.6016
At4g21680 Nitrate transporter 1.8 NRT1.8 3.0024
At3g45060 High affinity nitrate transporter 

2.6
NRT2.6 10.4284

At5g60780 Nitrate transporter 2.3 NRT2.3 2.0331
At2g14210 MADS-box transcription factor ANR1 5.6489
At5g50200 Nitrate transmembrane trans-

porter
NRT3.1 1.5398

At4g14358 High affinity nitrate transporter NRT2.5 2.9014

Fig. 8   The content of nitrate and amino acid in Arabidopsis seed-
lings. After Arabidopsis seedlings were exposed to VOCs for 7 days, 
the contents of nitrate (A) and amino acid (B) in Arabidopsis seed-
lings were measured. The treated group indicated significant differ-
ences from the control group (p ≤ 0.01). **, indicates p ≤ 0.01
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Discussion

Many researches have reported that PGPB have the abil-
ity to synthesize and release VOCs spreading for a long or 
short distance in the soil (Santoro et al. 2011; Tilocca et al. 
2020). Plants can perceive and react to microbial VOCs, 
which can induce systemic resistance of plant and regulate 
plant development and growth (Choudhary et al. 2016; Li 
et al. 2021; Tahir et al. 2017a). In this study, we revealed 
changes in some growth parameters of Arabidopsis seedlings 
exposed to VOCs produced by a novel strain, L. macroides 
Xi9. In divided petri plate, only VOCs could influence plant 
growth. Six VOCs with relatively high peak areas were 
identified for strain Xi9. Linalool could reduce decay and 
increase antioxidant activities in blueberries (Wang et al. 
2008). Heptadecane from actinomycete strain SPS-33 have 
the potential to inhibit mycelial growth and sporulation of C. 
fimbriata (Li et al. 2020). These VOCs could induce system 
resistance of plant, inhibit pathogens, and indirectly promote 
plants growth. However, the promotion effect of the identi-
fied compounds need further verification.

Studies have shown that VOCs released by bacteria can 
promote the production of auxin and/or other plant hor-
mones that benefit plant development and growth (Tim-
musk et al. 1999; Velázquez-Becerra et al. 2011; Zhang 
et al. 2007). For bacterial VOCs with biological activity, 
without external auxin, which could facilitate plant growth 
via synthesis and transport auxin. Auxin plays an indispen-
sible role in root growth and development including cell 
elongation, meristem size (Takatsuka and Umeda 2014; Qiu 
et al. 2020). In addition, lateral root growth and develop-
ment also regulated by auxin (Bhalerao et al. 2002). The 
expression of genes encoding auxin response and transport 
were altered after exposure to VOCs of strain Xi9, such as 
the SAUR41 subfamily, ARF20, and PILS5. Consistently, 
the auxin content in the Xi9 group was significantly higher 
than control group. The SAURs comprised the largest fam-
ily of early auxin-responsive genes, including 81 SAURs in 
Arabidopsis, which regulate a series of physiological, devel-
opmental, and cellular processes. SAUR41 and SAUR76 both 
positively mediate root growth (Ren and Gray 2015). Auxin 
efflux carrier family, PILS activity may influence the level 
of the endogenic auxin through intracellular metabolism and 
accumulation. The gene PILS5 negatively regulates the lat-
eral root density (Barbez et al. 2012). The increase in auxin 
synthesis promoted advances in fresh weight, lateral roots 
and root hairs of Arabidopsis seedlings, but the primary 
root length did not increase (Fig. 2), necessitating further 
research.

As a  macronutrient, nitrogen is necessary for plant 
growth and development normally (Hua et al. 2020). Nitrate 
(NO3

−) is the most easily accessible form of nitrogen for 
plants (Zheng et al. 2013). NO3

− reduction, absorption and 

assimilation are indispensable for plant growth (Williams 
and Miller 2001). Gene families NRT1 and NRT2 are criti-
cal for nitrate uptake and transport in Arabidopsis (Li et al. 
2010). Mantelin et al. (2006) reported that a PGPB, Phyl-
lobacterium brassicacearum STM196, mainly affects lateral 
root growth of Arabidopsis seedlings, which can change the 
plant nitrogen status. It was demonstrated that NRT2.5 and 
NRT2.6 benefit plant growth don’t depend on the N-sensing 
condition (Kechid et al. 2013). In our study, genes related 
to nitrogen assimilation and nitrate transport were up-regu-
lated after exposure to VOCs of strain Xi9, such as NRT1.8, 
NRT2.1, NRT2.3, NRT2.5, NRT2.6 and NRT3.1. This result 
is similar to the growth-promoting mechanism of STM196. 
Whether the up-regulation of genes NRT2.5 and NRT2.6 are 
independent with the N-sensing condition in plant growth 
promotion require further verification. By detecting the 
NO3

− and amino acid content of Arabidopsis seedlings, the 
Xi9 group showed higher levels than control group, further 
indicating that VOCs emitted by strain Xi9 can change the 
transcription level of NRT1 and NRT2 gene families and the 
nitrogen status of plants.

The cell wall is a continuously changing architecture 
that is engineered to regulate their biomechanical proper-
ties, promote growth and respond to various stimulus, such 
as plant hormones (Lewis et al. 2013; Sánchez-Rodríguez 
et al. 2010). VOCs of B. subtilius GB03 regulate cell wall-
loosening proteins in Arabidopsis seedlings, wherein the 
genes encoding cell wall modification changed, showing 
an expression pattern that facilitates cell expansion. Several 
other genes encoding cell wall modification for reducing 
cell wall rigidity are up-regulated, leading to a degrada-
tion of cell wall (Zhang et al. 2007). Compared with the 
control group, the expression of genes encoding potential 
auxin-related expansion and pectate lyase were similarly up-
regulated in the Xi9 group, such as At2g43890, EXPA12, 
EXPA16, and EXPA17: EXPA16 was expressed in the shoot, 
EXPA12 and EXPA17 were mainly expressed in the root 
(Lee and Kim 2013). Cell wall reshaping can regulate lat-
eral root development and change cell elongation by altered 
genes transcription level associated with cell wall-modifying 
enzymes (Lewis et al. 2013). EXPA17 is thought to be sig-
nificant for lateral roots (Lee and Kim 2013). As expected, 
after exposure to VOCs of strain Xi9 for 7 days, owing to 
cell wall reshaping, the cells of leaf elongated and lateral 
root numbers increased.

The root system is the main organ for plants to absorb 
nutrients and water from the soil. It is also the site of syn-
thesis of a variety of metabolites, for instance, auxin and 
cytokinin. The plant root system represents significant flex-
ibility in physiology and morphology to adapt to changes of 
environmental situations (Gutiérrez-Luna et al. 2010; Xun 
et al. 2020). In our result, VOCs emitted by L. macroides 
Xi9 not only promoted Arabidopsis seedlings growth but 
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also modulated the root-system architecture. The number 
of lateral roots is closely related to the overall vitality of 
the roots and the utilization of nutrients and water, which 
are extremely important for plant growth and development. 
The root hair is the outward protrusion of the epidermal cells 
(ZhiMing et al. 2011), which readily to cling to the soil, 
and can increase the surface area of roots to absorb nutrients 
and effectively absorb nutrients from soil. The increase of 
lateral roots and root hairs may be related to the comprehen-
sive results of several factors, or a single factor such as PILS, 
ANR1 and/or EXPA genes. The increase in lateral roots and 
root hairs can promote plant roots to absorb more nutrients 
from soil, promoting plant growth, including shoot and root.

Conclusion

We observed that VOCs from L. macroides Xi9 have plant 
growth promoting ability in Arabidopsis seedlings. Six 
VOCs from strain Xi9 were detected including three alkanes, 
two esters, and linalool. We explored differential expres-
sion of genes in Arabidopsis seedlings influenced by VOCs 
of L. macroides Xi9, mainly involved auxin synthesis and 
transport, cell wall modification and nitrogen absorption and 
transport. These findings indicated L. macroides Xi9 can 
facilitate plant growth by mediating nitrogen absorption, 
transport, auxin synthesis and cell wall modification. The 
results of this work provide a new insight in the interactions 
between VOCs of strain Xi9 and Arabidopsis seedlings in 
terms of nitrogen absorption, auxin synthesis and cell wall 
modification.
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