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Effects of the plant growth-promoting
rhizobacterium Zobellella sp. DQSA1

on alleviating salt-alkali stress in job’s
tears seedings and its growth-promoting
mechanism
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Abstract

Plant probacteria as a sustainable microbial resource are crucial to plant, which not only promote plant growth
but also increase the stress resistance of plants. In this study, whole-genome sequencing of Zobellella sp. DQSA1
was performed, and Zobellella sp. DQSAT was applied to Job's tears seedings under salt-alkali stress. Whole-
genome analysis revealed that Zobellella sp. DQSAT can produce metabolites such as tryptophan, alpha-linolenic
acid and other products through metabolism. In response to the action of Zobellella sp. DQSAT, the contents of
jasmonic acid (JA) and indole-3-acetic acid (IAA) in the root system increased by 32.5% and 81.4% respectively,
whereas the content of abscisic acid (ABA) decreased by 30.0%, and the contents of other endogenous hormones
also significantly differed. Additionally, the physiological and biochemical indices related to growth and salinity
demonstrated notable differences. Finally, sequencing analysis revealed that 57 differentially expressed genes
(DEGs) were involved in 16 Gene Ontology (GO) pathways. Furthermore, the correlations between the contents
of endogenous hormones and 57 DEGs were analyzed, and JA was found to be the most significantly correlated.
These results provide a theoretical basis for further exploration of the functions and mechanisms of plant growth-
promoting rhizobacteria (PGPR) under salt-alkali stress.
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Introduction

Salt-alkali stress is a prevalent abiotic stress that affects
approximately 952.2 million hectares of land worldwide
and is increasingly becoming a significant constraint on
global crop production [64]. In Northeast China, more
than 70% of the grasslands are alkaline. The inclusion of
inorganic substances, such as neutral salts, sodium car-
bonate (Na,COs), and sodium bicarbonate (NaHCOj;) in
salt-alkali soils can increase soil environment pH, result-
ing in significant growth inhibition and crop damage [9].
Salt—alkali stress is more complex than neutral salt stress
because it disrupts cellular pH homeostasis during crop
growth, which can have negative effects on crop yield
[41].

The diverse communities of microorganisms in the
rhizosphere host are crucial to plants, not only provid-
ing nutrients but also protecting them from pathogens
[13]; beneficial microorganisms are known as PGPRs,
which promote plant growth, development, and stress
tolerance. Rhizosphere microorganisms can directly
affect plant growth, yield and quality ect. In addition, the
microbiome can stimulate plant growth by producing
phytohormones [27]. Several PGPRs have been studied in
plants and found to increase plant tolerance to salt-alkali,
drought, and heavy metal stresses, in addition to their
growth-promoting activity [19, 54, 66]. Currently, the
mechanism of microbial-plant interaction has become
a hot topic. The exploration of salt-alkali-tolerant and
plant-promoting bacterial strains can provide theoretical
support for the recovery and reconstruction of salt-alkali
land. Additionally, the development and utilization of
microbial biotrophic bacteria provide a new direction for
salt—alkali land management.

Zobellella sp. DQSAL is a new strain of extremophile
microorganism that was isolated from the Dagqing salt-
alkali land in China, which has prebiotic functions, such
as providing iron-producing carriers, producing ACC
deaminase, producing the phytohormone IAA, solu-
bilizing phosphorus, and solubilizing potassium [69].
Meanwhile, Zobellella sp. DQSAL is also a denitrifying
bacterium. While there are currently no reports on plant
promotion under adverse conditions byZobellella sp.
DQSAL, it has been reported that denitrifying bacteria
such as Pseudomonas and Alcaligenes can promote plant
growth under adverse conditions [15, 57]. Denitrifying
bacteria have numerous applications in wastewater treat-
ment and environmental purification [2], and their main
mode of action is the degradation of nitrate [44]. There-
fore, we speculate that Zobellella sp. DQSA1 converts
ammonia into nitrite and nitrate that are more easily
absorbed by plants through nitrification, and providing
a key nitrogen source and promoting the nutrient supply
of plants. In addition, the hydrogen ions were released by
Zobellella sp. DQSA1 during the decomposition process
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to help to regulate soil pH, which can create a suitable
root growth environment and work together with other
microorganisms to balance the soil microbial community.
The suitable environment can inhibit the reproduction of
harmful pathogens and provide good growth conditions
for healthy plants growth and development.

Job’s tear (Coix lacryma-jobi L.) is an ancient grami-
naceous plant with high nutritional and medicinal value,
which are used as a crop for both medicine and food
in China. Owing to their versatility, they are known
as the king of the world’s graminaceous family [22]. As
a medicinal herb, Job’s tear fruit has the properties of
being sweet, mild and heat-clearing, which can be used
to treat neuralgia, inflammatory diseases, rheumatism,
and osteoporosis, and as a diuretic to remove edema,
strengthen the spleen, dispel dampness, and remove
heat and pus [72]. As an edible raw material, its calorie
is higher than rice and wheat, and is rich in fat, a vari-
ety of amino acids, vitamin B, vitamin B,, Ca, P, Mg, and
so on [74]. The crop with medicinal and food value, has
been introduced into China’s salt-alkali areas for cultiva-
tion. However, the growth of Job’s tear grains is hindered
in salt-alkali areas, resulting in seedling shortages, yield
reduction and quality decline. Given the context of pro-
moting sustainable development, agricultural microbial
agents have been widely used.

In this work, we studied the physiology, growth param-
eters and transcriptome analysis of Job’s tear seedlings
in response to Zobellella sp. DQSA1 under salt-alkali
stress. This study not only investigated the mechanism
and response of Zobellella sp. DQSAL to alleviate salt-
alkali stress and promote its growth at physiological
and molecular perspective but also provides some refer-
ence for the cultivation of Job’s tears in other salt-alkali
regions. Moreover, these findings provide a foundation
for further exploration of the function and mechanism of
action of PGPR under salt-alkali stress.

Materials and methods

Whole-genome sequence analysis of Zobellella Sp. DQSA1
Zobellella sp. DQSAL is a new strain of extremophile
microorganism that was isolated from the saline-alkali
Na,CO; type of Daqing salt-alkali land in China. Addi-
tionally, it has prebiotic functions, such as providing
iron-producing carriers, producing ACC deaminase, pro-
ducing the phytohormone IAA, solubilizing phosphorus,
and solubilizing potassium [69].

The DNA samples that passed the Zobellella sp.
DQSAL1 assay were subjected to gel recovery and DNA
library construction. Majorbio Biomedical Technologies
(Shanghai, China) completed second- and third-genera-
tion genome sequencing via the Illumina noveseq-6000
and PacBio sequencing platforms. The genome was
assembled via three generations of data. The original data
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were self-corrected, and the initial genome assembly was
performed via Falcon to obtain the consensus sequence.
The gene sequencing data were subjected to KEGG and
GO analyses, as well as other related analysis [10].

Plant material collection

“Yiliao No.5” of Coix lacryma-jobi L. varity was provided
by the Plant and Microbial Interaction Research Group
of Heilongjiang Bayi Agricultural University, Heilongji-
ang Province, China, was used as the test material in
this study. The experiment was conducted indoors using
Job’s tear seeds, which were uniform in size, full, and
unbroken. All test-treated seeds were soaked in water
for 24 h, disinfected with 2% NaClO (v/v) for 10-15 min,
and then rinsed with sterile distilled water 3-5 times.
Seeds of consistent germination were transferred to
Hoagland nutrient solution and incubated under stan-
dard room temperature conditions (25°C and 12 h light-
dark periods). Once the Job’s tear seedlings reached
the two-leaf-one-heart stage, salt-alkali buffer solution
(Na,CO4:NaHCO3=9:1) was added to the Hoagland
nutrient mixture at a 1:1 ratio. The Job’s tears seedlings
were then transferred into the mixture for further culti-
vation. Four concentrations of salt-alkali buffer solution
(10 mM, 20 mM, 30 mM, 40 mM) were used to screen
for salt-alkali stress concentrations. The control (CK)
consisted of a 1:1 mixture of water and Hoagland nutri-
ent solution. Three replications of each treatment were
conducted.

After screening for a suitable stress concentration, Job’s
tears seedlings grown to the two-leaf-one-heart stage
were stressed at screened concentration for 48 h and
then the growth promotion experiments were carried.
The experiments were divided into four groups, namely,
the control group (CK), the group receiving Zobellella
sp. DQSAL1 only (CK+), the salt-alkali stress group (SA),
and the salt-alkali stress plus Zobellella sp. DQSA1 group
(SA+). After Zobellella sp. DQSA1 was activated in
LB solid medium with a pH of 8.5, single colonies were
selected and transferred to LB liquid medium with the
same pH. The mixture was then incubated on a shaker
for 12 h at 28 “C and 170 rpm. From this culture, 400 mL
of bacterial mixture was removed and centrifuged at 4°C
and 8000 rpm for 10 min. The supernatant was removed,
and the concentration of 8.3 x 10% cfu/mL bacterial cells
were resuspended in physiological saline (9 g NaClin 1 L
water) before being added to CK+and SA +for growth
promotion experiments. After Zobellella sp. DQSA1 was
added, samples were collected from each group at 0, 12,
24, 36, 48 and 60 h, and stored in -80 C for the future
use.

Page 3 of 16

Measurement of growth indicators

The height, root length, and stem diameter of the Job’s
tears seedlings were measured via a Vernier caliper. The
above-ground and underground parts of the Job’s tears
seedlings were dried at 105°C for 30 min and then at
65°C for 36 h. The average dry biomass above and below
ground was recorded and calculated. Measurements
were taken at three positions on the leaf (bottom, middle,
and top) via a SPAD-502 chlorophyll meter. The average
SPAD value for each leaf was calculated [26].

The root indicators of Job’s tears seedlings were
scanned via a root scanning device (PerfectionV-
700Photo, Seiko Epson Corp., Japan), and the roots from
each treatment were analyzed via WinRHIZO software
(Regent Instruments Inc., Canada). Root scans were per-
formed by gently rotating the root system with forceps to
avoid overlapping lateral roots and to minimize errors.
The root surface area, root volume, mean diameter and
number of root tips were recorded carefully.

Measurement of physiological and biochemical indicators
The enzyme mixture was obtained through the following
procedure: The enzyme was extracted from 0.5 g of leaves
or roots in a precooled mortar and pestle, then 0.1 M
phosphate buffer was added and the mixture was cen-
trifuged for 15 min, which supernatant was utilized for
the assessment of enzyme activity.an the enzyme extracts
were prepared at a temperature of 4°C [45].

Samples were collected at 0, 12, 24, 36, 48 and 60 h
to measure the following indices. The concentration of
H,0O, was determined by measuring its absorbance at
410 nm (Shams [56]). The O, content was determined
via the hydroxylamine oxidation method [51]. Superox-
ide dismutase (SOD) activity was determined via nitro-
blue tetrazolium [71]. Peroxidase (POD) activity was
determined by guaiacol [1]. Catalase (CAT) activity was
assayed and calculated by monitoring the initial rate of
H,0, disappearance at 240 nm [20]. The 2-thiobarbituric
acid (TBA) method was used to determine the content
of malondialdehyde (MDA) [8]. The free proline con-
tent was determined via the sulfosalicylic acid method
[7]. The soluble protein content was determined via the
Thomas Brilliant Blue G-250 staining method [53], which
measurements were repeated three times.

Histochemical detection of hydrogen peroxide (H,0,) and
superoxide anion radical (0,")

At 36 h of treatment, leaves were collected via sterilized
scissors to ensure clean cuts, and 5 cm of leaves were
removed. To detect H,O,, the leaves were placed ran-
domly into 10 mL test tubes containing 3,3'-diamino-
benzidine tetrahydrochloride (1 mg/mL, pH 5.8) solution
(Coolaber, Beijing, China), and the tubes were kept in
the dark at 25°C for 12 h. To detect O,”, the leaves were
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randomly placed in test tubes containing 10 mL of 0.1%
nitroblue tetrazolium solution (Coolaber, Beijing, China)
in potassium phosphate buffer (10 mM, pH 6.8) and infil-
trated for 24 h. The staining solution was discarded from
the test tube, and 75% ethanol was added to clean it. The
tube was then placed in a high-temperature water bath
and boiled, and attention was given to replenishing 75%
ethanol until the chlorophyll on the leaf blade was com-
pletely removed. This was indicated by the absence of a
green color in the ethanol mixture in the test tube. Brown
and blue spots were observed, indicating the deposition
of H,0, and O,7, respectively [51].

Endogenous hormone content determination

The contents of Zeatin (ZR), IAA, ABA, Brassinosteroids
(BR), Gibberellins (GA), JA and Kinetin (KT) were deter-
mined via liquid chromatography-mass spectrometry
(LC-MS). One gram of roots from different treatments
was weighed accurately in a 50 mL centrifuge tube, and
10 mL of acetonitrile: water: formic acid (80:19:1) was
added. The mixture was then vibrated for one minute,
sonicated in an ice bath for 20 min, and extracted at
-20°C for 16 h. After this period, the contents of each
hormone were determined. The extract was maintained
at a temperature of -20°C for a period of 16 h, which
the concentration of each hormone was quantified. The
detection conditions of LC were as follows: mobile phase
10 mmol/L ammonium acetate aqueous solution-meth-
anol; gradient elution: 0-10 min, 85% -5% ammonium
acetate aqueous solution; 10-11 min, 5% ammonium
acetate aqueous solution; 11-12 min, 5 -85% ammonium
acetate aqueous solution; 12-15 min, 85% ammonium
acetate aqueous solution; the flow rate was 0.3 mL/min.
Injection volume: 10 pL; the column temperature was
30°C. MS conditions were positive and negative ion ion-
ization modes of the electrospray ionization source and
the spray voltage was 3 kV. The sheath gas (N,) flow rates
were 20 and 15 L/min in positive and negative ion ion-
ization modes, respectively. The auxiliary gas (N,) flow
rates were 10 and 5 Arbs in positive and negative ion
ionization modes, respectively. The capillary tempera-
tures for ion transport were 300 and 200°C, respectively.
The collision gas is argon and the collision gas pressure
is 0.1995 Pa. Selective reaction monitoring (SRM) mode
was used for scanning [60]. The ethylene (ETH) content
was quantified via gas chromatography. The sample was
weighed and placed in a gas collection bottle. The col-
lection time was recorded and 1 mL of gas was extracted
and measured by a HITACHI 163 gas chromatograph
at room temperature for 2 h. The carrier gas was nitro-
gen at a flow rate of 1 mL/min, the inlet temperature
was 50°C, the column temperature was 50°C, and gas
chromatography was performed on an Agilent HP-
PLOT Q 30 mx0.53 mm0.4 pm gas chromatograph. The
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separation was conducted on an Agilent HP-PLOT Q
30 mx0.53 mmO0.4 pm GC column with an FID detector
at 200°C and a retention time of 1.1 min [16].

Transcriptome sequencing analysis and qRT-PCR
validation

The roots of Job’s tear seedlings subjected to differ-
ent treatments were collected to prepare RNA samples,
which treatment consisted of three biological replicates.
The samples were treated for 36 h and then immediately
snap-frozen in liquid nitrogen and stored at -80°C. Total
RNA was extracted from the roots of Job’s tears seedling
via a plant RNA extraction kit manufactured by Tiangen
(Beijing, China). The concentration, purity, and integrity
of the extracted RNA were evaluated via a spectropho-
tometer and an Agilent 2100 Bioanalyzer (Agilent, Santa
Clara, CA, USA) prior to cryopreservation. cDNA library
construction and transcriptome sequencing were per-
formed by Majorbio-Biopharm-Technology (Shanghai,
China).

DESeq 2 software was selected for the analysis and
the Salmon algorithm was employed to calculate FPKM
values, which indicate the expression levels of individ-
ual genes. RSEM was used to compare the quality con-
trol sequencing data with the assembled transcriptome
sequences via bowtie, after which the expression abun-
dance of the genes/transcripts was estimated on the basis
of the results of the comparison. Finally, FPKM was used
to compare the differences in gene expression between
different samples. To increase the reliability of the analy-
sis, the false discovery rate (FDR) method was employed
to adjust the p-value [6, 55]. The researchers subsequently
selected DEGs that exhibited significant differences for
further investigation. The threshold for selection was
set at|Log, FC| >5.5, which was used to determine their
enrichment in GO terms, which are available at http://
geneontology.org/. To investigate the relationships and
associations between the datasets, a Mantel test via R
software (version R-4.0.5) was performed. Additionally,
correlation and co-occurrence network analyses was con-
ducted according to the Spearman method [48].

To validate the transcriptome sequencing results, we
analyzed the expression levels of 16 single genes in dif-
ferent treatment groups via qRT-PCR. Actin was used as
the internal reference gene. Primer-BLAST software was
used to design primers specific to the unigene sequence,
as shown in Table S1. RNA was extracted from the sam-
ples and reverse transcribed into cDNA for qRT-PCR
analysis. The reaction system consisted of 20 uL, with 1
uL of cDNA, 10 pL of 2xSYBR Green qPCR master mix,
and 0.4 pL each of forward and reverse primers. A Bio-
Rad CFX96 Real-Time System (Bio-Rad, USA) was used
to perform all gqRT-PCR. The program consisted of pre-
denaturation at 95°C for 2 min, followed by denaturation
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at 95°C for 10 s for 40 cycles and annealing/extension at
58°C for 30 s. The reaction system was 20 pL, with 1 pL
of cDNA, 10 pL of 2xSYBR Green qPCR master mix, and
0.4 pL each of forward and reverse primers. The 2744t
method was used to calculate the expression levels of the
analyzed genes [42].

Statistical analysis

A correlation test was performed via R version 4.3.0 to
statistically evaluate the correlation between endogenous
hormones and gene expression. All the data in the tables
and figures are the means of at least three replicates
and the results are expressed as the means + standard
deviations (SDs). The data were statistically analyzed
via IBM SPSS Statistics 23 to test the significance of the
differences.

Results

Relevant metabolic pathways in the whole genome of
Zobellella Sp. DQSA1

Whole-genome sequencing was conducted on Zobel-
lella sp. DQSA1. The genome size of Zobellella sp.
DQSA1 was 4,201,419 base pairs and the genome type
was cyclic, which average content of GCs was 61.14% and
the number of encoded genes was 3,801, including 98
tRNA genes and 25 rRNA genes (Fig. S1). KEGG analysis
of the whole genome of Zobellella sp. DQSA1 revealed
the related to genes expression of metabolism pathways
such as histidine metabolism; glycine, serine and threo-
nine metabolism; and tryptophan metabolism in the
metabolism classification (Table 1). The metabolites pro-
duced through these metabolic pathways play important
regulatory roles in plant growth promotion and stress
tolerance.

Effects of Zobellella Sp. DQSA1 on the growth of job’s tear
seedlings

When Job’s tears seedlings reached the two-leaf-one-
heart stage, which were treated with a mixture of
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salt-alkali buffer and Hoagland nutrient solution at vari-
ous concentrations. At 30 mM concentration, the Job’s
tears seedlings wilted but did not die (Fig. S2). Thus, the
salt-alkali stress concentration was determined to be 30
mM.

Following the screening of the most suitable stress
concentration, Zobellella sp. DQSA1 was added to Job’s
tear seedlings that had been stressed for 48 h to con-
duct growth promotion experiments. The results dem-
onstrated that the addition of Zobellella sp. DQSA1
had a growth-promoting effect on the growth of Job’s
tears seedlings. (Fig. 1A). Compared with CK group, the
fresh leaf weight of the CK+ treated plants increased by
21.22%, the root length decreased by 15.42%, the stem
thickness and chlorophyll content increased by 29.15%
and 34.89% respectively. Compared with SA, SA +sig-
nificantly increased all the growth indices, with 64.00%
and 44.38% increases in the dry and fresh weight of
leaves, 33.89% and 23.67% increases in the dry and
fresh weight of roots, 19.80% increases in plant height,
33.79% increases in root length, 32.66% increases in stem
thickness and 38.00% increases in chlorophyll content
(Fig. 1B-1).

The root systems of the different treatment groups were
scanned via a root scanner and were found to be signifi-
cantly different (Fig. S3). Compared with CK treatment,
the addition of Zobellella sp. DQSA1 resulted in sig-
nificant differences in all the root indicators, which sur-
face area, mean diameter, and number of root tips were
increased by 59.19%, 63.46%, and 64.57% respectively,
and the volume decreased by 33.42% in CK+group.
Compared with SA treatment, all four indices were sig-
nificantly increased by 39.30%, 15.85%, 114.61%, and
139.15% respectively in SA + group (Fig. 1J-M).

Effects of Zobellella Sp. DQSA1 on the physiological and
biochemical parameters of job’s tear seedlings

The antioxidant enzyme activities showed the trend of ris-
ing firstly and then decreasing in SA and SA + treatment

Table 1 Relevant metabolic pathways in the whole genome of Zobellella sp. DQSAT

First Category Second Category

Third Category

Metabolism Amino acid metabolism
Metabolism Amino acid metabolism
Metabolism Amino acid metabolism
Metabolism Amino acid metabolism
Metabolism Amino acid metabolism
Metabolism Amino acid metabolism
Metabolism Amino acid metabolism
Metabolism Amino acid metabolism
Metabolism Amino acid metabolism
Metabolism Amino acid metabolism
Metabolism Amino acid metabolism
Metabolism Lipid metabolism

Glycine, serine and threonine metabolism
Histidine metabolism

Alanine, aspartate and glutamate metabolism
Tryptophan metabolism

Lysine degradation

Lysine biosynthesis

Valine, leucine and isoleucine biosynthesis
Cysteine and methionine metabolism
Arginine and proline metabolism

Tyrosine metabolism

Phenylalanine metabolism
alpha-Linolenic acid metabolism
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Fig. 1 The Job's tears seedlings growing situation and growth indexes of different treatment group. A: Growth phenotype, B: Fresh leaf weight, C: Leaf dry
weight, D: Fresh root weight, E: Dry weight of root, F: Plant height, G: Root length, H: Stem diameter, I: Chlorophyll content, J: Surface area of root, K: Vol-
ume of root, L: Mean diameter of root, M: Number of root tips increasing. Data were analyzed using SPSS with t-tests; asterisks above indicate significant
differences between the respective values, *P < 0.05, **P < 0.01, **P < 0.001. All statistically analyzed data have three biological replicates

groups. At 36 h of treatment, the activities of CAT and
POD of leaves increased by 40.0% and 13.4% respectively,
in SA +group compared with SA group. In contrast, the
activity of SOD decreased by 11.9%. At 48 h, the activity
of SOD increased in the SA +group, reaching its maxi-
mum and being greater than that of the SA group at 36 h.
In the root system, CAT activity, SOD activity and POD
activity increased by 8.9%, 9.2% and 2.4% respectively, in
SA + group compared with SA group. Additionally, there
was a significant increase in the activities of antioxidant
enzymes in the leaf and root systems in the CK+ group
compared with those in the CK group (Fig. 2A-F).

The results presented in Fig. 2G-L demonstrate that
the amount of osmoregulatory substances also increased
following the administration of Zobellella sp. DQSAL.
At 36 h of treatment, the soluble sugar, soluble pro-
tein, and proline contents increased by 45.5%, 12.1%,
and 38.9% respectively in the leaves and also increased
by 23.6%, 4.1%, and 45.1% respectively in the roots of
the SA +group compared with SA group. The differ-
ence between the CK group and the CK+ group was not
significant.

As shown in Fig. 2M-R, the contents of H,0, and O,~
in leaves and roots of each treatment group increased
with time. Compared with SA group, the content of H,O,
and O, in leaves of SA + group decreased by 17.7% and
5.1% respectively at 36 h, and decreased by 24.9% and
28.4% respectively in roots. At 60 h, the content of H,O,
and O, in leaves of SA + group decreased by 16.2% and
19.5% respectively, and decreased by 31.9% and 15.9%
respectively in roots. The difference between CK group
and CK+group was not significant. Compared with SA
group, MDA content in leaves of SA + group had no sig-
nificant difference at 36 h, but decreased by 15.7% in
roots. At 60 h, MDA content was different in leaves and
roots, which decreased by 25.7% and 24.3%, respectively,
and there was no significant change in MDA content of
CK and CK + groups.

Histochemical localization of H,0, and O,~

The leaves of the plants in the CK and CK+ groups pre-
sented no or only weak staining for H,O, and O, depo-
sition, while the leaves of the plants staining showed a
significant difference in the leaves of the plants in the SA
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Fig. 3 Endogenous hormone contents in the root system of Job's tears seedlings under different treatments. A: IAA, B: GA, C: ABA, D: KT, E: JA, F. ETH, G:

BR H: ZR

and SA +groups, which the intensity of H,O, (brown)
and O, (blue) deposition was lower in the leaves of the
SA + group than in those of the SA group (Fig. S4).

Changes in endogenous hormones in job's tear seedlings

The impact of Zobellella sp. DQSA1 on the root system
was more pronounced, with related enzyme activities
reaching their maximum value at 36 h. Consequently,
the contents of IAA, GA, ABA, KT, JA, ETH, BR, and
ZR were determined comprehensively in Job’s tear seed-
lings root for 36 h.The results demonstrated that the con-
tents of IAA, GA, JA, and ZR were markedly greater in
the CK group than in the CK+ group, with increases of
11.7%, 9.1%, 64.5% and 27.4%, respectively. Conversely,
the content of BR was lower, and no significant difference

was detected in the contents of ABA, KT, and ETH. In
the SA +group, the contents of IAA, GA, KT, JA, ETH,
and ZR increased by 81.4%, 40.8%, 69.4%, 32.5%, 32.5%
and 311%, respectively, and the contents of ABA and
BR decreased by 30.0% and 15.1%, respectively (Fig. 3),
which incicated a significant difference compared with
SA group The results also showed that the growth-pro-
moting effect of Zobellella sp. DQSAL on Job’s tear seed-
lings was more pronounced under salt-alkali conditions.

The screening and analyzing of key DEGs

Samples of Job’s tear seedling root systems at 36 h were
subjected to RNA-Seq analysis with three biological
replicates. A total of 11,206 DEGs were identified, with
3,271 up-regulated and 7,935 down-regulated genes in
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the CK_DQSA1 (CK+) vs. CK comparison. Similarly,
83,130 DEGs were observed, with 61,765 up-regulated
and 21,365 down-regulated genes in the SA vs. CK com-
parison. Finally, 84,945 DEGs were found, with 39,709
up-regulated and 45,236 down-regulated genes in the
SA_DQSA1 (SA+) vs. SA comparison. To identify the key
DEGs, we employed UpSet and flower diagrams to sum-
marize the number of DEGs in the three different groups.
In the CK_DQSA1 vs. CK group and the SA_DQSAI vs.
SA group, there were 520 up-regulated DEGs and 5109
down-regulated DEGs, respectively (Fig. S5). To investi-
gate the promotional effect of Zobellella sp. DQSA1 on
Job’s tear seedlings, DEGs that were expressed in both
the CK_DQSA1 vs. CK groups and the SA_DQSALI vs.
SA groups with large differences in expression (|Log, FC|
>5.5) were selected for analysis, and a total of 173 eligible
DEGs were identified (Table S2).

Functional annotation analysis of DEGs

The 173 significant DEGs were categorized into three
distinct GO classes, encompassing biological pro-
cesses, cellular components, and molecular functions.
Among these genes, only 113 genes were annotated, as
depicted in Fig. 4A. In biological process annotation,
including the peptide metabolic process (GO:0006518),
cellular amide metabolic process (GO:0043603), trans-
lation (GO:0006412), peptide biosynthetic process
(GO:0043043), cellular nitrogen compound biosyn-
thetic process (G0O:0044271), macromolecule biosyn-
thetic process (GO:0009059), amide biosynthetic process
(GO:0043604), organonitrogen compound biosynthetic
process (GO:1901566), and cellular macromolecule
biosynthetic process (GO:0034645). In cellular compo-
nent category, including the ribonucleoprotein complex
(G0O:1990904), ribosome (GO:0005840), non-membrane-
bounded organelle (GO:0043228) and intracellular non-
membrane-bounded organelle (GO:0043232). Within
the molecular function category, three enriched GO
terms stood out, namely structural constituent of ribo-
some (GO:0003735), mRNA binding (GO:0003729) and
structural molecule activity (GO:0005198). In total, 57
DEGs demonstrated significant enrichment in 16 dis-
tinct GO pathways. Among these, thirty-two DEGs were
notably enriched in GO:0006518 (peptide metabolic pro-
cess), thirty-two DEGs in GO:0043603 (cellular amide
metabolic process), thirty-one DEGs in GO:0006412
(translation), thirty-one DEGs in GO:0043043 (peptide
biosynthetic process), thirty-six DEGs in GO:0044271
(cellular nitrogen compound biosynthetic process),
thirty-one DEGs in GO:0009059 (macromolecule bio-
synthetic process), thirty-one DEGs in GO:0043604
(amide biosynthetic process), thirty-nine DEGs in
GO0:1,901,566 (organonitrogen compound biosynthetic
process), thirty-one DEGs in GO:0034645 (cellular
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macromolecule biosynthetic process), thirty-six DEGs
in GO:1,990,904 (ribonucleoprotein complex), twenty-
nine DEGs in GO:0005840 (ribosome), thirty-four DEGs
in GO:0043228 (non-membrane-bounded organelle),
thirty-four DEGs in GO:0043232 (intracellular non-
membrane-bounded organelle), thirty-two DEGs in
GO:0003735 (structural constituent of ribosome), nine-
teen DEGs in GO:0003729 (mRNA binding) and thirty-
eight DEGs in GO:0005198 (structural molecule activity)
(Fig. 4B). In summary, we identified 57 key DEGs that
regulate 16 different GO pathways in response to Zobel-
lella sp. DQSAL.

Association analysis between key DEGs and endogenous
hormones

To analyze the associations among the 57 key DEGs of
GO terms and endogenous hormone contents, the Man-
tel correlation test was employed. Given that the endog-
enous hormone content exhibited greater variability in
the SA and SA + groups, these two groups were subjected
to analysis. The results revealed a highly significant cor-
relation between JA content and the BP, CC, and MF
categories, as well as a significant correlation between
ABA content and IAA content (Fig. 5A). Furthermore,
we observed that 21 DEGs were significantly negatively
correlated with JA content, 21 DEGs were significantly
positively correlated with ABA content, 36 DEGs were
significantly positively correlated with KT content, 36
DEGs were significantly negatively correlated with BR
content, 21 DEGs were significantly negatively correlated
with IAA content, and 21 DEGs were significantly nega-
tively correlated with ETH content (Fig. 5B). Compre-
hensively, the correlation between endogenous hormones
and key DEGs, between GO terms and key DEGs was
seen Fig. 5C.

KEGG analysis of JA generation and regulation

The above analyses revealed that the DEGs correlated
most significantly with JA. Therefore, the pathway
involved in the generation and regulation of JA was ana-
lyzed. The KEGG metabolic pathway indicates that JA
is synthesized by a-linolenic acid metabolism, in which
lipoxygenase (EC: 1.13.11.12), hydroperoxide dehydra-
tase (EC: 4.2.1.92) and allene oxide cyclase (EC: 5.3.99.6)
are significantly up-regulated. In the plant hormone
signal transduction pathway, jasmonic acid-amino syn-
thetase (JARI), coronatine-insensitive protein 1 (COII),
jasmonate ZIM domain-containing protein (JAZ), and
the transcription factor MYC2 (MYC2) were significantly
up-regulated (Fig. 6).

Validation of DEGs by qRT-PCR
To verify the accuracy and reproducibility of the RNA-
seq results, a total of 16 genes were randomly selected
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for validation via qRT-PCR. The expression levels of the = Discussion
selected genes were calculated via the 2-2ACT method. A The objective of this study was to investigate a novel salt-
comparison of the expression data obtained by RNA-seq  alkali-tolerant PGPR, Zobellella sp. DQSA1, which has
and qRT-PCR revealed that the expression trends of 16  the capacity to survive stably under salt-alkali stress con-
genes were consistent with the transcriptome sequencing  ditions. This resulted in the promotion of the develop-
results. These findings indicate that the RNA-seq dataare = mental growth and salt tolerance of Job’s tears seedling.
reliable and can be used for in-depth analysis (Fig. S6). In the context of salt stress, the cocultivation of Zobellella
sp. DQSA1 with Job’s tears seedlings has been shown to
alleviate the negative effects of salt stress on plant growth
and development, which can be reflected indicators of.
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root architecture, biomass accumulation and plant
growth; the stimulation of phytohormone biosynthesis
and signaling; and antioxidant capacity in experiment.
These mechanisms act in a synergistic manner to pro-
mote the growth of Job’s tears seedlings under salt-alkali
stress. Plants have evolved symbiotic interactions with
microbes that can alter plant phenotypic plasticity dur-
ing plant growth or in response to stress [46]. By reveal-
ing the intricate regulatory mechanisms underlying
plant-microbe interactions, we can gain insights into
how PGPR can beneficially affect plant growth and stress
tolerance. These findings have great potential for advanc-
ing biofertilizer development and sustainable agricultural
practices [39].

Zobellella Sp. DQSA1 enhances the growth and salt
tolerance of job's tear seedlings

Zobellella sp. DQSA1 can produce many amino acids
through metabolism (Table S1), it was observed that the
soluble protein content of SA +group was higher than
that of SA group (Fig. 2), and the increase of soluble
protein content may enhance the resistance of plants.
Some amino acids have been clarified to enhance the
antioxidant capacity of plant cells [52]. Considering that
the nutrient solution used contained only Zobellella sp.
DQSAL1 and inorganic components, it is assumed that the
observed increase in soluble protein content and subse-
quent enhancement of plant resistance may be attributed
to the amino acids secreted by Zobellella sp. DQSAL.
The study has shown that amino acids can be directly
absorbed by plant roots [29] and potentially regulate
plant resistance mechanisms.
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Fig. 6 KEGG analysis of JA-related pathways in Job's tears seedlings under salt-alkali conditions

Salt—alkali stress can lead to a range of changes in
plants. In naturally salt-alkali soils, the principal salts
present are sodium carbonate and sodium bicarbonate,
which can cause synergistic damage by inducing high Na*
toxicity, osmotic stress, and elevated pH stress in plants
(Cheng [12]). When plants are subjected to salt stress,
their growth and development are inhibited, resulting in
stunted growth, wilting, or even death. This ultimately
leads to a reduction in biomass [21]. In this study, the
growth of Job’s tears seedlings was initially evaluated
under various salt-alkali conditions. These strains exhib-
ited wilting but did not exhibit signs of mortality at a salt-
alkali concentration of 30 mM (Fig. S2).

A number of studies have indicated that PGPRs such
as Bacillus, Enterobacter, Pseudomonas and Serratia
have the potential to alleviate the negative effects of salt-
alkali stress and increase seed germination, chlorophyll
synthesis and biomass production, thereby improv-
ing the growth and salt-alkali tolerance of certain crops
[4, 24]. The data presented demonstrate that Zobellella
sp. DQSA1 plays a pivotal role in enhancing the growth
and salt tolerance of Job’s tears seedlings (Fig. 1A). First,
Zobellella sp. DQSA1 treatment promoted the growth of
Job’s tears seedlings, resulting in a significant increase in
their dry and fresh weights (Fig. 1B-I). An examination
of the root system revealed that although the root length
was reduced, both the biomass and the number of root

hairs in the root system increased significantly (Fig. 1J-
M). Notably, the growth-promoting effect of Zobellella
sp. DQSA1 was even more pronounced under salt-alkali
conditions. The rationale for this is that this strain was
discovered and screened in salt-alkali environments,
which exhibit faster reproduction and increased activity
under salt-alkali conditions [69].

Plants possess remarkable resilience, exemplified by
their capacity to produce antioxidant enzymes that neu-
tralize reactive oxygen species [3]. POD and CAT play
pivotal roles in detoxifying H,O, from seedling tissues
and mitigating oxidative damage [23]. SOD reduces lipid
peroxidation in cell membranes by inhibiting the produc-
tion of hydroxyl radicals, thereby acting as the primary
defense against reactive oxygen species [28]. Soluble sub-
stances serve to mitigate the effects of salt-alkali stress
and maintain the intracellular ionic balance [11]. The
present study also revealed that salt-alkali stress caused
significant accumulation of H,0,, 0?7, and MDA in the
leaves and roots of Job’s tears seedlings. However, inocu-
lation with Zobellella sp. DQSA1 significantly reduced
the accumulation of H,0,, O*", and MDA (Fig. 2M-R)
and increased the activities of antioxidant enzymes, such
as CAT, POD, and SOD (Fig. 2A-F), as well as the con-
tents of free proline, soluble proteins, and soluble sugars
(Fig. 2G-L). These findings suggest that Zobellella sp.
DQSA1 could improve the salt-alkali tolerance of Job’s
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tear seedlings by increasing the activities of antioxidant
enzymes and osmotic regulators and eliminating toxic
free radicals. These results are consistent with those of
previous studies in which PGPR inoculation improved
salt-alkali tolerance in different crops by enhancing the
antioxidant defense system [32, 33, 67].

Zobellella Sp. DQSA1 enhances the salt-alkali tolerance of
job's tear seedlings by regulating endogenous hormones
in their root system

Endogenous hormones are signaling substances with
complex and diverse physiological mechanisms. In
response to stress, plants regulate their own hormone
levels [65]. Among the various hormones involved in
plant development, growth hormone plays a pivotal and
indispensable role. IAA, the primary active component
of growth hormone, has been shown to stimulate the
growth of existing roots, the formation of adventitious
roots, and the branching of roots. Salt-alkali stress has
been shown to result in a notable decline in IAA content
[59]. ZR and KT belong to a group of cytokinins that are
involved in a range of physiological and biochemical pro-
cesses in plants. These processes include cell division, the
stem-root ratio, fertility, leaf senescence, and adaptation
to abiotic stresses [37]. Cytokinins also inhibit root elon-
gation and lateral root formation [50]. ABA plays a piv-
otal role in salt stress and is highly susceptible to stress.
The accumulation of ABA closes the stomata to reduce
the transpiration rate and initiates a complex network
of signaling molecules in the plant to alleviate the ionic
toxicity and oxidative damage caused by salt stress, espe-
cially osmotic stress. This process reduces or prevents the
negative effects of salt stress on plant growth and ABA
plays a protective role. ABA exerts a regulatory effect
on root architecture, including the initiation and elon-
gation of primary roots, lateral roots, adventitious roots
and root hairs under both normal and stress conditions
[61]. ABA acts as a regulatory center for plant hormones
in response to stress and influences changes in the con-
tents of other plant hormones. ABA inhibits lateral root
growth and development by inducing ROS production
in roots, antagonizing growth hormones and synergiz-
ing with cytokinins [35]. BR and JA are the most recently
discovered hormones. BR plays a pivotal role in the regu-
lation of plant root growth, development, and symbiosis.
Furthermore, BRs regulate the size of root meristematic
tissues and lateral root development in Arabidopsis
thaliana and other root meristems over a range of con-
centrations [68]. JA is an essential endogenous signal
that regulates a multitude of plant processes for environ-
mental adaptation, which includes primary root growth
inhibition and root hair elongation. JA affects root devel-
opment by triggering the degradation of JAZ (jasmonate
ZIM domain) deterrents and inducing transcriptional
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reprogramming through specific signaling pathways,
such as the COII-JAZ coreceptor pathway [34]. As a
stress-related hormone, JA has also been reported to be
involved in salt-induced growth inhibition. JA levels are
elevated under salt stress and JA signaling is activated
[63]. There is a paucity of research investigating the
impact of gibberellin and ethylene on the root system.
However, recent findings indicate that GA negatively
regulates the radial growth of roots [58], some stud-
ies have shown that the change in GA concentration in
plants under salt-alkali stress and drought stress signifi-
cantly decreases and that plants can adapt to the exter-
nal environment through a reduction in GA content [18].
Whereas ethylene plays a pivotal role in the development
of the root system, including the formation of lateral
roots and adventitious roots, the establishment of the
microenvironment of the root stem cells and the devel-
opment of root hairs [40], ethylene plays a complex role
in the response of plants to saline-alkali stress. Although
some studies have reported the positive regulatory role
of ethylene in enhancing Arabidopsis tolerance (Dubois
et al,, 2018), others indicate that high levels of ethylene
can adversely affect plant growth under stress conditions.
Ethylene often mediates various adaptive responses that
enhance tolerance to salinity stress [38, 47], highlighting
its dual role depending on the environmental conditions
and plant developmental stage.

In conclusion, the findings indicated that an increase
in the contents of IAA, ABA, BR, and JA was associated
with growth of lateral roots and root hairs. Conversely, an
increase in the contents of ABA, JA, and CK was linked
to a reduction in the elongation of primary roots. Zobel-
lella sp. DQSA1 had a significant regulatory effect on
the endogenous hormone levels of Job ‘s tears seedlings.
Under saline-alkali stress, seedlings without inoculation
of Zobellella sp. DQSA1 showed increased stress-related
hormones such as ABA, JA, ETH and BR, while hor-
mones that promote growth such as IAA, GA ZR and KT
were significantly reduced, which indicates that plants
preferentially activate stress response mechanisms under
saline-alkali stress and sacrifices some growth ability to
enhance viability. However, after inoculation with Zobel-
lella sp. DQSAL, the levels of growth-promoting hor-
mones such as IAA, GA, ZA and KT were significantly
restored, while stress hormones such as ABA and BR
were reduced accordingly. Consistent with other PGPR
studies, Zobellella sp. DQSA1 can alleviate the growth
inhibition caused by stress and help plants maintain
growth in saline-alkali environment by regulating endog-
enous hormone levels. This hormone rebalancing mecha-
nism may be achieved by directly or indirectly regulating
the expression of key hormone synthases by Zobellella
sp. DQSAL. Especially, the significant up-regulation of
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JA signaling pathway-related genes further supports its
important role in plant stress adaptation (Fig. 3).

Transcriptome and correlation analysis

The gene expression data suggest that Job’s tear seed-
lings have a highly adaptive regulatory network of adapt-
ing to changing environmental conditions, as has been
reported previously in wheat and rice [49]. One of the
most noteworthy outcomes was the identification of a
total of 173 key DEGs in Job’s tear seedlings from differ-
ent treatment groups (Table S2). These genes are likely
candidates for further research on the genes that play
key roles in promoting the growth and salt-alkali toler-
ance of Job’s tear seedlings under the action of Zobellella
sp. DQSA1. Among these key DEGs, both up-regulated
and down-regulated genes were identified, under-
scoring the complexity and multifaceted nature of the
regulatory mechanisms [43]. In addition, correlation
analysis between the DEGs and hormone levels revealed
the potential functional importance of these genes in reg-
ulating basic physiological responses to salt-alkali stress
(Fig. 5), which is similar to previous research [62]. SA_
vs_SA +has more DEGs than CK_vs_CK+, and the differ-
ence in the number of DEGs suggested that Zobellella sp.
DQSA1 may have a more complex and variable molecu-
lar response mechanism under salt stress conditions (Fig.
S5).

JA synthesis essentially involves a series of enzymatic
reactions in which linolenic acid is released from the
cell membrane as a substrate. Studies have shown that
a-linolenic acid is catalyzed by lipoxygenase (LOX) to
synthesize 13 S-hydroperoxylinolenic acid (13-HPOT)
and 13-HPOT is catalyzed by allene oxide synthase (AOS)
and allene oxide cyclase (AOC). Then, 13-HPOT is con-
verted to 12-oxo-phytodienoic acid (OPAD) by AOS and
AOC, which OPAD is translocated to peroxisomes, where
it is converted to OPDA by oxidoreductase 3 (OPR3)
and after three p-oxidations are converted to (+)-7-Iso-
JA [36, 73]. Subsequently, (+)-7-Iso-JA is transported to
the cytoplasm, where it binds to isoleucine (l-isoleucine,
Ile) catalyzed by the ATP-dependent adenylate-forming
enzyme (JARI) to form the most biologically active jas-
monate analogs recognized as (+)-7-Iso-JA-Ile [70],
which culminates in the formation of biologically active
JA-Ile. It has also been reported that OPDA can also
synthesize 4,5-didehydrojasmonic acid (4,5-didehydro-
JA,4,5-ddh-JA) in peroxisomes after three [-oxidations
followed by OPR2-catalyzed synthesis of JA [14, 17].
When plants are in an ideal living environment, their
endogenous JA content is very low and they lack bio-
logical activity. When plants are under stress, it is unable
to respond directly to stress and regulate the growth of
the plant due to the lack of JA activity. At this time, JA
released into the cytoplasm combines with ATP and Ile
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through the JARI protein to synthesize the most biologi-
cally active JA-like substance (JA-Ile), which is the most
biologically active JA-like substance and rapidly are accu-
mulated in plant cells (Fonseca et al.,, 2009a; Fonseca et
al., [31]. Then, JA-Ile crosses the plasma membrane to the
nucleus via JATI transport and is recognized for function
by the JA receptor COII protein in the SCF-COI1 com-
plex (consisting of an F-box protein, COIl1, SKP, CULI,
and RBX1, among other proteins). The COII-JAZ com-
plex facilitates the interaction between JAZ and COII by
co-receptorizing JA-Ile and this interaction leads to the
degradation of JAZ in the 26 S proteasome, which acti-
vates the transcription and expression of JA-responsive
genes in TFs [5]. In this study, genes involved in the JA
production and action pathways were found to be sig-
nificantly up-regulated and the correlation with DEGs
was the most significant, which suggests that Zobellella
sp. DQSA1 may promote plant growth by regulating the
level of JA (Figs. 5A and 6).

The transcriptome analysis performed provides impor-
tant insights into the basis of salt-alkali tolerance in Job’s
tear seedlings in this study. In conclusion, the integration
of functional classification, GO analysis and related tests
facilitated a deeper understanding of the growth-pro-
moting mechanism of Zobellella sp. DQSAL1 in Job’s tear
seedlings under salt-alkali conditions.

Conclusion

Our dataset included whole-genome sequence analysis
of Zobellella sp. DQSA1 and on the basis of the growth
and physiological parameters of Job’s tears seedlings
being investigated, DEG profiling data that provide a
dynamic perspective on transcriptomic variations in Job’s
tears seedling roots were comprehensively analyzed in
response to Zobellella sp. DQSA1 under salt-alkali stress,
which 173 DEGs with the greatest differences were iden-
tified. A Mantel test and co-occurrence network analysis
were conducted to correlate the 57 DEGs with endoge-
nous hormone contents and the correlation between JA
and the 57 DEGs was found to be the most significant.
The sequencing analysis indicated that Zobellella sp.
DQSA1 can promote growth and salt-alkali stress toler-
ance by regulating endogenous hormone contents. These
results not only have potential application value for the
cultivation and production of Job’s tears seedlings, but
also provide a theoretical basis for further exploration
of the function and mechanism of action of PGPR under
salt-alkali stress.
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