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Abstract

tents and bacterial count in G. uralensis rhizosphere soil.
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Background: Endophytic bacteria have been demonstrated to be one of the most potentially important biocontrol
agents for their efficiently improved plant growth and protection of host plants from infection by phytopathogens.

Results: Nine strains of endophytic bacteria isolated from Glycyrrhiza uralensis Fisch. (G. uralensis) seeds were
screened for the inhibitory effect against 5 fungal phytopathogens by using dual culture method. Among which, the
isolate FT, showed the highest percentage of inhibition to all the test fungal phytopathogens. Detached root assay
showed that FT, significantly reduced disease index and rotted area on Angelica sinensis root slices caused by Fusar-
ium acuminatum. FT, also exhibited multiple plant growth promotion traits by qualitative analytical method. Based
on phenotypic, physiological and biochemical characterization and genotypic characterization, the FT, strain was
identified as Stenotrophomonas rhizophila. Application of strain FT, reduced the disease index of Cucumber fusarium
Wilt, and the biocontrol effect was equal to chemical fungicide, carbendazim. Moreover, strain FT, increased the plant
height, stem diameter, leaf number and fresh weight of cucumber seedlings and the activities of the defense-related
enzymes including phenylalanine ammonia-lyase, polyphenol oxidase and peroxidase. In addition, strain FT, could
promote seed germination and seedling growth of G. uralensis and increase enzyme activities, available nutrient con-

Conclusions: The results demonstrated that the strain FT, could be used to develop environmentally friendly micro-
bial products to improve the activity against pathogenic and promote plant growth.

Keywords: Stenotrophomonas rhizophila, Biocontrol, Growth promoting, Glycyrrhiza uralensis seeds, Endophytic

Background

Chemical pesticides play an important role in agricul-
ture for crop losses due to fungal disease, long term or
excessive use of these chemical pesticides which can lead
to some negative impacts, such as environmental pollu-
tion, the emergence of drug-resistant pathogens and the
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defect of human health. In order to eliminate the negative
effects of chemical pesticides, it is necessary to find alter-
native approaches to control fungal diseases. The use of
endophytic microorganisms to promote crop growth and
biocontrol of fungal diseases has become a powerful tool
and has attracted more and more attention from all over
the world (Zhu et al. 2020).

Endophytic bacteria come from all plant tissues includ-
ing roots, stems, leaves, fruits, seeds and meristems that
is characterized by colonization within plant tissues
and will not cause substantial damage to plants. Endo-
phytic bacteria have been proven to be one of the most
promising biocontrol agents because they can effectively
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improve plant growth and protect host plants from path-
ogens (Prasom et al. 2017). More recent reports have
found that endophytic bacteria can effectively improve
seed germination rate (Li et al. 2021), plant growth
(Mohamed et al. 2020) and biomass accumulation
(Ahmed et al. 2022). Moreover, endophytic bacteria settle
in niches similar to plant pathogens and can communi-
cate and interact with plants more effectively than rhizo-
sphere bacteria, which make them suitable as biocontrol
agents.

Plant seeds are not only important reproductive organs
of plants, but also play an important role in agricultural
production; compared with other parts, they are also
characterized by carrying beneficial bacteria and patho-
gens (Shahzad et al. 2018). Studies have confirmed that
there are abundant microbial populations on and inside
seeds (Guo et al. 2021). Endophytic bacteria from seeds
establish a strong connection with plants and have shown
the beneficial effects on host plants (Adam et al. 2018).
One of the main functions of seed endophytic bacteria
was to protect plants from various pathogens (White
et al. 2018). Moreover, they were reported to promote
plant growth through direct and indirect effects. Direct
effects refer to the capacity of nitrogen fixation, NH; pro-
duction, dissolving organic or inorganic phosphorus and
potassium and producing plant hormones such as indole
acetic acid (IAA). Indirect effects refer to the growth
metabolism secretion of extracellular enzyme, sidero-
phores and 1-aminocyclopropane-1-carboxylate (ACC)
deaminase. Although there have been several research
reports on seed endophytic bacteria, the endophytic bac-
teria in seed are still not well understood than those in
nutritive organs of the plant.

This study aimed to identify and screen the potential
endophytic bacterial strain isolated from G. wuralensis
seeds with the strongest antagonistic activity in vitro,
to study the plant growth promotion traits of potential
strain and to evaluate the biocontrol efficiency and plant
growth promotion effect of the strain, which will pro-
mote the development of seed endophytic bacteria in
agricultural production.

Methods

Plant material

Glycyrrhiza uralensis seeds were collected from wild G.
uralensis plants in Urad front flag (40°72'N; 108°65’E),
Inner Mongolia, China, in September 2019. Healthy
seeds were selected and stored in kraft paper bag at 4 °C
until use.

Fungal phytopathogens
The five fungal phytopathogens used in this study, Phyl-
losticta sp., Fusarium acuminatum, Botrytis cinerea Pers.,
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Fusarium oxysporum Sacc and Scutellariae botrytis, were
all provided by Associate Professor Cuiyun Zeng, Gansu
University of Chinese Medicine. They were isolated from
Dioscorea oppositifolia L., Anemarrhena asphodeloides,
Radix Scutellariae, Cucumis sativus L. and Angelica sin-
ensis, respectively, and maintained as 50% (v/v) glycerol
at— 70 °C for further use.

Isolation of endophytic bacteria

Glycyrrhiza uralensis seeds were steeped with 85% (v/v)
H,SO, for 45 min, sterilized with 0.1% (v/v) H,0, for
10 min, rinsed in distilled water for 3 times and soaked
in distilled water for more than 3 h at room tempera-
ture (Zhang et al. 2020b). Seeds were surface sterilized
by stepwise washing in 75% (v/v) ethanol for 5 min, 30 s
wash in 1% (v/v) H,0,, 10 s wash in 5% (v/v) NaClO and
subsequent rinsing in sterile distilled water for ten times.
To evaluate the success of sterilization, 100 ul of the
water from the last rinse was inoculated on NA medium
(nutrient agar medium; beef extract 3.0 g, proteose pep-
tone 10.0 g, NaCl 5.0 g, agar 20 g, dH,O 1|, pH 7.2) at
28 °C for 2-7 days. No microbial growth on NA medium
indicated that surface sterilization was efficient. The sur-
face-sterilized seeds were ground in a mortar and diluted
up to 10 ml in sterile water. Tissue particles were left for
30 min at 4 °C, and the obtained suspension (200 pl) was
spread onto NA medium. After culturing for 2-7 days
at 28 °C, single colonies were picked and purified by
repeated streaking and microscopic examination. The
pure cultures were maintained in NA medium slants at
4. °C and as 50% (v/v) glycerol at — 80 °C for further use.

In vitro antagonistic activity

Dual culture assay

In vitro antagonistic activity of bacterial isolates was
evaluated by dual culture method on PDA medium
(potato dextrose agar medium; potato infusion 200 g,
dextrose 20 g, agar 20 g, d.H,O 1 1). A 6-mm mycelial
plug was removed from an actively growing plate of each
fungal phytopathogen and placed on the center of a fresh
PDA medium plate (90 mm in diameter). Approximately
a 1.5 cm from the plug, a 2-day-old bacterial isolate was
streaked on opposite sides of the mycelial plug. Con-
trol group plates inoculated only with each fungal phy-
topathogen. Dual culture plates and control plates were
incubated at 28 °C up to 5-7 days. The percentage of
inhibition was calculated by following formula:

Inhibition (%) = (R; — Ry) /Ry x 100

where R; is the radius of control plate and R, is the radius
of dual culture plate. The experiment was repeated 3
times with 3 independent replications.
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A bacterial isolate with the highest percentage of inhi-
bition against 5 fungal phytopathogens was evaluated
using the method described above and selected for all
subsequent studies. The experiment was repeated 3 times
with 3 independent replications.

Detached root assay against F. acuminatum

Angelica sinensis is an herbaceous perennial plant with
high medicinal value. Root rot, caused by fungi patho-
gens such as Fusarium spp., is a ubiquitous disease that
seriously harms the output and quality of A. sinensis (Mi
et al. 2017). The bacterial isolate FT, showed the strong-
est antagonistic activity in the dual culture assay, and
thus, detached root assay was performed to evaluate the
antagonistic activity of FT, against A. sinensis root rot
caused by E acuminatum.

Fusarium acuminatum was activated on PDA medium
and cultured in the dark at 22 °C for 7 days. The spores
were washed with sterile water and made into a suspen-
sion of 10° cfu/ml (Mi et al. 2017). The bacterial isolate
FT, was incubated in NA liquid medium at 28 °C for
48 h. The resultant bacterial culture was centrifuged
(10 min at 9000 rpm) in sterile distilled water and then
re-suspended in sterile distilled water to a final ODy,
of 1.0, which is approximately to a final concentration of
10® cfu/ml.

For surface sterilization, the healthy roots of A. sinen-
sis were washed with running water for 30 min, soaked
in 70% (v/v) ethanol for 30 s and then in 3% (v/v) sodium
hypochlorite for 3 min and washed with sterile distilled
water for 5 times. The surface-treated roots were cut into
5 mm slices with a sterile scalpel and placed on plates
containing filter paper moistened with 1 ml sterilized
water (Mi et al. 2017). Five treatments were included:
(i) Control, roots slices were inoculated with sterilized
water only; (ii) Fa only, roots slices were inoculated with
E acuminatum only; (iii) FT, only, roots slices were inoc-
ulated with the bacterial isolate FT, only; (iv) Fa+FT,,
roots slices were inoculated with a mixture of the bacte-
rial isolate FT, and F acuminatum; and (v) Fa+ Pre-FT,,
roots slices were pre-inoculated with the bacterial isolate
FT,, followed by inoculation of E acuminatum after 24 h
of incubation. A 40 pl spore suspension or bacterial sus-
pension was applied to the roots slices, and control was
treated with the same amount of distilled water and then
incubation at 22 °C, 50% RH for 3 days. There were 4
slices per plate and 3 plates for each treatment. The assay
was performed with 3 replicates.

Disease severity was recorded on a 0-5 visual scale
according to Tian et al. (2021), which 0=no symptoms,
1=less than 20% root slice area rotted, 2=21%-40%
root slice area rotted, 3=41%-60% root slice area rot-
ted, 4=61%—-80% root slice area rotted, and 5=more
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than 80% root slice area rotted. The disease index (DI)
and biocontrol effect (BE%) were calculated by following
formula:

DI (%) =Y _ (ab)/AB x 100

where a represents the number of root slices with the
same disease severity scale, b represents the disease
severity scale, A represents the total number of root
slices, and B represents the highest disease severity scale.

BE (%) = (PT — BT)/PT x 100

where PT represents the disease index for the pathogen
treatment and BT represents the disease index for the
bacterial isolate plus pathogen treatment.

Identification of endophytic bacteria

Phenotypic and physiological characterization

The bacterial isolate from overnight raised culture in
NA medium was streaked in LB medium (Luria—Bertani
medium; tryptone 10 g, yeast extract 5 g, NaCl 10 g, agar
20.0 g, dH,0 11, pH 7.4) and incubated for 2—4 days at
28 °C. Colony morphology was analyzed based on their
shape, color and other characteristics (form, margin and
transparency) on LB medium.

Growth tests for pH range were carried out by using
NA medium adjusting the pH to 2, 5,7, 9, 11 with 1 mol/l
HCI or 1 mol/l KOH after sterilization. In order to study
the temperature growth range, the overnight culture was
spotted on the NA medium plates and incubated at dif-
ferent temperatures (4, 10, 15, 20, 28, 37 and 42 °C) for
2—4 days and then observed for positive growth. NaCl
tolerance test for growth was performed using NA
medium supplemented with different concentrations of
NacCl (0, 3, 5, 7, 10 and 15%, w/v) and incubated at 28 °C
for 2—4 days. Furthermore, the utilization of sole car-
bon sources, such as D-mannitol, D-galactose, sucrose,
D-maltose, D-glucose, D-fructose, D-xylose and D-sorb-
itol, and the utilization of sole nitrogen sources, such as
glutamine, histidine, urea, glycine and ammonium sul-
fate, were analyzed as the described method (Abo-Ely-
ousr et al. 2021). All the experiments were performed in
triplicate.

Biochemical characterization

Urease activity and lipase activity were assayed according
to method reported by Guenoun et al. (2018). Peptone
and coagulation of milk (20%, w/v skimmed milk), lique-
faction of gelatin (20%, w/v) and production of H,S were
examined as described previously (Chen et al. 2021a).
Indole test was performed according to the previous
description (Avinash and Rai 2014). Citrate utilization,
starch hydrolysis and oxidase activity were also carried
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out. Other biochemical characteristics were done by fol-
lowing Bergey’s Manual of Determinative Bacteriology
(Holt et al. 1994). All tests were carried out in triplicate.

Genotypic characterization and identification

DNA extraction and PCR conditions

Genomic DNA was extracted using the genomic DNA
extraction kit from Shanghai Sangon Biotech. 16S rRNA
sequence of the extracted DNA was amplified by using
the universal primer 27F (AGTTTGATCMTGGCTCAG)
and 1492R (GGTTACCTTGTTACGACTT). Final PCR
reaction was carried out in 50 pl reaction mixture con-
taining 20-100 ng DNA template, 0.5 U Taq DNA poly-
merase, 5 pl 10 x buffer, 2 ul ANTP Mix (10 mM) and 2 pl
of each primer (10 pM). Amplification of the 16S rRNA
genes was performed in a thermal cycler according to
the following steps: 94 °C initial denaturation for 4 min,
followed by 30 cycles of denaturation at 94 °C for 45 s,
annealing at 55 °C for 30 s, extension at 72 °C for 1 min
and a final extension at 72 °C for 10 min. The PCR prod-
uct was analyzed by gel electrophoresis on 1.0% (w/v)
agarose gel.

16S rRNA sequencing and phylogenetic analysis
The PCR product electrophoresis band cut the desired
DNA target electrophoresis band, and the PCR product
was directly sequenced with PCR primers. The 16S rDNA
sequence was aligned on the ribosome database, and the
obtained sequence was submitted to the National Centre
for Biotechnology Information (NCBI) database (http://
www.ncbi.nlm.nih.gov). The BLAST program (http://
www.ncbi.nlm.nih.gov/BLAST) on the NCBI database
was used to compare the obtained sequence with the
sequence of the reference strain stored in the public data-
base. The computer software package ClustalW was used
for sequence alignment,

and the maximum compound likelihood model was
used to analyze by the neighbor-joining method, and
finally, the tree constructions were performed with the
MEGA 7.0 version software.

Screening for plant growth-promoting traits

Plant growth-promoting traits of the isolated strain FT,
were studied through the following standard tests. All
tests were performed in triplicate.

IAA production

The production of IAA was examined by Salkowski’s rea-
gent. The test bacterial strain was inoculated into 250 ml
NA liquid medium containing L-tryptophan (0.5 mg/ml)
and cultured at 28 °C and 180 r/min for 3 days. After the
bacterial culture was centrifuged at 9000 rpm for 10 min,
2 ml of the supernatant was mixed with 4 ml Salkowski’s
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reagent (0.5 mM FeCl; in 50 ml H,SO,) and incubated
at room temperature in dark condition for 30 min. The
appearance of the red color indicated the production of
IAA, which was quantified using an ultraviolet spectro-
photometer at 530 nm. Un-inoculated medium was used
as control. A calibration curve was established using pure
IAA and expressed as milligram per liter.

Siderophore production

The production of siderophore was qualitatively esti-
mated on Chrom Azurol S (CAS) agar medium. The
bacterial strain was spotted on CAS agar medium and
incubated at 28 °C for 2-3 days. Appearance of yellow-
orange halos around the colonies was considered to be a
positive test for siderophore production.

Nitrogen fixation

The Ashby nitrogen-free solid medium was inoculated
with strain grown on NA medium for 2 days and cul-
tured in a constant temperature incubator at 28 °C for
1-2 days. The strain could grow on selective medium and
proved that it had the ability to fix nitrogen.

Phosphate solubilization

A two-day-old bacterial strain was spot inoculated
on inorganic phosphorus medium containing 0.05%
(NH,),SO,, 0.03% NaCl, 0.03% MgSO,-7H,0, 0.003%
MnSO,, 0.03% KCl, 0.003% FeSO,-7H,0, 0.5% Cas(PO,),,
1% glucose and 2% agar and organic phosphorus
medium containing 0.05% (NH,),SO,, 0.03% NaCl,
0.03% MgSO,-7H,0, 0.003% MnSO,, 0.03% KCIl, 0.003%
FeSO,-7H,0, 1% glucose, 0.5% CaCOj, 0.02% lecithin
and 2% agar. The formation of a clear zone around the
bacterial colonies indicated the ability to solubilize phos-
phates (inorganic/organic P).

Potassium solubilization

Potassium solubilization was tested by spotting the
strain on potassium solubilization agar medium contain-
ing 0.5% sucrose, 0.2% Na,HPO,, 0.05% MgSO,-7H,0,
0.0005% FeCl;, 0.01% CaCOj; 0.1% potassium feld-
spar powder and 1.8% agar. After culturing at 28 °C for
5-7 days, a transparent hydrolysis circle around the bac-
teria means the result was positive.

NH, production

The bacterial strain was inoculated into 100 ml of pep-
tone water (peptic digest 10 g, NaCl 5 g, d.H,O 1 1, pH
7.6) and cultured at 28 °C for 2 days, and then, 0.5 ml of
Nessler’s reagent (K,Hgl, and NaOH) was added. The
color change of peptone water (from brown to yellow)
indicated the production of NHj.
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ACC deaminase production

The ability of the bacterial strain to utilize ACC as the
sole nitrogen source was analyzed. The strain was inocu-
lated on Dworkin and Foster (DF) salt minimal medium,
which contained 4 g KH,P0,, 6 g Na,HPO,, 02 g
MgSO,-7H,0, 0.1 g FeSO,-7H,0, 10 ug H;BO;, 10 pg
MnSO,, 70 pg ZnSO,, 50 pg CuSO,, 10 pg MoO;, 2 g
glucose—gluconic acid, 2 g citric acid, 2 g (NH,),SO, and
20 g agar. The presence of bacterial growth on the media
was deemed positive for ACC deaminase production.

Extracellular enzyme production
Strain was tested further for its ability to produce the fol-
lowing enzymes:

Protease Protease activity was assayed by spotting the
bacterial strain on Skim Milk Agar medium (skim milk
powder 15 g, agar 20 g, d.H,O 11). After 2 days incubation
at 28 °C, a clear zone around the colony indicated positive
result (Abdel-Kareem et al. 2021).

Cellulase Cellulase activity was determined using CMC
agar medium (CMC-Na 10 g, KNO; 2 g, MgSO,-7H,0
0.5 g, FeSO,-7H,0 0.01 g, NaCl 0.5 g, K,HPO, 1 g, agar
20 g, ddH,O 1 1). After culturing at 28 °C for 2 days, the
plates were stained with 5 ml of 0.1% (w/v) Congo red for
1 h at room temperature. Then, the plates were washed
twice with 1 M NaCl for 10 min. A clear hydrolysis zone
around the colony was deemed positive for cellulase pro-
duction.

Biocontrol of Cucumber Fusarium Wilt

Cucumber (Cucumis sativus L.) is an important veg-
etable crop. However, the growth of this crop is often
threatened by Cucumber Fusarium Wilt, which is a com-
mon fungal disease caused by Fusarium spp. (Zhao et al.
2012). A pot experiment was designed to assess the bio-
control efficiency of strain FT, against Cucumber Fusar-
ium Wilt caused by F oxysporum Sacc.

Preparation of cucumber seedlings and spore suspension
One-month-old cucumber seedlings of susceptible culti-
var Jinchun No. 4 were used in this experiment. Cucum-
ber seedlings with similar size were transplanted to pots
(12.5x 8.5 cm) filled with a mixture of sterilized sand,
coconut fiber, perlite and peat (2:1:1:1, w/w). These pots,
each containing one transplant, were placed in a cli-
mate chamber at 25 °C, with 50% RH, and a photoperiod
of 12/12 h (light/dark). Seedlings were watered when
needed.

Fusarium oxysporum Sacc was grown on PDA medium
at 25 °C for 7 days, and the grown mycelium was washed
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with 10 ml sterile water to create spore suspension. Spore
suspension was calculated by using a hemocytometer and
adjusted for 107 spores/ml by serial dilutions with sterile
water.

Experimental design

In this experiment, cucumber seedlings with fully
expanded true leaves were used. The experiment was
adopted a completely randomized designs, with 4 treat-
ments and four replicates. The 4 treatments were as fol-
lows: (i) Untreated control (UC), plants were inoculated
with distilled water only; (ii) Pathogen control (PC),
plants were inoculated with pathogen only; (iii) Patho-
gen+ chemical fungicide (PF), plants were inoculated
with pathogen and the chemical fungicide; and (iv) Path-
ogen+FT, (PT), plants were inoculated with pathogen
and bacterial isolate FT,. 50 ml of F oxysporum spore
suspension was pre-inoculated in PC, PF and PT treat-
ments. Two days after the pathogen incubation, 50 ml
of FT, bacterial suspension (10® cfu/ml) or the chemical
fungicide (carbendazim, 1.25 g/1) was applied to the roots
by drenching, and untreated control plants were treated
with the same amount of distilled water (Zhang et al.
2021). During the inoculation, plant roots were slightly
injured by a sterile needle.

Disease assessment

The development of Fusarium wilt on seedlings was
evaluated 30 days after pathogen inoculation. The wilt-
ing development of each cucumber plant was rated on a
scale of 4 (Chen et al. 2012): 0=whole plant was healthy;
1=less than 25% of leaves wilted; 2=26-50% of leaves
wilted; 3=more than 50% of leaves wilted; and 4=whole
plant died. Disease severity index (DSI) and biocontrol
effect (BE) were calculated using the following formula
(Chen et al. 2012):

« Disease severity index (%)=[> (scalex number
of plants with the same scale) / (total number of
plants x highest scale)] x 100

+ Biocontrol effect (%)= (disease severity index of
pathogen control—disease severity index of the
treatment) / disease severity index of pathogen con-
trol x 100

Growth parameters determination

Destructive sampling was carried out after disease assess-
ment. The plants under different treatments were cleaned
with tap water and absorbed surface water with filter
paper, and the plant height, stem diameter, leaf num-
ber and fresh weight were measured. The plant height
was measured with a ruler, and the stem diameter was
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measured with a vernier caliper. An electronic scale was
used to measure the fresh weight.

Defense-related enzyme activities determination

At the end of the experiment, healthy leaves with differ-
ent treatments were collected to determine the defense-
related enzyme activities. Phenylalanine ammonia-lyase
(PAL) activity was assayed by following the method
described by Liu et al. (2017) with some modifications.
The reaction mixture containing 0.02 M L-phenylala-
nine 1 ml, 0.1 M borate buffer (pH 8.8) 2 ml and enzyme
extract 0.1 ml was incubated at 30°C for 30 min. 200 pl
6 M HCI was added to terminate the reaction, and the
absorbance of the solution was measured at 290 nm. One
unit represented the conversion of 1 pmol L-phenylala-
nine to cinnamic acid for 1 g of fresh weight per minute.

Polyphenol oxidase (PPO) activity was measured as
described by Feng et al. (2021) with a slight modification.
The reaction consisted 0.1 ml enzyme extract, 3.9 ml
0.05 mM phosphate buffer (pH 5.5) and 1 ml 0.1 M cat-
echol. 2 ml 20% (w/v) TCA was added to terminate the
reaction, and the absorbance of solution was measured
at 525 nm. One unit of PPO activity was presented as
the change of 0.01 in absorbance at 525 nm for 1 g fresh
weight per minute.

Peroxidase (POD) activity was measured as described
by Fang et al. (2018) with some modification. The reac-
tion mixture containing 19 pl 50 mM guaiacol, 50 ml
0.2 M sodium phosphate buffer (pH 6.0), 28 pl 30% (v/v)
H,0, and 1 ml enzyme extract. One unit of enzyme
activity was defined by a change in absorbance of 0.01 at
470 nm for 1 g of fresh weight per minute.

Plant growth promotion

Glycyrrhiza uralensis, as a perennial herb of the genus
Leguminosae, is a commonly used Chinese herbal medi-
cine. The strain FT, was evaluated for its growth promo-
tion effect on G. uralensis by the following experiments.

Seed germination experiment

Glycyrrhiza uralensis seeds were steeped with 85%
H,SO, for 2.5 h, soaked in 0.1% (v/v) H,O, for 10 min,
washed 10 times with sterile distilled water and air-dried.
Seeds were soaked in the bacterial suspension of strain
FT, for 6 h (control group seeds were soaked in sterile
distilled water for the same period of time), placed in
Petri dishes (diameter 90 mm) containing filter paper
moistened with sterilized water and incubated at room
temperature. Treated seeds were watered regularly until
germination was completed. The number of germinated
seeds was recorded every 24 h from the 2nd day, and the
germination number remaining unchanged for 2 consec-
utive days was determined as the time germination was
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completed. Each treatment was replicated 4 times with
30 seeds constituting one replication in the germination
experiment. Germination rate, germination energy, ger-
mination index and seedling vigor index were calculated
using the following formula:

» Germination rate (%)=wn/N x 100, where n is the
number of germinated seeds and N represents the
total number of tested seeds

+ Germination energy (%) = (the number of seeds ger-
minated that reach the highest peak) / (the number
of seeds at the beginning of the experiment) x 100

+ Germination index=>(Gt/Dt), where Gt is the
number of seeds germinated at time t, and Dt repre-
sents the corresponding germination to date

+ Seeding vigor index=seedling length (cm) x germi-
nation index

Seedling growth experiment

This used the same procedure above for seed surface
disinfection. The seeds were immersed in sterile water
for 6 h and evenly sown in boxes (12 x 12 x 6 cm) filled
with 630 g high-pressure sterilized and fully dried sand
medium collected from native desert regions which do
not contain any nutrients and pre-irrigated with 100 ml
of distilled water. After growth for 20 days, seedlings
were inoculated with 50 ml of bacterial suspension of
strain FT,. Sterile water was used as control. Each treat-
ment had 5 repeats with 20 seeds per repeat. Boxes were
positioned in a climate chamber (28 °C, 12/12 h light/
dark, RH 50%). Seven days after the inoculation, growth
parameters of seedlings, enzyme activities, available
nutrient contents and bacterial count in rhizosphere soil
were analyzed.

Growth parameters determination The stem and root
lengths were measured by a ruler, and the stem and root
diameters were measured by a vernier caliper. After plac-
ing them in a 55 °C oven for 48 h, their dry weights were
also recorded using an analytical balance.

Soil enzyme activity determination The rhizosphere soil
samples were sieved (1-mm) before analyzed. The activi-
ties of soil urease, phosphatase, saccharase and catalase
were separately measured.

Saccharase activity was assessed by Guan (1986) tech-
nique, with slight changes. Briefly, 5 g of soil was mixed
with 15 ml 8% (w/v) sucrose, 5 ml phosphate buffer (pH
5.5) and 0.25 ml toluene. The mixture was incubated at
37 °C for 24 h and then measured on a spectrophotom-
eter at 508 nm. The results were expressed as mg of glu-
cose released by 1 g of soil in 24 h.
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Soil urease activity was assayed according to the
method by Guan (1986), and the results were expressed
as mg of released NH;-N by 1 kg of soil per hour at 37 °C.

Catalase activity was determined using the technique of
Guan (1986) with slight changes. Briefly, 5 g of soil with
40 ml distilled water and 5 ml 0.3% H,O, (v/v) was added
into centrifuge tubes and then shaken for 30 min. The fil-
trate was titrated with 0.1 mol/l KMnO,,. The results were
expressed as 0.1 mol/l KMnO,/100 g/hrs.

Acid phosphatase activity was assessed with minimal
changes, according to Guan (1986). Briefly, 5 g of soil
was incubated in acetate buffer (pH 5.0) at 37 °C for 12 h.
5 ml buffer solution and a 2 ml filtrate were transferred
into a 50-ml volumetric flask and then diluted to 50 ml
with distilled water, and the phenol released at 600 nm
was measured by a spectrophotometer. Acid phosphatase
activity was expressed as mg hydrolyzed phenol by 1 kg
soil per hour at 37 °C.

Soil available nutrient content and bacterial count deter-
mination The available nitrogen was determined by the
alkali diffusion method, and available phosphorus was
measured by sodium bicarbonate extraction—molybde-
num blue method (Chen et al. 2021b). The rhizosphere
soil bacterial count was determined by the dilution plate
method of Lin (2010).

Statistical analysis

SPSS 26.0 was used for statistical analysis of the data.
Differences among means were tested using the least sig-
nificant difference (LSD) test, P<0.05 representing a sig-
nificant difference. Mean values and standard errors (SE)
were shown in figures and tables. Bar diagrams were pre-
pared using Microsoft Excel.
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Results

Evaluating antagonistic activity of endophytic bacteria
isolated from G. uralensis seeds in vitro

No microbial growth was observed on the control plate,
indicating that the surface sterilization procedure was
efficient. A total of 9 morphologically distinct bacte-
rial isolates (designated as strain FZ,, FZ,, FZ,, FZ;,
FG, FG,, FG;, FGg and FT,) were successfully obtained
from the G. uralensis seeds. Of the 9 isolates screened
by using dual culture method, FT, exhibited the highest
percentage of inhibition against 5 fungal phytopatho-
gens. The percentages of the mycelial growth inhibition
were 68.57, 88.57, 55.56, 82.50 and 87.10% toward Phyl-
losticta sp., Fusarium acuminatum, Botrytis cinerea
Pers., Fusarium oxysporum Sacc and Scutellariae botry-
tis, respectively (Table 1). FT, was evaluated again, and
the result showed that it had positive inhibitory effects
on mycelial growth of all the test fungal phytopatho-
gens to more than 60% (Fig. 1). Based on this result,
the bacterial isolate FT, was used for all subsequent
studies.

Fusarium acuminatum caused rotting of all the
detached root slices at 3 days after inoculation. The
rotted area on A. sinensis root slices was significantly
reduced in treatments of FT, combined application
or pre-application compared with the treatment of F
acuminatum when was applied only (Fig. 2). Moreover,
pre-application of FT, produced stronger antagonistic
activity against E acuminatum where the disease index
and biocontrol effects were 6.67 and 93.33%, respec-
tively (Table 2). No rotted root slices were observed
when FT, was applied alone, and no rot developed in
sterilized water treatment (Fig. 2).

Table 1 In vitro antagonistic activity of 9 endophytic bacteria isolated from Glycyrrhiza uralensis seeds against 5 fungal

phytopathogens
Strain Percentage of inhibition

Phyllosticta sp. Fusarium Botrytis cinerea Pers. Fusarium oxysporum  Scutellariae botrytis

acuminatum Sacc

FzZ, 5143 ¢ - 3556 cd 5250e -
FZ, 5143 ¢ 4571 e 37.78 ¢ 80.00b 87.10a
FZ, 4857 cd 40.00 f 3556 cd 3500f 83.87 ab
FZs 4571d - 4222b - -
FG, 57.14bc 82.86b 5333ab 82.50ab 83.87 ab
FG, 60.00 b 7429 c 40.00 bc 65.00 74.19b
FG; 5143 c 7143 cd 37.78 ¢ 85.00a 67.74 C
FGg 57.14bc 65.71d 3556 cd 57.50d 70.97 bc
FT, 68.57 a 88.57a 5556a 82.50ab 87.10a

"-" denotes no activity. Means followed by the different letters within each column are significantly different at P<0.05
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Fig. 1 In vitro antagonistic activity of strain FT, against 5 fungal phytopathogens. A: Inhibitory effect of strain FT, on mycelial growth of 5 fungal
phytopathogens on the dual culture plates. a: Phyllosticta sp.; b: Fusarium acuminatum; c: Botrytis cinerea Pers.; d: Fusarium oxysporum Sacc; and e:
Scutellariae botrytis. CK, control; FT,, strain FT,. B: Percentage of inhibition of strain FT, against 5 fungal phytopathogens. In the same parameter, the
different letters within the different treatment represent significant differences at P<0.05

Control Fa onlv FT, only Fa+FT, Fa+ Pre-FT,
Fig. 2 Rotting symptoms of Angelica sinensis detached root slices under different treatments. Control, roots slices were inoculated with sterilized
water only; Fa only, roots slices were inoculated with Fusarium acuminatum only; FT, only, roots slices were inoculated with the bacterial isolate
FT, only; Fa+FT,, roots slices were inoculated with a mixture of the bacterial isolate FT, and F. acuminatum; and Fa + Pre-FT,, roots slices were
pre-inoculated with the bacterial isolate FT, followed by inoculation of F. acuminatum after 24 h of incubation. The experiment was performed with
3 replicates
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Table 2 Evaluation of antagonistic activity of bacterial isolate FT,
against Fusarium acuminatum on detached Angelica sinensis root
slices

Treatment DI (%) BE (%)
Control 0.00 -

Fa only 100.00 0.00
FT, only 0.00 -
Fa+FT, 1333a 86.67 b
Fa+Pre-FT, 6.67b 9333a

Control, roots slices were inoculated with sterilized water only; Fa only, roots
slices were inoculated with F. acuminatum only; FT, only, roots slices were
inoculated with the bacterial isolate FT, only; Fa+FT,, roots slices were
inoculated with a mixture of the bacterial isolate FT, and F. acuminatum; and

Fa -+ Pre-FT,, roots slices were pre-inoculated with the bacterial isolate FT,
followed by inoculation of . acuminatum after 24 h of incubation. DI, disease
index; BE, biocontrol effect. -, no rotted root slices were recorded in the
treatment. The experiment was performed with 3 replicates, and different letters
in the same column represent significance at P<0.05

Identification of the isolated bacterial strain FT,

For the isolated bacterial strain FT,, the phenotypic,
physiological and biochemical characteristics were
described as follows: faint yellow, round to irregular col-
ony shape with rough and opaque surface (Fig. 3). The pH
range was 5.0-9.0, and the optimum growth at pH 7.0.
Growth occurred at 15-37 °C, and the optimum growth
at 28 °C. Tolerate of NaCl was up to 15%. The utilization
of D-mannitol, D-galactose, sucrose, bD-maltose, D-glu-
cose and D-fructose had the reaction of positive, and
D-xylose and D-sorbitol had the reaction of negative; the
utilization of glutamine and histidine had the reaction of
positive, and urea, glycine and ammonium sulfate had
the reaction of negative. Positive reactions were observed
for urease, catalase and oxidase, and negative reactions
were observed for lipase and amylase production. H,S
production, citric acid and malonic acid had the activities

Fig. 3 Colony morphology of the isolated bacterial strain FT,
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of positive, and gelatin liquefaction, nitrate reduction,
peptone and coagulation of milk had negative (Table 3).

Moreover, part of the 16S rRNA gene of the bacterial
isolate FT, was also amplified, and the amplified prod-
uct was 1481 bp. BLASTn search showed that the simi-
larity between FT, and Stenotrophomonas rhizophila
strain DSM14405 was 100% (GenBank accession num-
ber CP007597). A phylogenetic tree was constructed
by using the NJ method with MEGA7.0 software. The
result showed that FT, belonged to the genus, Steno-
trophomonas (Fig. 4). Therefore, this bacterial isolate was
named as Stenotrophomonas rhizophila FT,, and the par-
tial 16S rRNA sequence was submitted to the GenBank
database (http://www.ncbi.nlm.nih.gov/GenBank) under
accession number No. MW821464.

Plant growth-promoting traits of S. rhizophila FT,

The screening results of plant growth-promoting traits
are shown in Table 4. S. rhizophila FT, was positive for
production of IAA (8.732 mg/l) and siderophore. S. rhiz-
ophila FT, could grow on a Ashby nitrogen-free solid
medium and grow well, indicating that the strain had a
certain nitrogen-fixing ability. S. rhizophila FT, had obvi-
ous transparent circles on the inorganic phosphorus
medium, indicating that the strain had a strong ability to
dissolve inorganic phosphorus, and there was no obvious

Table 3 Physiological and biochemical characteristics of the
bacterial strain FT, isolated from Glycyrrhiza uralensis seeds

Characteristic Result Characteristic Result
pH range 5-9 Carbon source utilization
Optimum pH 7.0 p-mannitol +
NaCl range (%, w/v) 0-15  p-galactose +
Temperature range (°C) 15-37 p-xylose -
Optimum temperature (°C) 28 Sucrose +
Lipase — p-maltose +
Urease + p-glucose +
Catalase + p-fructose +
Oxidase + p-sorbitol

Amylase - Nitrogen source utilization
Gelatin liquefaction - Histidine -
Nitrate reduction Glutamine +
H,S production + Glycine -
Citrate utilization test + Urea -
Peptone and coagulation ~ — Ammonium sulfate +
of milk

Malonate utilization test +

Methyl red test -

Indole test +

Voges—Proskauer test -

"+ " denotes positive results;" — " denotes negative results
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JX899643.1:19-1499 Stenotrophomonas sp. REp-tet_144 16S ribosomal RNA gene partial sequence
JQ069969.1:17-1497 Stenotrophomonas sp. BSw21910 16S ribosomal RNA gene partial sequence
CP007597.1:4643745-4645225 Stenotrophomonas rhizophila strain DSM14405 genome
MN753976.1:17-1497 Stenotrophomonas rhizophila strain KR2-13 168 ribosomal RNA gene partial sequence
NR_121739.1:23-1503 Stenotrophomonas rhizophila strain e-p10 16S ribosomal RNA partial sequence

62l MK371075.1:17-1497 Stenotrophomonas rhizophila strain EVN-6 168 ribosomal RNA gene partial sequence
MK371072.1:17-1497 Stenotrophomonas rhizophila strain EvN-2 16S ribosomal RINA gene partial sequence
CP007597.1:4638004-4639484 Stenotrophomonas rhizophila strain DSM14405 genome
MT883430.1:24-1504 Stenotrophomonas sp. strain SAM-B 16S ribosomal RNA gene partial sequence
KY800458.1:1-1481 Stenotrophomeonas rhizophila strain KMB 168 ribosomal RNA gene partial sequence
HG421016.1:18-1498 Stenotrophomonas rhizophila partial 16S rRNA gene strain S8

MN823127.1:23-1503 Stenotrophomonas sp. strain POL5.1. 16S ribosomal RNA gene partial sequence
JF711015.1:5-1485 Stenotrophomonas rhizophila strain PCA_13 168 ribosomal RNA gene partial sequence
GQ359325.1:17-1497 Stenotrophomonas rhizophila strain LHB16 168 ribosomal RNA gene partial sequence
FM955853.1:20-1500 Stenotrophomonas rhizophila 16S rRNA gene strain Asd M1-7

FJ184322.1:17-1497 Uncultured soil bacterium clone B8_11 168 ribosomal RNA gene partial sequence
AJ551165.1:119-1599 Stenotrophomonas sp. An27 partial 16S rRNA gene isolate An27
MG758047.1:2-1479 Stenotrophomonas sp. strain W2_2 168 ribosomal RNA gene partial sequence

MG461452.1:3-1483 Stenotrophomeonas rhizophila strain LBUM228 16S ribosomal RNA gene partial sequence
HQ218495.1:18-1498 Uncultured bacterium clone N-52 16S ribosomal RNA gene partial sequence
L.C002923.1:17-1497 Uncultured Stenotrophomonas sp. gene for 16S ribosomal RNA partial sequence clone: 1X35
CP007597.1:4112389-4113869 Stenotrophomonas rhizophila strain DSM14405 genome

Fig. 4 Neighbor-Joining phylogenetic tree based on the 165 rRNA gene sequence showed the phylogenetic position of strain FT, with model
species of Stenotrophomonas and other related species. The scale shows the evolutionary distance corresponding to 5 nucleotide substitutions per

Table 4 Plant growth-promoting traits of Stenotrophomonas rhizophila FT,

Plant growth-promoting traits

IAA* (mg/l) ACC Siderophore NH; Potassium Inorganic Organic Nitrogen Cellulase Protease
deaminase production production solubilization phosphate phosphate fixation production production
solubilization solubilization
8.7321+0.02 + + + + - + + + +
*|AA production is expressed as mean =+ standard error with 3 repeats. "+ " indicates positive reaction; " —" indicates negative reaction

transparent circle on the organic phosphorus medium,
indicating that the strain had no strong ability to dissolve
organic phosphorus. S. rhizophila FT, was able to solubi-
lize potassium and was positive for ACC deaminase, NH;
and extracellular enzyme production (Fig. 5).

Biocontrol efficiency of S. rhizophila FT, against Cucumber
Fusarium Wilt
Pot experiment demonstrated that inoculation of cucum-
ber seedlings with E oxysporum significantly decreased
all tested growth parameters. Compared to the untreated
control and fungicide, the stem diameter, plant height,
leaf number and fresh weight of seedlings treated with S.
rhizophila FT, were not significantly changed (Table 5).
Experiment carried out in cucumber plants also
revealed the suppression effect of S. rhizophila FT, on
Cucumber Fusarium Wilt caused by E oxysporum. On
plants of pathogen control, the initial symptoms appeared
on the stems and then quickly spread to the aboveground
part of the plants, accompanied by wilting of the whole
plants, where the disease severity index was 88.7%. How-
ever, in plants under S. rhizophila FT, treatment, the

disease severity index was decreased, and the biocontrol
effect reached 60.5%. The disease severity index and bio-
control effect of S. rhizophila FT, treatment were equal
to that of fungicidal treatment (Fig. 6 and Table 5).

To achieve the effect of S. rhizophila FT, in suppression
of Cucumber Fusarium Wilt one step further, the activi-
ties of defense-related enzymes PAL, PPO and POD were
investigated. Activities of PAL, PPO and POD in cucum-
ber seedlings treated by S. rhizophila FT, were signifi-
cantly increased in comparison with untreated seedlings.
S. rhizophila FT,-treated seedlings showed a significant
increase in PAL and POD enzyme activities when com-
pared to pathogen control and fungicide. POD enzyme
activity was enhanced almost equally in S. rhizophila
FT,, fungicide and pathogen control in comparison with
untreated control (Fig. 7).

Effect of S. rhizophila FT, on G. uralensis seed germination
and seedling growth

As shown in Fig. 8, the germination rate, energy,
index and seedling vigor index of G. uralensis seeds
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\ : N~
Fig. 5 Plant growth-promoting traits of Stenotrophomonas rhizophila FT,. a: The supernatant was mixed with Salkowski's reagent; the appearance
of red indicated IAA production (tube 1: un-inoculated strains; tube 2: S. rhizophila FT,); b: Yellow-orange halos in CAS agar medium indicated
siderophore production; ¢: growth on Ashby nitrogen-free solid medium proved the ability to fix nitrogen; d: Nessler's reagent was added in
peptone water, and the development of brown to yellow color was the evidence of NH; production; e, f, g: clear zone formation around the
colony in inorganic phosphorus, organic phosphate and potassium agar medium indicated the ability of solubilize inorganic phosphorus, organic
phosphate and potassium; h: capacity to use ACC as a sole nitrogen source was the presence of bacterial growth in the DF salt minimal medium;
and i, j: capacity to product protease and cellulase was evident as a clearing zone on Skim Milk Agar medium and CMC agar medium

Table 5 Effect of different treatments on the growth parameters and Fusarium wilt of cucumber seedlings

Treatment Plant height (cm) Stem diameter Leaf number (number  Fresh weight (g DSI (%) BE (%)
(mm) plant™) pot™")

uc 9.08 a 394 a 3.67a 1582 a 50.0 b -

PC 6.89b 202b 200b 1094 b 887a -

PF 9.94 a 4.10a 4.00a 1593 a 333¢c 62.5a

PT 894a 413 a 3.00a 14.81 a 350c¢ 60.5a

UG, plants were inoculated with distilled water only; PC, plants were inoculated with pathogen only; PF, plants were inoculated with pathogen and the chemical
fungicide; and PT, plants were inoculated with pathogen and Stenotrophomonas rhizophila FT,. DS|, disease severity index; BE, biocontrol effect. Means followed by
the different letters within each column are significantly different at P<0.05

inoculated with S. rhizophila FT, were significantly
increased compared to the control treatment.

Compared to the control, S. rhizophila FT, inocula-
tion had a promoting effect on the growth parameters
of G. uralensis seedling, with the greatest increase in
root length and dry weight (Fig. 9).

Compared to the control, it was observed that the
activities of phosphatase and catalase in rhizosphere
soil were significantly increased by S. rhizophila FT,
inoculation, and the contents of available nitrogen and
phosphorus in rhizosphere soil also increased. Regard-

UC 2 PCJ PF 4

Fig. 6 Wilt symptoms of cucumber seedlings under different
treatments. UC, plants were inoculated with distilled water only;

PC, plants were inoculated with pathogen only; PF, plants were ing the bacterial count in rhizosphere soil, S. rhizophila
inoculated with pathogen and the chemical fungicide; and PT, plants FT, inoculation showed a significant increase than the
were inoculated with pathogen and Stenotrophomonas rhizophila FT,. control (Table 6).

The experiment was performed with 3 replicates
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Fig. 7 Effect of different treatments on the defense-related enzyme activities in leaves of cucumber seedlings. UC, plants were inoculated with
distilled water only; PC, plants were inoculated with pathogen only; PF, plants were inoculated with pathogen and the chemical fungicide; and

PT, plants were inoculated with pathogen and Stenotrophomonas rhizophila FT,. A: phenylalanine ammonia-lyase; B: polyphenol oxidase; and C:
peroxidase. In the same parameter, the different letters within the different treatment represent significant differences at P<0.05
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Fig. 9 Effect of Stenotrophomonas rhizophila FT, on seedling growth of Glycyrrhiza uralensis. A: Comparison photograph of G. uralensis seedling
growth under different treatments: control and inoculated with S. rhizophila FT; B: comparison of different growth parameters of G. uralensis
seedling under different treatments: control and inoculated with S. rhizophila FT, In the same parameter, the different letters within the different

Table 6 Effect of Stenotrophomonas rhizophila FT, on enzyme activities, available nutrient contents and bacterial count in Glycyrrhiza

uralensis rhizosphere soil

Treatment Catalase (ml) Phosphatase Sucrase (mg/qg) Urease (mg/qg) Available Available Total
(mg/qg) nitrogen (mg/ phosphorus (mg/ bacterial
Kg) Kg) count(10°)
CK 16.7 b 377b 328a 0.113a 5717 b 422b 510b
FT, 21.7a 423a 4.10a 0.113a 12717 a 524a 795a

CK, control; FT,, Stenotrophomonas rhizophila FT,. Means followed by the different letters within each column are significantly different at P <0.05

Discussion

Isolation and identification of antagonistic activity

of endophytic bacteria from G. uralensis seeds

There are two main sources of endophytic bacteria in
plants: One is the external environment on the plant sur-
face, and the other is seeds (Ferreira et al. 2008). In the
present study, one strain antagonistic endophytic bacte-
rium out of 9 strain endophytic bacteria isolated from G.

uralensis seeds was screened using 5 fungal phytopatho-
gens (Phyllosticta sp., Fusarium acuminatum, Botrytis
cinerea Pers., E oxysporum Sacc, Scutellariae botrytis) as
targets. This research showed that the strain FT, had an
inhibitory effect on the mycelial growth of 5 fungal phy-
topathogens. The result was in accordance with previous
report by Khanna et al. (2022). The bacterial isolate FT,
was applied to the detached root assay, and the result
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indicated that FT, significantly reduced disease index
and rotted area on A. sinensis root slices caused by E
acuminatum, and the biocontrol effect over 80%. Impor-
tantly, this is the first time that antagonistic endophytic
bacteria isolated from G. uralensis seeds that have been
tested against the pathogen F acuminatum. Based on the
comparison of 16S RNA gene sequence and phylogenetic
analysis, FT, was identified as Stenotrophomonas rhiz-
ophila. Bacteria of the genus, Stenotrophomonas are of
increasing interest in biotechnology due to their ubiquity
and versatility in seeds (Ryan et al. 2009). Plant growth-
promoting traits and antagonistic behavior against plant
pathogens of the genus, Stemotrophomonas have been
well documented. The genus, Stenotrophomonas, cur-
rently comprises 8 species, and the S. maltophilia is the
most intensively studied species. S. rhizophila, a sepa-
rate Specie isolated from S. maltophilia, is still not well
studied.

Plant growth promotion traits of S. rhizophila FT,

The critical factor of effective biocontrol agent is inhi-
bition efficiency, whereas the ability to promote plant
growth is an added advantage. S. rhizophila FT, showed
multiple plant growth promotion traits: IAA, NH;, ACC
deaminase, siderophore and extracellular enzymes pro-
duction, phosphorus and potassium solubilization, nitro-
gen fixation (Table 3). Many previous studies reported
that endophytic bacteria belonging to the genus Steno-
trophomonas demonstrated plant growth promotion
traits (Silambarasan et al. 2020). Similar results were
obtained from antagonistic endophytic bacteria of other
genera isolated from other sources. For example, Lysini-
bacillus fusiformis strain S4C11, isolated from the roots
of an apple plant, had an antifungal effect against 4 phy-
topathogenic fungal strains and showed ability to pro-
duce siderophores and IAA (Passera et al. 2021). Bacillus
species isolated from the rhizosphere soil of the tomato
(Lycopersicon esculentum) had the biocontrol activity
against £ oxysporum and were found to be positive for
IAA, siderophore and ammonia production, phosphate
and potassium solubilization and nitrogen fixation (Shah
et al. 2020).

Biocontrol efficiency of S. rhizophila FT, against Cucumber
Fusarium Wilt

As previously reported, endophytic bacteria may indi-
rectly promote plant growth by inhibiting fungal patho-
gen infection (Wang et al. 2013). Indeed, the cucumber
seedlings that treated with S. rhizophila FT, showed a
significant increase in all growth parameters than the
pathogen control, while the disease severity index of
cucumber seedlings treated with S. rhizophila FT, signif-
icantly dropped. These results could be attributed to that
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S. rhizophila FT, could produce extracellular enzymes,
which are involved in cell wall degradation of fungal phy-
topathogens in the process of antagonism. The result is
consistent with previous reports on various endophytic
bacterial genera, such as Bacillus, Micrococcus, Microbac-
terium and Pseudomonas (Bibi et al. 2012). When plants
were inoculated with biocontrol bacteria, the levels of
defense-related enzyme activities such as POD, PAL and
PPO were increased, thereby resisting the invasion and
expansion of pathogens (Jiao et al. 2019). In this study, the
activities of POD, PAL and PPO in cucumber seedlings
treated with S. rhizophila FT, were increased; this was in
agreement with the findings of Chen et al. (2012). When
E oxysporum Sacc was applied to the seedlings, the activ-
ity of PPO was non-significantly increased in comparison
with the untreated control. The result showed that the E
oxysporum Sacc could promote self-infection by inhibit-
ing PPO enzyme activity. To our knowledge, S. rhizophila
has not been reported as endophytic bacteria isolated
from G. uralensis seeds, and combining beneficial effects
on Fusarium wilt suppression and plant growth promo-
tion. In future research, these potential effects should be
explored under field conditions.

Effect of S. rhizophila FT, on seed germination

and seedling growth of G. uralensis

Seed germination experiment can be used to determine
whether the strains inoculation has the effect of growth
promoting. In the present experiment, seeds germina-
tion rate, germination energy, germination index and
seedling vigor index had all significant improvement after
inoculation with S. rhizophila FT,. The result greatly cor-
roborated with previous result obtained by Zhang et al.
(2020a). The significant improvement in germination
characteristics of all seeds observed after inoculation
with S. rhizophila FT, may be due to changes that S. rhiz-
ophila FT, was able to exert at the hormone levels such
as IAA (Glick et al. 2007). Many previous studies have
reported that endophytic bacteria could improve growth
and increase biomass of many plants. In the present
study, the inoculation of G. uralensis plants with S. rhiz-
ophila FT, revealed an important increase in their root
diameter, stem diameter, stem length, root length and dry
weight, and this may be attributed to the ability of S. rhiz-
ophila FT, to nitrogen fixation, and potassium and phos-
phate solubilization.

Soil enzymes are produced by plants, animals and
microorganisms. As Jyot (2015) stated, soil enzymatic
activities measurement could potentially provide an
indicator of soil fertility. In this study, soil catalase activ-
ity was remarkably increased, which may be attributed
to the removal of H,0, by FT, to prevent damage to
plant membranes and organs. Soil phosphatases activity
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was also significant increased, supposedly due to FT,
improved soil available phosphorus, which was major
factor affecting soil phosphatase activity. Hydrolytic
enzymes are affected by various soil conditions, such as
pH, organic matter and texture, as well as anthropogenic
impacts (Balezentiené 2014), and these may be the reason
why FT, had not significant improvement in the soil ure-
ase and saccharide activity. At the same time, the content
of soil available phosphorus was significantly increased,
which was mainly due to phosphatase promoting the
decomposition of organophosphorus compounds (Shen
et al. 2020). Soil microbial biomass size is one of the most
vital and basic indicators of soil quality. The increase in
soil available phosphorus content was closely related to
the enhancement of rhizosphere soil bacterial count and
activity. Therefore, S. rhizophila FT, can not only pro-
mote G. uralensis growth, but also improve soil quality,
which was in agreement with reports in various plants
(Guo et al. 2020).

Conclusions

An endophytic bacteria strain FT, isolated from G.
uralensis seeds was identified as S. rhizophila and showed
the strongest inhibitory activity against five fungal phy-
topathogens by using dual culture method. Detached
root assay showed that FT, significantly reduced disease
index and rotted area on A. sinensis root slices caused by
E acuminatum. In addition, it also exhibited the potential
to promote plant growth and suppress Fusarium Wilt,
which makes it promising candidate for the selection and
development as biopesticides and bio-fertilizers.
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