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Abstract

Purpose: Plant growth—promoting (PGP) bacteria are an environment-friendly alternative to chemical fertilizers for
promoting plant growth and development. We isolated and characterized a PGP endophyte, YSD YN2, from the leaves
of Cyperus esculentus L. var. sativus.

Methods: Specific PGP characteristics of this strain, such as phosphate solubilization ability, potassium-dissolving
ability, siderophore and indole-3-acetic acid (IAA) production, and salt tolerance, were determined in vitro. In addition,
positive mutants were screened using the atmospheric and room temperature plasma (ARTP) technology, with IAA
level and organic phosphate solubility as indices. Furthermore, the effect of the positive mutant on seed germination,
biomass production, and antioxidant abilities of greengrocery seedling was evaluated, and the genome was mined to
explore the underlying mechanisms.

Results: The strain YSD YN2 showed a good performance of PGP characteristics, such as the production of indole
acetic acid and siderophores, solubilization ability of phosphate, and potassium-dissolving ability. It was recognized
through 16S rRNA sequencing together with morphological and physiological tests and confirmed as Franconibac-
ter sp. The strain exposed to a mutation time of 125 s by ARTP had the highest IAA and organic phosphate (lecithin)
concentrations of 9.25 mg/L and 16.50 mg/L, 50.41% and 30.54% higher than those of the initial strain. Inoculation of
mutant strain YSD YN2 significantly increased the seed germination, plant growth attributes, and the activities of per-
oxidase (POD) and superoxide dismutase (SOD), respectively, but decreased the content of malondialdehyde (MDA)
significantly compared with the control. Furthermore, genome annotation and functional analysis were performed
through whole-genome sequencing, and PGP-related genes were identified.

Conclusion: Our results indicated that the mutant strain YSD YN2 with PGP characteristics is a potential candidate for
the development of biofertilizers.

Keywords: Cyperus esculentus L. var. sativus, Atmospheric and room temperature plasma (ARTP), Plant growth—
promoting characteristics, Whole-genome sequencing
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the ‘core taxon’ in the family (Huygh et al. 2010; Larri-
don et al. 2011). Recent studies have illustrated that C.
esculentus L. is precious for the high-quality oils similar
to olive oil, rich in ingredients, and useful parts within
the leaf samples like flavonoid, lactones, coumarins and
their glycosides, steroids and triterpenoids, and cardiac
glycosides (Nyarko et al. 2011; Bado et al. 2015; Ntuki-
dem et al. 2019). They mostly possess the pharmaceuti-
cal activities including antioxidant, antimicrobial, and
anticoagulating activities, as well as the ability of C. escu-
lentus L. to improve blood microcirculation and prevent
ischemic stroke (Jing et al. 2016; Jing et al. 2020).

Plant growth—promoting (PGP) bacteria exert plant
growth promotion and/or biocontrol effects and are
found in the rhizosphere, plant surface, as well as inside
the tissues. These PGP bacteria can improve the extent
or quality of plant growth directly by increasing nutrient
cycling, such as biological nitrogen fixation, solubiliza-
tion of phosphorus, siderophore production, synthesis
of phytohormones, and so on. The use of PGP bacteria is
steadily increasing in agriculture as nutrient supplements
to soil or the plant, which offer an alternative to chemical
fertilizers, antibiotics, herbicides, and pesticides (Calvo
et al. 2014). Thus, the use of microbial agents is a prom-
ising alternative in environment-friendly agriculture
(Vinale et al. 2007; Santoyo et al. 2016).

The endophytes, as an important source of PGP bac-
teria, are a kind of microbiota that colonize and inhabit
internal plant tissues without causing any apparent dam-
age (Strobel et al. 1993). These bacteria exert multiple
beneficiary effects, including direct stimulation of plant
growth by the action of phytohormones or the produc-
tion of metabolites within the plant. Beneficial endo-
phytes can produce a number of compounds which are
useful for enhancing plant growth and sustainability,
while living conveniently inside the hosts (Kang et al.
2014; Ryu et al. 2003; Wilson et al. 2006; Morales-Cedeifio
et al. 2021). However, the roles of endophytes in plant
growth promotion and their behavior in C. esculentus
L. have not been well studied. Atmospheric and room
temperature plasma (ARTP) is a potent mutagenesis
tool to induce biological mutation which has succeeded
in obtaining strains with desirable characteristics among
bacteria, fungi, and microalgae in recent years. It can
cause damage to the DNA and induce biological cells to
initiate ROS repair mechanisms at room temperatures
under atmospheric pressure. Nowadays, ARTP has been
proven to be an effective method to generate stable high-
yield mutant strains for microorganism breeding (Yang
et al. 2019; Gao et al. 2020; Shu et al. 2020; Ottenheim
et al. 2018).

In this study, the microbial endophytes of C. esculen-
tus L. were isolated, and its PGP characteristics was
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determined, such as phosphate solubilization ability,
potassium-dissolving ability, siderophore and indole-
3-acetic acid (IAA) production, and salt tolerance prop-
erties. Positive mutants were screened as the candidate
of microbial agents through ARTP technology by using
IAA level and phosphorus solubility as indices. In addi-
tion, the effect of the excellent mutation on seed germi-
nation, biomass production, and antioxidant activities
of greengrocery plants was determined to evaluate the
PGP performance. Furthermore, to fully understand the
underlying PGP mechanisms, the genome of the strain
YSD YN2 was also analyzed.

Materials and methods

Isolation and identification of endophytic bacteria
Endophytic bacterium YSD YN2 was isolated from C.
esculentus L. leaves according to the method described
by Chen et al. (2019). Briefly, C. esculentus L. leaves were
surface-sterilized by immersion in 75% ethanol for 3 min,
3% sodium hypochlorite for 6 min, and 75% ethanol for
30 s, then rinsed six times with sterile distilled water. The
effect of surface sterilization was checked by spreading
the final rinse water (200 pL) onto Luria-Bertani (LB)
plates and culturing at 37 °C for 48 h. Sterilized leaves
were further mashed aseptically with 5 mL PBS buffer,
and the obtained sample was diluted and plated onto LB
plates for culture 48 h. Different colonies were selected
and streaked on LB plates to check the purity.

To identify the endophytic bacterium, morphological,
physiological, and molecular characterization of strain
YSD YN2 were analyzed. Briefly, morphological char-
acteristics of bacterial cells were examined using light
microscopy; morphological characteristics of bacte-
rial colonies were directly observed, and physiological
characteristics of strain YSD YN2 including methyl red
(MR) test, Voges—Proskauer (VP) test, catalase activ-
ity, starch hydrolysis, citrate utilization, aerobic test,
carbon utilization (maltose, sucrose, and glucose), and
nitrogen utilization (ammonium sulfate and ammonium
nitrate) were determined by standard methods (Wang
et al. 2018). Molecular characterization was performed
by 16S rDNA sequencing according to the method of
Nanjundan et al. (2019). A phylogenetic tree was con-
structed using the neighbor-joining method of MEGA
7.0 (Tamura et al. 2013).

Plant growth—promoting properties

Phosphate solubilization

The qualitative estimation of phosphate solubiliza-
tion was performed as per standard method (Mukhtar
et al. 2017). Briefly, 24-h cultured bacteria were
streaked onto the Pikovskayas medium amended with
organic phosphate (lecithin: 0.2 mg/mL) and inorganic
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phosphate (Cay(PO,),: 5 mg/mL) and incubated at 30
°C for 4-5 days. Appearance of a clear halo zone around
the bacterial colony indicated phosphate solubilization.
For quantitative analysis, the chlorostannous-reduced
molybdophosphoric acid blue method was used to ana-
lyze phosphate solubilization. Briefly, the 5-mL bacte-
rial culture grown in the Pikovskayas medium amended
with soluble and insoluble phosphate was centrifuged
at 10,000 rpm for 10 min, and the aqueous phase was
collected. To the 1 mL aqueous phase, 10 mL chloro-
molybdic acid was added, and the final volume was
made to 40 mL by the addition of distilled water. The
amount of phosphate solubilization was measured
at 720 nm using a UV-Vis spectrophotometer. The
amount of phosphate solubilization was determined
using potassium di-hydrogen phosphate (0—1 pg/mL)
as the standard curve.

Siderophore production

The production of siderophore was analyzed as described
by Schwyn and Neilands (1987). The isolate was cultured
in beef extract peptone liquid medium for 14 h. Five
microliters of bacterial liquid was inoculated to CAS
plate for 2—3 days at 30 °C; the strain producing orange
iron chelating circle was further detected. The isolate was
inoculated into the MKB culture medium at 30 °C for 2
days. After incubation, the culture was centrifuged for 10
min at 10,000 rpm; the same volume of supernatant was
mixed with CAS detection solution and reacted for 20
min. The absorbance was determined at 630 nm (i.e., As).
The same volume of MKB medium and CAS detection
solution were used as control, and the absorbance was
determined at 630 nm, that is, Ar. According to the for-

As—Ar
mula ( v

) x 100%, the amount of iron carrier was

calculated.

Potassium solubilization

The K-solubilizing ability of isolates was analyzed with
Aleksandrov agar medium (Yaghoubi Khanghahi et al.
2018). Briefly, the isolates were screened by culturing at
30 °C for 4-5 days. Obvious potassium releasing circle
appeared, which proved that the isolates had the abil-
ity of potassium solubilization. K solubilization effi-
ciency (KE) was calculated by the Ramesh et al. (2014)
method.
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inoculated in the Luria broth amended by L-trypto-
phan (0.1 mg/mL) and incubated at 37 °C for 5 days.
After incubation, the culture was centrifuged for 10 min
at 6000 rpm. To the 2 mL supernatant, two drops of
orthophosphoric acid and 2 mL Salkowski’s reagent (50
mL 35% perchloric acid; 1 mL 0.5 FeCl;) were mixed and
incubated for 30 min in dark at room temperature. The
density of red color was measured by a spectrophotom-
eter with wavelength 530 nm. Value was calculated from
the standard graph of IAA (concentration 10—100 mg/L).

Salt tolerance assay

The log phase culture of YSD YN2 (ODg,, = 0.1) was
added to Luria broth amended with different concentra-
tions of NaCl (1, 2, 4, 6, 8, and 10% w:v) and incubated for
56 h at 37 °C (180 rpm). Samples were drawn after every
4 h, and optical density was measured (at 600 nm) using
Thermo Scientific™ Evolution 201 UV-Vis spectropho-
tometer up to stationary phase (Hmaeid et al. 2019). The
experiment was conducted in triplicates.

Procedures for ARTP mutagenesis

The YSD YN2 strain was mutated through the ARTP
technology according to a previously described method
(Zhuang et al. 2020; Fan et al. 2017). The mature bacte-
rial suspension grown on LB medium was washed with
0.85% sterile saline solution and then diluted to an
ODy, of 0.6—0.8 before mutagenesis. Next, 10 pL of the
bacterial suspension was spread on steel plate and sub-
jected to ARTP (Wuxi TMAXTREE Biotechnology Co.,
Ltd., China) irradiation for different mutation times (0 s,
255,505,755, 100 s, 125 s) at a radio frequency power
input of 100 W and helium gas flow of 10 L/min. The
steel plates with treated bacteria were transferred into
the centrifuge tubes containing 1 mL sterile distilled
water. The treated bacteria were diluted and coated onto
an LB plate. The lethal rate was calculated by plate col-
ony count and untreated samples as control

Number of colonies without mutation treatment—Number of colonies treated by mutation

Lethal r: = 1
ethal rate (%) Number of colonies without mutation treatment X100

Mutant colonies were randomly picked up and inocu-
lated into the fermentation medium in shaking flasks for
evaluation of IAA production and phosphate solubiliza-
tion. Hereditary stability of the mutant strain was stud-

KE = ((Diameter of solubilization halo zone + Diameter of colony) / (Diameter of colony)).

Indole-3-acetic acid production

Indole-3-acetic acid (IAA) production was determined
by the method described by Ahmad et al. (2008) with
some modifications. Briefly, the bacterial culture was

ied. Finally, the ability of the mutant strain to produce
IAA was further checked by using Salkowski’s reagent
with L-tryptophan at different concentrations (1 mg/
mL, 2 mg/mL, and 5 mg/mL) and without L-tryptophan
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through colorimetry, as described previously (Shi et al.
2018).

Seed germination

Seeds of greengrocery were surface-sterilized with
1% (w/v) mercuric chloride followed by 75% (v/v)
ethanol. Seeds were thoroughly rinsed with deion-
ized water and allowed to imbibe for 3 h. After
imbibition, the seeds were placed into Petri plates con-
taining sterile filter sheets moistened with either 2
mL of distilled water (these controls were labeled as
“control”) or a different concentration of the mutant
strain YSD YN2 (2 x 107, 2 x 10°% and 2 x 10°> CFU/
mL) and cultured at 25 °C. The number of germi-
nated seeds was counted at 48-h intervals for 10 days.
Germination rate (%) = YAmberof srmating et o
The experimental treatments were conducted in 3 repli-
cations, in which there were 20 seeds per replicated unit.

Role of endophytic inoculation in plant development
Greengrocery was grown within a greenhouse at 25-30
°C with tap water irrigation in the absence of any ferti-
lizer at the Shanghai YuanJu Food, Fruit, and Vegetable
Cooperative (121° 15’ 23" E, 31° 26’ 7" N), Shanghai,
China. The field soil was black and calcareous; the total
nitrogen level was 2.19 g/kg; available nitrogen level was
152.55 g/kg; organic matter content was 23.58 g/kg; avail-
able phosphorus level was 90.30 mg/kg; total phosphorus
level was 1.54 g/kg; total potassium level was 17.04 g/
kg, and available potassium level was 360.23 mg/kg. The
greengrocery cultivar huawang was used for the experi-
ment that was performed on 1 October, 2020. In the 2nd
and 4th weeks after sowing, the mutant strain YSD YN2
at a concentration of 10° CFU/mL was sprayed evenly on
the seedlings, and water was used as the control. After 42
days, greengrocery was harvested, and the plant height,
root length, and number of leaves were measured simul-
taneously. After separating the roots and shoots, roots
were rinsed with tap water to remove soil particles.
Thereafter, plant growth attributes, such as root diame-
ter, biomass, vitamin B1, vitamin C, and chlorophyll con-
tent were determined, and dry biomass of the plant that
was dried in an oven at 65 °C until a constant weight was
achieved.

Analysis of antioxidant activity in greengrocery leaves
Antioxidant abilities such as malondialdehyde (MDA)
content, activity of superoxide dismutase (SOD), and
peroxidase (POD) were determined according to previ-
ously described methods (Ullah et al. 2017).

Brieflyy, MDA contents were assessed by grinding 0.5
g of fresh leaves using mortar and pestle in 5 mL 1%
trichloroacetic acid (TCA). The resultant supernatant (4
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mL) was combined with a solution (4 mL) 20% TCA and
0.5% 2-thiobarbituric acid, then boiled for 30 min, cooled
in ice, and centrifuged at 4000 rpm for 10 min. Optical
density of the supernatant was measured at 532 nm. The
lipid peroxidation level was expressed in micromoles of
MDA formed per gram leaf tissue.

SOD activities were assessed by grinding 0.5 g of fresh
leaves using liquid nitrogen and extracted in 2 mL of 50
mM phosphate buffer (pH 7.8). The crushed powder was
used to determine the SOD activities. The protein con-
tents were determined through the Bradford assay using
bovine serum albumin as a standard (Bradford 1976). The
SOD activity was assessed based on superoxide inhibition
of NBT reduction. The activity was calculated through
the standard curve at 560 nm.

For POD activity, firstly, samples were ground in liquid
nitrogen, and 0.1 mL powder was suspended in extrac-
tion buffer (0.1 M phosphate buffer (pH 6.8), 50 pL
pyrogallol). Secondly, 50 puL of H,0, was added, and the
mixture was incubated at 30 °C for 5 min. The reaction
was stopped with the addition of 5% H,SO, (v/v). POD
activities were measured at 420 nm in a spectropho-
tometer. Activity was expressed as a 0.1 unit increase in
enzyme absorbance.

Genome sequencing, assembly, and annotation
The mutant strain YSD YN2 was cultured in LB at 37 °C
for 24 h, then genomic DNA was extracted using a bac-
terial genomic DNA extraction kit. Then, a 10-kb insert
SMRTbell DNA library was constructed and sequenced
on the single-molecule real-time (SMRT) sequencing
platform using the PacBio RS II sequencer (Faino et al.
2015). Subsequently, a high-quality dataset was con-
structed, and the related sequencing depth was 100-fold.
A de novo paired-end read assembly was created using
SOAPdenovo2 (Luo et al. 2012), whereas Canu and
SPAdes were used to assemble an integrated genomic
map of the mutant strain YSD YN2 genome (Bankevich
et al. 2012). In addition, GeneMarkS (Besemer and Boro-
dovsky 2005) and Glimmer (Delcher et al. 2007) were
used for predicting plasmid-related genes and coding
sequences (CDSs), respectively. tRNA and rRNA genes
were predicted using tRNAscan-SE v. 2.0 and Barrnap
v. 0.8, respectively (Chan and Lowe 2019). Prophages
were predicted using PHage Search Tool (Bertelli et al.
2017). IslanderViewer v. 1.2 (Fouts 2006) was used to
predict gene island (GI). We acquired other annotations
based on databases, namely Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG; Kanehisa
and Goto 2000), Clusters of Orthologous Group (COG;
Jensen et al. 2008), Non-Redundant Protein (NR), Swiss-
Prot (Bairoch and Apweiler 2000), and Pfam (Finn et al.
2014), through BLASTp at identical BLAST thresholds.
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Table 3 exhibits fundamental genome sequencing results
of mutant strain YSD YN2. By using sequence alignment
tools such as HMMER v. 3.1b2, Diamond v. 0.8.35, and
BLAST v. 2.3.0 4+ (Cai et al. 2018), carbohydrate-active
enzymes (CAZy) based on pathogen—host interactions
(PHI) and comprehensive antibiotic resistance database
(CARD) were analyzed. Clustered Regularly Interspersed
Short Palindromic Repeats-Cas (CRISPR-Cas) genes
were predicted by using Minced (Bland et al. 2007). Ant-
iSMASH v. 4.0.2 was used to predict gene clusters of sec-
ondary metabolites (Blin et al. 2017).

Statistical analysis

Mean and standard deviations were calculated through
the analysis of variance (ANOVA) at a level of 5% by
using PSS 19.0 (IBM SPSS Statistics 19, USA).

Results and discussion

Strain identification

Morphological observation showed the YSD YN2
strain was rod shaped and Gram negative, and colo-
nies growing on LB agar medium were opaque, rough,
and creamy white colonies with irregular edge. Physi-
ologically, strain YSD YN2 can utilize glucose, sucrose,
maltose, ammonium sulfate, and ammonium nitrate;
showed production of catalase and citrate; and was
positive for methyl red (MR) test, starch hydrolysis,
and nitrogenase but negative for Voges—Proskauer (VP)
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test and aerobic test (Table 1). Furthermore, the 16S
rRNA sequence of strain YSD YN2 (GenBank accession
number OK103794) showed 99% similarity with Fran-
conibacter helveticus strain 796 (GenBank accession
number KF835772). And the neighbor-joining tree also
showed strain YSD YN2 phylogenetic clustering with
validly published type species obtained from a database
of species type Siccibacter zurichensis strain Z22 (Gen-
Bank accession number KF835735) in the NCBI data-
base (Fig. 1). Hence, it was confirmed that YSD YN2
belongs to the Franconibacter sp.

Plant growth—promoting properties and salt tolerance

Qualitative and quantitative analysis of PGP properties
confirmed YSD YN2 as IAA and siderophore producer
along with the ability to solubilize P and K (Table 1).
YSD YN2 was found to have K solubilization efficiency
of 2.38 £ 0.056 and siderophore production of 0.20 +
0.005%. The IAA yields of YSD YN2 without L-trypto-
phan and with 0.1 mg/mL L-tryptophan were 6.15 £
0.068 and 9.00 £ 0.012 mg/L, respectively. The phos-
phate solubilization of YSD YN2 to organic phosphate
(lecithin) was stronger than that of inorganic phos-
phate (Ca4(PO,),); the quantitative estimation of phos-
phate solubilization were 2.64 + 0.452 and 1.24 4 0.024
mg/L, respectively. The salinity tolerance assay showed
that 6% NaCl did not significantly affect the growth of

Table 1 Biochemical and functional characterization (plant growth—promoting activities) of YSD YN2

YSD YN2
Biochemical attributes Gram stain
Catalase test +
Methyl red test +
Voges-Proskauer test
Citrate test +
Starch hydrolysis test +
Aerobic test
Carbon source Glucose +
Sucrose +
Maltose +
Nitrogen source Ammonium sulfate +
Ammonium nitrate +
Phosphate solubilization Lecithin (D/d) 3.05 4+ 0.045
Ca; (PO, ), (D/d)
Lecithin (mg/L) 1264 £ 0452
Ca3 (PO, ), (mg/L) 1.24 £0.024
Siderophore production (%) 0.20 4 0.005
K solubilization efficiency (KE) 2.38+£0.056

Note: (+) positive reaction; (-) negative reaction. Results are means £ SD (n = 3) of three independent experiments with each treatment measured on three

repetitions. D/d, transparent zone diameter/ colony diameter
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Fig. 1 Phylogenetic tree of the strain YSD YN2 based on 16S rDNA gene sequence

YSD YN2. However, further increase in salt concentra-
tion reduced the tolerance and survival rate of bacteria
(Fig. 2).

Strain improvement and screening through ARTP

As shown in Fig. 3a, when ARTP mutagenic time was
increased from 50 to 125 s, the lethal rate of the strain
increased from 75.67 + 2.08%to 89.67 = 1.00%.When the
death rate of ARTP mutation is close to 80%, the posi-
tive mutation rate of a strain is higher (Tang et al. 2009).
Therefore, 50 s, 75 s, 100 s, and 125 s were considered
the ARTP mutation times. As shown in Fig. 3b, although
the TAA and organic phosphate concentrations of YSD
YN2 with a mutation time of 50 s mildly decreased com-
pared with those of the initial strain, the strains exposed
to other mutation times had increased concentrations
compared with the initial strain. The strain exposed to a
mutation time of 125 s had the highest IAA and organic
phosphate concentrations of 9.25 mg/L and 16.50 mg/L,
respectively. After culturing for 8 passages (Fig. 3c), IAA
and organic phosphate concentrations in the mutant
strain reached 9.25 mg/L and 16.50 mg/L, respectively.

These values were 50.41% and 30.54% higher than those
of the initial strain, suggesting excellent hereditary stabil-
ity of the mutant strain. As shown in Fig. 3d, YSD YN2
was also tested for its ability to produce IAA in the pres-
ence and absence of L-tryptophan. As L-tryptophan
concentration increased, the IAA production increased
significantly; YSD YN2 produced the largest amount of
IAA (16.51 4 0.558 mg/L) at the concentration of L-tryp-
tophan of 5 mg/L. There were highly significant differ-
ences for YSD YN2 in terms of the presence and absence
of L-tryptophan (P < 0.0001). Therefore, the strain with
the 125-s mutation time was selected for further analyses.

Effects of different concentrations of strain on seed
germination

Three concentrations of mutant strain YSD YN2 were
selected based on their potential PGP properties. The
results revealed that with an increase in the time beyond
the third day, the germination rate of seeds in each
treatment increased, and the germination rate tended
to be stable from the seventh day (Fig. 4). Analysis of
variance indicated that germination rate of the seeds
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Fig. 2 Salinity tolerance growth curve of YSD YN2 under various saline conditions (1-10% NaCl). Error bars show the standard deviation of the mean
values of three replicates

incubated with the mutant strain YSD YN2 at 2 x 10°
CFU/mL were significantly (P < 0.0001) increased com-
pared with the control. However, compared with the
control, the germination rate of seeds incubated with
the mutant strain YSD YN2 at 2 x 10’ CFU/mL and 2
x 10° CFU/mL decreased, but there was no significant
difference with the control. Rowse (1995) reported that
incubated seeds rapidly imbibe and revive the seed
metabolism, resulting in a higher germination percent-
age. The present study supports the earlier findings that
seed priming increases percent germination (Kaya et al.
2006). The results indicated that seed incubation with
the mutant strain YSD YN2 at 2 x 10° CFU/mL was
more effective than the other treatments concerning
seed germination.

Effects of the strain on plant biomass and antioxidant
activities

Plant growth attributes such as root and shoot length,
fresh and dry biomass, vitamin B1, vitamin C, and chlo-
rophyll contents are prime parameters for the assessment
of incubation of the isolate. As shown in Table 2, the YSD
YN2 mutant strain inoculation significantly increased
(P < 0.05) the shoot fresh weight, shoot dry weight, root
fresh weight, root dry weight, root diameter, leaf number,
and vitamin C contents of the shoot by 84.49%, 107.74%,
146.42%%, 138.84%, 85.71%, 37.50%, 33.79%, respec-
tively, compared with those of controls without inocu-
lation, which indicate that the mutant strain YSD YN2
promoted the growth of plant seedlings. Fresh and dry

weight increase in response to bacterial inoculation could
be due to higher nutrient uptake and enhanced hormone
and vitamin production (Delshadi et al. 2017). Similar
results were also reported by Bidabadi and Mehralian
(2020) concerning the enhanced biomass production of
Dracocephalum Kotschyi Boiss inoculated with growth-
promoting bacteria. Although there was no significant
increase in root length, plant height, and vitamin Bl
content after greengrocery plants had been treated with
the mutant strain YSD YN2, the chlorophyll content was
significantly enhanced after treatment, and the mutant
strain YSD YN2 effectively stimulated chlorophyll syn-
thesis in greengrocery leaves (Table 2). The genus Crono-
bacter has been previously reported with chlorophyll
production ability. Afridi et al. (2019) found chlorophyll
production of Pasban 90 of 44.65 £+ 0.68 pg/mL and of
Khirman of 44.31 £ 0.65 pug/mL. The positive effect of
seed bio-priming on the improvement of chlorophyll and
plant biomass production may be due to the entrance or
adherence of bacteria to the seeds and also acclimatiza-
tion of bacteria in a permanent condition (Mahmood
etal. 2016).

Antioxidants are one of the indicators of a plant’s
tolerance to stresses (Pan et al. 2013; Esfahani 2011).
POD and SOD are the main antioxidant enzymes in
plants; their changes can reflect the stress resistance
of plants (He et al. 2011). The enzymes of plants coor-
dinate with each other under normal conditions, and
the enzyme activity in the defense system becomes
the decisive factor to control injury, which can also
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better reflect the adaptability of plants to adversity.
The activities of antioxidants were evaluated in uni-
noculated and inoculated plants (Table 2). The activ-
ity of SOD and POD were observed to be higher when
inoculated with the mutant strain YSD YN2 as com-
pared with the uninoculated plants, and lower MDA
content was observed in inoculated plant tissues than
the uninoculated ones. Overall results showed that
inoculation meaningfully promoted plant growth and
stress resistance of plants.

Genomic features of the mutant strain YSD YN2

Following the confirmation of the plant growth—promot-
ing ability of the mutant strain YSD YN2, whole-genome
sequence analysis of the mutant strain YSD YN2 was per-
formed in order to obtain a reliable taxonomic classifica-
tion and identify genes or pathways that could potentially
contribute to the plant growth—promoting effects. The
genome of the mutant strain YSD YN2 was found to con-
sist of two circular contigs (Fig. 5): a single circular chro-
mosome of 4,066,839 bp and a circular plasmid of 41,462



Wang et al. Annals of Microbiology (2022) 72:1 Page 9 of 15
60
-®- Control
2x107 CFU/mL T —_
—~ S0 2
e 6 -1
a 2x10° CFU/mL
N’
2 40 2x105 CFU/mL
&
=
S 30
©
~—
]
g
= 20
S
S
e J—
10
e ay e
-
( =+ 1 | 1 1 1 ] 1
3 4 5 6 7 8 9 10
Days
Fig. 4 Seed germination of greengrocery treated with 2 x 107,2 x 105, 2 x 10° CFU/mL mutant strain YSD YN2. Experiments were performed in
triplicate, and the values are represented as mean =+ standard deviation. Data are presented as the mean of 3 replicates. Lowercase for different
concentrations of strains in the same days (P < 0.05, Dunnett’s multiple-comparison tests)

bp with an average G + C content of 57.45% and 50.24%,
respectively (GenBank accession numbers CP074352
and CP074353, respectively). The general characteristics
of the mutant strain YSD YN2 genome are summarized
in Table 3. Altogether, 3877 protein-encoding genes,
80 tRNAs, 22 rRNAs, 40 repeat DNAs, 4 prophages, 9
GlIs, and 7 CRISPR-Cas were predicted in the genome
analysis.

Functional analysis of the mutant strain YSD YN2
Of the 3877 protein-encoding genes, we annotated 3526
(90.95%) genes exhibiting specific functions. The num-
bers of genes annotated from different databases are NR
(3877), COGs of proteins (3526), Swiss-Prot (3308), GO
(1714), KEGG (2607), Pfam (3436), CAZy (111), PHI
(958), CARD (212), and VEDB (514) (Table S1).
According to annotations based on the COG data-
base, 3526 genes were divided into 20 COG catego-
ries, many of which were related to functions such as
carbohydrate transport and metabolism, amino acid
transport and metabolism, transcription, inorganic ion
transport and metabolism, and cell wall/membrane/

envelope biogenesis (Fig. 6). So far, a few integrated C.
esculentus L. endophytic bacterial genome sequences
have been published. GO annotation suggested that the
regulation of transcription and DNA templated showed
the highest numbers in terms of biological processes,
integral membrane components played an important role
in cellular components, and ATP binding played a vital
role in molecular function (Figure S1). On the other hand,
KEGG annotations revealed that 277 genes were involved
in membrane transport, 251 genes participated in car-
bohydrate metabolism, 170 genes participated in amino
acid synthesis, 163 genes participated in the metabolism
of cofactors and vitamins, and 145 genes participated in
the energy metabolism, indicating that the mutant strain
YSD YN2 could perform transmembrane transport and
energy substance exchange with the external environ-
ment, particularly of proteins related to amino acid and
carbohydrate metabolism (Figure S2). The results of
annotation also support the speculation that the mutant
strain YSD YN2 could produce an iron carrier, synthesize
small molecular organic acids and secrete them to dis-
solve insoluble phosphorus and potassium.
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Table 2 Effect of the mutant strain YSD YN2 on plant biomass
and antioxidant activities

Treatments Control Mutant strain YSD YN2
Plant biomass
Root length (cm) 597 £ 1.66° 7.77 £067°
Plant height (cm) 2517 £1.61° 30.13 £3.18°%
Leaf number 800 =+ 1.00° 11.00 £ 0.00°
Root diameter (mm) 343 4+ 0.40° 6.37 £ 0.67°
Fresh weight
Shoot (g/plant) 2817 4£709° 5197 4 2.79°
Root (mg) 24940 + 63.40° 614.57 £ 51.54°
Dry weight
Shoot (g/plant) 4394+1.11° 9.12 £ 049°
Root (mg) 3517 +£1042°  84.00 & 11.20°
Vitamin B1(mg/g) 1647 +0.01° 16.97 £0.01°
Vitamin C(mg/g) 85.94 £ 0.73° 11498 4 0.57°
Chlorophyll content 69.80 + 7.27° 89.67 +12.87°
(ug/9)
Antioxidant activities
SOD activities (U-g'T 70899 +11.11° 76144 + 13.82°
FW-h)
MDA content (umol/g) 157 £048° 129 4+ 0.25°

POD activities (U-g” min)  520.00 & 72.11% 566,67 & 11.55°

Note: Values are means & SD (n = 3). Control is non-bacterial inoculated plants.
Statistically different from the uninoculated control (P < 0.05)

AntiSMASH analysis revealed the presence of 4 clusters
of genes for the biosynthesis of secondary metabolites, all
of which were present on the chromosome (Table 4). The
most interesting are the clusters with high similarity to
the biosynthesis of thiopeptide, terpene, and bacteriocin.
Many of these compounds may be involved in establish-
ing symbiotic associations with plants (Bélanger et al.
1999; Han et al. 2013). In addition to secondary metabo-
lites, the mutant strain YSD YN2 contains genes involved
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in CAZy annotation (Table S2) and prediction of VFDB
(Table S3), PHI (Table S4), Secretion System (Table S5),
CARD (Table S6), and Two components (Table S7).

Genetic factors underlying the promotion of plant growth

Diverse PGP-related genes/gene clusters such as those
pertaining to siderophore synthesis, phosphate solubi-
lization and uptake, nutrition utilization, growth-pro-
moting volatile organic compound (VOC) generation,
and phytohormone production were identified in the
mutant strain YSD YN2 genome through genome mining
(Table 5).

Siderophore enterobactin, bacillibactin, and vibriobac-
tin promote plant development and help plants develop
pathogenic resistance by forming ion complexes and
reducing ion availability to pathogens (Arguelles-Arias
et al. 2009). Genes related to siderophore synthetase
(entF, entD, entE, entS, entB, entA, and entC) and sidero-
phore transport system (fepA, fepB, fepC, fepD, fepG,
fes) were found in the mutant strain YSD YN2 genome.
Gluconic acid allows the plants to absorb phosphate
and acts by solubilizing poorly soluble minerals, making
them available to plants (Stella and Halimi 2015). Gene
cluster gcd that encodes glucose-1-dehydrogenase syn-
thetase was found to be present in the mutant strain YSD
YN2 genome. Genes related to phosphonate degradation
(phnO and pat) were also found in the mutant strain
YSD YN2 genome. Two extensively recognized VOCs,
namely 2, 3-butendiol and 3-hydroxy-2-butanone, have
been suggested to enhance plant development as crop
protectants and promote autoimmune function in plants
(Fincheira and Quiroz 2018). Moreover, genes associ-
ated with 3-hydroxy-2-butanone synthesis namely ketol-
acid reductoisomerase (ilvC), acetolactate synthase I/III
small subunit (ilvH), acetolactate synthase II small subu-
nit (ilvM), and cetolactate synthase I/II/III large subunit
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Table 3 General features of the mutant strain YSD YN2

Attribute Value bp (%) of the genome GC content (%)
Genome size (bp) 4,108,301 100.00 57.38
Chromosome (bp) 4,066,839 98.99 5745
Plasmid (bp) 41,462 1.01 50.24
Protein-coding genes 3877 87.11 58.65
Genes assigned to KEGG 2607 - -
Genes assigned to COG 3526 - -
Total size of protein-coding genes 3,578,721 - -
Mean length of protein-coding genes (bp) 923.06 - -
tRNA number 80 - -

16S rRNA 7 - -

23S rRNA 7 - -

5S rRNA 8 - -
Repeat DNAs 40 0.36 -
Prophage 4 - -

Gls 9 - -
CRISPR-Cas 7 - -

12007

A:RNA processing and modification

1,045 B:Chromatin structure and dynamics

— C:Energy production and conversion
D:Cell cycle control, cell division, chromosome partitioning
:Amino acid transport and metabolism
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I:Lipid transport and metabolism
J:Translation, ribosomal structure and biogenesis
K:Transcription
L:Replication, recombination and repair
M:Cell wall/membrane/envelope biogenesis
N:Cell motility
O:Posttranslational modification, protein turnover, chaperones
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Fig. 6 COG annotation results of mutant strain YSD YN2 genome

Table 4 Putative gene clusters for secondary metabolites identified by AntiSMASH

Location Chromosome Chromosome Chromosome Chromosome
Cluster ID Cluster1 Cluster2 Cluster3 Cluster4

Type NRPS Thiopeptide Terpene Bacteriocin
Start 1,044,236 1,361,711 1,906,337 3,912,804

End 1,096,877 1,388,009 1,929,905 3,923,428
Gene no. 48 23 22 8

Similar cluster Turnerbactin O-antigen carotenoid -

Similarity (%) 30 14 83 -

Predict core structure NC(CO)C(=0)0
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Table 5 Genes related to plant growth promotion in the mutant strain YSD YN2 genome

Gene Gene product Function

entF Enterobactin synthetase component F Siderophore synthesis
entk 2,3-Dihydroxybenzoate-AMP ligase

entB Bifunctional isochorismate lyase / aryl carrier protein

entA 2,3-Dihydro-2,3-dihydroxybenzoate dehydrogenase

entD Enterobactin synthetase component D

entC Isochorismate synthase

entS Enterobactin (siderophore) exporter

fepA Ferric enterobactin receptor

fepC Ferric enterobactin transport system ATP-binding protein

fepG Ferric enterobactin transport system permease protein

fepD Ferric enterobactin transport system permease protein

fepB Ferric enterobactin transport system substrate-binding protein

fes Iron(lll)-enterobactin esterase

gcd Glucose-1-dehydrogenase Gluconic acid

pat Phosphinothricin acetyltransferase Phosphonates
phnO (Aminoalkyl)phosphonate N-acetyltransferase

ilvC Ketol-acid reductoisomerase 3-Hydroxy-2-butanone synthesis
ilvB Acetolactate synthase I/II/Ill large subunit

ilvM Acetolactate synthase Il small subunit

ilvH Acetolactate synthase I/Ill small subunit

budC (S,5)-butanediol dehydrogenase / diacetyl reductase 2,3-Butanediol synthesis
otsA Trehalose 6-phosphate synthase Trehalose synthesis
otsB Trehalose 6-phosphate phosphatase

treZ Maltooligosyltrehalose trehalohydrolase

treA Alpha,alpha-trehalase

treC Trehalose-6-phosphate hydrolase

spek Spermidine synthase Spermidine synthesis
speA Arginine decarboxylase

speB Agmatinase

speC Ornithine decarboxylase

speD S-adenosylmethionine decarboxylase

speG Diamine N-acetyltransferase

nirD Nitrite reductase (NADH) small subunit Nitrogen utilization
narl Nitrate reductase gamma subunit

narH Nitrate reductase / nitrite oxidoreductase, beta subunit

narG Nitrate reductase / nitrite oxidoreductase, alpha subunit

narK MFS transporter, NNP family, nitrate/nitrite transporter

nirB Nitrite reductase (NADH) large subunit

nrtA Nitrate/nitrite transport system substrate-binding protein

nrtB Nitrate/nitrite transport system permease protein

nrtC Nitrate/nitrite transport system ATP-binding protein

nasA Assimilatory nitrate reductase catalytic subunit

(ilvB) have been identified in the genome. We also dis-
covered the gene encoding (S,S)-butanediol dehydroge-
nase/diacetyl reductase (budC), which is responsible for
catalyzing 3-hydroxy-2-butanone into 2, 3-butanediol,
in the genome (Table 5). Additionally, phytohormones

such as trehalose was found in the genome. Trehalose,
a stress-resistant compound, can resist abiotic stresses
such as dehydration, high/low temperature, drought,
and salinity, and increased levels of trehalose in cells
have been shown to enhance host tolerance to stress
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(Farias-Rodriguez et al. 1998; Suarez et al. 2008; Brod-
mann et al. 2002; Isidorov et al. 2008). Genes responsible
for the synthesis of trehalose, namely trehalose 6-phos-
phate synthase (otsA), maltooligosyltrehalose trehalo-
hydrolase (treZ), trehalose 6-phosphate phosphatase
(otsB), alpha, alpha-trehalase (treA), and trehalose-
6-phosphate hydrolase (treC), were also found in the
mutant strain YSD YN2 genome. Table 5 summarizes
the PGP-related genes/gene clusters.

Conclusion

The C. esculentus L. endophyte Franconibacter sp. YSD
YN2 exhibited strong salt tolerance and growth-promot-
ing features. It also improved plant biomass and antioxi-
dant capacity. Our results indicated that the C. esculentus
L. endophyte might serve as a candidate growth-pro-
moting agent for improving plant yield and can be used
commercially. In addition, the use of the ARTP technol-
ogy provided an effective method to improve the growth-
promoting ability of this strain. Finally, the analysis of the
mutant strain YSD YN2 whole genome contributed to
understanding the genetic mechanisms related to growth
promotion. This analysis also facilitated the development
of such an endophyte as a microbial inoculum. To the
best of our knowledge, only a few growth-promoting and
salt-tolerant strains of C. esculentus L. endophytic bacte-
ria have been identified until now.
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