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Abstract: Soil salinity has become a serious threat to crop growth and productivity and has ag-
gravated the gap between sustainable food supply and population growth. Application of plant
growth-promoting rhizobacteria (PGPR) has emerged as a novel way of alleviating the harmful
effects of salt stress and improving soil nutrients. The aim of this study was to study the effects of
exposure cucumber seedlings at one co-inoculation of Bacillus licheniformis and B. subtilis, a mitigation
of salt stress in cucumber seedlings. In this study, we isolated salt tolerant (NX-3 and NX-4) and
growth-promoting (NX-48, NX-59, and NX-62) bacteria from the rhizosphere of cucumber. NX-3 and
NX-59 were identified as B. licheniformis, and NX-4, NX-48 and NX-62 were identified as B. subtilis.
Under salt stress, relative to non-inoculation, co-inoculation with B. licheniformis and B. subtilis in-
creased stem diameter and plant fresh weight. Moreover, the concentration of substrate available
phosphorus increased (except for NX4-59). The catalase and sucrase activities of NX4-62 were the
highest. Meanwhile, NX3-62 and NX3-59 had the highest phosphorus content and NX3-59 had the
highest urease activities. Comprehensive analysis indicated that NX4-62 and NX3-59 showed the
best effect on promoting cucumber seedlings growth, activating substrate nutrients, and alleviate salt
stress in seedlings of cucumber.

Keywords: Bacillus licheniformis; Bacillus subtilis; salinity; compound bacteria; cucumber seedlings
growth; substrate nutrients

1. Introduction

Several environmental factors, such as drought, salinity, nutrient imbalance, and
extreme temperatures, severely affect sustainable crop production and seriously threaten
normal crop growth and development worldwide. Salt stress is a devastating abiotic stress
factor with deleterious effects on agriculture and the ecological environment [1,2]. Salt
stress causes large areas of soil to become unavailable for planting, and it is especially
severe in arid and semiarid regions where soil salinization is common and serious [3].
Previous studies have indicated that salt stress leads to a wide variety of physiological
changes in plants and results in physiological drought and nutrient absorption imbalance.
Therefore, overcoming the negative effects of salt stress on agriculture and ensuring global
food security are critical.

Numerous studies have suggested that beneficial soil microorganisms can be used
as natural resources in agriculture to improve soil quality and promote crop growth and
yield [4]. Beneficial microbes perform critical roles in plant tolerance against abiotic stress,
the induction of hormones to regulate plant growth, the restriction of pathogen growth,
and the promotion of crop—microbe interaction [5,6]. Salinity-induced osmotic stress,
ionic imbalance, water and nutrient deficiency, leaf expansion, and reduced stomatal
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closure reduce photosynthesis and biomass accumulation [7,8]. Salt-tolerant or halophilic
microorganisms survive in a high-salt environment and maintain high metabolic activity,
which is conducive to crop growth [9].

Plant growth-promoting rhizobacteria (PGPR) is a potential tool that affects sustain-
able agroecosystems directly and indirectly [10]. Previous studies have shown that PGPR
induces tolerance against various abiotic stresses by causing physiological changes in
plants under salt stress, drought, and heavy metal stress and promotes plant growth
rate [11,12]. In addition, PGPR induces plant system tolerance by increasing antioxidant
activity through enzyme activity and metabolite accumulation [13,14]. Plant growth is
regulated by multiple secondary metabolites, antibiotics, and volatile compounds. These
compounds regulate plant resistance to salt stress and counteracts the adverse effects of
salinity [15]. In addition, PGPR enhances phosphate solubility and 1-aminocyclopropane-
1-carboxylate (ACC) deaminase activity and increases the concentration of iron carriers
and indole acetic acid to promote plant growth. Pseudomonas fluorescence, Bacillus spp., and
Burkholderia are mainly used as PGPR [11,16].

B. subtilis and B. licheniformis are widely used as PGPR or biological control agents in agri-
culture. Zhang et al. [17] reported that B. subtilis GBO3 promotes wheat growth and enhances
salt tolerance. B. subtilis BERA71 considerably increases chickpea biomass and photosynthetic
pigment concentration by regulating antioxidant systems to reduce oxidative damage under
salt stress [18]. B. licheniformis CH102 increases the expression of the transcription factors for
regulating abiotic stress responses, thereby improving plant growth and enhancing tolerance
to high temperatures and drought [19]. B. licheniformis B2r drastically increases germination
rate, germination index, root length, and seedling dry weight by utilizing ACC as a nitrogen
source at different levels of salt stress, especially at the 30~90 mM NaCl level [20]. More-
over, the co-inoculation of different PGPR improves crop morphology and physiological
construction. He et al. [21] found that the root development (fresh and dry weights) of tomato
under treatment with a combination of different beneficial microorganisms (B. pumilus, B. anmy-
loliquefaciens, and B. mojavensis) is higher than that under non-inoculation treatment. The
combination of B. pumilus BS-27 and B. subtilis BS-58 enhances the concentrations of nutrients,
especially amino acids, in Amaranthus hypochondriacus Linn [22]. Verma et al. [23] reported
that B. subtilis BHUJP-H1, B. subtilis BHUJP-H1 + B. licheniformis BHUJP-H3, and B. subtilis
BHUJP-H1 + Bacillus BHUJP-H2 + B. licheniformis BHUJP-H3 promote Vigna radiata growth
and that B. BHUJP-H2 + B. licheniformis BHUJP-H3 increases V. radiata yield.

Cucumber (Cucumis sativus L.) is a major vegetable worldwide and is sensitive to salt
stress because of its shallow roots. In the present study, salt-tolerant NX-3 and NX-4 strains
and growth-promoting NX-48, NX-59, and NX-62 strains under salt stress were identified as
B. licheniformis and B. subtilis, respectively. Therefore, we aimed to: (1) compare the different
efficacies of the combination of B. licheniformis and B. subtilis in improving cucumber plant
growth under salt stress; (2) explore the effects of the combination of B. licheniformis and
B. subtilis on substrate nutrients and enzyme activities under salt stress; and (3) identify
the most effective combination of B. licheniformis and B. subtilis for promoting crop growth
and simulating substrate activity.

2. Materials and Methods
2.1. Isolation and Screening of Bacillus spp.

Bacillus spp. were isolated from cucumber rhizosphere soil (10~15 cm) at Zhengquan
village, Yinchuan, Ningxia Province of China (38°08’ N, 105°49’ E). Serial dilution and
plating method and heat treatment were used to isolate Bacillus spp. [24] In brief, 10 g of
moist soil was placed in a triangular bottle containing 90 mL of sterile water and then
mixed properly. The mixture was heated at 80 °C for 20 min and then serially diluted
to concentrations of 1072 to 10~*. Each dilution was prepared with three replications.
Subsequently, 100 pL of dilution was plated on a nutrient agar (NA) medium, and the
plates were incubated for 3 d at 28 °C.
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2.2. Screening of Salt-Tolerant Strains

The intrinsic resistance of Bacillus spp. against salinity was evaluated by observing
bacterial growth on the NA medium amended with 10~15% NaCl % (w/v). Test strains with
salinity tolerance exceeding 10% were screened, and the same experiment was conducted
with NaCl-amended broth. The ability of the strains to tolerate high salt concentrations
was evaluated based on their growth in the lysogeny broth (LB) medium containing 10%,
11%, 12%, 13%, 14%, and 15% NaCl (w/v).

2.3. Screening for Growth-Promoting Strains

Cucumber seeds (C. sativus cv. ‘Deer No. 99’) were purchased from Tianjin Derui
Seeding Co., Ltd., Tianjin, China. The seeds were sterilized with 3% sodium hypochlorite
for 3 min, immersed in 70% alcohol immersion for 1.5 min, and washed with sterilized
distilled water three times. The sterilized seeds were placed on wetted filter paper with
disinfecting distilled water in a petri dish. The seeds were treated and imbibed in bacterial
suspension as treatments and sterile 100 mM L~! NaCl was used as a control. Each
treatment had three replications with 10 seeds per plate. All plates were incubated in the
dark at 25 °C for 2 d and under a 12 h light/12 h dark cycle for an additional 5 d. Seeds
were considered to have germinated when the emerging radicles were over 0.5 cm long.
Germination rate (GR) was determined after 2 d. Stem length (SL), main root length (MRL),
and lateral root length (LRL) were observed after 7 d of inoculation. The seeding vigor
index (VI) was calculated in accordance with Equation (1) [25].

VI= (SL+RL) x GR (1)
where SL, RL, and GR are the stem length, root length, and germination rate, respectively.

2.4. Identification and Phylogenetic Analysis

The isolated bacteria were identified through 16S rDNA ribotyping. The forward
primer was 27F: 5-AGAGTTTGATCCTGGCTCAG-3’, and the reverse primer was 1492R:
5'-CTA CGGCTACCTTGTTACGA-3'. The PCR amplification reaction procedure involved
pre-denaturation at 98 °C for 30 s, denaturation at 98 °C for 10 s, annealing at 55 °C for
30 s, and extension at 72 °C for 90 s. Extension was followed by 30 cycles. The product
was electrophoresed on 1.5% agarose gel, and the target fragment was recovered and
purified by using TIANgel Purification Kit (Tiangen Biotech Co., Ltd., Beijing, China). The
16S rDNA sequences of the isolated strains were compared with homologous sequences
retrieved from the National Center for Biotechnology Information (NCBI) database. The
sequence with the highest homology was obtained, and the phylogenetic tree was then
constructed by the neighbor joining method with MEGA 7.0 (MEGA, Philadelphia, PA,
USA) using a neighbor-joining method with 1000 bootstrap replicates [26].

2.5. Pot Experiments with Salt-Tolerant and Growth-Promoting Compound Bacteria

The experiment was conducted in a greenhouse at Ningxia University, Yinchuan,
China on the 25 August 2018. Substrate was purchased from Hebei Dvordo Fertilizer Co.,
Ltd., Heibei, China. The chemical properties of the substrate were as follows: 11.23 g kg ™!
organic matter, 1.03 g kg~! total nitrogen, available nitrogen 15.03 mg kg~!, available
phosphorus, 21.05 mg kg~ available potassium, pH of 6.81, and electrical conductivity
(EC) of 0.57 mS cm 1.

The pot experiment had a complete randomized design layout with five replications.
We conducted eight treatments that included non-inoculation under non-salt conditions
(CK); non-inoculation under salt stress (100 NaCl); and compound bacterial inoculation
with NX3-48 (NX-3 + NX-48), NX3-59 (NX-3 + NX-59), NX3-62 (NX-3 + NX-62), NX4-48
(NX-4 + NX-48), NX4-59 (NX-4 + NX-59), and NX4-62 (NX-4 + NX-62) under salt stress.
The salt content was 100 mM L~! NaCl solution [27]. Cucumber seeds were germinated on
moist filter paper in the dark at 26 °C for 48 h and then transferred into pots (5 X 5 x 5 cm)
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containing a sterilized mixed substrate; each pot contained one seed. The substrate was
thoroughly impregnated with 100 mM L~! NaCl prior to seeding. The seedlings were
inoculated with compound bacteria every 10 d, beginning from the cotyledon flatten-
ing stage. Inoculation was performed three times. Forty days after planting, planting
growth parameters were measured from 10 representative cucumber seedings of each
replication. Substrate nutrient and enzyme activities were measured from three samples of
each replication.

2.6. Analysis Methods

Stem length, root length, and stem diameter were measured according to the methods
of Wang et al. [28] Chlorophyll content of functional leaves was measured with SPAD (502-
Plus, Tokyo, Japan). Substrate pH was determined by the soil suspension potentiometer
method (substrate:water ratio of 1:5) using a pH meter (PHSJ-3F, Rex, Shanghai, China). EC
was analyzed via the conductance method using an EC meter (DDS-307A, Rex, Shanghai,
China). Total nitrogen was measured by the classical micro-Kjeldahl method [29]. Organic
matter was determined by applying the dichromate oxidation and titration method [30].
The available nutrients for plant growth mainly included available nitrogen (AN), available
phosphorus (AP), and available potassium. AN was assayed by continuous flow analy-
sis [31]. AP was extracted with sodium bicarbonate and measured by molybdenum-blue
colorimetry [32]. AK was extracted with ammonium acetate and determined by flame
photometry [33]. We used potassium permanganate titration and the 3,5-dinitrosalicylic
acid and phenylphosphonate colorimetric methods to measure substrate catalase, saccha-
rase, and phosphatase activities. Lastly, we measured urease activity via indophenol blue
colorimetry in accordance with the work of Nannipieri et al. [34]

In our study, characteristics, including seedling growth, substrate nutrients, and en-
zyme activities, were analyzed by principal component analysis (PCA). The principal
components that explained >85% of the accumulated variance contribution rate were ex-
tracted. The weight of each index was allocated in accordance with the variation coefficient
of the membership function value of the identification indices. The D value was calculated
as follows [35]:

n
D=) [u(Xi) -Wi](i=123,---,n) )
i=1
where p (Xi) is the membership function value of each test material Xi. Wi represents the
variation ratio of each principal component to the total variation.

2.7. Statistical Analysis

All statistical analyses were performed with Origin 2018 (Origin Lab., Northampton,
MA, USA) and SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Means were analyzed by one-way
ANOVA. A significant analysis of the p < 0.05 and p < 0.01 level was performed using Tukey
analysis. Correlation analysis between plant growth and substrate nutrient parameters was
performed using Pearson’s correlation coefficient. PCA was conducted using SPSS 17.0
(SPSS Inc., Chicago, IL, USA) and Excel 2010 (Microsoft, Seattle, WA, USA) and was based
on the average eigenvalues. This analysis was aimed at determining the characteristics of
seedling growth and substrate nutrients under different compound bacterial treatments.

3. Results
3.1. Isolation of Salt Tolerance and Growth Promotion

NX-3 (Figure 1a) and NX-4 (Figure 1b) strains grew well in 14% NaCl. NX-3 and NX-4
concentrations exceeded 1.0 under 10% to 14% NaCl. The lag phases of NX-3 and NX-4 in
the salt treatment were longer than for those in the non-salt treatment. The start time of the
logarithmic growth phase under different salt concentrations was more delayed than that
under the non-salt treatment. After 48 h of cultivation, the growth of NX-3 continued to
increase under the non-salt treatment and 13% NaCl treatment. In addition, the growth of
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NX-4 increased, and the trend of the decline stage (48-72 h) under all salt treatments was
the same as that under NX-3 (Figure 1).

0D600

p —CK
- 10%
»»»»» 11%
—=-12%
13%
1400

25¢

0D600

Oh 4h

12h 24 h 48 h 72h 0Oh 4h 8h 12h 24 h 48 h 72h
Time (h) Time (h)

Figure 1. Growth curves of NX-3 (a) and NX-4 (b) strains under varying salt concentrations (10%, 11%, 12%, 13%, and

14% NaCl).

The growth rates of NX-48, NX-59, and NX-62 increased by 30.48%, 4.50%, and 14.61%
under 0 mM L~! NaCl, respectively, compared to the non-salt treatment. Furthermore, the
growth rates of NX-48, NX-59, and NX-62 increased by 20.00%, 16.14%, and 57.20% under
100 mM L~! NaCl, respectively (Table 1).

Table 1. The seedling viability index (VI) after inoculation with NX-48, NX-59, and NX-62 on the fifth
day of salt stress.

The Seeding Vigor Index (VI)

Treatments
CK NX-48 NX-59 NX-62
0 mM-L~! NaCl 74.12 96.71 77.46 84.95
100 mM-L~! NaCl 14.49 17.39 16.83 22.78

3.2. Identification of Isolated Strains

Approximately 1500 bp bands were observed following PCR amplification of 165
rDNA in agarose gel. After the sequencing of the amplified products, BLAST alignment
was performed on NCBI to obtain a strain with a high degree of homology. The molecular
weight of these sequence fragments was consistent with that of the bacterial 165 rDNA
fragment. NX-3 and NX-59 were identified as B. licheniformis because their gene sequences
shared 98% and 100% similarity with B. licheniformis gene sequences, respectively. NX-4,
NX-48, and NX-62 were identified as B. subtilis because their gene sequences shared 98%,
100%, and 100% similarity with B. subtilis gene sequences (Figure 2).

3.3. Seedling Growth

Root total length under compound bacterial treatment decreased by 20.23~29.97%
relative to that under CK. No significant difference was observed between the inoculation
and non-inoculation treatments under salt stress. The stem diameter, chlorophyll content,
and fresh weight of cucumber seedlings were higher under inoculation than under non-
inoculation salt stress treatments. These characteristics were also relatively high under
CK. Stem diameter of NX3-62 was 11.78% higher than that of NX4-59, but NX3-62 was
not significantly different from the other inoculation treatments. There were no significant
differences in chlorophyll content among the various inoculation treatments. Chloro-
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phyll content increased by 11.52~17.31% under inoculation treatments compared to that
under CK, and increased by 18.28~24.43% under salt stress compared to that under non-
inoculation treatments. Fresh plant weight increased by 52.53~115.51% and 36.42~108.96%
under inoculation compared to that under CK and 100NaCl, respectively. Fresh plant
weight was also significantly higher under NX3-48, NX3-59, NX4-48, and NX4-62 than that
under NX3-62 and NX4-59 (Figure 3).

MW332140.1:273-1329 Bacillus licheniformis strain ZM059 16S ribosomal RNA gene partial sequence
00 MW802776.1:363-1419 Bacillus licheniformis strain REM29 168 ribosomal RNA gene partial sequence
MW331690.1:389-1445 Bacillus licheniformis strain NB STEM 4 16S ribosomal RNA gene partial seque:

Il NX-3

10b0[ NX-59
GU121483.1:200-1232 Bacillus licheniformis strain NEB 4 16S ribosomal RNA-like gene partial sequenc
| MG836680.1:3-1139 Bacillus subtilis strain Fito F251 16S ribosomal RNA gene partial sequence

100

92

—
0.050

100 | MG836680.1:3-1139 Bacillus subtilis strain Fito F251 168 ribosomal RNA gene partial sequence(2)

JQ308589.1:327-1481 Bacillus subtilis strain YPP10 168 ribosomal RNA gene partial sequence
1 I:

00LJQ308589.1:327-1481 Bacillus subtilis strain YPP10 16S ribosomal RNA gene partial sequence
NX-48

NX-4
100 'NX-62

Figure 2. Phylogenetic tree of salt-tolerant (NX-3 and NX-4) and growth-promoting strains (NX-48, NX-59, and NX-62).

3.4. Substrate Nutrients

The substrate pH and EC under inoculation and non-inoculation salt stress treatments
were higher than those under CK. Meanwhile, pH was higher under inoculation treatments
than under non-inoculation treatments, and it was highest under NX4-62 (7.77). The highest
EC (0.93 mS cm 1) was found under non-inoculation salt stress treatments. EC under
NX3-48 and NX3-62 was significantly lower by 9.57% and 19.03% than that under non-
inoculation salt stress treatments. Moreover, EC under the other inoculation treatments
(except for NX3-48 and NX3-62) was not significantly different from those under non-
inoculation salt stress treatments (Figure 4).

NX4-48 and NX4-59 had the lowest organic matter content, and NX4-59 had the highest
total nitrogen content. C/N ratios under NX4-48 and NX4-59 were higher than those under
other treatments, and C/N increased by 17.27~18.49% and 12.37~13.54% compared to CK
and 100NaCl treatment, respectively. NX3-59 had the highest AN content. AP content
under inoculation increased by 73.23~165.69% relative to that under CK and 100NaCl
treatment. AP increased by 33.81% and 40.28% under NX3-48 and NX3-59, respectively
(Table 2). AK content decreased by 29.17~68.06% under inoculation relative to CK. No
significant differences were observed between AK under inoculation and non-inoculation
salt stress treatments (Table 2).
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Figure 3. Growth of cucumber seedlings inoculated with a combination of Bacillus licheniformis and Bacillus subtilis under
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Table 2. Substrate nutrient concentration under compound inoculation treatments with different bacterial strains.

Treatment Organic Matter Total N C/IN Available N Available P Available K
(gkg™ (gkg™ (mg-kg™1) (mg-kg~1) (mg-kg—1)

CK 11.456 + 0.64ab  0.826 4+ 0.10ab 3.88 + 0.18¢ 8.587 4+ 1.53bc 1.829 £ 0.16c 15.158 + 2.95a
100NaCl 13.042 £ 0.71a  0.820 = 0.08ab 3.84 £ 0.17¢ 7.747 + 0.25bc 1.203 + 0.03c 9.263 + 2.95ab

NX3-48 13923 £1.77a 0.905 £ 0.14ab 3.83 £ 0.31c 6.900 £ 0.56¢ 2.532 £0.11a 10.737 £ 1.47ab
NX3-59 14.893 + 1.16a 0.907 + 0.04ab 3.81 + 0.18¢ 12.973 + 2.49a 2.509 + 0.10a 6.316 + 1.47b
NX3-62 12.690 £ 0.15a 0.744 £+ 0.01b 3.85 £ 0.04c 7.140 £ 0.73bc 2.339 £+ 0.06ab 4.842 +1.47b
NX4-48 8.318 £+ 0.32b 0.879 £ 0.03ab 4.55 £ 0.10a 9.987 £ 1.36ab 2.470 £+ 0.20ab 6.316 = 1.47b
NX4-59 8.989 + 1.46b 1.009 £+ 0.01a 4.36 + 0.32ab 9.893 4+ 1.39ab 2.084 £ 0.09bc 4.842 + 1.47b
NX4-62 14.011 £ 1.33a 0.784 £+ 0.04ab 4.07 + 0.23bc 11.107 £ 0.89ab  2.718 &£ 0.136a 6.316 = 1.47b

Values are means + SE. Different letters in the same column indicate a significant difference at p < 0.05 by Tukey’s test.

3.5. Substrate Enzyme Activity

Substrate catalase activity significantly increased by 400.00~627.78% under inoculation
treatments relative to CK and 100NaCl treatment. NX4-62 had the highest catalase activity,
followed by NX4-59 and NX4-48. Sucrase activities under the CK and non-inoculation
salt stress treatments were lower than those under inoculation treatments (except for
NX3-62). NX4-59 and NX4-62 also had the highest sucrase activities, which increased by
146.15~156.20% and 111.74~120.38%, respectively. The phosphatase activities of NX3-59,
NX3-62, and NX4-48 were significantly higher than those of CK and 100NaCl treatment
and increased by 88.30~94.22%, 78.13~81.78%, and 87.50~71.96%, respectively. The urease
activity under NX3-59 was 360.61~913.33% higher than that under the other treatments,
and no significant differences were observed between the other treatments (Figure 5).

3.50

I Catalase [ Sucrase [ Phosphatase [ Urease

3.00 | a 5 5

250 |

abc

2.00 |

c 5 b
1.50
b
- b
cd
d

]IN |

1.00 |

Enzymatic activity (mg g")

0.20
0.16
0.12
0.08
0.04
0.00

c
nm @
bc‘ bg

CK  100NaCl NX3-48 NX3-59 NX3-62 NX4-48 NX4-59 NX4-62

Treatments

Figure 5. Soil enzymatic activity in a pot experiment in which cucumber seedlings inoculated with a
combination of Bacillus licheniformis and Bacillus subtilis under salt stress were grown for 40 days. Bars
represent standard errors. Different letters indicate a significant difference in the same parameter at
p <0.05.

3.6. Correlation Analysis

Pearson’s correlations among substrate chemical properties, enzymatic activity pa-
rameters, and plant growth properties are shown in Table 3. pH and AP had a positive
correlation with stem diameter, catalase activity, chlorophyll content, and plant fresh weight
(p < 0.05). Furthermore, pH had a negative relationship with AP and root length (p < 0.05).
EC was negatively correlated with AK and root length (p < 0.01). AK was positively and
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negatively correlated with root length and phosphatase activity, respectively (p < 0.05).
Positive correlations were observed between catalase activity and sucrase activity and
between chlorophyll content and plant dry weight (p < 0.01). Meanwhile, catalase activity
had a positive relationship with stem diameter and plant fresh weight (p < 0.05). Stem
diameter was positively correlated with catalase activity and plant fresh and dry weight
(p <0.05).

3.7. PCA Analysis

PCA revealed clear separations among all treatments in terms of substrate nutrients,
enzymatic activity, and plant growth parameters (Figure 6). PC1 and PC2 explained 7.18%
and 18.60% of the variance, respectively. A total of 65.78% variation was revealed. pH, EC,
AK, AN, phosphatase activity, catalase activity, sucrase activity, and dry weight had a higher
weight in PC1 than the other factors, whereas urease activity, organic matter, and C/N had a
higher weight in PC2 than the other factors. The compound bacterial inoculation treatments
were significantly different from the non-compound bacterial inoculation treatment under
salt stress in PC1 and PC2. Furthermore, NX4-62 showed a significant separation from
NX3-48 and NX4-59 in PC1 and NX3-62 and NX3-59 showed significant differences with
other treatments in PC2 (Figure 6).

The effects of different composite bacteria on salt tolerance and plant growth were
evaluated by applying the comprehensive evaluation D value (Figure 7). Four principal
components were extracted. The components explained 86.18% of the accumulated vari-
ance contribution rate. The comprehensive evaluation D value was calculated based on
the four principal components. The D values of the inoculation treatments were higher
than those of the non-inoculation treatments under salt stress and non-salt conditions.
Meanwhile, the D values of NX4-62 and NX 3-59 were the highest.

o 3
- @ CK
oN %*  100NaCl
& NX348 @
sz 2F & NX3-59 I
* NX3-62 1
P NX4-48
1L 4 Nxas9
~ @ NX4-62
§ 5 = @ * %
) A =
o0 20
C fpee—— 7 <
N
N W
@) RL N P;H
O
= e AP A ! l
i +
o \ +
N3 oM ) ) )

1.0 PC1 (47.18%) 10 6 -4 2 0 2 4
PC1 (47.18%)

Figure 6. Principal component (PC) analysis of cucumber seedling growth parameters, substrate nutrient properties, and
substrate enzyme parameters. Arrow direction and length indicate correlation and strength, respectively. Bars represent
standard errors. TN, total nitrogen; AN, available nitrogen; TP, total phosphorous; AP, available phosphorous; AK, available
potassium; OM, organic matter; EC, electricity conductivity; C/N; RL, root length; SL, stem length; SD, stem diameter; CC,
chlorophyll content; FW, fresh weight, DW, dry weight; CA, catalase activity; SA, sucrase activity; PA, phosphatase activity;
UA, urease activity.
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Table 3. Pearson’s correlations (r) among substrate pH, electrical conductivity (EC), chemical properties, enzymatic activities, and plant growth.

Index  pH EC oM IN CN AN AP AK CA SA PA UA RL SL SD CC DW FW
pH 1.00

EC  0.881* 1.00

OM  —0.08 —0.17 1.00

™N 0.06 0.17 031 1.00

C/N 035 0.37 —0.896* 043 1.00

AN 0.26 0.24 —0.08 019 030 1.00

AP 0.60 0.19 0.01 005 021 0.26 1.00

AK  —0910%  —0.848 ** 0.17 —013 —041 —039  —0.40 1.00

CA  0764* 0.46 —-030 027 059 030  0.869*  —0.66 1.00

SA 0.69 0.52 017 035 088* 042 0.59 —0.68  0.852*  1.00

PA 0.64 0.49 —022  —008 025 048  079*  —0745* 050 025  1.00

UA 0.18 0.05 0.50 014 —043 077* 043 —0.11 011  —006 042  1.00

RL  —0792*  —0.974* 0.09 —006 —026 —026  —005  0754*  —029  —039 —041 —006 1.0

SL -0.23 0.05 —054 067 053  —019  —036 0.24 007 009 055 —048 —0.02 1.00

SD  0.855* 0.55 0.06 002 0.4 014  0871*  —0.69  0827* 056 066 042 —042 —043  1.00

CC  0725* 0.35 0.02 019 024 019  0899*  —0.64  0908* 0723* 055 032 —017 —034 0911*  1.00

DW 0.61 0.23 —020 009 040 0.09  0784*  —0.60 0877* 070 053 000 —003 —029 0764* 0921** 100
FW  0.744* 0.50 0.07 018 0.6 032  0870*  —050  0766* 052 052 060 —042 —024 0893* 0770* 052 1.00

*p <0.05,** p < 0.01. OM, organic matter; TN, total nitrogen; AN, available nitrogen; AP, available phosphorus; AK, available potassium; CA, catalase activity; SA, sucrase activity; PA, phosphatase activity; UA,
urease activity; RL, root length; SL, stem length; SD, stem diameter; CC, chlorophyll content; DW, dry weight; FW, fresh weight.
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Figure 7. Comprehensive evaluation D value calculated by PCA analysis and membership function
method for different inoculation treatments. Different letters indicate a significant difference between
treatments at p < 0.05.

4. Discussion

Salt stress is an abiotic stress and a severe threat to food safety worldwide. Salt
stress drastically reduces crop growth, root growth, and biomass accumulation by causing
nutrient imbalances, altering growth regulator levels, and inhibiting photosynthesis and
protein synthesis [2]. PGPR, especially B. megaterium, alleviate the adverse effects of
high salinity stress on cucumber growth [11]. Moreover, various strains exert different
growth-promoting effects under salt stress, probably because of the specificity of the strain
colonization ability in the root system [22,36]. Moreover, the characteristics of PGPR
isolated from the same environment show differences [11].

In this study, we isolated B. subtilis (NX-4, NX-48, and NX-62) and B. licheniformis
(NX-3, NX-59) from salinized soil. We found that these strains had salt-tolerant and plant-
promoting characteristics. As expected, we found that compound microorganisms relieved
the adverse effects of salinity on root length, stem diameter, and fresh and dry plant
weight. In particular, the NX3-62 treatment resulted in the highest stem diameter and
dry plant weight, and NX3-48, NX3-59, and NX4-48 treatments significantly increased
fresh plant weight relative to the NX3-62 treatment (Figure 3). PGPR can induce abiotic
and biotic stress tolerance and promote plant growth by producing metabolites [37,38],
such as antibiotics, ACC deaminase, volatile compounds, and iron carriers. Besides, PGRP
also promotes crop growth by dissolving phosphate and nitrogen fixation to improve the
availability of plant rhizosphere nutrients [39]. Co-inoculation alleviated the salt stress and
promoted seedling growth and may be related to the ACC deaminase activity of NX-62 and
the nitrogen fixation ability of NX-3, NX-4 strains. Work by Glick and Chandra et al. [40,41]
showed that PGPB can alleviate the adverse effects of biotic stresses and abiotic stress to
facilitate crop growth by producing ACC deaminase. Li [42] and Ejaz et al. [43] found that
PGPR have the potential to improve nutrient availability, the inoculation of nitrogen-fixing
strains could increase the content of AN in the soil and promote the growth of crops [44].
These are consistent with our findings. Furthermore, chlorophyll content increased by
18.28~24.43% under co-inoculation treatments compared with non-inoculation salt stress
treatments (Figure 3). Chlorophyll content increased by 18.28-24.43% under the combined
treatments with B. subtilis and B. licheniformis relative to that under non-inoculation salt
stress treatments (Figure 3). This could be attributed to the accumulation of abscisic
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acid (ABA) [45]. PGPR significantly induced ABA accumulation in plants under abiotic
stress [46]. Zhou et al. [47] reported that B. licheniformis SA03 improves the salt-tolerance of
chrysanthemum based on the changes in ABA concentration.

PGPR improves soil nutrient utilization and promotes plant uptake of soil nutri-
ents [48]. Soil nutrients are essential for plant growth, soil fertility, and soil health and are
affected by soil microbes directly and indirectly [23]. Rhizosphere bacteria colonize the
surface of plant roots and stimulate root development by supplying additional hormones
to promote nutrient absorption under stress [49,50]. In the present study, we noted that the
concentration of substrate-available P under the combined treatment with B. subtilis and
B. licheniformis significantly increased relative to that under non-inoculation salt stress treat-
ments (Table 2). This finding could be attributed to ion precipitation in saline soil, which
affected phosphorus absorption. Garcia-Lopez et al. [51] found that B. subtilis QST713 and
Trichoderma asperellum T34 promoted phosphorus release, thereby enhancing phosphorus
absorption by wheat. Similar to AP, substrate AN content significantly increased under
combined bacterial inoculation but not under NX3-48 and NX3-62. It could be attributed
to the nitrogen fixation by Bacillus stains. Chen et al. [52] found that the application of
microbial inoculant such as B. subtilis significantly increased the soil AN and increased the
production. A previous study by Azri et al. [53] found that the positive effects of Bacillus
on soil N absorption could be due to its N-fixing ability, and enhancement of the N level in
soil and nutrient uptake was also recorded in Bacillus stains inoculation. Daraz et al. [54]
found that soil AP and AN fractions were positively correlated with inoculation of Bacillus
strains, and Bacillus strains improved soil AP, total N, and AN, which was a benefit to
promote plant adaptability under stress. These are consistent with our findings. Moreover,
we found the opposite result in our study. The AK content under compound bacterial
treatments, except for NX3-48, was significantly lower than that under non-inoculation salt
stress treatments (Table 2). This could be ascribed to the ability of microbes to increase the
availability of soil organic matter (P and K) and subsequently promote the absorption of
AK by cucumber seedlings [55].

Enzyme activity is an indicator of ecosystem sustainability and plays an important
role in nutrient cycling and transformation [56]. The present study showed that combined
treatments with B. subtilis and B. licheniformis significantly increased enzyme activity, such
as catalase, sucrase, and phosphatase activities, when compared with non-inoculation
salt stress treatments (Figure 5). One probable reason for this was that bacterial inocu-
lation relieved the adverse effects of salinity on enzyme activity by increasing the soil
microbial biomass [57,58]. Miao et al. [59] reported that Burkholderia sp. 7016 significantly
promotes soil urease, phosphatase, sucrase, and catalase activities. Another reason is that
compound bacterial inoculation significantly increased the content of substrate-available P
under salt stress. Generally, the content of AP affects phosphatase activity, and enhancing
phosphatase activity promotes phosphorus release [44,60]. AP had a significant positive
correlation with phosphatase activity in our study (Table 3). Moreover, we noted that
sucrase activity, urease activity, and catalase activity had significant positive relationships
with C/N, AN, and AP, respectively (Table 3). These relationships could be attributed to
the significant correlation between enzymatic activity and nutrient availability. PGPR and
AMF significantly increased urease and sucrase activities in rhizosphere soil and improved
soil quality by participating in the biological transformation processes of N, H, and C.

5. Conclusions

In this study, we isolated salt-tolerant strains NX-3 and NX-4, which can tolerate up
to 14% NaCl concentration, and isolated growth-promoting strains NX-48, NX-59, and
NX-62, which could promote cucumber seedlings growth. NX-3 and NX-59 were identified
as Bacillus licheniformis and NX-4, NX-48, NX-62 were identified as B. subtilis. In a pot
experiment, the stem diameter, chlorophyll, and dry weight of cucumber seedlings under
salt stress were increased under combined inoculation with B. subtilis and B. licheniformis
relative to those under non-inoculation treatment. AP, AK AN, and organic matter concen-
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trations under compound bacterial inoculation increased by 125.94~15.91%, 67.46~14.19%,
48.61~29.17%, and 29.34~30.00% relative to those under non-inoculation under salt stress
and non-salt treatment, respectively. NX3-59 showed the best effect on improving the
organic matter content and promoting AN release. NX4-59 was beneficial to the increase
of total N content, followed by NX3-59. The effect of NX4-62 on the release of AP was
the best, followed by that of NX3-48 and NX3-59. In addition, combined inoculation with
B. subtilis and B. licheniformis activated enzyme activities. The catalase and sucrase activities
of NX4-62 were the highest. Meanwhile, NX3-62 and NX3-59 had the highest phosphorus
and cease activities, respectively. In summary, the combined inoculation of B. licheniformis
and B. subtilis promoted the growth of cucumber seedlings under salt stress, increased
the content of nutrients, and simulated enzyme activity, and the comprehensive analysis
showed that the treatment of NX4-62 and NX3-59 were the best.
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