2 M processes

Article

Harnessing the Potential of Symbiotic Endophytic Fungi and
Plant Growth-Promoting Rhizobacteria to Enhance Soil Quality

in Saline Soils

Zahra Rouydel !, Mohsen Barin 1*{J, Mir Hassan Rasouli-Sadaghiani !, Maryam Khezri 2,

Ramesh Raju Vetukuri 3*

check for

updates
Citation: Rouydel, Z.; Barin, M.;
Rasouli-Sadaghiani, M.H.; Khezri, M.;
Vetukuri, R.R.; Kushwaha, S.
Harnessing the Potential of Symbiotic
Endophytic Fungi and Plant
Growth-Promoting Rhizobacteria to
Enhance Soil Quality in Saline Soils.
Processes 2021, 9, 1810. https://
doi.org/10.3390/pr9101810

Academic Editors: Flavia De Nicola

and Enrica Picariello

Received: 19 September 2021
Accepted: 8 October 2021
Published: 12 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Sandeep Kushwaha 34

Department of Soil Science, Faculty of Agriculture, Urmia University, Urmia 5756151818, Iran;
zahra.rouedll@gmail.com (Z.R.); m.rsadaghiani@urmia.ac.ir (M.H.R.-S.)

Iranian Research Institute of Plant Potection, Agricultural Research, Education and Extension
Organization (AREEO), Tehran 1985713133, Iran; ma_khezri@yahoo.com

Department of Plant Breeding, Swedish University of Agricultural Sciences, SE-234 22 Lomma, Sweden;
sonubioinfo@gmail.com

Department National Institute of Animal Biotechnology, Hyderabad 500032, India

*  Correspondence: m.barin@urmia.ac.ir (M.B.); ramesh.vetukuri@slu.se (R.R.V.)

Abstract: Soil salinity is one of the most important abiotic stresses limiting crop growth and produc-
tion worldwide. Some microorganisms can improve the plants’ tolerance to salinity. For this purpose,
a greenhouse experiment was performed to understand the influence of various microorganisms on
soil biological indices and wheat growth under different saline conditions. The factors varied in the
experiment were the microbial treatment (rhizobacteria, mycorrhizal fungi, endophytic fungus, and
control) and salinity stress (0.5, 8, and 14 dS mfl). Rhizobacteria were isolated from saline soils, but
the fungi were prepared from a microbial bank. Overall, ten isolates were purified, and three with
promising growth-promoting properties were identified using phenotypic and molecular methods.
The selected isolates belonged to the genera Pseudomonas (P. aeruginosa Ur83 and P. fluorescens Ur67)
and Stenotrophomonas (S. maltophilia Ur52). Soil quality indices were found to decrease with increas-
ing salinity, but inoculation with microorganisms alleviated this decline. Inoculation with plant
growth-promoting rhizobacteria (PGPRs) increased basal respiration, substrate-induced respiration,
microbial biomass carbon, acid and alkaline phosphatase activities, and carbon availability by factors
of 1.37,1.27,1.83,3.07, 1.29, and 1.11, respectively. These results show that inoculation with symbiotic
microorganisms can improve agricultural soil quality under saline conditions and may thus be
valuable in agriculture.

Keywords: biological indices; endophytic; micro-organisms; salinity; wheat

1. Introduction

Soil salinity is a major threat to agricultural sustainability, especially in arid and semi-
arid regions [1], and is common environmental stress limiting agricultural production in
Iran [2]. A major cause of soil and water salinity is the unplanned and excessive use of
chemical fertilizers [3]. Soil salinity has several adverse effects on plant growth: it causes
osmotic stress by reducing the osmotic potential of the soil solution, salinity stress by
increasing the concentrations of specific ions, imbalances in the soil’s content of nutrient
elements [4,5], and changes the soil’s physical and chemical properties [4,6,7]. Overcoming
the challenges posed by soil salinity will require a deep understanding of the interactions
between plant roots and soil microorganisms, as well as advances in plant biotechnology
to maintain crop yields and soil health [8]. Various methods have been developed for
improving soil quality indices using microorganisms, such as plant growth-promoting
rhizobacteria (PGPRs), arbuscular mycorrhizal fungi (AMF), and endophytic fungi [9,10].
PGPRs isolated from saline regions are resistant to high salt concentrations and enhance
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plant resistance to salinity stress by increasing hydraulic and osmotic conductivity, promot-
ing osmotic adjustment, reducing the toxic impacts of Na+, and protecting photosynthesis.
Mycorrhizal fungi can thus be used as a biological amendment agent in saline soils to
prevent uptake of sodium (Na) and chloride (Cl) or reduce their mobilization [1]. Pirimo-
spora indica is a salt-tolerant fungus that can be used for this purpose; it can tolerate NaCl
concentrations up to 0.4 mol L1 [10].

Soil quality is closely linked to the soil’s biological, physical, and chemical prop-
erties [11]. The biological aspects of soil quality can be quantified using soil biological
indices [12]. High quality soil is characterized by a good level of microbial diversity and ap-
propriate distribution of active microbial communities. Accordingly, several soil health and
quality indices measure the diversity and distribution of soil microorganisms; examples
include basal respiration, substrate-induced respiration, microbial biomass carbon, phos-
phatase enzyme activity, carbon availability, metabolic quotient, and the root colonization
degree [13]. The soil microbial respiration index measures the rates of several biochemical
reactions [14]; as such, it is an indicator of soil microbial activity but also reflects trends in
organic matter decomposition, enzymatic activity, and the cycles of some soil nutrients [15].
In addition, substrate-induced respiration is a key index for quantitatively estimating the
fraction of soil microbial biomass within the soil organic matter [16]. Microbial biomass and
phosphatase enzyme activity are also important biochemical indicators of soil quality [17].

Soil enzymatic activity is closely linked to microbial biomass because the enzymatic
activity of soil microorganisms is responsible for the production of their biomass. Other
soil quality indices commonly used to assess the status and activity of soil microbes are
the metabolic quotient, and carbon availability index [18]; the carbon availability index,
in particular, is a key indicator of substrate limitation. Rao and Pathak [19] showed that
reduced microbial growth was associated with reduced substrate availability in sodic
soils and with stress caused by high salt concentrations in saline soils. Their results also
showed that salinity can reduce the substrate use efficiency of microbial biomass, causing
a loss of microbial population, and a reduction in the soil respiration rate and microbial
biomass [19]. A separate study showed that soil salinity reduces soil enzymatic activity
and microbial biomass carbon [20]. Tripati et al. [21] reported that one of the reasons for
poor crop growth in salt-affected coastal soils is the decrease in MBC, BR and enzymatic
activity with increasing salinity. Wong et al. [22] study on the effects of salinity on soil
respiration assessed over 12 weeks and reported that the soil respiration rate was highest
(56-80 mg CO,-C kg~ ! soil) in the low-salinity treatments. Another study showed that a
large microbial biomass can better adapt to EC changes than a small microbial biomass [23].
The positive impact of mycorrhizal fungi on plant growth and soil quality is illustrated by
the example of P. indica, which forms symbiotic relationships with various plant species,
enhancing their growth and tolerance of various stresses [24]. As soil quality indices are
indicators of soil fertility, it can be concluded that any decline in soil quality due to salinity
will reduce soil fertility and thus reduce plant growth and production. However, some
soil microorganisms can induce and increase soil microbial activity, leading to intensified
phosphatase enzyme activity and increased soil microbial biomass [25]. Microorganisms
can also improve plant growth, leading to increased root exudation which in turn stimulates
the growth of microorganisms in the rhizosphere and thus improves the soil quality indices.
The specific objectives of this study were thus to investigate the potential for improving soil
quality in saline regions by (i) isolating and identifying native PGPRs from saline soils and
(i) assessing their impact, along with that of symbiotic and endophytic fungi, on biological
soil quality indicators under saline conditions.

2. Materials and Methods
2.1. Soil Sampling and Isolation of Bacteria
To isolate PGPR bacteria, 30 soil samples were collected randomly from the rhizo-

spheric soil of plants grown in saline soils in the Lake Urmia basin in West Azerbaijan
province, Iran. The rhizospheric soils were manually separated from the roots and stored at
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4 °C in a refrigerator until further processing. Soil samples were diluted using the ten-fold
dilution series technique with sterile distilled water. The dilutions were then cultured on a
nutrient agar (NA) medium, incubating the plates at 28 &= 2 °C for one to four days. Finally,
ten bacterial colonies with different morphological characteristics were selected for use in
the subsequent experiments.

2.2. Purification of Bacteria

To purify the selected isolates, colonies were streaked on NA and the plates were then
kept at 28 £ 2 °C for two days. The resulting isolates were sub-cultured three times until
pure colonies were obtained. After growing, a pure colony of each bacterial strain was
selected [26]. Pure colonies were cultured on NA in tubes. After growing the isolates in
this way, sterile glycerol was added and the isolates were stored at 4 °C [27].

2.3. Assessment of Some PGPR Properties of the Isolates
2.3.1. Qualitative Assessment of Insoluble Phosphate Solubilization Potential in
NBRIP Medium

The qualitative potential of the isolates to solubilize insoluble phosphate was evalu-
ated using the National Botanical Research Institute’s phosphate (NBRIP) medium [28].
Three plates containing this culture medium were prepared for each bacterial isolate, then
5 uL of an overnight culture of the appropriate bacteria grown in the nutrient broth (NB)
culture medium was placed in the center of the plates. The inoculated plates were kept
in an incubator at 28 & 2 °C for seven days, after which their solubilization zones and
bacterial colony diameters were measured. Finally, the solubility index (SI) was calculated
for each isolate as the ratio of the solubilization zone diameter to the colony diameter [29].

2.3.2. Quantitative Assessment of Insoluble Phosphate Solubilization Potential in Broth
NBRIP Medium

The selected isolates were cultured in a broth NBRIP culture medium. From the
overnight culture of the bacteria grown in the NB medium, 2% was cultured in Erlenmeyer
flasks containing 150 mL of the broth NBRIP culture medium with an insoluble phosphate
source (5 g L~ of tricalcium phosphate, Ca3(POy);). The Erlenmeyer flasks were then
incubated on a shaker (120 rpm) at 28 + 2 °C for ten days. Finally, the phosphorus
concentration was measured using the molybdovanadate method [30].

2.3.3. Qualitative Assessment of Mica Solubilization Potential

To qualitatively assess the mica solubilization potential of the bacteria, a plate con-
taining Aleksandrov medium [31] was prepared for each isolate. The bacteria were then
cultured as described in Section 2.3.1 and the mica solubility index was calculated [29].

2.3.4. Auxin Production

To assay the auxin production potential of the isolates, the bacteria were first cultured
on an NA culture medium for 48 h. Then, 50 uL of the bacterium suspension was transferred
to 25 mL of NB medium containing 100 mg L~! of L-tryptophan and incubated at 48 °C
for 24 h. Next, some drops of Salkowski’s reagent (150 mL of HySO4, 7.5 mL of 0.5 M
FeCl3-7H,0, and 250 mL of distilled water) were added to the suspension. The formation
of a red ring at the surface of the solution was considered a positive response; the lack of
such a ring was considered a negative response [32].

2.3.5. Siderophore Production

Siderophore production was measured by inoculating an adjusted population of
bacteria in the CAS-Agar medium. The medium was prepared by the modified method of
Alexander and Zuberer [33] using Fe-CAS medium, nutrient buffer and casamino acids that
were prepared separately, sterilized and then mixed. The bacteria were then cultured as
described in Section 2.3.1, and the plates were incubated at 28 4= 2 °C. Bacterial siderophore
production was indicated by a change in the color of the CAS medium from blue to orange.
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2.3.6. Salinity Assay

To test the growth potential of the bacteria at different salinity levels, Tris-minimal salt
culture broth media with NaCl contents of 0, 2, 5, 7, and 10% were prepared. Overnight
bacterial cultures were grown in the NB medium (after inoculation with 2% v/v of the
appropriate bacterial suspension) were inoculated into the broth salt-containing culture
medium. The turbidity caused by the growth was determined 72 h later by measuring
absorption at 600 nm with a spectrophotometer [34].

2.4. Selection of Superior Rhizobacteria for Phenotypic and Molecular Identification

Based on the results of the assays, including phosphorus and potassium solubilizing
potential and auxin and siderophore production potential, three isolates with superior
PGPR properties were selected for phenotypic and molecular identification, and for use in
greenhouse experiments.

2.4.1. Phenotypic Identification of the Selected Isolates

The phenotypic properties of the selected isolates were characterized in accordance
with standard and valid bacteriological references [26] by determining their Gram staining
properties, aerobic/anaerobic growth, motility, oxidase activity, catalase activity, fluorescent
pigment production on King’s-B medium, endospore production, levan production, gelatin
hydrolysis, and citrate utilization were evaluated.

2.4.2. Molecular Identification and Phylogenetic Tree

Molecular identification of the superior phosphate solubilizing PGPRs was performed
using universal primers targeting the 16S rRNA gene. Genomic DNA was extracted
from the selected isolates according to Llop et al. [35]. The polymerase chain reaction
was performed with primers fD1 (5'-AGAGTTTGATCCTGGCTCAG-3') and rD1 (5'-
AAGGAGGTGATCCAGCC-3') [36]. The reaction mixture components and thermal cycle
were as reported by Suzuki and Yamasato [37]. Formation of the PCR product was verified
by performing electrophoresis at 75 V. cm ™! for one hour in a 1% agarose gel stained with
FluoroDye DNA Fluorescent Loading Dye 1 uL mL~! (SMOBiO Technology Inc., Hsinchu,
Taiwan). Sanger sequencing of PCR products was performed by Macrogen Corporation
(Seoul, South Korea). Nucleotide sequences were edited using the Chromase software
package. The resulting sequences were aligned and compared to GenBank sequences using
the ClustalX program (version 2.0). The NCBI BLAST database was used to analyze the
homology of the studied 165 rRNA sequences. The phylogenetic tree of the chosen PGPRs
was determined using the neighbor-joining (NJ) method [38] and the Kimura 2-parameter
model [39] with 1000 bootstrap replicates [40] in MEGA®6 software (version 6.0) [41].

2.5. Pot Experiment

A completely randomized factorial experimental design with three replicates and two
factors was used. The factors were salinity (0.5, 8, and 14 dS mfl) and microbial inoculation
(PGPR, AMF, the endophytic fungus Piriformospora indica, and control). The used soil was
collected at a depth of 0-30 cm from a farm of Urmia University in West Azerbaijan province,
Iran. The used soil was collected at a depth of 0-30 cm. After being air-dried, it was
passed through a 5-mesh sieve and its physical and chemical properties were characterized
using standard methods (Table 1; [42]). It was then transferred into 5-kg plastic pots.
Microbial inoculation of wheat seeds (Triticum aestivum L cv. Ofogh prepared by seed and
plant improvement institute, Karaj, Iran) was performed using the bacteria isolated from
the rhizosphere soil (three isolates), a mixture of known PGPRs (Pseudomonas aeruginosa,
Pseudomonas fluorescens, and Stenotrophomonas maltophilia), endophytic fungi (P. indica),
and mycorrhizal fungi (a mixture of Rhizophagus irregularis, Rhizophagus fasciculatus, and
Diversispora versiformis). All microbial strains other than the isolates were provided by
the microbial bank of the Department of Soil Science at Urmia University, Urmia, Iran.
The seeds were inoculated with the bacteria and endophytic fungi by immersing and
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shaking germinated seeds for 2 h in inoculant suspensions with microbial populations
of 10® CFU and 10~° sporesmL !, respectively. After shaking, the seeds were spread
and dried under a sterile airflow in a laminar hood and then sown the same day. In the
AMF treatments, 60 g of inoculant (including all the three fungi) was poured under the
seeds. In the control treatments, the seeds were shaken in sterile distilled water rather
than microbial suspensions. Ten seeds were sown in each pot after surface disinfection
with 0.5% sodium hypochlorite. To establish different levels of soil salinity, the soil was
saturated with NaCl solutions of varying concentrations. In the initial trials, NaCl solutions
prepared by dissolving 0.2, 0.4, 0.6, 0.8, or 1 g NaCl in 150 mL of water were added to
pots containing 500 g dry soil to establish saturation. The electrical conductivities (EC) of
the soils were then measured 24 h later. A linear regression analysis was then performed
to relate the measured EC to the amount of NaCl added to the soil and the resulting
regression equation was used to determine the concentrations of the NaCl solutions that
would be needed to achieve the salinity levels required for the planned experimental
treatments. The salinity treatments were gradually applied to the pots over a two-week
period after sowing [43]. During the growth period, the moisture requirement of each pot
was determined by measuring its weight daily and all other parameters were kept constant
for all pots during the entire growth period.

Table 1. Physical and chemical characteristics of soil used in the study.

EC Calcium Carbonate Oreanic Carbon Available Available
Soil Texture @S m-1) Equivalence (CCE) & (%) Phosphorus Potassium
(%) ’ (mg kg~1) (mg kg—1)

Loam-clay 0.50 19.50 0.50 7.40 194

2.5.1. Plant Harvest and Chemical Analyses

After 60 days, a fraction of the rhizosphere soil was removed from the pots and stored
at4 °C in aerated plastic bags in a refrigerator for evaluation of its qualitative characteristics
in a laboratory. The samples were warmed to 25 °C and held at that temperature for 24 h
before being used in assays. The method of Anderson [44] was used to measure microbial
basal respiration. For this purpose, 25 g of rhizosphere soil was transferred to a special
glass jar for measuring respiration. A test tube containing 10 mL of a 0.5 M NaOH solution
was placed in each jar alongside the soil sample and the lid was tightly closed. The glass
jar containing the sample and a soil-free control jar were incubated at 25 °C for 5 days in
the dark, after which the contents of the test tubes were titrated with 0.5 M HCL. Finally,
the amount of released CO; was calculated in mg CO,-C kg’1 day’l.

Substrate-induced respiration was measured as described by Nakamoto and Waka-
hara [45]. Briefly, 20 mg of glucose was added to 10 g of soil and the soil was placed in a
glass jar together with a test tube containing 10 mL of a 0.5 M NaOH solution. The jar was
then incubated for 6 h at 25 °C. As in the measurement of basal respiration, the amount
of released CO, was calculated in mg CO,-C kg~! day~!. Phosphatase activity in the
soil samples was measured according to Tabatabai and Bremner [46]. Briefly, 1 g of a soil
sample (<2 mm) was placed in a 50 mL container and 1 mL of the substrate p-nitrophenyl
phosphate was added along with 4 mL MUB (modified universal buffer). The sample
was then incubated at 37 °C for 1 h. Control samples were prepared in the same way
but without adding soil. The staining caused by the release of p-nitrophenol was then
measured spectrophotometrically at 420 nm.

Finally, microbial biomass carbon (MBC) was determined using the chloroform fu-
migation method of Jenkinson and Ladd [47]. In this method, two portions of moist soil
(20 g oven-dry soil) were weighed. One portion was then fumigated for 24 h at 25 °Cin a
desiccator before being extracted with a 0.5 M K;504 solution. The second portion was
extracted in the same way without prior fumigation. The amount of C in each extract was
then measured [48].
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The metabolic quotient was calculated by dividing the basal respiration by the
MBC [49] and the carbon availability index was determined by dividing the basal res-
piration by the substrate-induced respiration [50]. AMF colonization of root samples was
determined after rinsing with water, clearing with 10% (w/v) KOH, acidification with 1%
HCI, and staining with 0.05% (w/v) Trypan blue [51].

2.5.2. Statistical Analysis

All statistical analyses were performed using SPSS software version 19.0. Means were
compared using Duncan’s multiple range test with a significance threshold of p < 0.05.

3. Results and Discussion
3.1. In-Vitro Trials
3.1.1. PGPR-Specific Tests

Thirty soil samples were collected from the saline lands around Lake Urmia, from
which ten bacterial isolates were isolated and purified. Three of these isolates were then
selected for molecular identification on the basis of PGPR-specific tests (potassium and
phosphorus solubilizing potential, siderophore production, and auxin production; see
Table 2). The selected isolates were found to be capable of solubilizing phosphate in
solid and broth NBRIP media (Table 2), with the Ur67 isolate exhibiting the greatest
phosphorus solubilizing potential. Only two of the studied isolates, Ur67 and Ur52,
exhibited appreciable auxin production. Additionally, only Ur83 and Ur67 yielded positive
results in the siderophore production assay (Table 2). Finally, three of the isolates grew well
at NaCl concentrations of 2, 5, 7, and 10%, indicating high salt tolerance. Three superior
isolates, Ur83, Ur67, and Ur52, were identified based on these results and the outcome of the
PGPR tests and were thus selected for further study, including molecular identification and
use in greenhouse experiments. All isolates were capable of solubilizing potassium; that
with the greatest potassium-solubilizing potential was Ur83. Solubilization of insoluble
phosphorus and potassium compounds is probably achieved via the production and
secretion of organic and inorganic acids, chelates, and enzymes [52-54].

Table 2. PGPR and salinity-resistance tests of the selected isolates.

Insoluble P Insoluble P Compound Insoluble K
Isolate Solubilizing Solubilizing Potential in Solubilizing Auxin Siderophore Salinity Tolerance
Potential Broth Medium Potential Production  Production (Up to 10%)
(cm) (ug mL—1) (cm)
Ur83 3 24.04 4.16 — + +
Ur67 3.4 26.29 3.3 + + +
Ur52 12 20.16 3.5 + — +
3.1.2. Phenotype Identification
The morphological, biochemical, and physiological assays showed that all three
selected isolates were Gram-negative (Table 3).
Table 3. The phenotypic properties of the selected isolates.
Obligatory Florescent .
Isolate G}'afn Aerobic Mobility Oxidase  Catalase Pigment Levar} Endospf)re Gelatlne‘ Citrate
Staining G . Production Production Hydrolysis
rowth Production
Ur83 — + + + + + - + +
Ur67 - + + + + + - + +
Urb2 - + + + - - — + +
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3.1.3. Molecular and Genotypic Identification of the Superior Isolates

Sequence analysis of the 16S rRNA gene showed that Ur52 was related to
Stenotrophomonas maltophilia; the sequence homology between Ur52 and S. maltophilia
strains based on GenBank data was 99.92%. The sequences obtained from Ur83 were
assigned to Pseudomonas aeruginosa with 99.42% homology and Ur67 showed 100% simi-
larity to the 165 rRNA sequences of Pseudomonas fluorescens registered in GenBank. The
16S rRNA sequences of Ur52, Ur83, and Ur67 were deposited in GenBank under the acces-
sion numbers MW063589, MW063594, and MW063588, respectively (Figure 1).

The apparent close relationship between Ur52 and S. maltophilia is interesting because
S. maltophilia is a nosocomial pathogen that causes high mortality among immunocompro-
mised children [55]. However, its presence in cultured agricultural soils has been reported
previously [56], and it was successfully used as a biocontrol agent against potato brown
rot disease [57]. Sequence analysis of Ur67 and Ur83 revealed that these isolates were
related to P. aeruginosa and P. fluorescens species, which have been reported to exhibit plant
growth-promoting (PGP) effects [58]. In contrast, Taurian et al. [59] found that over 70%
of a collection of 110 phosphate stabilizing strains possessed siderophore-synthesizing
capability. It should be noted that Pseudomonas is the most strongly represented genus
among all bacteria in the rhizosphere.

Urg3 (MW063594)
Pseudomonas aeruginosa CUPR29 (MT107139)
Pseudomonas aeruginosa PADTS0 (CP034908)
Pseudomonas aeruginosa OIS (MTE33047)
Ur67 (MW06E3588)
Pseudomonas fluorescens 1AM 12022 (WR 0434 20)
100 | Pseudomonas fluorescens K13 (MG020682)
Pseudomonas fluorescens PRPA42 (MT300520)
Stenotropho monas maltophilia Paku7 (MKB41317)
ppes |VStenotrophor'nonas maltophilia sm454 (CP040431)
“ Stenotrophomonas makophilia NCTC10498 (LS483406)
| Stenotrophomanas matophilia PEG-390 (CP040436)
431Ur52 (MVW063589)

Pseudomonas aeruginosa AB18 (MT598026)
mu%

—_—
0020

Figure 1. Neighbor-joining phylogenetic tree of 16S rDNA partial sequences from selected ten isolates.
Sequences of the compared strains were obtained from databases, and the accession numbers are in
parenthesis. Bootstrap values (1 = 1000 replicates) were indicated at the nodes.

3.2. Greenhouse Trials

Analysis of variance (ANOVA) revealed statistically significant impacts of salinity
on most of the measured soil microbial indices, including basal and substrate-induced
respiration (p < 0.001), carbon availability (p < 0.05), microbial biomass carbon (p < 0.001),
acid and alkaline phosphatase enzyme activity (p < 0.001), and root colonization symbiosis
percentage (p < 0.001), but not on the metabolic quotient. ANOVA also revealed that
microbial inoculation had significant effects on basal and substrate-induced respiration
(p < 0.001), microbial biomass carbon (p < 0.001), the metabolic quotient (p < 0.05), acid
and alkaline phosphatase enzyme activity (p < 0.001 and p < 0.05, respectively) and the
root colonization symbiosis percentage (p < 0.001), but not on carbon availability. However,
there was no significant interactive effect of these treatments.

3.2.1. Basal and Substrate-Induced Respiration

Comparisons of means revealed that basal respiration was highest under the non-
saline treatment (66.85 mg CO,-C kg~ ! day~!) and lowest under the 14 dS m~! treatment
(46.93 mg CO»-C kg~ ! day!; see Figure 2a).
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Figure 2. The effect of salinity on (a) basal respiration and (b) substrate-induced respiration. Bars show means + standard
error of the mean. Means with a different letters indicate significantly different values at p < 0.05 based on Duncan’s multiple

range test.

When comparing the microbial inoculation treatments, the basal respiration was
highest after bacterial inoculation (62.57 mg CO,-C kg~! day~!) and lowest under the
control conditions using rhizosphere soil (45.62 mg CO,-C kg ! day~!; Figure 3a).
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Figure 3. The effect of microbial inoculation on (a) basal respiration and (b) substrate-induced respiration. Bars show
means £ standard error of the mean. Means with a different letters indicate significantly different values at p < 0.05 based
on Duncan’s multiple range test.

As with basal respiration, the highest level of substrate-induced respiration without mi-
crobial inoculation was observed under non-saline control conditions
(92.15 mg CO,-C kg~ ! day '), while the lowest level was observed under the most saline
conditions (14 dS m~!; 71.01 mg CO,-C kg~! day~!) (Figure 2b). When comparing mi-
crobial inoculation treatments under non-saline conditions (see Figure 3b), the highest
and lowest levels of substrate-induced respiration were obtained after inoculation with
PGPRs (90.60 mg CO,-C kg~ ! day~!) and under control conditions without inoculation
(70.88 mg CO,-C kg~! day 1), respectively. The respiration reflects the activity of the soil
microbial population; higher levels of respiration indicate a more optimal soil microbial
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population status. Increasing salinity stress reduced the number of soil microbes and their
activity. Under these conditions, inoculation with the chosen bacterial isolates alleviated
the impacts of salinity stress on the soil and also increased the respiration rate and CO,
production by increasing the soil’s microbial population and activity of microorganisms
and improving soil conditions [60]. Sardinha et al. [61] reported a similar decline in
soil respiration from 41.7 to 16.3 C (g g~ 1) soil upon increasing soil salinity from 2.2 to
13.2 NaCl (mg g_1) soil.

3.2.2. Microbial Biomass Carbon

Increased salinity reduced the microbial biomass carbon, which was 1.68-fold lower
under the 14 dS m~! salinity treatment than under control conditions (Table 4). Comparison
of means showed that inoculating the soil with PGPRs increased MBC 1.83-fold relative
to the control. However, the increase induced by AMF did not differ significantly from
that induced by PGPRs (Table 5). Microbial biomass carbon is a quantity that reflects
the number of microorganisms (especially bacteria) in a sample; it represents the amount
of carbon stabilized in microbial cells [61]. Overall, as salinity and alkalinity increase,
the soil’s microbial population declines, which impairs metabolic efficiency. The adverse
impact of salinity is also partly due to the inability of some microorganisms to assimilate
carbon under saline conditions and the loss of root exudates. Hence, a conclusion then it
can be stated that the dead cell bodies added to the rhizosphere soil can be a reason for the
increase in microbial biomass following the bacterial inoculation of the rhizosphere [62].
Tripathi et al. [21] reported that the most plausible reason for the loss of plant growth in
saline soils was a loss of microbial activity and microbial biomass carbon, and also reported
that MBC was significantly reduced in soils with salinity levels of up to 16 dS m~!. Rietz
and Haynes [6] also demonstrated a negative relationship between microbial biomass and
soil salinity.

Table 4. The effect of salinity levels on some qualitative indices of the studied soil.

Salinity Level Microgial Biomass Acid Phosphatase Alkaline Phosphatase Carbon Availability
(dS m-1) arbon Enzyme Enzyme (ug PNP g1 h-1)
(mg CO,-Cg™1) (ugPNPg1h1) (ugPNPg1h 1) 8 8
0.5 238.7 £ 37.28 a 19.76 +2.16 a 2591 +£219a 0.73 £0.038 a
8 188.1 +38.42b 13.39 £ 1.88Db 22.67 £2.25b 0.67 £0.039 b
14 1419 £ 2949 ¢ 797 +19c 1719+ 2.01 ¢ 0.66 £ 0.026 a

Means with a similar letter in each column did not differ significantly (p < 0.05) based on Duncan’s multiple range test. PNP: para-
nitrophenol. Data are presented as means =+ standard error.

Table 5. The effect of microbial inoculation on qualitative indices of the soil studied.

. . Microbial Acid Phosphatase  Alkaline Phosphatase Metabolic Carbon
Microbial . . e
Inoculation Biomass Carbon Enzyme Enzyme Quotient Availability
(mg CO,-Cg™1) (ug PNPg—1h-1) (ugPNPg—1h-1) (ugPNPg1h-1) (ugPNPg 1h1)
Control 130.53 £ 34.3 ¢ 6.88+13c 19.04 £22b 0.37+0.03 a 0.63+0.02b
PGPR 239.06 £ 36.3 a 2117 +22a 2464 +20a 0.27 £0.04b 0.70 £0.03 a
Endophytic 177.46 £39.5b 11.77 £19b 20.56 £2.3b 0.33 £ 0.05ab 0.70 £0.04a
AMF 2112+30.1a 15.01+25b 2345+ 21a 0.28 +0.03b 0.71+0.06 a

Means with a similar letter(s) in each column did not differ significantly (p < 0.05) based on Duncan’s multiple range test.
PNP: para-nitrophenol; PGPR: Plant growth-promoting rhizobacteria; AMF: Arbuscular mycorrhizal fungi. Data are presented as

means =+ standard error.

3.2.3. Metabolic Quotient and Carbon Availability

The statistical relationships presented in Table 5 show that the metabolic quotient was
highest under the control, although the result obtained after endophytic inoculation did
not differ significantly from the control value. The lowest quotient was observed after the
PGPR and AMF inoculations. The different levels of salinity created significant differences



Processes 2021, 9, 1810

10 of 15

in the availability of carbon (Table 4) and the presence of microorganisms increased carbon
availability relative to that under control conditions. However, there were no significant
differences in carbon availability between the bacterial, endophytic, and AMF treatments
(Table 5). The metabolic quotient (qCO,) is a good measure of the effects of environmental
stress, including salinity, on the population and activity of soil microbes. In practice,
the basal respiration of soil per unit of microbial biomass is expressed as the metabolic
quotient or qCO, and is known to increase with increasing salinity. This is because salinity
stress causes soil microorganisms to produce more CO, per unit of microbial biomass
per unit time. Rasul et al. [63] similarly reported higher metabolic quotients in saline
soils. Salinity-resistant growth-promoting bacteria alleviate this effect by promoting the
accumulation of adaptive organic compounds such as low-molecular weight polar organic
molecules that help maintain a favorable osmotic balance and alleviate osmotic stress
without restricting cellular metabolism. When the soil microbial population is exposed
to salinity stress, the amount of carbon that is converted to humus exceeds that lost by
respiration. In the unusual case where soil basal respiration exceeds microbial biomass
carbon, the system’s energy demand increases, leading to an increase in the soil metabolic
quotient. Growth in the population of soil bacteria increases the microbial biomass carbon
and thus prevents an increase in the metabolic quotient [64], which is consistent with
our findings. Carbon availability is a good measure of substrate limitation, especially in
cultivated soils, and is reduced by salinity. This outcome is related to the reduction in plant
root biomass under saline conditions: roots are the main source of carbon for heterotrophic
soil micro-organisms, so reductions in root biomass and exudation limit the supply of
carbon available to the soil microorganisms. Treating soil with AMF and PGP bacteria was
previously reported to increase carbon availability [65].

3.2.4. Acid and Alkaline Phosphatase Enzyme

Acid and alkaline phosphatase enzyme activity was lowest under the most severe
salinity treatment (14 dS m~1) and highest under the non-saline control conditions; acid
and alkaline phosphatase activity under control conditions were 2.47 and 1.50 times higher,
respectively, than in the 14 dS m~! salinity treatment. Among the microbial inoculation
treatments, inoculation with PGPR increased the activity of these enzymes 1.41- and
1.29-fold relative to the control, respectively. Although there were no statistically significant
differences in acid phosphatase activity between endophytic and AMF inoculations, these
two treatments differed significantly with respect to alkaline phosphatase enzyme activity.
However, the effects of AMD and PGPR on this enzyme did not differ significantly (Table 5).
In all treatments, alkaline phosphatase activity exceeded that of acid phosphatases. The
rate of synthesis and release of phosphatase enzymes also depends on the soil pH; the
stability and activity of alkaline phosphatase both increase with increasing pH. As the
salinity increased, the activity of both enzymes decreased; this may be related to structural
and compositional changes in the plant rhizosphere microorganism populations. Similar
results were reported by Sardinha et al. [61] and Rietz and Haynes [21], who found that the
activity of most soil enzymes is reduced by salinity stress. The increased activity of soil
phosphatase enzymes in the bacterial inoculation treatments can be ascribed to the increase
in microbial biomass, root exudation, and soil nutrients, and the resulting improvement in
the soil’s physical, chemical, and biological properties. In this work, a positive and direct
relationship was detected between the activity of the phosphatase enzyme and microbial
biomass carbon. As was also observed when investigating the combined effects of salinity
and microbial inoculation, the highest microbial biomass and alkaline phosphatase activity
were associated with the PGPR inoculation treatment.

3.2.5. Root Colonization Percentage

The highest and lowest root colonization percentages (45% and 12%) were observed at
salinity levels of 0 and 14 dS m ™!, respectively (Figure 4a). Among the microbial treatments,
AMF yielded the highest root colonization percentage (54.44%), while root colonization
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was lowest under control conditions (14.33%; Figure 4b). Salinity disrupts root colonization
by causing spore stress and suppressing hyphal growth. This decline may be related to the
negative effect of salinity on photosynthesis, which would reduce the carbon supply to
the fungus, as well as to the inhibitory effect of Na and Cl on the growth of fungal hyphae.
Salinity may also impair the fungus plant symbiosis. Marulanda et al. [66] studied the
effects of treating lavender with mycorrhiza and found that Glomus intraradices established
35% symbiosis with this plant. These reports show that the decline in mycorrhizal symbiosis
in salinity-stressed roots is probably related to the decline in spore germination, hyphal
growth, and arbuscular formation [67].

50 60 a
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- T < 50
< 40 §
£ b £ 40
< 30 2 30 I
5 c 2
<L 20 I S 20 C
g g 10 -
g 10 &
& 0

0 Control Endophyte AMF
0.5 8 14 Microbial inoculation
Salinity levels (dS m™)
(a) (b)

Figure 4. The effect of (a) salinity levels and (b) microbial inoculation on root colonization. Bars show the means + standard
error of the mean. Means with a different letters indicate significantly different values at p < 0.05 based on Duncan’s multiple

range test.

3.2.6. Shoot Dry Weight

The highest (5.87 g) and the lowest (2.66 g) shoot dry weights were obtained in
the first and third salinity treatments, respectively (Figure 5a). Among the microbial
inoculation treatments, the highest (5.28 g) and the lowest (3.20 g) shoot weights were
observed under the bacterial and control inoculation treatments, respectively (Figure 5b).
In general, dry weight decreased with increasing salinity under all treatments, which can be
attributed to changes in the transfer of photosynthetic products to the roots, reductions in
the relative water content of leaves, partial or total closure of stomata, and ionic imbalances
leading to sodium ion accumulation [68]. The positive effects of PGPR are driven by
several mechanisms, including the production of growth-promoting metabolites such
as siderophore production, increasing the production of growth-promoting metabolites
such as gibberellins, cytokinins, and auxin; increase available phosphorus; and perhaps
the ability expression of ACC-deaminases, all of which help to significantly increase
shoot dry weight under saline conditions [69,70]. Piriformospora indica probably also
increased plant biomass by increasing the relative water content of the leaves by supporting
the accumulation of organic osmolytes, leading to an increase in the leaves’ chlorophyll
content [71]. The increased shoot dry mass in the presence of mycorrhizal fungi has also
been attributed to increased absorption of elements and improved water uptake [72].
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Figure 5. The effect of (a) salinity levels and (b) microbial inoculation on shoot dry weight. Bars show the means + standard
error of the mean. Means with a different letters indicate significantly different values at p < 0.05 based on Duncan’s multiple

range test.

4. Conclusions

Salinity stress reduced plant growth and various soil microbial indices, including basal
respiration, substrate-induced respiration, microbial biomass carbon, carbon availability,
and acid and alkaline phosphatase activity. However, our results show that inoculation
with PGPRs, AMFs, and endophytic fungi can induce significant improvements in all of
these indices under saline conditions, reducing the severity of salinity stress in plants when
compared to non-inoculated controls. The strongest beneficial effects in this respect were
induced by inoculation with PGPRs, suggesting that such inoculation may be an effective
and inexpensive way of alleviating the detrimental impacts of salinity stress. Inoculation
with microorganisms may also increase plants’ root secretions, which would stimulate the
growth of rhizosphere microorganisms, leading to further improvements in soil microbial
indices and ultimately in plant nutrition. Treatment with microorganisms, and especially
native PGPR, thus has positive effects on soil microbial indices that can strengthen plant
growth under challenging saline conditions.
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