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Abstract

In the present study we examined the effect of nanogypsum and Pseudomonas taiwanensis

strain BCRC 17751on plant and soil health using conventional and metagenomics

approaches. Soil physicochemical properties and agronomical parameters of maize plants

were reported to be better when applied with nanogypsum and bacterial inoculum together.

When compared to control a significant increase in total bacterial counts, nitrogen, phospho-

rus, potassium (NPK) solubilizing bacterial population and soil enzyme activities (fluorescein

diacetate, alkaline phosphatase, dehydrogenase, β-glucosidase, arylesterase and amylase)

was reported in treatments. The metagenomics studies revealed dominance of beneficial

bacteria such as Proteobacteria, Bacteriodetes, Planctomycetes, Acidobacteria and Nitros-

pirae in treated soil. On the other hand some novel bacterial diversity was also reported in

treated soil which was evident from presence of taxonomically unclassified sequences.

Hence, it can be concluded that combined application of nanogypsum and Pseudomonas

taiwanensis in maize help in improving the structure and function of soil which affects the

plant health without causing any toxic effect. However, in situ validation of the prescribed

treatment is required under field conditions on different crops in order to give maximum ben-

efits to the farmers and the environment.

Introduction

Agriculture system has observed dramatic changes since the time of its inception. It started

with domestication of several wild plant species to small-scale traditional farming and then

large scale intensive farming with the involvement of chemicals and hybrid seeds. Agriculture

puts huge pressure on available resources like water, soil and biodiversity which is likely to

increase in near future with an aim to feed ever growing human population globally. Thus,
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new technologies with positive impact on the environment are always in demand in agricul-

ture sector to produce sufficient food. These technologies must be easily accessible and cost

effective for the farmers. Application of bio-fertilizer has emerged out as an important holistic

approach in agriculture to grow organic food and to maintain long term sustainability with no

toxic effect on soil/ products [1]. Similarly, nanotechnology is also being tested in agricultural

practices. To investigate the after effects of nanocompounds and/ or bioinoculants on soil/

environment, it is essential to study the soil quality, diversity, distribution and behaviour of

microorganisms in soil habitats using a model cropping system. Zea Mays is generally main

short term crops with good nutritive qualities. Moreover it is also used as a model crop for

research purpose especially in the field of plant-microbe interactions [2].

Plant growth promoting rhizobacteria (PGPR) belong to a group of useful bacteria that live

in close association with plant rhizosphere and maintain plant growth either by defending

them from environmental stress or diseases and/or by providing essential nutrients and hor-

mones through various mechanisms [3]. PGPR are the best bioinoculants and may provide

positive environment for the development of plants [4]. Some common PGPR viz. Pseudomo-
nas fluorescens, Bacillus spp., Pantoea agglomerans, Burkholderia spp. etc. are reported to

involve in solubilization of essential minerals, production of plant hormones and antimicrobi-

als and developing resistance in plants [5–7].

In recent year, application of nanotechnology to boost agriculture production has received

much attention [8]. Nanoparticles with less than 100 nm dimensions and due to some unique

physical properties have found various applications in agriculture, food technology and envi-

ronmental protection [9]. A significant amount of research based on NP concentration and

their dose dependent relationships with plants has been carried out by number of researchers.

Nanocompounds impose positive as well as negative impact on plant health [10]. Accessibility

of low-cost nanomaterials is essential to enhance valuable use of nanotechnology in agricul-

ture. Gypsum is an essential plant nutrient and found in soluble form of calcium and sulphur.

It helps to improve physico-chemical properties of the soil and makes agriculture more sus-

tainable and productive. Application of gypsum as a soil amendment recovers soil properties

and improves water availability, quality of soil and enhances growth of alfalfa [11]. According

to Kumar and Thiyageshwari [12] gypsum and nanogypsum help in reclamation of sodic soil

by forming Ca2+ exchange complexes. Parul [13] observed that application of nanogypsum

enhanced plant growth and microbial flora of the experimental soil. Practice of using nano-

compounds in agriculture sector has not been yet made to a larger extent due to certain

ecotoxicological effects and inconsistency in their performance. Therefore, application of mix-

ture of nanocompounds and indigenous PGPR (as bioinoculant) in agricultural practices

could be an excellent strategy to stimulate plant health, maintain soil health and to reduce the

influence of toxic chemicals on agricultural produce [14, 15].

Rhizospheric microbiome harbours higher microbial population than bulk soil and signifi-

cantly affects quality of plant and soil. Microbial population of rhizospheric soil plays impor-

tant ecological and physiological functions and maintains soil quality and habitability for

plants. It enhances nutrient uptake, protects plants against pathogens, enhances abiotic stress

tolerance and produces number of secondary metabolites and leads to enhanced plant growth

[16]. Several rhizospheric microbes are known to secrete extracellular enzymes like phospha-

tases, dehydrogenases, proteases and lipases to obtain carbon, nitrogen, energy and other

essential nutrients from the mineralization of complex polymers. Soil enzymes act as specific

indicator of soil health/ fertility and represent total microbial activities of the soil [17]. They

play vital role in recycling of nutrients and organic matter degradation in soil and respond

quickly towards any change in the soil management and environmental conditions. Microbes

constitute a biological entity of the soil and their diversity could be studied using culturable
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and unculturable methods. Only a small proportion of the microorganisms can be studied

using culture-based methods [18]. Molecular techniques targeting 16S ribosomal DNA genes

have provided better opportunity to evaluate microbial population in a system against culture-

based methods. Illumina based approaches provide details of a microbial community more

precisely [19]. It provides significant information in the changes of microbial composition and

structure. The plan of this study was to analyze the growth of maize plant and microbial diver-

sity of rhizospheric soil after the treatment of nanogypsum and Pseudomonas taiwanensis
using culturable and metagenomic approaches.

Materials and methods

Bio-inoculant and nanocompound used

Bacterial culture (PC1-Pseudomonas taiwanensis strain BCRC 17751, accession number

MK106029) used in the present study was recovered from an agriculture field of GBPUA&T,

Pantnagar. Used bioinoculant in this study were found positive for a variety of plant growth

promoting activities like siderophore and IAA production and solubilization of phosphate,

potassium and zinc [6]. Nanogypsum (13 nm size, polydispersion index 0.204) with 98%

purity was provided by Department of Agronomy, GBPUA&T, Pantnagar. All the other chem-

icals were purchased from SRL Laboratories Pvt. Ltd. India and Hi media.

Experimental design

The soil for pot experiment was collected from Crop Research Centre of GBPUA&T, Pantna-

gar, where agricultural plots of different crops were treated with nanocompound for six years.

The altitude of the region is about 243.84 meters above sea level which comes under subtropi-

cal climatic zone. Pot experiment with maize was conducted in June, 2018 at the Departmental

net house. Twelve pots were filled with 2 kg fine sieved soil. Completely Randomize Design

(CRD) was used for experimental design with three replicates per treatment. Eight seeds were

sown in each pot at the depth of 5 cm. Different treatments used are follows: control (without

bacteria and nanogypsum), PC1 (Pseudomonas taiwanensis), NG (nanogypsum), PC1+NG

(Pseudomonas taiwanensis along with nanogypsum) (Table 1).

Seed bacterization and preparation of bacterial inoculum

Seeds of maize (variety ‘DH296’) were washed thoroughly with tap water. Surface sterilization

of healthy seeds was done for 2 minutes in 0.1% mercuric chloride solution which was further

rinsed three times with sterilized distilled water to remove the residual traces of HgCl2. Seeds

were soaked in overnight grown bacterial culture. Single seed received a population of 3×107

CFU along with nanogypsum (50 mg L-1). Control seeds did not have either bacterial culture

or nanocompound. Seeds were further incubated at 70 rpm at 25˚C for 15 minutes on a rotary

shaker in the flasks. Coated seeds were dried in laminar bench for 2h and eight seeds per pot

were sown. Pots were watered daily as per the moisture requirement.

Table 1. Detail of the treatments.

Treatments Description

AC Absolute control

PC1 Pseudomonas taiwanensis
NG Nanogypsum

PC1+NG Pseudomonas taiwanensis+Nanogypsum

https://doi.org/10.1371/journal.pone.0250574.t001
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Soil and plant sample collection

Rhizospheric soil from the roots of plants was collected by gentle shaking and mixed to gener-

ate a representative composite sample after 30 days of the pot experiment. Soil samples were

kept at -200 C to analyze soil physicochemical analysis, indicator enzymes, CFU counts and

microbial community analysis. Physico-chemical parameters like soil pH, available nitrogen,

phosphorus, potassium, soil organic carbon and nitrate nitrogen were analysed using HiMedia

kit.

Measurement of plant health parameters

Germination of seeds, plant length, number of leaves, total chlorophyll, carotenoid, total sugar,

phenol, protein and antioxidant enzymes (catalase, peroxidase and superoxide dismutase)

were calculated after 30 days of the experiment.

Chlorophyll estimation

Maize leaves were thoroughly cleaned with distilled water to avoid any contamination on sur-

face. Fifty mg of leaves in test tube were mixed with 10ml DMSO (dimethyl sulfoxide). Tubes

were incubated in water bath at 60˚C for 3h or till the leaves become colourless. The extract

was filtered and maintained at room temperature. Absorbance of the leaf extract was taken at

645 and 663 nm with DMSO as control [20]. The absorbance of same leaf extract was mea-

sured at 470nm for calculation of carotenoid content [21].

Total sugar estimation

Fresh leaves of maize were dried at 80˚C for 48h in hot air oven. Dried leaves (0.1g) were

crushed with 3ml of 80% ethyl alcohol, then boiled and centrifuged at 1000rpm for 15 min.

Four ml of Anthrone reagent was added to 1ml leaf extract and boiled for 10 min. Reading was

taken at 620nm and sugar content was calculated using standard curve of glucose [22].

Protein estimation

Fresh leaves were collected, washed and crushed gently in 5ml of Tris-cl (0.2M, pH-8) to form

fine slurry and then centrifuged at 10,000 rpm (4˚C, 20 min). Supernatant was transferred to

fresh tube and stored for further use at 4˚C. Twenty microlitres of supernatant were added to

280μl of extraction buffer and 3ml Coomassie Brilliant Blue (CBB) G-250. Obtained mixture

was kept at 37˚C for 5 min and absorbance was taken at 595nm against a blank [23].

Estimation of total phenolic content

Fresh maize leaves (200mg) were mixed in ice cold methanol (800μl of 95%) in a pestle and

motor and store in for 48h at room temperature. Mixture was centrifuged at 10,000rpm for 5

min. The supernatant was used to estimate the phenolic content by Folin-Ciocalteu method

and gallic acid was used as standard [24].

Analysis of antioxidant enzymes

Catalase activity (CAT). Catalase activity was determined according to Chandlee and

Scandalios [25]. Reaction was started by adding enzyme extract (100μl) to the reaction mix-

ture (3ml), with 100mM sodium phosphate buffer (pH-7) and 10mM H2O2 (0.1ml). Decline

in reading was checked at 230nm for 3min in a visible spectrophotometer. Assay mixture
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devoid of enzyme extract used as control. Enzyme activity was estimated by using extinction

coefficient (39.4mM -1 cm-1) and expressed as disintegration of 1mM H2O2 min-1.

Peroxidase activity (POD). For this 3ml reaction mixture containing 0.1ml of the enzyme

extract, 0.4ml of pyragallol in phosphate buffer and 0.5ml of H2O2 were added in cuvette and

change in absorbance was recorded at 420nm for a period of 3min. Control does not contain

any enzyme extract. Enzyme activity was calculated by using 26.6mM-1 cm-1extinction coeffi-

cient [26].

Superoxide dismutase activity (SOD). SOD activity was estimated on the basis of Nitro-

blue tetrazolium chloride (NBT) inhibition, which was measured spectrophotometrically at

560nm [27]. The reaction mixture for SOD activity was prepared using riboflavin (75mM),

100mM phosphate buffer (pH-7.5), methionine (200mM), 3 mM EDTA and 100μl of enzyme

extract. SOD enzyme activity was expressed as units of enzyme g-1 FW.

Enumeration of total bacterial and NPK dissolving CFU count

Enumeration of total bacterial population and NPK dissolving bacteria from the experimental

soil was performed after 30 days of the pot trial. Ashby, Pikovskaya and Aleksandrow media

were used to count nitrogen fixing (Azotobacter), phosphate and potassium solubilising bacte-

ria respectively. Plates were further incubated at 280 C for 3–4 days.

Enzyme activities of soil

FDA hydrolysis. 1g of soil was mixed with sodium phosphate buffer (50ml, pH-7.6) and

FDA solution (0.5ml) was added to the mixture and incubated in shaker (1h at 24˚C). The

reaction was terminated with 2ml acetone. Centrifugation of suspension was done at 8000rpm

for 5min and supernatant was filtered through filter paper No.2 (Whatman). Reading was

taken at 490nm and enzyme activity was expressed as μg fluorescein released g-1 dry soil h-1

[28].

Dehydrogense activity. Dehydrogenase activity was estimated according to Casida et al.

[29] using TTC (Triphenyl tetrazolium chloride) solution. To 5 g soil 5mL of TTC (2g in

100mL, 0.1 M Tris buffer, pH 7.4) was added. Twenty-five ml of acetone was used to extract

triphenyl formazan (TPF) and centrifuged at 4500rpm for 10min at 4˚C. Supernatant was fil-

tered through Whatman filter paper No. 1 and absorbance was recorded at 485nm. Dehydro-

genase activity was expressed as μg TPF 5g-1 dry soil 8h-1.

Alkaline phosphatase activity. To 1 gram soil, 250μl of toluene, 4ml MUB buffer and 1ml

p-nitrophenyl phosphate (pNpp) were added in test tubes. Tubes were incubated at 370 C for

2h. After incubation, Tris buffer (4ml, 0.1M, pH -12) and CaCl2 (1ml) were added to the mix-

ture. The suspension was left to develop colour and filtered before recording the absorbance at

400nm. Enzyme activity in soil sample was expressed as μg pNP released g-1 dry soil h-1 [30].

β-glucosidase activity. To 1 g dry soil, 0.25 ml of toluene, 1ml of p- nitrophenyl-β-D-glu-

coside (pNPBG) and modified universal buffer (4ml, pH 6.0) were added in test tube. Tubes

were incubated at for 1h at 37˚C. CaCl2 (1ml, 0.5 M) and Tris buffer (4ml with pH-12) were

added in test tube. The suspension was left to develop colour and filtered before recording the

absorbance at 410nm. Enzyme activity was expressed as μg pNP released g-1 dry soil h-1 [31].

Amylase activity. 1gram of soil sample mixed with 2.5 ml of phosphate buffer (pH 6) and

1% starch (1ml) was added. Test tubes were placed in shaker for 6h at 300 C, centrifuged for 10

min at 12000 rpm. After adding 1ml of DNS reagent to 1ml of supernatant, tubes were kept for

5 min in boiling water bath. Absorbance was measured at 540 nm after adding 3 ml distilled

water [32].
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Arylesterase

After adding 2 ml MUB and 0.5ml pNPA (200 mM) to 1g soil, tubes were vortexes and placed

in water bath at shaking condition for 1h. Mixture was centrifuged at 4˚C for 5 min at

6500rpm. 1ml of supernatant was transferred to a new test tube and 2ml n-hexane was added.

Aqueous layer (0.5ml) was taken to which 0.5ml (1M) sodium hydroxide and 4 ml double dis-

tilled water were added. Reading was taken at 400nm and enzyme activity was expressed as μg

pNP released g-1 dry soil h-1 [33].

Metagenomic sequencing through NGS

Two soil samples were processed for metagenomic analysis. Two hypervariable region

(V3-V4) regions of 16S rRNA gene were amplified using primers (341F-5’CCTACGGRRBGC
ASCAGGKVRVGAAT; 785R-5’GGACTACNVGGTWTCTAATCC). After the purification of

amplicons, paired-end sequencing was done on an Illumina Mi-Seq platform. OTUs were

identified from all the reads using QIIME software package and a representative sequence for

each OTU was also constructed.

Statistical analysis

The values of above parameters were expressed as mean ± SD (standard deviation). One way

ANOVA was carried out using SPSS software to assess significant variation between the means

of different treatments.

Results

Agronomical parameters of maize crop

Seed germination was invariably high in treated soil and highest percent (97%) seed germina-

tion was recorded in combined treatment of nanogypsum and Pseudomonas taiwanensis (PC1

+NG). Seed germination in other treatments like PC1, NG and control was 90.29%, 87.49%

and 69% respectively. Average plant height for treated samples was 58.26 cm in PC1+NG treat-

ment followed by 46.23 cm, 42.83 cm and 30.66 cm in NG, PC1 and control respectively

(Table 2). Higher root length in all the treated plants was recorded over control. Root length

in PC1+NG treatment was 32.40 cm followed by NG (25.06 cm), PC1 (24.43 cm) and control

(15.13 cm) treatments. Leave area number of leaves were also high in treated plants as com-

pared to control (Table 2).

Chlorophyll content was reportedly high in treated plants than the control and the pattern

observed was: PC1+NG >NG > PC1>control which was in the range of 4.30, 3.52, 3.49 and

2.16 mg chlorophyll g-1respectively. Similarly, carotenoid content was also high in all the treat-

ments in comparison to control. An increase of 1.77, 1.49 and 1.26 fold in carotenoid content

Table 2. Effect of nanogypsum and Pseudomonas taiwanensis on agronomical parameters of maize treated plants.

Treatments Germination (%) Plant height (cm) Root length (cm) Number of leaves Leaf area (cm2) Total Chlorophyll (mg g-1) Carotenoid (mg g-1)

AC 69.00 ± 3.60a 30.66 ± 1.52a 15.13 ± 0.23a 5.44 ± 0.50a 12.77 ± 1.92a 2.16 ± 0.12a 0.099±0.008a

PC1 90.29 ± 2.37b 42.83 ± 2.25b 24.43 ± 0.51b 6.11 ± 0.19ab 27.57 ± 1.28c 3.49 ± 0.19b 0.148±0.007c

NG 87.49 ± 4.16b 46.23 ± 1.07c 25.06 ± 1.05b 6.10 ± 0.17ab 22.20 ± 0.46b 3.52 ± 0.22b 0.125±0.004b

PC1+NG 97.22 ± 2.40c 58.26 ± 0.64d 32.40 ± 2.19c 6.65 ± 0.65b 35.16 ± 1.25d 4.30 ± 0.11c 0.177±0.011d

Means in each column followed by the same letter were not significantly different (P� 0.05) as determined by one-way ANOVA and Duncan’s Multiple Range Test

(DMRT). Values were the means of three replications ± SD.

https://doi.org/10.1371/journal.pone.0250574.t002
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was observed in PC1+NG, NG, PC1 treatments respectively over control (Table 2). Highest

sugar content (43.92 mg g-1) was observed in combined treatment of PC1+NG. Sugar content

in other treatments like PC1, NG and control was 36.89, 37.83 and 23.16 mg g-1 respectively.

For total protein PC1, NG and PC1+NG treatments showed 1.24, 1.21 and 1.38 fold increase

respectively over control. Content of phenolics was better in combined treatment of bioinocu-

lant and nanogypsum in comparison to other treatments and was 2.61, 2.33, 2.30 and 1.42 mg

g-1 in PC1+NG, PC1, NG and control respectively (Table 3). Application of nanogypsum

along with Pseudomonas taiwanensis also improved innate response of the plants by enhancing

the activities of CAT, POD and SOD enzymes. PC1, NG, PC1+NG treatments showed 1.11,

1.08 and 1.52 fold increase respectively in CAT activity as compared to control. Similarly, the

level of POD was 1.47, 1.29 and 1.71 fold higher in PC1, NG, PC1+NG treatments respectively

than control. SOD activity was high in all the treated samples as compared to control. Pattern

of SOD activity was PC1+NG > PC1 >NG with (1.56) > (1.26) > (1.23) fold increase respec-

tively over control (Table 3).

Soil physicochemical analysis

Physicochemical analysis of the soil samples was performed qualitatively to assess the nutrient

status and soil health under various treatments. The pH values of different treatments were

quite variable from control. Highest pH (7.8) was observed in PC1+NG treated soil. Maximum

level of soil organic carbon (0.750–1.00 Kg ha-1) was observed in PC1+NG treatment. Level of

available phosphate was higher in PC1+NGtreatment (56–73 Kg ha-1), whereas in control and

nanogypsum treatment medium level was reported. Available potassium was medium in all

the treated soils (112–280 Kg h-1) and control had lowest level (>112) of available potassium.

Level of ammonical nitrogen and nitrate nitrogen was also high in all treated soil samples than

control (S1 Table).

Total bacterial and NPK count of the treated soil

Total bacterial counts were observed to be improved in all treatments in comparision to con-

trol. Order of bacterial counts for different treatments was 2.34×106, 2.18×106 and 2.14×106

for PC1+NG, PC1 and NG respectively which was significantlly higher than control

(2.10×106). Nitrogen fixing bacterial counts were high in combined treatment of nanogypsum

and bioinoculant. Control had lowest population of N2 fixers where as PC1+NG, PC1 and NG

treatments had 8.36×105, 7.10×105 and 7.06×105 population respectively and differed signifi-

cantlly from control (5.73×105). Number of phosphate and potassium solubilizing bacteria in

PC1+NG, PC1 and NG treated soil was in the range of 8.86×105, 7.76×105 and 7.63×105 cfu g-

1and 7.60×105, 6.03×105 and 6.00×105 cfu g-1 respectively (Table 4).

Table 3. Effect of nanogypsum and Pseudomonas taiwanensis on biochemical parameters and antioxidant enzymes of maize treated plants.

Treatments Total sugar

(mg g-1)

Protein (mg g-1) Phenol

(mg g-1)

Catalase

(μmol min-1 mg-1 protein)

Peroxidase (μmol min-1mg-1 protein) SOD (μmol min-1mg-1 protein)

AC 23.16 ± 1.11a 12.37 ± 0.37a 1.42 ± 0.02a 10.48 ± 0.36a 42.42 ± 0.39a 10.85 ± 0.12a

PC1 36.89 ± 1.50b 15.35 ± 0.33b 2.30 ± 0.14b 11.66 ± 0.28b 62.45 ± 0.51c 13.70 ± 0.34b

NG 37.83 ± 1.58c 15.07 ± 0.19b 2.33 ± 0.04b 11.35 ± 0.13b 54.78 ± 0.38b 13.40 ± 0.23b

PC1+NG 43.92 ± 1.00d 17.08 ± 0.26d 2.61 ± 0.01c 15.96 ± 0.29c 72.68 ± 0.72d 17.00 ± 0.12c

Means in each column followed by the same letter were not significantly different (P� 0.05) as determined by one-way ANOVA and Duncan’s Multiple Range Test

(DMRT). Values were the means of three replications ± SD.

https://doi.org/10.1371/journal.pone.0250574.t003
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Soil enzyme activities

FDA can be used as an indicator to check soil health as it represents overall microbial activities

of the soil and acts as the substrate of lipase, protease and esterase. PC1+NG treatment had

highest activity (34.54 μg fluorescein g-1 h-1) followed by NG (27.29 μg fluorescein g-1 h-1) and

PC1 (26.29 μg fluorescein g-1 h-1) treatments which was significantly better than control

(15.00 μg fluorescein g-1 h-1). Maximum dehydrogenase activity (4.73μg TPFg-1 h-1) was

observed in PC1+NG treatment which was also significantly better than the control (2.84μg

TPFg-1 h-1). Dehydrogenase activity of PC1 and NG treated soil was 3.84 and 3.74 μg TPFg-1 h-

1 respectively. Alkaline phosphatase activity was highest in combined treatment of nanogyp-

sum along with bioinoculant. Level of phosphatase activity in different treatments like PC1

+NG, PC1 and NG was 156.83, 133.33 and 117.67 μg PNP g-1 h-1 respectively. β-glucosidase

activity was maximum (187.17 μg h-1) in combined treatment of PC1+NG where the activity

in PC1 and NG treated soil was 160.17 and 164.50 μg h-1 respectively. Higher glucosidase activ-

ity could be related to higher population of cellulose degraders in the treated soil. Similarly,

amylase activity was maximum (108.67 μg h-1) in PC1+NG treated soil followed by NG

(91.66 μg h-1) and PC1 (64.66 μg h-1). Enzyme activity was significantly high in treated soil

than control (50.50 μg h-1). Order of arylesterase activity was 43.66, 37.33, 31.12 and 17.11 μg

h-1 in PC1+NG, NG, PC1 and control soil respectively. Enhanced level of enzyme activity is

also an indicator of improved microbial activity of the soil which is due to recycling of nutri-

ents by enzymes (Table 5).

Soil under combined treatment (PC1+NG) showed highest bacterial counts and enzyme

activities hence the same soil sample and control was used for metagenome sequencing to

study the microbial diversity and functionality into deeper level. Diversity of bacterial species

in the soil samples was analyzed using a series of statistical indices like ACE, Chao1, Shannon

and Simpson. Shannon index represents evenness and richness of the species. Shannon diver-

sity index for treated soil was 8.18 which were higher than the control (6.89). Rarefraction

Table 4. Effect of nanogypsum and Pseudomonas taiwanensis on bacterial count (CFU) of soil under maize cultivation.

Treatments Total bacteria N fixers P solubilizers K solublizers

AC 2.01×106 ± 6.02a 5.73×105 ± 6.42a 6.10×105 ± 2.64a 4.63×105 ± 4.04a

PC1 2.18×106 ± 3.00b 7.10×105 ± 6.00b 7.76×105 ± 3.51b 6.03×105 ± 4.04b

NG 2.14×106 ± 7.02b 7.06×105 ± 5.50b 7.63×105 ± 5.13b 6.00×105 ± 5.00b

PC1+NG 2.34×106 ± 4.04c 8.36×105 ± 4.04c 8.86×105 ± 8.50c 7.60×105 ± 3.60c

Means in each column followed by the same letter were not significantly different (P� 0.05) as determined by one-way ANOVA and Duncan’s Multiple Range Test

(DMRT). Values were the means of three replications ± SD.

https://doi.org/10.1371/journal.pone.0250574.t004

Table 5. Effect of nanogypsum and Pseudomonas taiwanensis on enzyme activities of the rhizospheric soil of maize.

Treatments Fluorescein diacetate (μg

g-1 dry soil h-1)

Dehydrogenase (μg 5g-1

soil 8h-1)

Alkaline Phosphatase (μg

g-1 soil h-1)

β-Glucosidase (μg g-

1soil h-1)

Amylase (μg 2g-

1soil h-1)

Arylesterase (μg g-

1soil h-1)

AC 15.00 ± 1.25a 2.84 ± 0.18a 56.33 ± 3.21a 85.66 ± 2.46a 50.50 ± 2.78a 17.11 ± 1.17a

PC1 26.29 ± 1.20b 3.84 ± 0.16b 133.33 ± 3.63c 160.17 ± 3.61b 64.66 ± 2.08b 31.12 ± 1.70b

NG 27.29 ± 0.64b 3.74 ± 0.07b 117.67 ± 3.51b 164.50 ± 4.67b 91.66 ± 4.01c 37.33 ± 2.02c

PC1+NG 34.54 ± 1.25c 4.73 ± 0.16c 156.83 ± 4.42d 187.17 ± 3.17c 108.67 ± 1.52d 43.66 ± 0.88d

Means in each column followed by the same letter were not significantly different (P� 0.05) as determined by one-way ANOVA and Duncan’s Multiple Range Test

(DMRT). Values were the means of three replications ± SD.

https://doi.org/10.1371/journal.pone.0250574.t005
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curve was used to determine species composition in both the samples. Steeper slope was

observed for treated sample (PC1+NG) as compared to control which indicated species rich-

ness in treated sample over control (Fig 1).

Total number of bacterial OTUs in both the soil samples was 9732. Out of which, 3763

OTUs were common in control and treated soil. A sum of 2005 and 3964 bacterial taxa were

observed in control and treated sample respectively (Fig 2). The sequencing data was submit-

ted to SRA, NCBI with accession number PRJNA635642 and PRJNA635760 (S2 Table).

Fig 1. Rarefraction curve showing OTUs of control and treated soil sample under pot condition.

https://doi.org/10.1371/journal.pone.0250574.g001

Fig 2. OTU Venn diagram of control and treated soil samples.

https://doi.org/10.1371/journal.pone.0250574.g002
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Predominance of taxonomic composition of bacteria at different level

Soil sample treated with PC1+NG showed abundance of Proteobacteria (54%), Bacteriodetes
(8.65%), Planctomycetes (4.34%), Acidobacteria (1.81%) and Nitrospirae (0.66%) as compared

to control which showed 36%, 6.72%, 2.85%, 1.66% and 0.55% of the same bacterial genera

respectively (Fig 3). Most abundant classes in treated and control soil samples were α-proteo-
bacteria (control-17.62%, PC1NG-6.63%), Gamma proteobacteria (control-10.84%, PC1NG

41.30%), Actinobacteria (control-6.46%, PC1NG-3.55%), Beta proteobacteria (control-5.71%,

PC1NG-3.14%), Bacilli (control-4.19, PC1NG-2.03%), Saprospirae (control-3.55%, PC1NG-

4.03%) and Delta proteobacteria (control-2.48, PC1NG-3.41%) (Fig 3). Relative abundance of

genera like Pseudomonas, Luteolibacter, Flavisolibacter, Opitutus and Planctomyces was more

in treated soil (36.27%, 1.93%, 1.64%, 0.55% and 0.70% respectively) than control. Based on

the relative abundance, most of the bacterial species remained unidentified and could not be

assigned to any group/ class in both the samples. Few species were identified as flexus, depoly-
merans, wittichii, bacteriovorus,maxicana, dispersa and candensis (Fig 4).

Discussion

Present study showed improvement in maize plant health and rhizospheric microbiome under

the combined treatment of nanogypsum and Pseudomonas taiwanensis. The combined appli-

cation also triggered faster seed germination in comparison to control. Improved seed germi-

nation in the presence of nanogypsum could be related to water retention property of

nanogypsum which helps in regulating water channels and permeability of water in the seeds

Fig 3. Stacked bar plots representing phylum and class distribution in control and treated soil sample.

https://doi.org/10.1371/journal.pone.0250574.g003
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[34]. Shinde et al. [35] have reported enhanced seed germination in maize under the treat-

ment of magnesium hydroxide (500ppm). Increased plant and root length, leaf number and

area were also observed in treated plants over control. Similarly, Khati et al. [36, 37] reported

improved seed germination, plant and root length, leaf area, chlorophyll and carotenoid con-

tent in maize plant under the treatment of nanozeolite and nanochitosan. Application of nano-

chitosan enhanced the growth of Pantoea agglomerans and Pseudomonas taiwanensis [38]. In

this study, we observed that nanogypsum supported the growth of beneficial rhizospheric

microbes through enhanced uptake of different nutrients required for plant growth and devel-

opment [39]. Nanoparticles invariably chelate essential nutrients from the soil and release

them slowly to support plant/ root growth for longer period. Improved plant length can be

related to better availability of gibberrellic acid, indole acetic acid and phosphate by bioinocu-

lants [40, 41]. Metagenomic study of maize rhizosphere under the treatment of nanocom-

pounds showed improved microbial community and soil health [42]. Application of silver

nanoparticles is reported to enhance agronomical and biochemical content in wheat plants

[43]. Application of Bacillus subtilis and Pseudomonas sp. was also reported to improved plant/

root length and yield of maize crop [44].

Photosynthesis is the necessary physiological function of the plants to establish their effi-

ciency. Our results revealed the significant increase in photosynthetic pigments in treated

maize plants over control due to increase in chlorophyllase enzyme, stomatal conductance and

chlorophyll fluorescence [45]. Venkatachalam [46] reported that zinc oxide nanoparticles

Fig 4. Stacked bar plots representing genus and species distribution in control and treated soil sample.

https://doi.org/10.1371/journal.pone.0250574.g004
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improved the growth of cotton plants, chlorophyll, carotenoid content and total biomass over

control.

In the present study total sugar, protein and phenolic content were also high in treated

maize plants which may be related to positive and protected mechanisms shown by nanogyp-

sum and Pseudomonas taiwanensis. Mahakham [34] also reported that nanoprimed seeds

show enhanced sugar content because of improved activity of α amylase. Application of nano-

chitosan and chitosan also enhanced the level of phenolic compounds by 24% and 20% respec-

tively in tea leaves [47].

We report higher activity of antioxidant enzymes in combined treatment of nanogypsum

and Pseudomonas taiwanensis in maize leaves. The antioxidant enzymes are well known

shields for plants under stress condition. Siddaiah et al. [48] also observed increases in SOD

activity when pearl millet seeds treated with CNP over control. Sandhya et al. [49] observed

that application of Pseudomonas spp. helped in alleviating drought stress in maize.

Functional and taxonomical structures of microbial communities of the soil are influenced

by type of flora and physicochemical characteristics of the soil [50]. The type of microflora also

modulates the availability of nutrients in soil, which further affects the plants growth. Increase

in pH, available phosphorus, nitrogen and potassium in treated soil is good for bacterial popu-

lation directly and indirectly which can further support plant growth. It could be related to

phosphate and potassium solubilizing efficiency of the bioinoculant used in the experiment.

Micronutrients play a crucial role in the functioning of plants. They provide healthy environ-

ment for the growth of beneficial microbial population in the rhizosphere [51]. Nanoparticles

also enhance nutrient utilizing efficiency of the plants by releasing nutrients according to their

requirements which prevent conversion of nutrients to unavailable forms. Increase in NPK

level of the soil is positively correlated to the presence of NPK dissolving bacterial population.

Application of nanogypsum along with bioinoculant enhanced bacterial count in the soil.

Chai et al. [52] reported that application of nano SiO2 also improved the population of NPK

solubilizing bacteria, but zinc oxide nanoparticles decreased bacterial population due to the

uptake of free ions. Similarly, application of PGPR and nanosilicon dioxide not only improved

the plant health of maize but also supported the microbial dynamics in rhizospheric soil [53].

Soil nutrients and enzyme activities are closely related. Major micro and micronutrients in

soil are regulated by the soil enzymes, which are produced by native microbial population. Soil

enzymes are known as early indicator of soil health are very sensitive to any change in the rhi-

zospheric zone. Different soil enzymes are used as indicator to detect any change in the soil

quality, microbial community and diversity [54]. Enzymes represent the functioning of the

entire microbial community in an ecosystem. Significant increase in FDA, dehydrogenase,

alkaline phosphates, β-glucosidase, amylase and arylesterase was observed in treated samples

which are for conservation of soil health. These enzymes are involved in microbial oxidative

activity, phosphate mineralization, carbon metabolism and degradation of complex com-

pounds and their mobilization. Increased in enzyme activity after the treatments could be asso-

ciated to improved microbial population in treated soil [55]. Dehydrogenases are generally

essential enzymes and act as marker of dynamic biological action of the soil, involves in reduc-

tive activities of microbes. Kumari et al. [56] observed enhanced activities of FDA and alkaline

phosphatase on the exposure of nanocompounds in Fenugreek. Our results recommend that

combined application of nanogypsum and Pseudomonas taiwanensis is beneficial for plant and

soil health as this treatment enhances bacterial population and enzyme activities of the soil. Ju

et al. [57] reported that coinoculation of PGPR in soil enhanced urease, saccharase and β-glu-

cosidase activity and improved microbial diversity in alfalfa in copper contaminated soil. Du

et al. [58] reported toxic impact of zinc oxide nanoparticles on catalase and protease activity of

the soil in wheat crop due to dissolution of ions.
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As per the metagenomics study Chao1 and Shannon’s indices were reported significantly

higher in treated soil than control. Comparison of metagenomic data clearly revealed that in

the combined treatment (nanogypsum and bioinoculant), dominant bacterial phyla was Pro-
teobacteria. Population of these phyla was higher in treated soil over control which is reported

to play imperative role in metabolic performance of soil through their involvement in nutrient

cycling [59]. Application of silver nanoparticles also augmented the plenty of Proteobacteria
(about 30%) in treated soil over control [60]. In contrast, after the treatment of cerium oxide

nanoparticles (nCeO) a decreased number of reads assigned to Proteobacteria was reported in

activated sludge [61]. Occurrence of Nitrospirae in a healthy sample indicates good nitrifica-

tion which results in enhanced nitrogen uptake by plants. Presence of Flavobacterium, Sphino-
gomonas, Bacillus, Streptomyces, Planctomyces and Pseudomonas sp. increases plant growth

and improves soil fertility via mineral solubilization. Abundance of Acidobacteria is positively

correlated with the availability of organic carbon and disease suppression [62]. Sillen et al.

[63] observed that application of nanosilver increased the abundance of bacterial groups such

as Bacteroidetes and Acidobacteria, which are widely recognized for their biocontrol potential,

and decreased the population of Planctomycetes and Actinobacteria. Similarly, Kibby and Stre-

vett [64] also reported that application of sulphate modified polystyrene nanomaterial

increased the rhizospheric microbial population. Rarefaction curves are also used to measure

the species richness for individual sample and highlight the resemblance or dissimilarity of

bacterial diversity. Even distribution of microbial community within the treated soil can be

depicted through steeper rarefaction curve. Overall results revealed that application of nano-

gypsum and bioinoculant improved physicochemical properties of the soil, bacterial counts

and soil enzyme activities and microbial diversity of soil which helped in sustainable health

improvement of maize crop. Nanogypsum can be applied as bioformulation to sustain the con-

tinued existence of bioinoculant for longer time and can offer an ecofriendly approach towards

sustainable agriculture.

Conclusion

Application of nanogypsum along with Pseudomonas taiwanensis significantly improved soil

properties, especially microbial population and also expected to improve crop production. The

underlying mechanisms responsible for improved microbial population in experimental soil

under nanogypsum treatment included better nutrient management and water use efficiency.

Nanogypsum positively supported growth and performance of bioinoculant and other valuable

microbial population which thereafter supported plant health. Using a bioinoculant along with

nanogypsum can be a better alternative to agrochemicals used in the agricultural practices.

Metagenomic study of the treated soil revealed that application of nanogypsum was beneficial

for the growth and survival of bacteria belonging to different phyla. A thorough understanding

of mechanisms involved in the interactions between nanogypsum, soil and bioinoculant is

needed under varied concentrations of nanocompound for enhanced crop production.
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