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Abstract

:

Soil bacteria are some of the key players affecting plant productivity. Soil today is exposed to emerging contaminants like metal engineered nanoparticles. The objective of this study was to evaluate the toxicological effects of silver and zinc oxide nanoparticles on bacteria classified as plant growth-promoting bacteria. Three types of bacteria—nitrogen fixers, phosphate solubilizers, and biofilm formers—were exposed to engineered nanoparticles. Initially, the effect of silver and zinc oxide nanoparticles was determined on pure cultures of the bacteria. These nanoparticles were then applied to soil to assess changes in composition of bacterial communities. Impacts of the nanoparticles were analyzed using Illumina MiSeq sequencing of 16S rRNA genes. In the soil used, relative abundances of the dominant and agriculturally significant phyla, namely, Proteobacteria, Actinobacteria, and Firmicutes, were altered in the presence of silver nanoparticles. Silver nanoparticles changed the abundance of the three phyla by 25 to 45%. Zinc oxide nanoparticles showed negligible effects at the phylum level. Thus, silver nanoparticles may impact bacterial communities in soil, and this in turn may influence processes carried out by soil bacteria.
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1. Introduction


The use of engineered nanoparticles in a wide range of consumer and industrial products is increasing globally. Silver nanoparticles are being utilized for their antimicrobial properties in textiles, food packaging, wound dressings, medical devices like catheters, paints, water treatment processes, etc. They also find a use in optoelectronics, catalysis, surface-enhanced Raman scattering (SERS), and nanoparticle inks for printed electronics [1,2]. Zinc oxide nanoparticles have antimicrobial and UV protective properties and hence find a use in sunscreens, paints, cosmetics, food packaging, personal care products, etc. [3,4]. With the global production of nanoparticles expected to grow to over half a million tons by 2020, the release of nanoparticles into the environment is also bound to increase [5]. Data about nanoparticles entering the environment, and their concentrations therein, are limited. In the US, 94% of nanomaterials released into the environment from the use of personal care products are zinc oxide (1800–2100 t/year) and titanium dioxide (870–1000 t/year) [6]. In Singapore, the estimated range of release to the aquatic environment of zinc oxide and silver nanoparticles is 1.2–272 t/year and 26.7–27.5 t/year, respectively, from personal care products [7]. Predicted environmental concentrations range from 0.088–10,000 ng/L in surface water to 1.29–39 mg/kg in waste water treatment plant sludge for silver nanoparticles and 1–10,000 ng/L in surface water to 13.6–64.7 mg/kg in waste water treatment plant sludge for zinc oxide nanoparticles [5]. The concentration of zinc oxide nanoparticles in soil is predicted to be in the range of 0.026–100 µg/kg [8].



The field of nanotechnology is also being explored as a new source of key improvements in the agricultural sector. Silver and zinc oxide nanoparticles have been reported to have anti-phytopathogenic activity, increase germination of seeds, and improve plant growth [9]. Agriculture plays a significant role in the overall socio-economic fabric of India. Indian soils are zinc deficient and it has been recommended that 15 to 30 kg/ha of zinc be applied annually in order to maintain an adequate zinc nutritional status of crop plants in India [10]. Much of this zinc may be applied as nanoparticulate formulations [11,12]. Engineered nanoparticles will thereby gain entry into soil directly through nanoparticulate agrochemicals, and indirectly via the use of consumer and industrial products. This may lead to higher concentrations of zinc oxide nanoparticles in Indian soils, than what is currently predicted.



Therefore, monitoring the effects of engineered nanoparticles on ecologically important microbes in soil is the need of the day.



Soil microorganisms play an important role in agricultural productivity [13]. They recycle elements, break down organic matter, and promote plant growth [14]. A direct promotion of plant growth is brought about when these bacteria use any of the following mechanisms—nitrogen fixation, phosphate solubilization, and synthesis of phytohormones, siderophores, and antibiotics [15,16,17,18,19]. Biofilm formation is a property in plant growth-promoting bacteria that enables them to resist abiotic stresses [20]. Additionally, many bacteria promote plant growth indirectly by preventing the proliferation of plant pathogens [17]. Due to these properties, plant growth-promoting bacteria are used as soil inoculants to increase agricultural productivity [21,22,23,24]. With soil bacteria playing such a vital role, it is essential to study the impact of engineered nanoparticles on these bacteria. However, most studies about the impact of silver and zinc oxide nanoparticles have used pure cultures of common laboratory organisms such as Escherichia coli, Staphylococcus, Bacillus, and Pseudomonas, or clinically important bacteria [25,26,27,28].



Few studies have used pure cultures of ecologically important isolates to study the effects of silver and zinc oxide nanoparticles [29,30,31,32,33]. Similar disturbances in soil bacterial communities caused by the same nanoparticles have also been reported [34,35,36,37,38,39]. These disturbances were monitored by determining changes in microbial activity rates, microbial biomass, or microbial community composition. Of these, the analysis of microbial community composition provides more detailed information on phyla that may be affected. Sequencing and phylogenetic analysis of 16S rRNA genes using next generation sequencing (NGS) technologies represent one of the tools to determine the complexity of microbial communities in different environments [40]. This tool allows the faster generation of genetic profiles of culturable and unculturable bacteria from environmental samples [41].



Our study initially determined the effect of silver and zinc oxide nanoparticles on pure cultures of bacteria known to be agriculturally relevant—nitrogen fixers, phosphate solubilizers, and biofilm formers [42]. Silver and zinc oxide nanoparticles were then applied to soil microcosms, and preliminary bacterial community composition analysis was performed using Illumina MiSeq sequencing technology. This permitted a rapid means to explore the effects of these nanoparticles on the different bacteria in soil. The concentrations of nanoparticles that were sublethal for the pure cultures were added to the microcosms. Even though these concentrations were higher than the currently predicted environmental levels, the rationale was to use concentrations that would in all probability impact bacterial communities in soil.



There have been no studies in the Indian context on the impact of nanoparticles on bacterial community composition. Since soil characteristics are known to influence the toxicity of nanoparticles, this exploratory work is relevant due to the use of laterite soil commonly found in India [43,44]. It will add much needed data to the existing knowledge about the inhibitory effect of silver nanoparticles on bacteria in different soil types, enabling better environmental risk assessment.




2. Materials and Methods


2.1. Synthesis and Characterization of Nanoparticles


Reduction of silver nitrate using citrate was carried out to synthesize silver nanoparticles. Silver nitrate (10 mg) was dissolved in 100 mL deionized water and brought to boiling. A solution of 30 mM sodium citrate (10 mL) was added to the flask dropwise. Solution was boiled till it gradually turned yellow indicating the formation of silver nanoparticles [45]. The engineered nanoparticles were then analyzed using UV-Vis spectroscopy and transmission electron microscopy (Tecnai 20, Philips, Amsterdam, Netherlands). Zinc oxide nanoparticles were synthesized by wet chemical method [46]. A solution of 0.1 M zinc nitrate was added to 500 mL of 0.5% starch solution. Zinc nitrate was then completely dissolved by constantly stirring it using a magnetic stirrer. After complete dissolution of zinc nitrate, 20 mL of 0.2 M of sodium hydroxide were added dropwise under constant stirring. The reaction was allowed to proceed for 2 h after complete addition of sodium hydroxide. Once the reaction was complete, the solution was allowed to settle overnight and the supernatant solution then discarded. The remaining solution was centrifuged at 10,000× g for 10 min and the supernatant discarded. The nanoparticles were washed using distilled water. After washing, the nanoparticles were dried at 80 °C. During the drying process, complete conversion of zinc hydroxide into zinc oxide took place. The nanoparticles were then characterized by UV-Vis spectroscopy and X-ray diffraction (Philips® PW1710 X-ray diffractometer using Cu Kα radiation, λ = 1.54 Å, scan range 2θ = 20° to 80°, Philips, Amsterdam, Netherlands). The diffracted intensities were recorded from 20–80° 2θ angles. Scherrer’s formula, D = K λ/FWHM cosθ, was used for particle size determination.




2.2. Bacterial Strains


Agricultural soil and garden soil samples were collected from different parts of Maharashtra, India. Nitrogen fixers (symbiotic and free living), phosphate solubilizers (gram-positive and gram-negative), and biofilm formers (forming biofilm at air–liquid interface and forming adherent biofilm) were isolated from these samples using standard isolation methods. Although nitrogen fixing ability was not experimentally determined for the isolates, they were denoted as nitrogen fixers based on their phylogenetic affiliation [47].



Briefly, symbiotic nitrogen fixer was isolated from root nodules of Trigonella foenumgraecum on yeast extract mannitol medium (HiMedia, Mumbai, India). Free living nitrogen fixer was isolated using Azotobacter Mannitol medium (HiMedia). Pikovskaya’s (HiMedia) and NBRIP (National Botanical Research Institute’s phosphate) growth medium media [48] were used for isolation of phosphate solubilizers. Biofilm producers were screened on Congo red agar [49] and their adherent characteristic was studied by the microtiter plate method using crystal violet [50]. Bacteria-forming biofilms at air–liquid interface were identified by growing them in liquid medium. These isolates were then identified by 16S rDNA sequencing. Gen Bank accession numbers of the isolates are MH884596–MH884601.



Standard cultures of symbiotic nitrogen fixer, Rhizobium leguminosarum MTCC 10096, free living nitrogen fixer, Azotobacter chroococcum MTCC 3853, phosphate solubilizers, Arthrobacter sp. MTCC 8160 (gram-positive) and Serratia marcescens MTCC 7642 (gram-negative), and biofilm formers, Bacillus subtilis MTCC 441 (air–liquid interface biofilm former and Pseudomonas aeruginosa MTCC 7763 (adherent biofilm former), obtained from MTCC, Chandigarh, India, were also used in the study.




2.3. Determination of Antibacterial Activity of Nanoparticles


The toxicity of silver and zinc oxide nanoparticles was determined using pure cultures. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values are standard measures of toxicity in microbiology. Effects of antibacterial substances are often studied at sub-lethal (sub-MIC) concentrations.



2.3.1. MIC/MBC Determination


MIC and MBC of silver and zinc oxide nanoparticles were determined using broth micro dilution and tube dilution methods. Microorganisms in broth were exposed to serial dilutions of the nanoparticles and incubated for 24–96 h at room temperature under shaker conditions and the end points determined when no turbidity was observed. MBC concentrations were determined by agar plate method. Contents from tubes/wells that did not show growth were transferred to suitable agar media without nanoparticles and checked for growth. The lowest concentration that did not show growth on agar plates was noted as the MBC value.




2.3.2. Growth Curves


To determine growth behavior in the presence of the nanoparticles, the organisms were grown in broth with nanoparticles (sub-MIC) in 96-well microtiter plates. The isolates were grown for 24–48 h on solid medium and a saline-washed suspension of the isolate was prepared. The density was adjusted to 107 cells/mL. Broth containing nanoparticles (180 µL) was added to wells and these wells were inoculated with 20 µL of the culture suspension. Three types of control wells were maintained—only medium, medium with only cultures, and medium without cultures but containing the same concentration of nanoparticles (to check for any optical interference due to nanoparticles). The microtiter plates were kept at shaker conditions and optical density (OD) of the wells monitored every 30 min for 24–48 h using an EPOCH 2 Microplate Spectrophotometer (BioTek Instruments, Winooski, VT, USA).





2.4. Microcosm Study


Effect of nanoparticles on soil bacteria was studied in microcosms. The exposure doses were selected such that they were within the range of MIC values determined for pure cultures. For both types of nanoparticles, these were sub-lethal to lethal concentrations.



2.4.1. Microcosm Setup


The soil used for the study was obtained from agricultural land at Sarshi, Maharashtra, India (19.893252 N, 73.028924 E). This region has a tropical climate with an average annual temperature of 26.5 °C and average precipitation is 2101 mm. The soil type is classified as fine, montmorillonitic (calcareous), isohyperthermic, Vertic Halaquepts. These are soils with clay content greater than 30% [51]. Samples (maximum 10 cm depth) were obtained from five different points. Debris (plant matter, rocks, and wood chips) were removed manually and afterwards they were mixed into a single composite sample. pH of soil was found to be 6.9.



The soil was sieved using 4 mm mesh, and immediately conserved at 4 °C until use. Sieving achieved a homogenous mixture of soil particles to enable better contact with the nanoparticles.



Three types of microcosms, each of 50 g, were set up: (1) only soil (1C); (2) soil with silver nanoparticles added to give a final concentration of 15 µg of nanoparticles/g of soil (2A); and (3) soil with zinc oxide nanoparticles added to give a final concentration of 500 µg of nanoparticles/g of soil (3Z). Each type of microcosm was set up in triplicates (1Ci,1Cii,1Ciii; 2Ai,2Aii,2Aiii; 3Zi,3Zii,3Ziii) and incubated at room temperature for four days.




2.4.2. Soil DNA Extraction, PCR Amplification and Sequencing


After incubation, DNA was extracted from 500 mg of soil samples from each microcosm using HiPurA™ Soil DNA Purification Kit (HiMedia, India) as per the manufacturer’s instructions. The DNAs from microcosms 1Ci,1Cii,1Ciii were pooled and labeled as 1C. Similarly DNAs from the other microcosms were pooled and labeled as 2A and 3Z, respectively. All the pooled DNAs were quantified using a NanoDropTM 2000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). DNA was amplified and sequenced on an Illumina MiSeq platform at AgriGenome (SciGenom) Labs Private Ltd., Cochin, Kerala, India. The V3 PCR primers used were 341F 5′CCTACGGGAGGCAGCAG 3′ and 518R 5′ATTACCGCGGCTGCTGG 3′ and PCR master mix contained 2 μL each of 10 pmol/uL forward and reverse primers, 0.5 μL of 40 mM dNTP, 5 μL of 5× Phusion HF reaction buffer, 0.2 μL of 2 U/μL F-540 Special Phusion HS DNA Polymerase, 5 ng input DNA and water to make up the total volume to 25 μL. Conditions for PCR were as follows: 98 °C for 30 s, 30 cycles of 98 °C for 10 s, 72 °C for 30 s, extension at 72 °C for 5 s followed by 4 °C hold. The PCR product was run on 2% Agarose gel with SYBR® Safe DNA gel stain (10 μL/100 mL). PCR products were purified using InvitrogenTM PureLinkTM Quick Gel Extraction and PCR Purification Combo Kit (Thermo Fisher Scientific, Waltham, MA, USA). The PCR products were quantified using the Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The NEBNext® Ultra® DNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA) was used to prepare the DNA library according to the manufacturer’s instructions. Briefly, the steps involved end repair and dA tailing followed by adapter ligation. Clean up of adaptor ligated DNA was then performed using AMPure XP beads. The adaptor-ligated DNA was then enriched by PCR (conditions described earlier). The PCR products were then cleaned using AMPure XP beads and size distribution of the library confirmed by running it on an Agilent Bioanalyzer® (Agilent, Santa Clara, CA, USA).




2.4.3. Data Analysis


Raw sequence data generated from Illumina sequencing were processed and analyzed using the Quantitative Insights into Microbial Ecology (QIIME) software package, version 1.9.0 (http://qiime.sourceforge.net/) [52]. All sequences have been submitted to Sequence Read Archive, NCBI (accession number SRP145628). After checking quality parameters, V3 regions were extracted from Illumina paired-end sequences. Chimeras were removed using the de novo chimera removal method UCHIME implemented in the tool USEARCH. Pre-processed reads from the sample were clustered into Operational Taxonomic Units (OTUs) based on their sequence similarity using the Uclust program (similarity cutoff = 0.97) [53,54]. After removal of singleton OTUs from the total number of OTUs picked, the OTUs were taken for further analysis. The QIIME program was used for the entire downstream analysis. Representative sequence was identified for each OTU and aligned against Greengenes core set of sequences using the PyNAST program [55,56,57]. Further, this representative sequence was aligned against reference chimeric datasets. Then, taxonomy classification was performed using the RDP classification system. The generated OTU table was rarefied to an even sampling depth (115,508 sequences per sample) using the single_rarefaction.py script in the QIIME pipeline, and this rarefied OTU table was used to calculate alpha diversity metrics, including OTU abundance, Chao1, phylogenetic tree (PD_whole tree), and Shannon’s index.






3. Results


3.1. Synthesis and Characterization of Nanoparticles


The silver nanoparticles synthesized were found to be 11.79 ± 4.74 nm in size and showed an absorption maximum at 416 nm (Supplementary Materials, Figure S1). The absorption spectrum between 200 to 800 nm showed maximum absorption at 360 nm for zinc oxide nanoparticles. X-ray diffraction pattern peaks at different crystal planes of nano-ZnO match exactly with that of bulk ZnO (Supplementary Materials, Figure S2). Crystallite size estimated from XRD data using Scherrer’s formula indicates the presence of nanoparticles of zinc oxide (Supplementary Materials, Table S1).




3.2. Identification of Bacterial Isolates and Determination of MIC/MBC of Nanoparticles for the Isolates


Bacterial strains isolated from soil were identified (Table 1). Gen Bank accession numbers of the isolates are MH884596–MH884601. Both standard cultures and soil isolates were used for MIC and MBC determination. Silver nanoparticles were found to have MIC/MBC in the range of 2 to 22 µg/mL and MIC of zinc oxide nanoparticles ranged from 80 µg/mL to greater than 3000 µg/mL. MBC values were higher, ranging from 150 µg/mL to greater than 3000 µg/mL (Table 1).




3.3. Effect of Silver and Zinc Oxide Nanoparticle Concentrations That Are Sub-MIC


The bacteria showed different types of growth responses to concentrations of nanoparticles that were sub-MIC. At these values, there was either a long lag with some inhibition of growth, no lag with some inhibition of growth, or no change. Sinorhizobium meliloti clsxc_S_SNF and Pantoea dispersa clsxc_PSD showed a long lag of 14 h (1/4 MIC) to 30 h (1/2 MIC) in the presence of ZnO nanoparticles. Azotobacter chroococcum clsxc-a_FLNF, Azotobacter chroococcum MTCC 3853, Pseudomonas aeruginosa MTCC 7763 (Figure 1a), and Serratia marcescens MTCC 7642 showed a long lag of 16 h (1/4 MIC) to 32 h (1/2 MIC) in the presence of Ag nanoparticles. Bacillus subtilis MTCC 441 and Bacillus sp. clsxc_TYA showed a long lag in the presence of both Ag and ZnO nanoparticles.



Shorter lags of 2 h (1/4 MIC) to 6 h (1/2 MIC) were seen in the case of Serratia marcescens MTCC 7642 (Figure 1b) and Pseudomonas aeruginosa MTCC 7763 in the presence of ZnO nanoparticles. In the presence of Ag nanoparticles, a lag of 6 h was seen in the case of Bacillus sp. clsxc_NPS and Pantoea dispersa clsxc_PSD.



Inhibition of growth to an extent of 50% was seen in Sinorhizobium meliloti clsxc_S_SNF, Arthrobacter sp. MTCC 8160, Bacillus sp. clsxc_NPS, Bacillus subtilis MTCC 441, Pantoea dispersa clsxc_PSD, and Serratia marcescens MTCC 7642 (Figure 1b) when exposed to ZnO nanoparticles. Most cultures showed some inhibition on exposure to Ag nanoparticles. Two cultures, Rhizobium leguminosarum MTCC 10096 and Azotobacter chroococcum clsxc_A-FLNF (Figure 1c), when exposed to ZnO nanoparticles, showed growth response similar to control. Growth response of all isolates to concentrations of Ag and ZnO nanoparticles that were sub-MIC is included in the Supplementary Materials, Figure S3.




3.4. Sequencing Summary and Bacterial Community Diversity


A total of 365,617 bacterial 16S rRNA gene sequences were obtained following assembly and quality filtering from the three soil samples, namely, control soil (1C), Ag nanoparticle-treated soil (2A), and ZnO nanoparticle-treated soil (3Z). The number of sequences obtained was sufficient to describe the bacterial diversity within these samples, as is evident from the fact that all rarefaction curves tended to approach a plateau (Figure 2 and Supplementary Materials, Figure S4). Table 2 shows that alpha diversity estimates of operational taxonomic unit (OTU) abundance increased in sample 2A (6077) as compared to sample 1C (5286). Chao richness estimates also increased in sample 2A (6153 to 6667) and sample 3Z (6153 to 6286). Phylogenetic diversity (PD_whole tree) increased for sample 2A (133 to 149). As can be seen, bacterial community in sample 2A is the most phylogenetically diverse. Shannon’s diversity estimate for sample 2A decreased (Table 2).




3.5. Bacterial Community Composition


Proteobacteria was the most dominant phylum (greater than 40% of all sequences) in all samples, but change in this phylum was evident in the Ag nanoparticle-treated sample (2A) with abundance of sequences increasing from 43.7% in the control (1C) to 62.2% in sample 2A (30% increase). In the other two dominant phyla, Firmicutes and Actinobacteria, abundance of affiliated sequences decreased from 20.99% in sample 1C to 11.7% in sample 2A and from 22.6% in sample 1C to 17.2% in sample 2A, respectively (Figure 3).



ZnO nanoparticle treatment (3Z) seems to have brought about only a slight change, with members of Proteobacteria and Actinobacteria decreasing to 40% from 43.7% and 20.1% from 22.6%, respectively. Phylum Firmicutes members increased marginally from 20.99% to 22.6%.



Among the minor components of the bacterial communities in the samples, relative abundance of members of phyla Acidobacteria and Chloroflexi reduced in sample 2A and that of the TM7 (Candidatus Saccharibacteria) group increased over four times in sample 3Z (Figure 3).



Bacterial community abundance analysis at lower taxonomic levels showed that in twelve out of twenty-three orders of the three dominant phyla, there was a concordant decrease in the number of the sequences affiliated with the three phyla with respect to control (1C) in both silver nanoparticle-treated soil (2A) and zinc oxide nanoparticle-treated soil (3Z) (Figure 4). The decrease in number of sequences in silver nanoparticle-treated soil was more than that in zinc oxide nanoparticle-treated soil.



Upon treatment with silver nanoparticles, the decrease in members of orders Clostridiales and Actinomycetales accounted for the reduction in abundance of the two phyla Firmicutes and Actinobacteria, respectively. On the other hand, although relative abundance decreased for most orders—Alteromonadales, Oceanospirillales, Enterobacteriales, Caulobacterales, Rhizobiales, Rhodospirillales, Desulfovibrionales, and Campylobacterales—belonging to Proteobacteria, the increase in overall abundance of members of this phylum was due to increases in only three orders, that is, Burkhoderiales, Pseudomonadales, and Xanthomonadales.



A look at specific genera showed an increase in numbers of Stenotrophomonas, uncultured Xanthomonadaceae, Pseudomonas, Commamonas, and Bacillus, and a decrease in Streptococcus, uncultured Lachnospiraceae, uncultured Ruminococcaceae, Oscillospira, and Halomonas in sample 2A (Supplementary Materials, Figure S5).



Zinc oxide nanoparticles may not have impacted dominant phyla as much as silver nanoparticles did, but relative abundance of members belonging to some orders decreased—Actinomycetales (16%), Desulfivibrionales (34%), Alteromonadales (27%), and Oceanospirillales (27%). In contrast, an increase was seen in members of orders Bacillales (45%), Lactobacillales (60%), and Pseudomonadales (31%). Specific genera Pseudomonas, Streptococcus, and Dialister increased, whereas Halomonas decreased (Supplementary Materials, Figure S5).



Out of the nine genera used in the pure culture study, only three were present in the soil used—Bacillus, Pseudomonas, and Serratia.





4. Discussion


Silver and zinc oxide nanoparticles were chosen for the study as they have antibacterial properties and, therefore, their release into ecosystems raise environmental concerns [58,59].



This study determined impacts of nanoparticles on pure cultures of agriculturally relevant bacteria. These nanoparticles were inhibitory to the isolates. Ag nanoparticles were more bactericidal as the MIC of Ag nanoparticles ranged from 2 to 22 µg/mL with almost similar MBCs, whereas zinc oxide nanoparticles were inhibitory at 80 to >3000 µg/mL. The MBCs of ZnO nanoparticles were higher, indicating the bacteriostatic nature of zinc oxide nanoparticles. The range of MIC/MBC values of Ag nanoparticles matched those from earlier studies [27,60,61].



The MIC/MBC values of ZnO nanoparticles reported in previous studies have ranged from as low as 8–18 µg/mL [62,63] to 0.5–1 mg/mL [64,65], whereas the MIC/MBC values as determined in this study are in the range of 0.08 to >3 mg/mL. The difference in values observed in this study from the earlier reported values could be due to the fact that many factors are known to influence MIC values. The growth medium, size, shape, and charge of nanoparticle, stabilizing agents, and the method used are some of these factors [66]. The time of incubation could also play a role; for example, the incubation time used by most studies to determine MIC is 24 h, whereas we followed the growth for 48 h. This allowed us to monitor growth of cultures in the presence of Ag nanoparticles, where Pseudomonas aeruginosa MTCC 7763 and Serratia marcescens MTCC 7642 (Supplementary Materials, Figure S3) showed a long lag of 16–32 h at sub-MIC values. The long lag shown by Serratia and Pseudomonas was not reported earlier. The cultures that showed a long lag were inhibited at higher nanoparticle concentrations. It has been suggested that bacteria probably adapt to the nanoparticles or modify them to make them less toxic during the lag period [31]. Such adaptation by some bacteria could give them a survival advantage and this could lead to disturbance in composition of bacterial populations in soil.



Exposure doses for the microcosm studies are higher than the currently predicted environmentally relevant concentrations. However, concentrations in soil may be more, especially at points of release and in soils where nanoparticulate formulations are used as agrochemicals.



With pure culture investigations, impacts of nanoparticles were determined on only a few genera of bacteria. Illumina MiSeq sequencing of 16S rRNA genes on the other hand offered a broader perspective of all bacteria present in soil, both culturable and non-culturable. Identity of bacteria determined by sequencing cannot always be equated to function. However, it could be indicative of bacterial contributions to soil health. Proteobacteria, Actinobacteria, and Firmicutes were found to be the three dominant phyla in the soil used, based on sequence data analysis. The Proteobacteria are a metabolically diverse group commonly found in soil with many members classified as plant growth-promoting bacteria that facilitate nutrient acquisition and provide protection against diseases [67,68]. Actinobacteria and Firmicutes are ubiquitous in terrestrial ecosystems and play a significant role in the formation of soil organic matter by mediating decomposition of plant litter. Actinobacteria are especially important in extreme environments [69]. Actinobacteria are plant growth promoters acting as biocontrol agents, nitrogen fixers, and activators of plant self-defense [70]. Aerobic endospore-formers belonging to the phylum Firmicutes are also important in soil being endophytic and having various plant growth-promoting characteristics like phosphate solubilization, siderophore and indole acetic acid production, and multiple enzyme activities [68,71]. All these three dominant phyla were found to be impacted by exposure to the two nanoparticles. Increase in Proteobacteria and decrease in Actinobacteria as seen in this study have also been observed in soil exposed to 10–100 µg of silver nanoparticles/g of soil for seven days [72].



Of the nine genera used in the pure culture study, three were found in the soil used. Effects of nanoparticles on pure cultures used in the study matched the results obtained by soil microcosm sequencing. Some of the isolates used in the study were sensitive to 15 µg/mL of silver nanoparticles and 500 µg/mL of zinc oxide nanoparticles. Bacterial community composition analysis showed that the abundance of bacterial taxa that these isolates belong to decreased in nanoparticle-treated soil microcosms. On the other hand, MICs of silver nanoparticles for Pseudomonas aeruginosa MTCC 7763, Bacillus subtilis MTCC 441, and Bacillus sp. clsxc TYA were greater than 15 µg/mL and, therefore, the abundance of the bacterial taxa that these isolates belong to remained unchanged.



The exception was Bacillus which was not affected by zinc oxide nanoparticles in the soil, whereas based on MIC/MBC values for pure cultures a reduction in members of the class Bacilli was expected. However, as can be seen from the MIC values of zinc oxide nanoparticles for the three Bacillus sp. used in the study, individual species respond differently to the same nanoparticles. Thus, extrapolating from effects seen for an individual species to a whole group should be done with caution.



Common nitrogen fixers in the soil such as Rhizobium, Azotobacter, Bradyrhizobium, and Beijerinckia were not influenced by the presence of nanoparticles. Since phosphate solubilization and biofilm formation abilities are found in many bacteria across different phyla, it was not possible to correlate bacterial groups based on sequence to these functions. However, among the specific genera that were impacted, it was seen that Stenotrophomonas sp. and Pseudomonas sp., with their multiple plant growth-promoting abilities including nitrogen fixation, phosphate solubilization, and production of extra polymeric substances (EPS), increased in the presence of silver and zinc oxide nanoparticles, respectively [73,74]. Abundance of Halomonas that are known to be nitrogen fixers, phosphate solubilizers and EPS producers decreased in the presence of both nanoparticles [75]. Thus, it is difficult to reach a conclusion about the effect of nanoparticles on functions of bacteria.



A closer look at the overall bacterial community in soil revealed a decrease in the relative abundance of members of most orders in response to both nanoparticles. A significant order that decreased was Rhizobiales. Bacteria belonging to this order are agriculturally significant since they oxidize methane to CO2 and also fix nitrogen. Relative abundance of the order Sphingomonadales did not change. Collins et al. [34] reported that members of Rhizobiales showed less sensitivity and Sphingomonadales showed high sensitivity to ZnO nanoparticles, whereas a decrease in Rhizobiales and an increase in abundance of Sphingomonadaceae were observed by Ge et al. [76] in response to ZnO nanoparticles.



Increase in relative abundance of sequences was seen only for the orders Pseudomonadales and Burkholderiales in both Ag and ZnO nanoparticle-treated soil, but increase was drastic for members of Burkholderiales in Ag nanoparticle-treated soil. Increase in members of Pseudomonadales and Burkholderiales could have both positive and negative connotations. Both orders include plant pathogens causing rots, necrosis, and galls, but strains of Burkholderia are also environmentally important as they are good biodegraders of poly-chlorinated biphenyls. Pseudomonas is known to promote plant growth by synthesizing plant hormones and suppressing plant pathogens [74].



Abundance of Xanthomonadales sequences increased only in Ag nanoparticle-treated soil. Xanthomonadales includes the largest group of phytopathogens and their increase in soil could be detrimental to plant productivity [77]. Increase in abundance of Pseudomonadales, Burkholderiales, and Xanthomonadales may not be due to an enhancement effect of specific nanoparticles per se, but more likely a result of decreased competition from the bacteria that were inhibited.



Members of two orders responded differently to the two nanoparticles. Relative abundance of Bacillales increased in response to treatment with ZnO nanoparticles with almost no change in Ag nanoparticle-treated soil. Lactobacillales also showed an increase in ZnO nanoparticle-treated soil and a slight decrease in Ag nanoparticle-treated soil.



Increase in members of the orders Burkholderiales and Bacillales in the presence of ZnO nanoparticles has also been reported by Meli et al. [78]. Tolerance of Bacilli to ZnO nanoparticles could be explained by their ability to form endospores as also the production of EPS [61,79]. Members of this class are also known to persist in metal-polluted soils [80,81].



Along with shifts in abundance, alpha diversity metrics seem to indicate bacterial diversity changes in silver nanoparticle-treated soil. The preliminary nature of the work does not permit definite conclusions to be drawn with respect to diversity. However, changes in soil bacterial diversity have been described in earlier studies in the presence of silver nanoparticles [38,82,83,84,85].



Overall, there was a concordant decrease in relative abundances of most orders of the three dominant phyla on exposure to both nanoparticles. The decrease in Ag nanoparticle-treated soil was more than that in ZnO nanoparticle-treated soil.



Both the pure culture study and the soil microcosm study confirm the inhibitory effects of silver nanoparticles on soil bacteria. Perturbations in microbial community structure due to these nanoparticles have also been reported in other soils [86,87,88]. These studies have used a wide range of concentrations of silver nanoparticles from 0.01 µg/g to 1815 µg/g of soil and varying exposure times, of one day to one year [39,72,82,83,84,85,89]. Two of these studies have also described bacterial communities recovering after 21 to 50 days following an initial shift [35,84]. Studies with longer exposure times have seen a definite impact on community compositions [82,89]. Resistant bacteria and persisters have been characterized in soil exposed to silver nanoparticles [82,85]. Nitrification, a key step in the nitrogen cycle, and activities of many soil enzymes were found to be affected in the presence of silver nanoparticles [72,83,85,90].



As compared to silver nanoparticles, effects of zinc oxide nanoparticles on soil bacteria are less studied [87,88]. Although the present study showed negligible effect of zinc oxide nanoparticles on soil bacteria, other studies have shown that they affect soil bacteria as well as soil enzymes at concentrations ranging from 0.1 to 2000 µg/g of soil [34,36,91,92]. Many factors are known to influence metal nanoparticle toxicity. Soil pH is thought to play an important role in zinc oxide nanoparticle toxicity, with toxicity enhanced at acidic pH [93]. Since this soil had a pH of 6.9, it could be the reason for the minimal effect seen.



While examining inferences based on such studies, it has to be kept in mind that there can be inherent bias in some of the procedures used. Sieving of soil can bring about change in microbial activity and community composition [94,95,96]. Bias associated with DNA extraction and PCR and sequencing techniques are also known [97,98,99,100]. Moreover, the choice of bioinformatics pipeline influences the analyses [101,102].



This is an exploratory study to examine the impact(s) of silver and zinc oxide nanoparticles on soil bacteria in an Indian soil type. In the presence of these nanoparticles, pure cultures of agriculturally relevant bacteria showed changes in growth patterns. When soil microcosms were exposed to the same nanoparticles, we observed changes in soil bacterial abundance and diversity. The effects seen on soil bacteria need to be supported with further comprehensive investigation. However, the inhibitory concentrations observed here may assist regulatory bodies determine hazardous levels of these emerging contaminants.




5. Conclusions


The study evaluated the effects of silver and zinc oxide nanoparticles on representatives of three groups of bacteria known to be agriculturally relevant—nitrogen fixers, phosphate solubilizers, and biofilm formers. Silver nanoparticles were bactericidal at relatively lower concentrations (2–22 µg/mL). Zinc oxide nanoparticles exhibited a bacteriostatic effect and the inhibitory concentrations in some cases were higher than 3000 μg/mL. Continuous monitoring of microbial growth in the presence of sub-lethal concentrations of the engineered nanoparticles enabled observation of finer changes in growth response. A few isolates showed a very long lag with decreased growth which may also occur in soil. In addition, soil bacterial community composition showed a pronounced change in the presence of silver nanoparticles. It may seem premature to correlate these changes in growth patterns and community composition to agricultural productivity, but it is a distinct possibility.
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Figure 1. Effect of silver and zinc oxide nanoparticles on growth of pure cultures. The graphs show growth curves of isolates in the presence and absence of nanoparticles. The isolates were inoculated in broth and optical density (OD) recorded every hour for 24–48 h. (a) Effect of silver nanoparticles on growth of Pseudomonas aeruginosa MTCC 7763; (b) Effect of zinc oxide nanoparticles on growth of Serratia marcescens MTCC 7642; (c) Effect of zinc oxide nanoparticles on Azotobacter chroococcum clsxc_A_FLNF. Each point represents mean of triplicate values of absorbance adjusted against data from sterile controls. All growth curve experiments were repeated at least thrice. MIC: Minimum Inhibitory Concentration. 
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Figure 2. Rarefaction curves of alpha diversity indices. (a) Observed species curves and (b) Chao 1 curves, obtained for the samples. Alpha diversity was computed using observed species and Chao 1 metrics, respectively, with rarefied OTU table size of 100. 1C—control (untreated soil); 2A—Ag nanoparticle-treated soil; and 3Z—ZnO nanoparticle-treated soil. 
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Figure 3. Relative abundance of bacterial phyla. The figure and the accompanying table indicate relative abundance (%) of bacterial phyla in treated and untreated soil samples. 1C—control (untreated soil); 2A—silver nanoparticle-treated soil; and 3Z—zinc oxide nanoparticle-treated soil. 
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Figure 4. Relative abundance of bacterial orders of dominant phyla in treated and untreated soil samples. The figure and accompanying table indicate relative abundance (%) of bacterial orders belonging to only the three dominant phyla—Actinobacteria, Firmicutes, and Proteobacteria. The table also shows the phyla to which these orders belong. Since only the most dominant phyla have been presented at the order level, the total of percentages do not add up to 100. The orders have been chosen based on their relative abundance within the phylum and the most prominent ones have been tabulated. 1C—control (untreated soil); 2A—silver nanoparticle-treated soil; and 3Z—zinc oxide nanoparticle-treated soil. 
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Table 1. Bacterial isolates and the MIC/MBC of Ag and ZnO nanoparticles for the isolates. The MIC and MBC values are average of five replicates, and have been rounded to the nearest significant figure.
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Cultures

	
Gram Nature

	
Characteristics

	
Ag Nanoparticles

	
ZnO Nanoparticles




	

	
MIC µg/mL

	
MBC µg/mL

	
MIC µg/mL

	
MBC µg/mL






	
Nitrogen Fixers




	
Rhizobium leguminosarum MTCC 10096

	
Negative

	
Known symbiotic nitrogen fixer, biofilm former

	
2

	
2

	
104

	
2000




	
Sinorhizobium meliloti clsxc_S_SNF (MH884597)

	
Negative

	
Known symbiotic nitrogen fixer

	
4

	
4

	
144

	
600




	
Azotobacter chroococcum MTCC 3853

	
Negative

	
Known free living nitrogen fixer, biofilm former

	
4.9

	
4.9

	
2000

	
>3000




	
Azotobacter chroococcum clsxc_A_FLNF (MH884596)

	
Negative

	
Known free living nitrogen fixer

	
3.9

	
3.9

	
197

	
400




	
Phosphate solubilizers




	
Arthrobacter sp. MTCC 8160

	
Positive

	
Phosphate solubilizer

	
3

	
3

	
99

	
500




	
Bacillus sp. clsxc_ NPS (MH884601)

	
Positive

	
Phosphate solubilizer, air–liquid interface biofilm former, amylase producer

	
8

	
8

	
100

	
147




	
Serratia marcescens MTCC 7642

	
Negative

	
Phosphate solubilizer, adherent biofilm former

	
20

	
22

	
1480

	
2000




	
Pantoea dispersa clsxc_PSD (MH884599)

	
Negative

	
Phosphate solubilizer

	
3

	
3

	
680

	
1000




	
Biofilm formers




	
Bacillus subtilis MTCC 441

	
Positive

	
Air–liquid interface biofilm former, amylase producer

	
14.8

	
15

	
79

	
460




	
Bacillus sp. clsxc_TYA (MH884600)

	
Positive

	
Air–liquid interface biofilm former, amylase producer

	
17.5

	
18

	
104

	
510




	
Pseudomonas aeruginosa MTCC 7763

	
Negative

	
Adherent biofilm former, Phosphate solubilizer

	
20.6

	
22

	
>3000

	
>3000




	
Klebsiella pneumoniae clsxc_AZ2 (MH884598)

	
Negative

	
Adherent biofilm former, free living nitrogen fixer, phosphate solubilizer

	
7.5

	
9

	
840

	
1600
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Table 2. Alpha diversity metrics for the samples. 1C—control (untreated soil); 2A—Ag nanoparticle-treated soil; and 3Z—ZnO nanoparticle-treated soil.
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	Sample
	Observed OTUs
	Chao 1 Richness Estimate
	PD_Whole Tree a
	Shannon’s Index b





	1C
	5286
	6153
	133
	9.271



	2A
	6077
	6667
	149
	8.280



	3Z
	5448
	6286
	136
	9.444







a,b (Supplementary Materials, Figure S4). (OTU: Operational Taxonomic Unit; Chao 1: Abundance-based estimator of species richness; PD_Whole Tree: a measure of phylogenetic diversity).
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