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 2 

Abstract 27 

Metal oxide nanoparticles (MONPs) have found applications in many industrial and consumer 28 

products and are inevitably released into the environment, including soil. Soils host diverse 29 

microorganisms that are integral to ecosystem function including regulating plant growth. In this 30 

study, the influence of Cu2O, Fe3O4 and Ag2O NPs on soil microbial communities was assessed. 31 

Microbial community diversity and compositional structure was characterized using quantitative 32 

PCR and 16S rRNA gene sequencing. MONPs altered soil bacteria community composition by 33 

causing significant reduction in bacterial diversity and change in bacterial abundance. Soils with 34 

Cu2O and Ag2O NPs treatments significantly reduce bacterial diversity accompanied by shifts at 35 

the Class and Phylum taxonomic levels toward bacteria groups responsible for chitin degradation 36 

(Bacteriodetes) and nitrogen fixation (alpha-Proteobacteria). Response of bacterial communities 37 

to MONPs exposure is dependent on the exposure time and type of MONPs used. While the 38 

mechanisms underlying these observations remain to be elucidated, it is proposed that the known 39 

antimicrobial properties of Cu2O and Ag2O NPs cause reduced growth and viability of some 40 

bacteria taxa. 41 

Keywords: Soil microbiome, metagenomics, Nanoparticles, Bacteria diversity, qPCR 42 

 43 

Importance  44 

Nanoparticles are finding many applications in society and as such there is the need to gain a better 45 

understanding of their potential effects on microorganisms in soil and other environmental niches. 46 

Soil contains a large diversity of microorganisms that play many essential roles in organic matter 47 

recycling and plant growth. Metagenomics has become an essential tool for understanding the 48 

functional diversity of microbiomes and in this study, it was used to assess the diversity of soil 49 
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 3 

bacteria communities in the presence of selected metal oxide nanoparticles. The reported changes 50 

in bacterial community structure suggest that nanoparticles have the potential to alter soil 51 

microbiomes. However, the effects depend on the composition of the nanoparticles suggesting that 52 

environmental impacts of different nanoparticle formulations are necessary.  53 

 54 

Introduction 55 

While nanomaterials arise in natural activities such as volcanic eruptions and the burning 56 

of fossil fuels, some are produced for use in diverse fields including food packaging and medical 57 

and industrial applications. The impetus to develop nanomaterials has arisen due to some unique 58 

characteristics that are not observed in similarly formulated bulk materials such as new optical, 59 

electrical, and chemical properties3. Whereas the scientific basis for these properties remain to 60 

fully understood, the size and the surface area of nanoparticles (NPs) are critical factors that 61 

influence the reactivity of NPs2,4. NPs are used in different applications because of their desired 62 

properties including optical5, mechanical6, magnetic and chemical1. NPs have been found useful 63 

in many fields of application including medical, pharmaceutical, electronic, food and cosmetics 64 

industries1,7-10. With increased production and use of different types of NPs, such as metal and 65 

metal-oxide NPs, it has resulted in continuous disposal of these NPs into the environment. 66 

Disposed NPs mostly end up in the soil and their accumulation could lead to exposure to living 67 

organisms11, thus raising concerns on the potential contamination of the environment and thus 68 

increased ecological risk. 69 

Microbes are ubiquitous in the environment where they play diverse roles that reflect on 70 

both natural and perturbed functioning of ecological niches. Soil is a complex medium that hosts 71 

diversity of microorganisms, bacteria, fungi and archaea. The complexity, functioning, and 72 
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processes of the soil ecosystem is driven by soil microorganism and their extracellular enzyme 73 

activities12. The microbial diversity of soil microorganisms is one of the major indicator 74 

parameters of soil quality and productivity13. Soil microbiomes are influenced by environmental 75 

stressors resulting in changes in soil physical and chemical properties, thus altering the ecosystem 76 

functioning. The accumulation of heavy metals (Cd, Cu, Pb, & Zn) in soil led to overall microbial 77 

diversity decrease14. Given the substantial increase in the application of NPs in commercial 78 

products such as cosmetics, coatings, paints, food additives, drugs and electronics, release into the 79 

environment becomes inevitable.  80 

 The release of NPs into agricultural soils could be either deliberately as agrochemicals 81 

(e.g., nanopesticides)15 or accidentally as contaminants16,17. The incorporation of NPs such as 82 

CeO2, Ag, ZnO, Cu2O in agrochemicals including fertilizers, pesticides10,15,18 or growth 83 

regulators19 have been reported. Many metal and metal oxide NPs, such as Ag, Cu2O, TiO2 and 84 

ZnO NPs, have intrinsic antimicrobial properties, and therefore could be toxic to beneficial 85 

bacterial and fungi11,19,21. For example, soil bacterial communities decreased at day 15 and 60 in 86 

TiO2 and ZnO NPs treated soils but had no effect at day zero22 suggesting the impact of long-term 87 

exposure of NPs to microbial abundance. Others have reported significant reduction in bacterial 88 

and archaeal abundance with Ag NPs while Al2O3 and SiO2 NPs had no effect on microbial 89 

composition and community23. Alterations in microbial community structure and functioning by 90 

NPs have also been reported24,25,26. The Actinobacteria and Acidobacteria groups have been found 91 

to be susceptible to AgNPs application while Bacteriodetes and Proteobacteria were resistant23,27. 92 

In a planted and unplanted soils, AgNP at 100 mg/kg soil altered the structural composition of 93 

bacterial community and the soil metabolites28. In a study in which AgNP were added to soil in a 94 

mixture with sewage slurry, one species of plants (Microstegium vimineum) was adversely affected 95 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 18, 2022. ; https://doi.org/10.1101/2022.05.16.492223doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.16.492223
http://creativecommons.org/licenses/by-nd/4.0/


 5 

as was the microbial biomass29. The soil microbial ecosystem also exhibited changes in species 96 

composition as measured with operational taxonomic units (OTUs). Interestingly, these authors 97 

reported that the NPs caused higher magnitudes of change than a AgNO3 positive control.  98 

Considering the broad application and continuous release of NPs in the environment, there 99 

is still sparse knowledge on the potential impact to soil microbial communities. While soil 100 

microbial communities are significant in maintaining ecosystem functioning such as plant growth,  101 

this study sought to investigate the response of soil microbial communities to the presence of 102 

different MONPs formulations. Thirty days incubation study was conducted using garden soil and 103 

Cu2O, Ag2O, and Fe3O4 NPs at 500 mg/kg. The effect of MONPs on known soil bacterial phyla 104 

alpha- and beta-Proteobacteria, Bacteriodetes, Actinomycetes, and Firmicutes, was quantified 105 

using quantitative real-time PCR (qPCR) while the overall biodiversity was characterized using 106 

16S rRNA gene sequencing.  107 

Materials and Methods 108 

The copper oxide (Cu2O), silver oxide (Ag2O) and iron (II, III) oxide (Fe3O4) NPs in 109 

powder form were used in this study. The Cu2O and Fe3O4 NPs were purchased from the U.S. 110 

Research Nanomaterials, Inc. The characterization of these NPs was adopted from the 111 

manufacturers. Cu2O NP has a diameter size of 10 nm, spherical shape, brown-black color, and 112 

99% purity, while Fe3O4 NPs had a diameter size of 15-20 nm, dark brown color, spherical shape 113 

and 99.5% purity. Zeta potential is about 10.8 mv for pH 7. The Ag2O NPs in powder form was 114 

obtained from Sky Spring Nanomaterials Inc. Based on the manufacturer’s characterization report, 115 

Ag2O NPs had a diameter of 20-30 nm, spherical shape, gray color and 99.9% purity.  116 

 117 

Soil Incubation and Microbial DNA Extraction 118 
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Garden soil was thoroughly mixed with Cu2O, Ag2O, and Fe3O4 NPs at 500 mg/kg 119 

respectively in 5 replicates for each treatment, then placed in a controlled environment between 120 

25oc – 30 oC to incubate. At day 1 of the incubation (24 hours after MONPs addition) and at day 121 

30, soil samples were collected from soil-NP treatments and control (0 mg/kg). Soil microbial 122 

DNA was extracted from the soil samples using DNeasy PowerMax soil isolation kit (MOBIO 123 

Laboratories, CA, USA), following the manufacturer’s instructions. The concentration of the 124 

extracted DNA was determined with Qubit 4 fluorometer that uses double-stranded DNA binding 125 

dye. 126 

 127 

Quantitative Real-Time Polymerase Chain Reaction (qPCR) 128 

Real-time qPCR was performed to quantify the known bacterial phyla, alpha- and beta-129 

Proteobacteria, Bacteriodetes, Actinomycetes, and Firmicutes using bacteria phylum specific 130 

primers (Table 1)30. SYBR Green master mix fluorescent dye that is highly sensitive to DNA and 131 

phylum specific bacteria primers including the DNA template were used for the qPCR.  The mock 132 

microbial DNA standard obtained from Zymo research was used for optimization while a no 133 

template control was used as a negative control.  DNA samples at a volume of 1 μL, forward and 134 

reverse primers at 2.5 μL respectively, SYBR Green as master mix at 10 μL and nucleases free 135 

water at 4 μL were used to perform 20 μL PCR reaction at standard setting. The amplification 136 

condition was as follows: denaturation at 95 oC for 60 s, annealing temperature was based on the 137 

melting temperature of the specific primers for 60 oC and extension 60 oC for 60 s at 40 cycles. 138 

Finally, a melting curve analysis was performed from 60 oC to 95 oC with a ramp rate of 0.10C. 139 

The qPCR data containing the melt curve and threshold cycles were exported. One-way ANOVA 140 

analysis with a Tukey’s HSD test to compare sample means was conducted. Probability level p < 141 
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0.05 was considered statistically significant. The figures were created using the GraphPad Prism 142 

6 software (GraphPad Software Inc.). 143 

 144 

 145 

Illumina-Based 16S rRNA Gene Sequencing 146 

Soil microbial community diversity and composition was characterized using high 147 

throughput 16S rRNA sequencing on illumina MiSeq instrument. The concentrations, size and 148 

quality of the stored DNA isolates were determined using Qubit 4 fluorometer and tape station 149 

respectively. The V3 – V4 regions of the bacterial 16S rRNA gene were amplified with 1 μM of 150 

16S primers 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCW-151 

GCAG-3’ forward, 5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVG-152 

GGTTCTAATCC-3’ reverse and 2x KAPA HiFi HotStart master mix using a thermocycler PCR 153 

system (GeneAmp 9700, ABI) following the illumina 16S metagenomic sequencing library 154 

preparation protocol. The library product was purified, and final product size validated using a 155 

tape station. The libraries were quantified using Qubit 4 fluorometer, normalized and pooled in 156 

equimolar amounts. The amplicon sequence was done as a paired-end sequence (2 x 300) on a 157 

MiSeq instrument (Illumina, San Diego) according to the illumina standard protocol. Quality 158 

control of the data was also managed with FastQC31, followed by summarization with MultiQC32. 159 

Based on the quality metrics, the sequences were filtered and trimmed for further analysis. The 160 

sequences were demultiplexed and analyzed using Mothur (version 1.39.1) program following an 161 

established workflow developed by Schloss33. Using SILVA 16S rRNA database as a reference 162 

gene database, sequence reads were blasted for identification and classification. Related sequences 163 
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were clustered and the number of representatives of each cluster counted which is referred to as 164 

operational taxonomic units (OTUs) at 97% sequence similarity. The OTU ID were assigned to 165 

different taxonomic levels which produced a taxonomy table that was used for downstream 166 

analysis and visualization.  167 

Soil Microbial Community Diversity Measurement 168 

Using the taxonomy table, microbial diversity measurement was conducted. This involves 169 

estimating the alpha and beta diversity of the microbial communities based on the weighted 170 

UniFrac pairwise distance matrix of all samples at two-time points day 1 and 30. The alpha 171 

diversity was estimated using the Chao1 et al34 and Simpson index35. To derive the dissimilarity 172 

of microbial communities (beta diversity) from different sample treatments the non-metric multi-173 

dimensional scaling (NMDS) and principal coordinate analysis (PCoA) metric multi-dimensional 174 

scaling analyses were conducted. The Bray-Curtis Emperor plot was also generated with QIIME2 175 

plugins including the DADA2 denoising pipeline36,37. The statistical significance of the microbial 176 

diversity was compared using analysis of molecular variance (AMOVA) and homogeneity of 177 

molecular variance (HOMOVA) statistical analyses. Both AMOVA and HOMOVA analyses were 178 

done in Mothur. The visualization of different phylum and class of bacteria composition and 179 

phylogenetic tree construction were done in R using phyloseq workflow developed by McMurdie 180 

and Holmes38 and web-based galaxy software. 181 

Results  182 

Effects of MONPs on Soil Bacteria Phyla 183 

Real time quantitative PCR (qPCR) and high throughput 16S rRNA gene sequencing were 184 

used to assess the impact of MONPs on soil microbial communities. Five bacteria phyla (Table 1) 185 
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commonly found in agricultural soil were quantified with qPCR. After 30 days of incubation, the 186 

qPCR result showed that Proteobacteria was dominant in all the soil samples irrespective of the 187 

MONPs treatment. On day 1, there was no significant difference in the bacterial abundance 188 

between MONPs and control treatments (Fig. 1a) while on day 30, Cu2ONP treatment significantly 189 

altered the abundance of the target bacteria groups particularly the Actinomycetes and 190 

Bacteriodetes when compared to control (p<0.02) and Fe3O4NP treatments (p<0.003) (Fig. 1b). 191 

Among the MONPs treatments, Fe3O4NPs had lower Ct value compared to other MONPs treatment 192 

types, indicating that the addition of Fe3O4NPs increased the overall abundance of the target 193 

bacteria groups. The addition of Ag2ONPs and Cu2ONPs increased the abundance of Bacteriodetes 194 

when compared to control (Fig. 1c). Overall, soil bacterial groups responded differently to the 195 

different MONPs treatments.  196 

Table 1. The list of bacteria phylum specific primers that targets some common bacteria groups 197 

found in agricultural soils. 198 

Target bacteria group Primer name Sequence 5’ – 3’  

Alphaproteobacteria Aprot –0528-F 

Aprot -0689-R 

CGGTAATACGRAGGGRGYT  

CBAATATCTACGAATTYCACCT  

Betaproteobacteria  

 

bProt-0972-F 

bProt-1221-R 

CGAARAACCTTACCYACC  

GTATGACGTGTGWAGCC  

Firmicutes  

 

Firm-0525-F 

Firm-1040-R 

CCGCGGTAATACGTAGGT  

ACCATGCACCACCTGTC  

Actinobacteria  

 

Acti-1154-F 

Acti-1339-R 

GRDACYGCCGGGGTYAACT  

TCWGCGATTACTAGCGAC  

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 18, 2022. ; https://doi.org/10.1101/2022.05.16.492223doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.16.492223
http://creativecommons.org/licenses/by-nd/4.0/


 10 

Bacteriodetes Bdet-0107-F 

Bdet-0309-R 

GCACGGGTGMGTAACRCGTACCCT  

GTRTCTCAGTDCCARTGTGGG  

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

A 

** 
B 

   

 

 
Cu2ONP Control 

Fe3O4NP Ag2ONP 

C 
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 209 

 210 

Figure 1. The abundance of target bacteria phyla in the soil exposed to Cu2O, Fe3O4, and Ag2O 211 

NPs at 500 mg/kg and control (0 mg/kg) measured by their threshold cycle on the y-axis and 212 

sample treatments on the x-axis at (A) day 1 & (B) day 30. C) Relative abundance of target bacteria 213 

in the soil measured by their threshold cycle on the y-axis and time period on the x-axis in different 214 

soil treatments. Each bar represents the mean (n=5) and the standard error within each sample 215 

treatment. The lower the threshold value the higher the proportion of the bacteria group. 216 

 217 

Table 2. The ANOVA p- values of the target bacteria and the time of measurement - day 1 & 30 218 

under each treatment.  219 

Source of variation Control Ag2ONP Fe3O4NP Cu2ONP 

Time period 

 

<0.0001(***) 0.5609ns <0.0001(***) 0.0164(*) 

Target bacteria 

 

<0.0001(***) <0.0001(***) <0.0001(***) <0.0001(***) 

Interaction  

(time x target bacteria) 

<0.0001(***) 0.0832ns <0.0001(***) 0.1895ns 

ANOVA significant at p<0.05, (ns) means not significant.  220 

 221 

Metagenomics Analysis of Microbial Composition 222 

The 16S rRNA sequencing result showed that a total of 15,170,036 high-quality sequence 223 

reads were obtained from all the treatments. The sequence reads ranged from 1,323,255 – 224 
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2,696,830 among the treatment groups. The bacteriome was dominated by Proteobacteria, 225 

Bacteriodetes, Acidobacteria, Chloroflexi, Actinobacteria, Planctomycetes, Chlorobi, 226 

Verrucomicrobia, Firmicutes and other unclassified bacteria group at varying relative abundance 227 

at different time points (Table 3). Proteobacteria, Bacteriodetes, and unclassified bacteria groups 228 

made up of 76% of the total bacteria population (Table 3; Fig. 2). Similar to the qPCR result with 229 

the 16S analysis, Proteobacteria was found to dominate the soil samples consisting approximately 230 

40% of total bacteria phyla. The class of Proteobacteria comprised of alpha-Proteobacteria, 231 

gamma-Proteobacteria and least abundance of beta-Proteobacteria (Fig. 3). Phylum 232 

Parcubacteria (OD1) was only present in control treatment indicating decreased abundance by 233 

MONP addition. There was no change in the abundance of Firmicutes at different time points 234 

(Table 3). 235 

Sequence reads ranged from 1,763,083 to 2,696,830 on day 1 and day 30 respectively in 236 

untreated soil samples while in MONPs treated soils, the number of reads decreased ranging from 237 

1,323,255 to 1,943,646. On day 1, the total number of OTUs richness was 50,395 and 41,995 on 238 

day 30 (Fig. 4 a & b). Compared to control treatments, bacterial OTUs significantly decreased 239 

with the addition of MONPs (Fig. 4, Table 4). The population of Bacteriodetes had a 2 - 4% 240 

increase after 30 days of incubation in all the MONP treatments but remained unchanged in the 241 

control. While the relative abundance of Chlorobi and Parcubacteria (OD1) phyla were negatively 242 

affected by MONPs, there was no change in the abundance of Firmicutes across all the treatments 243 

at different time points (Table 3). Different classes of bacteria were also affected by the MONPs 244 

like the Acdiobacteria-Gp10, Chloroflexi-unclassified, OD1_class_incertae_sedis and 245 

Flavobacteria (Fig.3).  246 

 247 
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 248 

Table 3. Top 10 bacteria phyla present in the soil and their percentage abundance at day 1 and day 249 

30. 250 

Bacteria Phyla Day 1 Day 30 

Proteobacteria 39.5% 37.8% 

Bacteria-unclassified  24.8% 24.9% 

Bacteriodetes 11.3% 13.9% 

Acidobacteria 6.7% 6.9% 

Chloroflexi 3.8% 3.1% 

Actinobacteria 3.6% 3.4% 

Planctomycetes 2.2% 1.7% 

Chlorobi 2.1% 1.4% 

Verrucomicrobia 1.5% 1.8% 

Firmicutes  0.9% 1.0% 

 251 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 18, 2022. ; https://doi.org/10.1101/2022.05.16.492223doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.16.492223
http://creativecommons.org/licenses/by-nd/4.0/


 14 

 252 

Figure 2. Relative abundance of different bacteria phylum in soil treated with Cu2O, Fe3O4, and 253 

Ag2O NPs and control (untreated soil) at day 1 and day 30.  254 

 255 
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 256 

Figure 3. Relative abundance of different classes of bacteria in soil treated with Cu2O, Fe3O4, and 257 

Ag2O NPs and control (untreated soil) at day 1 and day 30.  258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

B A 
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Figure 4. Venn diagram showing the amount of individual and shared OTUs within, between and 268 

among 4 sample treatments Cu2O, Fe3O4, and Ag2O NPs and control (untreated) on a) day 1 and 269 

b) day 30. The number of OTU richness decreased on day 30 for the MONPs treatments. 270 

 271 

Soil Bacteria Community Diversity Change with MONPs Exposure 272 

The alpha diversity of bacteria community within the sample treatments was measured 273 

using the Chao1 and Simpson index metrics (Fig. 5). The Chao1 diversity index showed that in 274 

the control treatment, the bacteria communities were intact and stable after 30 days there was no 275 

significant reduction in bacteria richness. For the MONPs treated soils, the Chao1 diversity index 276 

value decreased over time with Ag2ONP having the lowest Chao1 index value on day 30 and 277 

Cu2ONP on day 1 (Fig. 5). The principal coordinate analysis (PCoA, Fig. 6a) and non-metric multi-278 

dimensional scaling (NMDS, Fig. 6b) showed the difference in microbial diversity between sample 279 

treatments at day 1 and day 30 (p < 0.031, AMOVA analysis). On day 1, the MONP treatments 280 

and control samples were clustered together as shown in Fig. 6a. On day 30, the MONPs treatments 281 

were significantly distant from the control indicating a significant change in the bacteria 282 

community diversity with the addition of Cu2O, Fe3O4, and Ag2O NPs (p < 0.0001, HOMOVA 283 

analysis) (Table 4). The hierarchical clustering of the treatments also showed that on day 30, 284 

control sample was distant apart from the MONPs treatments (Fig. 6c). Of note is that the Bray-285 

Curtis dissimilarity index clusters the samples based on time indicating that the microbial 286 

composition changed as a function of time irrespective of treatment (Fig. 6d). This observation is 287 

reflected in diversity distance measurement using weighted UniFrac (Fig. 5), which demonstrates 288 

the community differences between the two time-points for most of the variation in the data (Fig. 289 

6).  290 
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Table 4. Analysis of molecular variance (AMOVA) and Homogeneity of molecular variance 291 

(HOMOVA) of microbial communities. 292 

Analysis Comparison P-value 

AMOVA 

 

Day 1 – Day 30 0.031* 

 Ag2ONP-Cu2ONP-Fe3O4 NP-Control 0.796ns 

HOMOVA 

 

Day 1 – Day 30 0.035* 

 Ag2ONP-Cu2ONP-Fe3O4 NP-Control <0.001* 

 293 

 294 

 295 
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  296 

 297 

Figure 5. Alpha diversity measurement by a) Observed and Chao1 indices and b) Simpson index 298 

to estimate the bacteria community richness and evenness respectively after 30 days of soil 299 

exposure to Cu2O, Fe3O4, and Ag2O NPs. Bacteria community richness were measured on day 1 300 

and day 30 within each sample treatment. 301 

 302 
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 317 

 318 

Figure 6. Principal coordinate analysis (PCoA) of soil bacteria calculated based on Bray-Curtis 319 

dissimilarity index (square-rooted to make metric) (a), Non-metric multi-dimensional scaling 320 

C 

D 
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(NMDS) (b), showing bacteria diversity. Shapes represent different points of measurement while 321 

the colors represent the sample treatments. Hierarchical clustering dendrogram (c) of weighted 322 

UniFrac distance of bacterial communities showing the relationship between sample treatments 323 

treated with Cu2O, Fe3O4, and Ag2O NPs at 500 mg/kg soil on day 1 and day 30. (d) Bray-Curtis 324 

Emperor plot showing the clustering of samples along the first, second and third axes.  325 

 326 

Discussion 327 

Soil bacteria are intricate part of soil processes such as nutrient recycling, decomposition 328 

of organic matter and improvement of plant growth39, therefore it is a major driver of ecosystem 329 

functioning. MONPs serve vital roles in industrial and consumer products and are known to have 330 

antimicrobial properties10,11,40. Given that some MONPs have the tendency to influence microbial 331 

activities and composition, this could pose potential risk to agroecosystems. With the sensitive 332 

nature of microbial diversity and structure to environmental stressors such as the presence of heavy 333 

metals and nutrient deficiency14,41, these factors become major assessment indicators of microbial 334 

response to environmental contaminant such as MONPs. This study provides results on the 335 

differential alteration of soil bacteria communities with MONPs. Using Cu2O, Fe3O4, and Ag2O 336 

NPs the impact of MONPs on soil microbial communities was evaluated.  337 

The Proteobacteria phylum comprising of alpha- and gamma- Proteobacteria dominated 338 

the soil samples. The alpha-Proteobacteria were dominated by Rhodospirillacease, 339 

Sphingomonadales, Rhizobiales, bacteria orders while gamma-Proteobacteria were dominated by 340 

the Xanthomonadaceae and unclassified gamma-Proteobacteria. These bacteria groups known to 341 

be involved in nitrogen fixation42. These results are in consistent with other studies that observed 342 

dominance of Proteobacteria in agricultural soils43,44. Upon treatment with MONPs, there was no 343 
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change in the abundance of Proteobacteria while Bacteriodetes generally increased after 30 days 344 

of exposure. The resistance of Proteobacteria to MONPs inhibitory effect could be that some 345 

classes of Proteobacteria are resistant to metal ions released from MONPs. For example, 346 

Sphingomonadales have been shown to have high tolerance to metal stress45,46. Ge et al47 reported 347 

a positive impact of TiO2 and ZnO NPs on Sphingomonadaceae, Streptomycetaceae and 348 

Streptomyces in dose-dependent manner. The stimulating effect of MONPs on some members of 349 

Proteobacteria such as Sphingomonadales could have overshadowed the reduction of few bacteria 350 

taxa thereby showing no change in abundance after 30 days of MONPs exposure. Because alpha-351 

Proteobacteria are made up of soil nitrogen fixing bacteria and organic material decomposers, it 352 

is likely that the regulatory pathway for nitrogen fixation and carbon cycling were unaffected. 353 

Bacteriodetes generally increased after 30 days of soil incubation showing resilience in the 354 

presence of MONPs (Table 3). The increased abundance after 30 days could be a result of lack of 355 

penetration of MONPs into the bacteria cell. Similar stimulatory effect on Bacteriodetes have been 356 

reported which was attributed to the presence of metal ion resistance genes27,48,49. Studies have 357 

shown that the inhibitory effect of MONPs to gram-negative bacteria such as E. coli could be 358 

attributed to the structural make-up of the bacteria cell wall50. Bacteriodetes are reported to be a 359 

very important bacteria group responsible for degradation of organic materials such as chitin49, 360 

therefore their enrichment in the presence of MONPs supports the catabolic pathways and nutrient 361 

cycling.   362 

 Different classes of bacteria were stimulated by MONPs application for example the 363 

Acdiobacteria-Gp10, Chloroflexi-unclassified, OD1_class_incertae_sedis and Flavobacteria 364 

(Fig. 3). These results suggest that MONPs addition not only affect bacterial communities at lower 365 

levels of order, families, and genera as reported by Meli et al51, but also at the class and phylum 366 
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level as shown in this study. Collins et al52 reported that control samples were dominated by 367 

members of Rhizobiales, Flavobacteria and Sphingomonadales but these bacteria groups 368 

decreased with the addition of copper and zinc oxide NPs and in soil depth over the time period. 369 

In contrast to our study, Flavobacteria was not detected in the control sample and on day 1 but 370 

only in MONPs treated samples at day 30. This shows variation in the differential composition of 371 

microbial communities that exist in agricultural soils, which could be dependent on the abiotic 372 

factors and agricultural practices such as fertilization, CO2 concentration, salinization and soil 373 

properties that shape the soil microbiome53,54. 374 

In addition, the diversity measurement revealed increase in the bacterial community 375 

richness at day 1 with the addition of Fe3O4 NPs (Fig. 5a) compared to control. The presence of 376 

Fe3O4 NPs in the soil stimulates the growth of some bacterial groups such as beta-Proteobacteria 377 

as shown using qPCR method (Fig. 1c). Iron oxide NPs have surface sites that binds to soil organic 378 

compounds such as humic and fluvic acids that are intricate part of the soil microbiome, therefore 379 

could promote the bioavailability of iron to soil bacteria thus stimulating the growth of soil 380 

microbes55. After 30 days of MONPs exposure, alpha diversity measured by Chao1 index revealed 381 

that the bacteria richness reduced with the addition of MONPs and was greater with Ag2O and 382 

Cu2O NPs (Fig. 5). The length of MONPs contributed to the degree of MONPs impact on bacteria 383 

community diversity and composition (Table 4).  Given that the Ag2O and Cu2O NPs used in this 384 

study are known to have antimicrobial properties11,40, we proposed that the reduction effects on 385 

the bacterial diversity was a result of the release of metal ions from MONPs thereby causing 386 

bacterial toxicity.   387 

In consistent with our results, other studies have reported a shift in the relative abundance 388 

of different bacteria phyla after 30 days of Ag, CuO and ZnO NPs exposure compared to 2 h of 389 
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NP exposure41.  Accordingly, You et al56 monitored a similar significant decrease in bacteria 390 

richness after 30 days of 0.5, 1 and 1 mg/g soil ZnO NPs exposure. Another study observed a 391 

greater decrease on soil bacterial communities at day 60 than day 15 in TiO2 and ZnO NPs treated 392 

soils but had no effect at day zero22. The PCoA and NMDS at the OTU level (97% similarity) 393 

showed distinct difference in bacterial community composition at day 1 and day 30 confirmed by 394 

AMOVA analysis (p < 0.001). Close bacterial clustering was observed on day 1 of MONPs 395 

exposure indicating that the bacterial communities were stable (Fig. 6). After 30 days of exposure, 396 

MONP treated soil samples were significantly distant from control sample indicating a significant 397 

change in the bacterial community. Overall, the application of MONPs caused a substantial shift 398 

in bacteria community composition and structure which was driven by the duration of MONPs 399 

exposure and the type of MONPs. 400 

In conclusion, changes in the relative abundance of known bacterial taxa and overall 401 

bacterial diversity with Cu2O, Fe3O4 and Ag2O NPs at 500 mg/kg soil over a 30-day period of 402 

exposure was investigated using 16S rRNA sequencing and qPCR techniques. Our results showed 403 

that the addition of MONPs altered bacterial community composition by causing significant 404 

reduction in bacterial diversity and change in bacterial abundance. After 30 days of MONPs 405 

exposure, the bacterial diversity was significantly reduced with Cu2O and Ag2O NPs having 406 

greater impact. The alpha- and beta-Proteobacteria and Bacteriodetes were not negatively 407 

impacted in the presence of MONPs over the 30-day period of exposure thus, supports the nitrogen 408 

fixation and chitin degradation pathway. The long exposure of microbial communities to MONPs 409 

contributed to the degree of bacteria diversity reduction effects observed in this study. The 410 

variation in susceptibility and sensitivity of some bacteria groups to MONPs stimulated a shift in 411 

microbial community structure towards a more MONPs tolerant bacteriome (e.g Bacteriodetes). 412 
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Since soil serve as a sink to NPs deposition, more long-term studies of NPs exposure to soil 413 

microbiome is required to determine the concentration threshold that could substantially influence 414 

key bacteriome and the functioning of agroecosystems. 415 

 416 
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