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2 

ABSTRACT 8 

In this study, we presented a detailed investigation on the effects of typical engineered 9 

nanomaterials (ENMs) (including Fe2O3 nanoparticles, Fe3O4 nanoparticles and multi-10 

wall carbon nanotubes (MWCNTs) on 4-nonylphenol (4NP) degradation, diversity and 11 

function of bacterial communities in sediments. Results demonstrated that iron oxides 12 

promoted 4NP degradation and enzyme activities in sediments, while MWCNTs 13 

inhibited those activities. LEfSe analysis suggested that iron oxides incorporation 14 

discriminative enriched iron-reducing bacteria, including Pantoea, Shewanella and 15 

Shewanellaceae contributing to iron reduction and organic degradation. PICRUSt 16 

analysis demonstrated that 4NP contamination promoted the expression of 17 

biodegradation related genes, including amino acid metabolism, carbohydrate 18 

metabolism, energy metabolism and xenobiotic biodegradation and metabolism. 19 

Interesting, compare to MWCNTs, we further found that iron oxides incorporation 20 

brought about an enhanced expression of iron regulated proteins, including ferric 21 

uptake regulator (Fur), diphtheria toxin regulator (DtxR), ferrous iron transport (FeoB) 22 

and iron complex transport systems. These results indicate that iron oxides endow a 23 

better advantage in 4NP degradation, in contrast, pragmatic prospection of MWCNTs 24 

is necessary since the fact of extending persistence of 4NP in sediments. The study may 25 

be favored to evaluate the secure applications of ENMs in the aquatic environment 26 

basing on full understanding of their environmental fate. 27 

Keywords: Engineered nanomaterials, 4-nonylphenol, bacterial response, bacterial 28 

functions, iron regulated proteins   29 
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1. Introduction 30 

The increasing global production and application of engineered nanomaterials 31 

(ENMs) resulted in the increasing release into the environment. A recent study 32 

estimated that approximately 20,000 t of ENMs are expected to end up in municipal 33 

incineration facilities worldwide on an annual basis.1 Among numerous ENMs, iron 34 

based nanomaterials and carbon based nanomaterials are widely applied and discharged. 35 

CNTs have been proposed for large-scale applications, such as hydrogen storage 36 

devices, quantum computers, agricultural smart delivery systems, chemical sensors, 37 

optical devices, catalyst supports, and also environmental applications.2 Numerous 38 

studies also demonstrated the wide application of iron oxide nanomaterials (e.g., Fe2O3, 39 

Fe3O4 and FeOOH) in ceramics, leather, catalysts and also wastewater treatment.3, 4 40 

According to a market research report, production capacity for carbon nanotubes (CNTs) 41 

products was about 4,065 tons in 2010, and exceeded 12,300 tons in 2015.5 The 42 

significant expansion in the application of these ENMs in large-scale commercial 43 

applications led to their eventual accumulation in environment. Once released into the 44 

environment, ENMs may accumulate in soils and/or sediments.  45 

As the ultimate sink of various pollutants, the aquatic sediments tend to be the 46 

primary storage for ENMs as well. There is a growing concern about the fate of ENMs 47 

and their interactions with co-existed contaminants, for their potential effects on 48 

transformation and bioavailability.6, 7 Additionally, once be accumulated into the 49 

soil/sediment, ENMs may contact soil particles, contaminants, as well as 50 

microorganisms. Microorganisms as a vital component in the ecosystem play an 51 
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important role in the fate of contaminants and ENMs. Published data for the fate of 52 

ENMs in environment primarily focused on their effect on the transportation and 53 

bioavailability of contaminants, usually in simulative porous medium or in soil. For 54 

example, Hofmann and Kammer8 investigated the synergetic transport between carbon 55 

nanomaterials and hydrophobic organic pollutants (HOCs) in porous media, and proved 56 

that carbon nanomaterials can act as pollutant carriers to influence the transport of 57 

pollutants.  58 

Specifically, 4-nonylphenol (4NP) has drawn increasing concern due to its 59 

estrogenic effects and ubiquity in environment.9, 10 For example, the production and 60 

consumption loads of 4NP in the United States were reported to be 194,000 tones and 61 

163,000 tons in 2006, respectively.11 Meanwhile, 4NP is a breakdown product of 62 

nonylphenol ethoxylates (NPEs) widely used in detergent, textile and pesticides,12 but 63 

more persistent, lipophilic and toxic than the parent NPEs.13 Approximately 60% of NP 64 

was released into the aquatic environment via discharge of wastewater treatment plant 65 

(WWTP) effluents mainly as the intermediate products of NPEs.14 Commonly, 4NP 66 

could be potentially removed by the naturally occurring microorganisms harbored in 67 

sediments and bacterial strains with bioremediation potentials have also been identified. 68 

Several bacterial strains isolated from soils, sediments or activated sludge were found 69 

to participate in the direct degradation of 4NP, such as Pseudomonas sp.,15 70 

Sphingomonas sp.16, 17 and Stenotrophomonas sp..18 Drastic shifts in microbial activity 71 

and bacterial community members largely driven by the organic contaminants are 72 

widely reported in pure soil or river sediment.19, 20 Previous studies have demonstrated 73 
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that such contaminations stimulated the enrichment of organic-degrading microbial 74 

community.21, 22 Exploring microbial communities can provide invaluable information 75 

in biological understanding of biodegradation. However, few studies concentrated on 76 

investigating the microbial response to the co-existence of ENMs and organic 77 

contaminants, which is beneficial to control risks of ENMs basing on the 78 

understandings of their interactions. Especially, scarce studies have been done in 79 

natural sediments, because of their uncertainty and complexity of dynamic 80 

characteristics.  81 

Addressing the lack of information about the interactions between NPEs and 82 

ENMs, especially that how bacterial community and functions are affected by and 83 

responded to the stress associated with the co-existence of organic pollutants and ENMs, 84 

this study aims to explore the interactions among ENMs, environmental contaminants, 85 

bacterial communities and their implications to the microbial functions in sediments. 86 

Accordingly, the actual environmental risks posed by ENMs are mainly determined by 87 

the species and bioavailability of ENMs in environment. Numerous studies 88 

demonstrated the application of iron oxide nanomaterials (e.g., Fe2O3, Fe3O4 and 89 

FeOOH) and multi-wall carbon nanotubes (MWCNTs) to remove contaminants or 90 

lower bioavailability in wastewater.2-4 Hence, we chose Fe3O4 nanoparticles, Fe2O3 91 

nanoparticles and MWCNTs, which are widely applied and discharged,23-25 as 92 

representative ENMs. Typically, our study combines distinctive bacterial function 93 

analysis basing on PICRUSt to provide a more complete investigation of sediment 94 

microbiological state than is typically reported. In this study, we aim to (1) evaluate the 95 
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effect of typical ENMs on 4NP transformation and degradation in water-sediment 96 

interface, (2) determine bacterial community response in sediments driven by 4NP 97 

contamination and ENMs incorporation, and (3) explore the variation of bacterial 98 

metabolism functions in those perturbated sediments in order to elucidate the impacting 99 

mechanisms associated with each ENMs. 100 

2. Materials and methods 101 

2.1. Materials  102 

Sediment samples were collected from the 5–15 cm layer from the surface in 103 

Xiangjiang River along Xiaoxiang road near Hunan university in Changsha, China. 104 

After air drying, sediments were grinded and passed through a 2 mm sieve prior to the 105 

experiments. The sediments had a neutral pH (6.76) and an organic carbon content of 106 

24.9 g kg−1. Fe2O3 nanoparticles and Fe3O4 nanoparticles (>99.5% purity) were 107 

purchased from Jingkang new material technology Co. Ltd (Changsha). MWCNTs (>98% 108 

purity) were purchased from Chengdu Organic Chemicals Co. Ltd. of the Chinese 109 

Academy of Sciences. Detail information including shape, size and surface areas of 110 

MWCNTs and iron oxide nanoparticles were provided in Table S1 (Supporting 111 

information, SI). Ultrapure water was used throughout all experiments. 112 

2.2. Experiment setup 113 

Natural sediment with ultrapure water was set as blank control (group A). Natural 114 

sediment with 4NP supernatant was also used as control setup (group B). ENMs 115 

incorporated sediment was prepared by adding Fe3O4 nanoparticles (group C), Fe2O3 116 

nanoparticles (group D) and MWCNTs (group E) at a mass proportion of 0.5%. The 117 
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prepared ENMs-sediment mixtures were then homogenized via agitating at 30 rpm for 118 

72 h. Then, 20 g of as-prepared sediment was weighed and transferred into a serum 119 

bottle and added with 200 mL of 4NP solution (10 mg L−1, dissolved in 10% methanol, 120 

pH 7.0). The samples were placed at 25 °C for 45 days, and the supernatant and 121 

sediment were collected at each time interval. Furthermore, the sediments with 30 mg 122 

L−1 4NP (at the solid-to-liquid ratio of 1:10) were placed at 5, 15, 25 and 35 °C to 123 

investigate 4NP sedimentation and degradation, simulating the seasonal temperature 124 

variation in Changsha. 125 

2.3. 4NP extraction and analysis  126 

4NP concentrations were extracted by ultrasonic extraction with the addition of 127 

acetone and n-hexane (1:1, v/v) solution.26 2.0 g sediments were extracted by adding 128 

15 mL extracting solution and ultrasonic extracted for 30 min. The supernatant was 129 

collected by centrifugation at 4 °C. The ultrasonic extraction process was repeated for 130 

three times, and the supernatant was mixed. The supernatant was removed by rotary 131 

evaporation and then 1 mL of methyl alcohol was added to dilute the extracted 4NP. 132 

4NP concentration was determined by HPLC equipped with fluorescent detector. 133 

Meanwhile, Fe(II) extraction and detection were carried out following Li et al..27  134 

2.4. Sediment enzyme activity analysis 135 

Urease (EC 3.5.1.5) activity was detected using the modified method of Kandeler 136 

and Gerber.28 For urease activity detection, 2.0 g of sediments were mixed with 1 mL 137 

methylbenzene for 15 min, then 2 mL urea solution (100 g L−1) and 4 mL potassium 138 

citrate buffer were added and incubated at 38 ºC for 24 h, before finally adding ultrapure 139 
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water to a final volume of 25 mL. The supernatant was filtered, and the ammonium 140 

concentration of the filtered extracts was determined by measuring the absorbance at 141 

578 nm via UV-Vis spectrophotometer (UV 2550, Shimadzu). Dehydrogenase activity 142 

(EC 1.1.1.1; DHA) was assayed according to Tu et al..29 Polyphenol oxidase 143 

(EC1.10.3.2, PPO) activity was determined via evaluating the oxidation of catechol in 144 

the presence of phosphate buffer,30 and expressed as μg of catechol oxidized h-1 g-1 of 145 

sediments (basing on dry weight).  146 

2.5. Fe(II) extraction and analysis 147 

Microbial available Fe(II) in sediments was extracted via 0.5 M HCl at the solid-148 

to-liquid ratio of 1:10.31 After immediate mixing, the mixture was vibrated at 120 rpm 149 

at 30 °C in dark for 24 h. Thereafter, the extraction solution was centrifugated (4000 150 

rpm, 10 min) and filtrated for Fe(II) analysis. The concentrations of the Fe(II) were 151 

determined by the Fe(II)-selective reagent ferrozine.32 152 

2.6. DNA extraction and 16S rRNA high-throughput sequencing analysis 153 

The total genomic DNA was extracted from 0.5 g of wet sediments (sediments 154 

with 10 mg L−1 4NP at 30 °C, at day 2, 5, 15 and 30) using the E.Z.N.A.TM Soil DNA 155 

Kit (Omega Biotek, USA) according to the manufacturer's instructions. PCR 156 

amplification was carried out on a MyCycler thermal cycler (Bio-Rad, Hercules, CA, 157 

USA) using the forward primer 341F and reverse primer was 806R, targeting the V3-158 

V4 hypervariable regions. The purified PCR amplicons were sequenced using the 159 

Illumina Miseq (300-bp paired-end reads) platform at Mega genomics Technology Co., 160 

Ltd. (Beijing, China). The sequences were aligned against the SILVA 161 
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(http://www.arbsilva.de/) database, and clustered into operational taxonomic units 162 

(OTUs) at 97% similarity. Alpha and beta diversities were then determined using the 163 

Quantitative Insights Into Microbial Ecology (QIIME, version 1.6) pipeline.33 164 

Phylogenetic investigations of communities by reconstruction of unobserved states 165 

(PICRUSt) was applied to evaluate the metabolic characteristics of bacterial 166 

communities in the sediments.34 167 

2.7. Statistical analysis 168 

Weighted and Unweighted UniFrac35 distances were calculated from the 169 

normalized OTU tables for each experiment. α-diversity measures were calculated by 170 

the function ‘diversity’ using the Shannon method in the R package Vegan.36 171 

Additionally, principal coordinates analysis (PCoA) was used to visualize the variation 172 

in the microbial community composition among samples and potential clustering. A 173 

metagenomic biomarker discovery approach was employed with LEfSe linear 174 

discriminant analysis (LDA) coupled with effect size measurement which performed a 175 

nonparametric Wilcoxon sum-rank test followed by LDA analysis.  176 

3. Results and discussion 177 

3.1. Biodegradation rates of 4NP 178 

In our study, quick adsorption and sink of 4NP onto sediments were detected in 179 

this study. For example, at day 5, residual 4NP concentration in the aqueous solution 180 

was detected to be below 0.05 mg L−1 (Fig. 1a). The fast sedimentation of 4NP was 181 

perhaps due to its high octanol−water partition coefficient (average log Kow 4.48) and 182 

organic carbon partition coefficient (log Koc 5.22 ± 0.38),9 causing the rapid 183 
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sedimentation of 4NP. This suggested that sediments tended to be the primary 184 

environmental sink of 4NP in surface aquatic systems. Results were consistent with 185 

previous study that owing to its high hydrophobicity and octanol-water partition 186 

coefficient,9 4NP tends to be easily adsorbed to soil/sediments, which in turn become 187 

their storage in the environment.  188 

Hence, evaluating degradation of 4NP in sediments is important in the 189 

understanding of the fate of organic contaminants in the aquatic environment. Fig. 1b 190 

shows the dynamic 4NP levels residual in sediments. Almost complete removal was 191 

observed at day 45 in sediments incorporated with iron oxides (below 1.0 mg kg−1), 192 

whereas 3.97 and 15.26 mg kg−1 was observed in sediments without ENMs and with 193 

MWCNTs, respectively. For example, Yuan et al.15 reported that the half-lives of 4NP 194 

in river sediments varied from 13 to 99 d under aerobic conditions, and 16 bacterial 195 

strains capable of aerobically degrading 4NP and NP1EO as carbon sources were 196 

isolated. Meanwhile, as shown in Fig. S1, the residual 4NP concentration in sediment 197 

at 5 °C was higher than that at 15, 25 and 35 °C, suggesting that higher temperature 198 

favored 4NP degradation. At day 8, the residual 4NP levels at 35 °C were 66.95, 20.31, 199 

30.18 and 115.28 mg kg−1, accompanied with the degradation efficiencies of 77.68%, 200 

93.23%, 89.94% and 61.57%, respectively.  201 

It was apparent that Fe3O4 and Fe2O3 nanoparticles incorporation significantly 202 

stimulated 4NP degradation. Accordingly, application of iron oxides to strengthen 203 

organic pollution remediation has been widely recognized, taking advantages of their 204 

higher chemical activity and good biocompatibility, avoiding environmental and health 205 
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risks caused by the addition of iron compounds. Hansel et al.37 found that the addition 206 

of iron oxides can promote the morphological transformation of valence elements in 207 

the environment, thus, favoring degradation of organic matter. Bonneville et al.38 also 208 

observed that nano α-Fe2O3, amorphous α-Fe2O3 and lepidocrocite could be dissolved 209 

and transformed by Shewanella putrefaciens. Typically, nano α-Fe2O3 was first attached 210 

to the surface of the bacteria, and then reduced to Fe(II) catalyzed by Fe(III) reductase, 211 

showing higher iron reduction rate.  212 

In contrary, MWCNTs incorporation limited the 4NP degradation in sediments 213 

with relatively higher residual 4NP level. Accordingly, significant inhibition of 4NP 214 

degradation might ascribed to two possible reasons: (i) MWCNTs can act as carries of 215 

organic contaminants, which may prolong their existence in environment in the case of 216 

their lower accessibility to microbes. For instance, Li et al.39 demonstrated that CNTs 217 

restrained the polyaromatic hydrocarbons by reducing their bio-accessibility in soils, 218 

which was quite consistent with our observations. (ii) Potential cytotoxicity and 219 

microbial inactivation of MWCNTs might suppress the microbial degradation of 4NP.40 220 

Microbial inactivation was a theoretical pre-testing indicator of CNTs environmental 221 

impact and toxicity in soils and sediments. Our previous studies also confirmed the 222 

inactivation of microbial activity and exacerbated microbial inactivation occurred with 223 

MWCNTs even along with the reduced Cd bioavailability.41 Accordingly, we inferred 224 

that the inhibition of MWCNTs on 4NP degradation could be associated to their 225 

adsorption ability resulting in the lower bio-accessibility and their potential toxicity to 226 

microbes in the sediments. 227 
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3.2. Temporal course of enzyme activity 228 

Commonly, enzymes partially exist in solid or liquid phase of soils at the 229 

combined or free state, which involved in the breakdown or oxidation of organic 230 

matter.42, 43 In our study, activities of polyphenol oxidase (PPO), dehydrogenase (DHA) 231 

and urease were investigated. As shown in Fig. 2a, PPO activities in the 4NP 232 

contaminated samples were significantly higher than the controls, indicating that PPO 233 

activity is stimulated response to 4NP. Highest PPO activity was observed at day 9, and 234 

then gradually decreased accompanied by the gradual 4NP degradation. In addition, 235 

PPO activity was significantly promoted in Fe2O3 and Fe3O4 incorporated samples 236 

compared to those with MWCNTs. PPO is an important oxidoreductase ubiquitous in 237 

soils and sediments contributing to the decomposition and transformation of aromatic 238 

compounds.44 It is also implicated in catalyzing several different phenols to produce o-239 

quinones.29 Thus, increased PPO activity was found, which could be responsible for the 240 

demand-driven degradation of 4NP.  241 

 Comparatively, unlike PPO, activities of DHA and urease decreased immediately 242 

after 4NP contamination. Generally, activities of urease and DHA reflect the 243 

contamination level.42 As shown in Fig. 2(b, c), initial 4NP contamination singularly 244 

inhibited DHA and urease activities due to potential toxicity of 4NP to microorganisms. 245 

Previous studies also reported the rapid decline in DHA activity in the heavy metal and 246 

organic pollutants contaminated soils.45 Additionally, the inhibition of DHA and urease 247 

was also remitted with the addition of Fe3O4 and Fe2O3. MWCNTs incorporation 248 
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represented the most serious and long-duration enzyme inactivation, which was 249 

possible depending on the higher residual 4NP level and potential toxicity of MWCNTs.  250 

Considering the potential microbial toxicity of ENMs, direct comparison of 251 

impacts on enzyme activity (PPO and urease) was conducted with iron oxides and 252 

MWCNTs incorporation respectively. As shown in Fig. 2d, MWCNTs inhibited PPO 253 

activity, with the activity changing in response below 0.5, while addition of Fe3O4 and 254 

Fe2O3 nanoparticles elevated PPO activity in sediments. Similar results were found in 255 

urease activity that MWCNTs were more toxic than iron oxides. Results were consistent 256 

with previous studies showing that MWCNTs exposure inhibited microbial biomass, 257 

respiration and enzyme activities in soils and sediments.46 In contrary, iron oxide 258 

nanoparticles were much more environmental friendly with good biocompatibility.3 259 

Accordingly, we speculated that the variation in microbial enzyme activities in our 260 

study was mainly affected in two ways, one by influencing the 4NP degradation 261 

pathway and the other, via the intrinsic fate of iron oxide nanoparticles and MWCNTs.  262 

3.3. Bacterial community composition and individual taxon abundance 263 

For in-depth understanding of microbial variation in the reactors, pyrosequencing 264 

was used with 16s rRNA-specific oligonucleotide primers. Mean of 69235 clean tags 265 

was obtained. The total numbers of OTUs in the five different groups were 12793, 266 

17517, 17434, 17645 and 16446 for groups A, B, C, D and E, respectively (Fig. S2). 267 

There were noteworthy overlaps in the differentially abundant OTUs. The similar 268 

OTUs among the five groups were about 6926, and the unique OTUs in group A, B, C, 269 

D and E were 799, 886, 752, 1023 and 685, respectively. Further analysis of the OTUs 270 
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in the tested samples showed that the core OTUs shared in all 20 samples were 832 (Fig. 271 

3a), with the increasing observed species response to 4NP contamination. Samples at 272 

day 2 and 5 exhibited the most abundant unique OTUs in the 4NP contaminated samples. 273 

Furthermore, the decrease in the total and unique OTUs in the MWCNTs incorporated 274 

samples suggested possible microbial inhibitory role of MWCNTs. 275 

The PCoA plot based on Weighted Unifrac distances suggested that the bacterial 276 

community structure varied significantly among 4NP contaminated samples and the 277 

blank control (Fig. 3b). Additionally, within-sample diversity (α-diversity) revealed 278 

variation in the five groups (Fig. 3c). The lowest number of observed species was 279 

observed in the blank control, while 4NP contamination elevated the observed species 280 

greatly. Chao1 and Shannon index analysis further demonstrated that 4NP 281 

contamination contributed to significant promotion of the bacterial biodiversity. Results 282 

suggested that 4NP contamination stimulated bacterial growth, resulting in a richer 283 

bacterial biodiversity. No significant differences were found in the 4NP contaminated 284 

sediment incorporated with Fe2O3, Fe3O4 and MWCNTs.  285 

Phylogenetic analysis assigned the 16S rRNA gene sequences to different taxa, 286 

allowing us to further explore the dynamics of the bacterial community (Fig. 3d). The 287 

taxonomic distributions of each bacterial sample were determined at the phylum and 288 

genus level. Apparently, phyla distributions were markedly different among 20 tested 289 

samples. The samples could be simply classified into four subjects. In detail, subject A 290 

included samples with 4NP contamination at day 15 (also including MWCNTs 291 

incorporated sample at day 30). Subject B involved in the samples at initial day 2 and 292 
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5 with relatively high 4NP levels. Subject C was classified as the samples without 4NP 293 

contamination (blank controls), while subject D contained samples with 4NP 294 

contamination at day 30 (except for samples with MWCNTs). Results demonstrated 295 

that 4NP contamination significantly altered the bacterial communities.  296 

Apparently, Proteobacteria were dominant phylum and did not vary significantly 297 

in all samples, which is indicative of their admirable tolerance to the stress relative to 298 

4NP. In subject C, Proteobacteria and Firmicutes dominated the community, 299 

accounting for over 70% of all the sequences generated. Firmicutes were the most 300 

abundant phylum in natural sediments with a relatively stable proportion of 36.86%–301 

56.81%. Interestingly, initial 4NP exposure (day 2, 5 and 15) led to a significant 302 

decrease in the proportion of Firmicutes to below 17%. Meanwhile, we also observed 303 

the recovery of Firmicutes at day 30 with 4NP degradation (except for samples with 304 

MWCNTs with high levels of 4NP). In subjects A and B with high levels of 4NP, 305 

Proteobacteria (22.72%–35.19%), Actinobacteria (15.46%–27.76%) and 306 

Acidobacteria (9.78%–19.22%) were the most abundant groups. Furthermore, 307 

Actinobacteria, Acidobacteria, Chloroflexi and Gemmatimonadetes increased 308 

significantly response to 4NP contamination. Results indicated the vital roles of these 309 

bacteria in organic tolerance and degradation in sediments. Notably, Acidobacteria, 310 

which have been reported to be abundant in soils and sediments, were characterized by 311 

their ability to withstand metal-contaminated, organic-contaminated, acidic, and other 312 

extreme environments.47 Previous studies also reported the roles of Acidobacteria in 313 

microbial degradation of lignocellulosic plant biomass.48, 49 Moreover, recent studies 314 
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have reported that members of Chloroflexi were ubiquitous in the environment, and 315 

some of them played important roles in organic matter degradation.50 The large 316 

proportion and demand driven of the these phyla are indicatives of their contribution to 317 

biodegradation.51 318 

Further comparison of the bacterial communities was conducted at the class level 319 

to further investigate the impact of 4NP contamination and ENMs incorporation (SI, 320 

Fig. S3). Comparison between groups A and B revealed that 4NP contamination led to 321 

the sharp decrease in Bacilli, Clostridia, Spartobacteria, Betaproteobacteria, 322 

Bacteroidia and Sphingobacteriia, suggesting their sensibility to 4NP contamination 323 

owing to the potential toxicity. In group B, Gammaproteobacteria and Flavobacteria 324 

were observed to be in highest abundance. Meanwhile, comparison among three groups 325 

with ENMs revealed that Negativicutes, Acidoacteria, Caldilineae, Themomicrobia and 326 

Ktedonobacteria were the dominant classes in groups C and D with iron oxide 327 

nanomaterials, whereas the most represented bacterial classes in group E were Soil 328 

Crenarchaeotic Group (SCG), α-proteobacteria, Deinococci and Phycisphaerae. 329 

Although the dominant classes varied among the treatments, most bacterial classes were 330 

shared by all sediments. For example, Nitrospira, Chloroflexia, Acidimicrobiia, 331 

Acidobacteria, Gemmatimonadetes and Thermoleophilia significantly increased in 332 

response to 4NP contamination, but did not vary significantly with various ENMs 333 

incorporation. These bacteria were also widely reported involved in the degradation of 334 

organic contaminants and with potential ability to withstand other numerous 335 
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contaminants,52-54 which may reflect the ecological coherence of the contaminated 336 

sediments.  337 

3.4. Discriminative bacterial community analysis 338 

To identify the taxa that differed significantly among the 4NP contaminated 339 

samples, linear discriminant analysis effect size (LEfSe) was employed. As shown in 340 

Fig. 4, 16 bacterial clades presented statistically significant differences with an LDA 341 

threshold of 2.0. Most bacteria were significantly enriched in group E with MWCNTs, 342 

while only 1 and 2 clades showed favored abundances in group C and D, respectively. 343 

For example, higher taxonomic levels of Thermales (including Deinococcus, 344 

Deinococci, Thermales, Thermaceae and Thermus), Phycisphaerae, Halieaceae, 345 

Flavitalea and Nitrosococcus were found in group E (Fig. 4a). Commonly, Deinococcus, 346 

Thermus and Nitrosococcus are known to be capable of degrading phenolic 347 

compounds.55 Thus, the dominance of these species indicated that they may have 348 

important functions in biodegradation. However, even consistently observed in 349 

contaminated environments, no significant roles in organic contaminant biodegradation 350 

were found for Halieaceae, Phycisphaerae and Flavitalea.  351 

It was noteworthy that Nocardia was the dominant taxa as well as the biomarker 352 

in group C with Fe3O4 nanoparticles, while Pantoea and Promicromonospora were 353 

significantly more abundant in group D with Fe2O3 nanoparticles. Nocardia, Pantoea 354 

and Promicromonospora species as candidates for the removal of organic contaminants 355 

have been widely reported. Notably, Nocardia and Promicromonospora are 356 

actinobacterial56 and play important roles as recyclers of organic matter.57 Typically, 357 
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Nocardia has been reported to synthesis biosurfactant such as lipopeptides and 358 

glycolipids, which is benefit to the potential degradation of hydrocarbon compounds.58 359 

Chang et al.59 has isolated Nocardia sp. strain CYKS2 capable of degrading 360 

dibenzothiophene and thiazole. Zeinali et al60 also reported 361 

that Nocardia otitidiscaviarum TSH1 could degrade phenol, n-alkanes and some 362 

polycyclic aromatic hydrocarbons. Their pre-dominance in groups C and D suggested 363 

that they were selectively enriched with iron oxides incorporation and had an important 364 

function related to 4NP removal. 365 

Considering the significant difference in 4NP degradation, LEfSe analysis was 366 

further conducted between group D and E (group D vs. group E). LefSe analysis showed 367 

that the biomarker demonstrating significant difference between group D and group E. 368 

As shown in Fig. S4, group E with MWCNTs mainly enriched members of Flavitalea, 369 

Lysobacter, Deinococcus, and Oligoflexales, consistent with the previous results (Fig. 370 

S4). Enterobacteriales (o) (including Enterobacteriaceae (f) and Enterobacteriales (g)), 371 

Promicromonospora (g), Aquincola (g) were the discriminative taxa in group D with 372 

Fe2O3 nanoparticles. Interestingly, iron-reducing bacteria, including Pantoea, 373 

Shewanella and Shewanellaceae were discriminately detected in group D. It may be 374 

speculated that iron-reducing bacteria may proliferate in response to Fe2O3 375 

nanoparticles incorporation. These iron-reducing bacteria, which are capable of 376 

coupling microbial Fe(III) reduction to oxidation of organic matter, play a significant 377 

role in the global geochemical cycling.61, 62 Pantoea and Shewanellaceae family are 378 

well-known ferric iron-respiring microorganisms (FRMs), which use Fe(III) as well as 379 
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other metals as terminal electron acceptors.63 Accordingly, FRMs such as Pantoea,64 380 

Salinibacterium65 and Shewanella 66 have been reported capable to transform, detoxify, 381 

or immobilize a variety of metallic and organic pollutants. For example, Pantoea, such 382 

as P. agglomerans SP1, is widely reported to participate in microbial Fe(III) reduction67 383 

and linked to the biodegradation of numerous organic contaminants.68, 69 Recently, 384 

Haleyur et al.64 reported that Pantoea sp. could also utilize substrates from different 385 

biochemical categories (i.e., amino acids, phenolic compounds, carbohydrates, 386 

carboxylic acids and polymers) as carbon source. This suggested that iron oxides 387 

incorporation induced the microorganisms with iron reducing ability and endowed a 388 

better advantage in 4NP survival and degradation. 389 

3.5. Predicted functions basing on PICRUSt analysis 390 

 We also explored microbial function using the PICRUSt algorithm.34 A total of 391 

6,372 KEGG functions, corresponding to 304 level 3 KO entries were identified by 392 

matching sequences data basing on KEGG enzyme nomenclature. Majority of predicted 393 

protein sequences in the tested samples were associated with the functions involved in 394 

metabolism (48.87%–52.04%), genetic information processing (15.68%–16.03%), 395 

environmental information processing (12.82%–15.31%) and unclassified processes 396 

(13.06%–13.40%) (Fig. 5a). Specifically, 4NP contamination resulted in a significant 397 

increase in the genes involved in relevant metabolic functions, including amino acid 398 

metabolism (9.78%–11.41%), carbohydrate metabolism (9.38%–10.83%), energy 399 

metabolism (5.27%–6.03%), xenobiotics biodegradation and metabolism (2.87%–400 

4.64%), replication and repair (6.47%–7.31%), whereas enzyme family (1.89%–401 
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2.15%), cell mobility (2.88%–4.60%) and membrane transport (4.22%–5.95%) were 402 

significantly depleted response to 4NP contamination (Fig. 5b). Results demonstrated 403 

that 4NP contamination promoted genes for metabolism, genetic information 404 

processing, environmental information processing and cellular processes associated 405 

with biodegradation pathways. Meanwhile, Fe2O3 incorporated samples showed the 406 

most significant expression in genes related to carbohydrate metabolism (10.83%) and 407 

membrane transport (5.95%). In contrary, MWCNTs incorporation repressed those 408 

functional genes, while promoting the genes associated with amino acid metabolism, 409 

cell growth and death related pathways. 410 

 Typically, 4NP contamination significantly enriched the abundances of xenobiotic 411 

biodegradation pathways, including degradation of polycyclic aromatic hydrocarbon, 412 

benzoate, bisphenol, xylene and drug metabolism (Fig. 5c). Specially, samples 413 

incorporated with Fe2O3 nanoparticles possessed the most abundant functional genes 414 

corresponding to organic degradation, followed by Fe3O4 nanoparticles, while 415 

MWCNTs showed the least functional genes. Results demonstrated that ENMs affected 416 

bacterial function on cellular processes and metabolic pathways, thus, also affecting the 417 

4NP degradation ability in sediments. Results were quite agreed with Kim et al., who 418 

reported that Fe(OH)3 addition increased cell numbers/viability and caused changes in 419 

cellular physiology that resulted in enhancement of carbon tetrachloride bioremediation, 420 

mainly via stimulating microbial iron reduction and surface-bound Fe(II) production.70  421 

Additionally, it was interesting to note that proteins related to iron regulation and 422 

transport also varied significantly among the different groups. In responding to changes 423 
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in the environment, especially iron oxides incorporation, response regulators usually 424 

alter expression of genes that promote iron transport and availability. Here, those 425 

related functional proteins were determined by PICRUSt prediction and presented in 426 

Fig. 6a. As well known, iron is the most abundant transition metal in the environment 427 

and is an essential co-factor for many metabolic enzymes involved in biological 428 

reactions.61 Commonly, iron transport is usually controlled via ferrous iron transport 429 

systems (composed of three proteins FeoA, FeoB and FeoC) and iron complex transport 430 

system including substrate binding protein, iron complex out-membrane receptor 431 

protein, permease protein as well as ATP binding protein.66 Meanwhile, ABC 432 

transporters can also translocate heme and iron-siderophores across the cytoplasmic 433 

membrane with important functions in iron metabolism.71 Meanwhile, iron uptake is 434 

usually regulated by the ferric uptake regulator (Fur) and Fur-like protein (including 435 

manganese uptake regulator (Mur) and peroxide stress response (PerR)). Diphtheria 436 

toxin regulator (DtxR) protein that can also regulate iron uptake in some gram-positive 437 

bacteria (such as streptomyces, corynebacteria, and mycobacteria, etc.).62, 65 As shown 438 

in Fig. 6a, iron complex transport system, including permease protein, out-membrane 439 

receptor protein and substrate-binding protein, were widely varied in all samples. The 440 

mean percentage of these iron complex transport system in group C with Fe2O3 441 

nanoparticles was higher than group E with MWCNTs. It was apparent that iron oxides 442 

incorporation promoted the expression of Fur family transcriptional protein, phtheria 443 

toxin regulator (including Fur, and FhuF and DtxR) and iron complex transport system 444 

(especially substrate-binding protein, permease protein and ATP-binding protein) (Fig. 445 
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6a), which were responsible for iron transport and iron cycle in the environment. 446 

However, PICRUSt is only a means of predicting functional genes; thus, further 447 

research is required to confirm the accuracy of gene function information by other 448 

biology technologies. 449 

To date, limited studies are available focused on the effects of exogenous iron 450 

oxide nanomaterials incorporation on iron regulation pathway and iron cycling in 451 

natural sediments. Thus, to deep understand the possible roles of iron oxides 452 

incorporation and iron-reduction in 4NP degradation, microbial available Fe(II) 453 

concentrations in sediments were determined (Fig. 6b). Apparently, gradual increase in 454 

microbial available Fe(II) was found in all samples. In natural sediments without ENMs, 455 

Fe(II) concentration was elevated from 77.26 mg kg−1 to 140.42 mg kg−1, which could 456 

possibly be due to the natural iron oxides in river sediments that are undergoing 457 

reduction with increasing available Fe(II).72 Indeed, significant increase in Fe(II) levels 458 

was found in groups C and D with iron oxides incorporation, while sediments 459 

incorporated with MWCNTs exhibited the lowest Fe(II) levels during the entire 460 

duration of the 30 day study. Results here demonstrated that iron oxide nanoparticles 461 

incorporation stimulated iron transport and cycle in sediments. Observations were 462 

similar to previous studies reporting that the microbial reduction of Fe(III) to Fe(II) had 463 

key roles in the iron cycle and organic matter mineralization in the overlying water-464 

sediments interface.73 Accordingly, iron oxides could be dissolved in soil or sediment 465 

to form Fe(III), and further reduced to Fe(II) via microbial reduction by anaerobic, 466 

facultative anaerobic and hyperthermophilic microorganisms. Insoluble Fe(III) oxides 467 
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are generally the most abundant potential electron acceptors for oxidation of organic 468 

matter. Detailly, iron-reducing microbes could transfer electrons to the extracellular 469 

surface of iron oxides by respiration, Fe(III) acted as electron acceptors and transferred 470 

to Fe(II). Meanwhile, microbially driven Fenton reactions might occur with the 471 

alternately production of H2O2 (via microbial O2 respiration) and Fe(II) (via microbial 472 

Fe(III) reduction), which might promote the organics degradation.74 These could 473 

promote the organics degradation through the cyclic transformation between Fe(III) and 474 

Fe(II).75  475 

In our study, significant negative correlation was found between residual 4NP 476 

levels and Fe(II) concentrations in the sediments (Fig. 6c), suggesting the coherence of 477 

lower residual 4NP and higher Fe(II) levels. Results were quite corroborated with 478 

previous studies that crystalline iron oxides, including goethite and hematite, could 479 

stimulate iron reduction and organic degradation.76 Although the thermodynamic 480 

favorability of crystalline Fe(III) oxides reduction increased compared to amorphous 481 

Fe(III) oxides, previous studies have suggested that FRMs were capable of utilizing 482 

crystalline solid-phase Fe(III) as electron acceptor.73, 77 For example, Zhang et al.78 also 483 

found that a variety of iron oxide-mediated iron reduction processes significantly 484 

promoted the reduction of nitrate by Bacillus sp., among which α-Fe2O3 and γ-Fe2O3 485 

exhibited the most notable promotion. Meanwhile, even with the weak ability of Fe(III) 486 

reduction, many fermentative microorganisms were reported to be responsible for the 487 

production of fermentation products, serving as electron donors for the iron reduction.75 488 

For example, Shewanella species can transfer electrons from the cell surface to Fe(III) 489 
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oxides by releasing soluble electron-shuttling compounds, thus overcoming the 490 

insolubility of Fe(III) oxides.38 Furthermore, redox-reactive organic compounds 491 

ubiquitous in sediments, such as humic acids and plant exudates, could serve as electron 492 

shuttles, which can transfer electrons between a wide variety of both inorganic and 493 

organic compounds in redox reactions.79 These findings were consistent with the LEfSe 494 

analysis, which showed that Shewanella species tended to be biomarkers in Fe2O3 495 

incorporated sediments. Herein, results suggested that such an enhancement of 496 

microbial mediated hematite-Fe(III) reduction to microbial available Fe(II) might be 497 

important reason contributing to promotion in 4NP degradation. Accordingly, we 498 

inferred that iron oxide nanomaterials promoted 4NP degradation might be attributed 499 

to two possible reasons: First, good biocompatibility and low toxicity of iron oxides to 500 

sediment microbes. Second, because some microorganisms contributed to iron oxides 501 

dissolution and couple growth using Fe(III) as electron acceptors, the exogenous 502 

addition of iron oxides might increase cell numbers and viability of iron reducing 503 

microbes, and thus stimulating microbial iron reduction and surface-bound Fe(II) 504 

production that contributed to enhancement in 4NP degradation.  505 

4. Conclusion 506 

Unlike cellular toxicity studies, which have been widely performed, studies 507 

focusing on the environmental behavior and fate of ENMs are still in their infancy. 508 

Investigations on the interaction among ENMs, chemicals and environmental 509 

organisms remain challenging. In this study, taking 4NP as a target contaminant, we 510 
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explored 4NP sedimentation, degradation and bacterial response in a water-sediment 511 

interface ecosystem. We found that: 512 

 For the three kind of ENMs used here, iron oxides promoted 4NP degradation in 513 

sediments, whereas MWCNTs significantly inhibited 4NP degradation.  514 

 Observed bacterial response and LEfSe analysis results suggested that iron oxides 515 

incorporation stimulated iron respiring bacteria participating in iron reduction and 516 

thus strengthening 4NP degradation. 517 

 PICRUSt analysis demonstrated that iron oxides elevated the expression of 518 

xenobiotic biodegradation and metabolism proteins and also iron regulated proteins 519 

including FeoB, Fur and Fur-like family, and iron complex transport systems. 520 

Indeed, such an enhanced expression might contribute to the promotion of 4NP 521 

degradation in iron oxides incorporated sediments. In contrast, the reduction in 522 

those functional proteins and sever microbial inactivation led to impede 4NP 523 

degradation in MWCNTs incorporated sediments. 524 

 Given this information, we suggested the well biocompatible and stimulation in the 525 

predominance of iron-reducing bacteria probably have important functions in 526 

sediments and brought about a better performance with 4NP degradation. 527 

 Further study is required to confirm the accuracy of gene function information by 528 

biology technologies (e.g., metagenomics, microarrays, single cell genomics). 529 
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 761 

Figure 1. (a) Residual 4NP concentration in overlying water; (b) Residual 4NP 762 

concentration in sediments incorporated with different engineering nanomaterials. 763 

(Experimental conditions: initial 4NP concentration: 10 mg L−1; ENMs dosage: 0.5%; 764 

Solid-to-liquid ratio: 1:10; Temperature: 25 ºC, pH: 7.0). 765 
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 767 

Figure 2. Dynamic variations in the activity of polyphenol oxidase (PPO, a), 768 

dehydrogenase (DHA, b) and urease (c); response of PPO (d) and urease activity (e) to 769 

Fe3O4 nanoparticles, Fe2O3 nanoparticles and MWCNTs at day 9 (d). Different letters 770 

indicate significant differences (p < 0.05). (Experimental conditions: initial 4NP 771 

concentration: 10 mg L−1; ENMs dosage: 0.5%; Solid-to-liquid ratio: 1:10; 772 

Temperature: 25 ºC, pH: 7.0). 773 
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 774 

Figure 3. (a) OTUs analysis in the tested samples at day 2, 5, 15 and 30; (b) α-diversity 775 

analysis in the five tested groups; (c) PCoA analysis based on the distance of Weighted 776 

Unifrac; (d) Hierarchical cluster analysis based on Weighted Unifrac distance in 777 

Phylum level in the tested samples. (Group A: control samples without 4NP and ENMs; 778 

group B: samples contaminated with 4NP; group C: samples incorporated with 4NP 779 
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and Fe3O4; group D: samples incorporated with 4NP and Fe2O3; group E: samples 780 

incorporated with 4NP and MWCNTs).   781 
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 782 

Figure 4. LEfSe results and Biomarker detection analysis of bacteria among the five 783 

tested groups. (Group A: control samples without 4NP and ENMs; group B: samples 784 

contaminated with 4NP; group C: samples incorporated with 4NP and Fe3O4; group D: 785 

samples incorporated with 4NP and Fe2O3; group E: samples incorporated with 4NP 786 

and MWCNTs).   787 
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 788 

Figure 5. (a) Variation of bacterial functions relating to metabolism, genetic 789 

information processing, cellular processes and environmental information processing 790 

at KEGG level 1; (b) Variation of bacterial functions at KEGG level 2; (c) Variation of 791 

bacterial functions relating to xenobiotics biodegradation and metabolism at KEGG 792 

level 3. Bacterial gene functions were predicted from 16S rRNA gene-based microbial 793 

compositions using the PICRUSt algorithm to make inferences from KEGG annotated 794 

databases. (Group A: control samples without 4NP and ENMs; group B: samples 795 

contaminated with 4NP; group C: samples incorporated with 4NP and Fe3O4; group D: 796 
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samples incorporated with 4NP and Fe2O3; group E: samples incorporated with 4NP 797 

and MWCNTs). 798 

  799 
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 800 

Figure 6. (a) HCl-extracted Fe(II) concentration in sediments; (b) Relationship 801 

between residual 4NP concentration and extracted Fe(II) concentrations; (c) Variation 802 

of bacterial functions relating to iron regulated proteins. (Group A: control samples 803 

without 4NP and ENMs; group B: samples contaminated with 4NP; group C: samples 804 

incorporated with 4NP and Fe3O4; group D: samples incorporated with 4NP and Fe2O3; 805 

group E: samples incorporated with 4NP and MWCNTs). 806 
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