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ABSTRACT

In this study, we presented a detailed investigation on the effects of typical engineered
nanomaterials (ENMs) (including Fe»O3 nanoparticles, FesO4 nanoparticles and multi-
wall carbon nanotubes (MWCNTS) on 4-nonylphenol (4NP) degradation, diversity and
function of bacterial communities in sediments. Results demonstrated that iron oxides
promoted 4NP degradation and enzyme activities in sediments, while MWCNTs
inhibited those activities. LEfSe analysis suggested that iron oxides incorporation
discriminative enriched iron-reducing bacteria, including Pago hewanella and
Shewanellaceae contributing to iron reduction and orga adation. PICRUSt

analysis demonstrated that 4NP contaminatig romoted the expression of

biodegradation related genes, including a@ d metabolism, carbohydrate
metabolism, energy metabolism an ic biodegradation and metabolism.
Interesting, compare to MWC rther found that iron oxides incorporation
brought about an enhance@ession of iron regulated proteins, including ferric
uptake regulator ,g’eria toxin regulator (DtxR), ferrous iron transport (FeoB)
and iron complex trsport systems. These results indicate that iron oxides endow a
better advantage in 4NP degradation, in contrast, pragmatic prospection of MWCNTSs
is necessary since the fact of extending persistence of 4NP in sediments. The study may
be favored to evaluate the secure applications of ENMs in the aquatic environment
basing on full understanding of their environmental fate.

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

functions, iron regulated proteins
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1. Introduction

The increasing global production and application of engineered nanomaterials
(ENMs) resulted in the increasing release into the environment. A recent study
estimated that approximately 20,000 t of ENMs are expected to end up in municipal
incineration facilities worldwide on an annual basis.! Among numerous ENMs, iron
based nanomaterials and carbon based nanomaterials are widely applied and discharged.
CNTs have been proposed for large-scale applications, such as hydrogen storage
devices, quantum computers, agricultural smart delivery syst mical sensors,
optical devices, catalyst supports, and also environment tions.2 Numerous
studies also demonstrated the wide application of ir ide nanomaterials (e.g., Fe20g,

FesO4 and FeOOH) in ceramics, leather, cat also wastewater treatment.>

According to a market research report,

rt i
products was about 4,065 ton@Qand exceeded 12,300 tons in 2015.° The
significant expansion in t@

applications led ei@ual accumulation in environment. Once released into the

capacity for carbon nanotubes (CNTSs)

ication of these ENMs in large-scale commercial

environment, ENMs§nay accumulate in soils and/or sediments.

As the ultimate sink of various pollutants, the aquatic sediments tend to be the
primary storage for ENMs as well. There is a growing concern about the fate of ENMs
and their interactions with co-existed contaminants, for their potential effects on
transformation and bioavailability.® 7 Additionally, once be accumulated into the
soil/sediment, ENMs may contact soil particles, contaminants, as well as

microorganisms. Microorganisms as a vital component in the ecosystem play an
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important role in the fate of contaminants and ENMs. Published data for the fate of
ENMs in environment primarily focused on their effect on the transportation and
bioavailability of contaminants, usually in simulative porous medium or in soil. For
example, Hofmann and Kammer® investigated the synergetic transport between carbon
nanomaterials and hydrophobic organic pollutants (HOCSs) in porous media, and proved

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

pollutants.
Specifically, 4-nonylphenol (4NP) has drawn increagi ern due to its
estrogenic effects and ubiquity in environment.® ¥ For e Nhe production and

consumption loads of 4NP in the United States we orted to be 194,000 tones and

163,000 tons in 2006, respectively.!! Mean , is a breakdown product of

nonylphenol ethoxylates (NPES) wide &etergent, textile and pesticides,? but

more persistent, lipophilic and t@ parent NPEs.™® Approximately 60% of NP
<)

was released into the aquat g onment via discharge of wastewater treatment plant
(WWTP) effluer?a@ the intermediate products of NPEs.** Commonly, 4NP
could be potentially\emoved by the naturally occurring microorganisms harbored in
sediments and bacterial strains with bioremediation potentials have also been identified.
Several bacterial strains isolated from soils, sediments or activated sludge were found
to participate in the direct degradation of 4NP, such as Pseudomonas sp.,*
Sphingomonas sp.'® 17 and Stenotrophomonas sp..'® Drastic shifts in microbial activity
and bacterial community members largely driven by the organic contaminants are

widely reported in pure soil or river sediment.® 2° Previous studies have demonstrated
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that such contaminations stimulated the enrichment of organic-degrading microbial
community.?! 22 Exploring microbial communities can provide invaluable information
in biological understanding of biodegradation. However, few studies concentrated on
investigating the microbial response to the co-existence of ENMs and organic
contaminants, which is beneficial to control risks of ENMs basing on the
understandings of their interactions. Especially, scarce studies have been done in
natural sediments, because of their uncertainty and complexity of dynamic
characteristics.

Addressing the lack of information about the interaWy etween NPEs and
ENMs, especially that how bacterial community functions are affected by and
responded to the stress associated with the co-@ organic pollutants and ENMs,

this study aims to explore the interacti &EN Ms, environmental contaminants,

bacterial communities and their,

% s to the microbial functions in sediments.
Accordingly, the actual en\@ntal risks posed by ENMs are mainly determined by
the species an jogilgpility of ENMs in environment. Numerous studies
demonstrated the afplication of iron oxide nanomaterials (e.g., Fe2Os, Fe3O4 and
FeOOH) and multi-wall carbon nanotubes (MWCNTSs) to remove contaminants or
lower bioavailability in wastewater.>* Hence, we chose FesOs nanoparticles, Fe2O3
nanoparticles and MWCNTs, which are widely applied and discharged, % as
representative ENMs. Typically, our study combines distinctive bacterial function

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

microbiological state than is typically reported. In this study, we aim to (1) evaluate the



96 effect of typical ENMs on 4NP transformation and degradation in water-sediment
97 interface, (2) determine bacterial community response in sediments driven by 4NP
98  contamination and ENMs incorporation, and (3) explore the variation of bacterial
99  metabolism functions in those perturbated sediments in order to elucidate the impacting
100  mechanisms associated with each ENMs.

101 2. Materials and methods

102 2.1. Materials

103 Sediment samples were collected from the 5-15 cm | the surface in
104  Xiangjiang River along Xiaoxiang road near Hunan univa Changsha, China.
105  After air drying, sediments were grinded and passe ough a 2 mm sieve prior to the

106  experiments. The sediments had a neutral pH an organic carbon content of

107 24.9 g kgl Fe,O3 nanoparticles a &amoparticles (>99.5% purity) were

108  purchased from Jingkang new m@ ology Co. Ltd (Changsha). MWCNTSs (>98%
109  purity) were purchased frf@ngdu Organic Chemicals Co. Ltd. of the Chinese

110  Academy of Sci @ information including shape, size and surface areas of

111  MWCNTs and iroroxide nanoparticles were provided in Table S1 (Supporting
112 information, SI). Ultrapure water was used throughout all experiments.

113 2.2. Experiment setup

114 Natural sediment with ultrapure water was set as blank control (group A). Natural
115  sediment with 4NP supernatant was also used as control setup (group B). ENMs
116  incorporated sediment was prepared by adding FesO4 nanoparticles (group C), Fe2O3

117  nanoparticles (group D) and MWCNTSs (group E) at a mass proportion of 0.5%. The
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prepared ENMs-sediment mixtures were then homogenized via agitating at 30 rpm for
72 h. Then, 20 g of as-prepared sediment was weighed and transferred into a serum
bottle and added with 200 mL of 4NP solution (10 mg L}, dissolved in 10% methanol,
pH 7.0). The samples were placed at 25 <T for 45 days, and the supernatant and
sediment were collected at each time interval. Furthermore, the sediments with 30 mg
L1 4NP (at the solid-to-liquid ratio of 1:10) were placed at 5, 15, 25 and 35 <T to
investigate 4NP sedimentation and degradation, simulating the seasonal temperature
variation in Changsha. %
2.3. 4NP extraction and analysis

4NP concentrations were extracted by ultras extraction with the addition of

acetone and n-hexane (1:1, v/v) solution.?® 2. ents were extracted by adding

15 mL extracting solution and ultra

S &ed for 30 min. The supernatant was
collected by centrifugation at 4 @Q

three times, and the superrigtantgvas mixed. The supernatant was removed by rotary
evaporation and T f methyl alcohol was added to dilute the extracted 4NP.
4NP concentration Yas determined by HPLC equipped with fluorescent detector.

Meanwhile, Fe(ll) extraction and detection were carried out following Li et al..?’

rasonic extraction process was repeated for

2.4. Sediment enzyme activity analysis

Urease (EC 3.5.1.5) activity was detected using the modified method of Kandeler
and Gerber.?® For urease activity detection, 2.0 g of sediments were mixed with 1 mL
methylbenzene for 15 min, then 2 mL urea solution (100 g L) and 4 mL potassium

citrate buffer were added and incubated at 38 <€ for 24 h, before finally adding ultrapure
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water to a final volume of 25 mL. The supernatant was filtered, and the ammonium
concentration of the filtered extracts was determined by measuring the absorbance at
578 nm via UV-Vis spectrophotometer (UV 2550, Shimadzu). Dehydrogenase activity
(EC 1.1.1.1; DHA) was assayed according to Tu et al..?® Polyphenol oxidase
(EC1.10.3.2, PPO) activity was determined via evaluating the oxidation of catechol in
the presence of phosphate buffer,?® and expressed as g of catechol oxidized h'* g* of
sediments (basing on dry weight).
2.5. Fe(ll) extraction and analysis

Microbial available Fe(lI1) in sediments was extracted HCI at the solid-
to-liquid ratio of 1:10.3! After immediate mixing, t ixture was vibrated at 120 rpm
at 30 <T in dark for 24 h. Thereafter, the ext@ tion was centrifugated (4000

rpm, 10 min) and filtrated for Fe(ll) ggal he concentrations of the Fe(ll) were

determined by the Fe(ll)-selecti errozine.

2.6. DNA extraction and 1@@;9h-throughput sequencing analysis

The total g i was extracted from 0.5 g of wet sediments (sediments
with 10 mg L™ 4NPNt 30 <C, at day 2, 5, 15 and 30) using the E.Z.N.A.TM Soil DNA
Kit (Omega Biotek, USA) according to the manufacturer's instructions. PCR
amplification was carried out on a MyCycler thermal cycler (Bio-Rad, Hercules, CA,
USA) using the forward primer 341F and reverse primer was 806R, targeting the V3-
V4 hypervariable regions. The purified PCR amplicons were sequenced using the
Illumina Miseq (300-bp paired-end reads) platform at Mega genomics Technology Co.,

Ltd. (Beijing, China). The sequences were aligned against the SILVA
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(http://www.arbsilva.de/) database, and clustered into operational taxonomic units
(OTUs) at 97% similarity. Alpha and beta diversities were then determined using the
Quantitative Insights Into Microbial Ecology (QIIME, version 1.6) pipeline.®
Phylogenetic investigations of communities by reconstruction of unobserved states
(PICRUSt) was applied to evaluate the metabolic characteristics of bacterial
communities in the sediments.3*
2.7. Statistical analysis

Weighted and Unweighted UniFrac® distances were{c ted from the

normalized OTU tables for each experiment. a-diversity ere calculated by

the function ‘diversity’ using the Shannon me in the R package Vegan.*®

Additionally, principal coordinates analysis ( used to visualize the variation
in the microbial community composig & samples and potential clustering. A
metagenomic biomarker disc Q)ach was employed with LEfSe linear
discriminant analysis (LD co(%vith effect size measurement which performed a
nonparametric -rank test followed by LDA analysis.
3. Results and dis®yssion
3.1. Biodegradation rates of 4NP

In our study, quick adsorption and sink of 4NP onto sediments were detected in
this study. For example, at day 5, residual 4NP concentration in the aqueous solution
was detected to be below 0.05 mg L™t (Fig. 1a). The fast sedimentation of 4NP was

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

organic carbon partition coefficient (log Ko 5.22 =+ 0.38),° causing the rapid
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sedimentation of 4NP. This suggested that sediments tended to be the primary
environmental sink of 4NP in surface aquatic systems. Results were consistent with
previous study that owing to its high hydrophobicity and octanol-water partition
coefficient,? 4NP tends to be easily adsorbed to soil/sediments, which in turn become
their storage in the environment.

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

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

shows the dynamic 4NP levels residual in sediments. Almogt §o e removal was
observed at day 45 in sediments incorporated with iron o low 1.0 mg kg ™),
whereas 3.97 and 15.26 mg kg was observed in gagnents without ENMs and with

MWCNTSs, respectively. For example, Yuan e rted that the half-lives of 4ANP

in river sediments varied from 13 to aerobic conditions, and 16 bacterial

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

isolated. Meanwhile, as sh@ Ig. S1, the residual 4NP concentration in sediment
at 5 T was hig a at 15, 25 and 35 <C, suggesting that higher temperature
favored 4NP degrad®jon. At day 8, the residual 4NP levels at 35 <C were 66.95, 20.31,
30.18 and 115.28 mg kg, accompanied with the degradation efficiencies of 77.68%,
93.23%, 89.94% and 61.57%, respectively.

It was apparent that FesO4 and Fe>Os nanoparticles incorporation significantly
stimulated 4NP degradation. Accordingly, application of iron oxides to strengthen

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

higher chemical activity and good biocompatibility, avoiding environmental and health
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risks caused by the addition of iron compounds. Hansel et al.3” found that the addition
of iron oxides can promote the morphological transformation of valence elements in
the environment, thus, favoring degradation of organic matter. Bonneville et al.® also
observed that nano a-Fe>O3, amorphous a-Fe>O3 and lepidocrocite could be dissolved
and transformed by Shewanella putrefaciens. Typically, nano a-Fe>Oz was first attached
to the surface of the bacteria, and then reduced to Fe(ll) catalyzed by Fe(l11) reductase,
showing higher iron reduction rate.

In contrary, MWCNTSs incorporation limited the 4NP de QN in sediments
with relatively higher residual 4NP level. Accordingly, SION inhibition of 4NP
degradation might ascribed to two possible reasonsga{MWCNTSs can act as carries of
organic contaminants, which may prolong the@e in environment in the case of
their lower accessibility to microbes. ) e, Li et al.>® demonstrated that CNTs
restrained the polyaromatic hy@y reducing their bio-accessibility in soils,
which was quite consiste@ our observations. (ii) Potential cytotoxicity and

microbial inactive @CNTS might suppress the microbial degradation of 4NP.%°

Microbial inactivati® was a theoretical pre-testing indicator of CNTs environmental
impact and toxicity in soils and sediments. Our previous studies also confirmed the
inactivation of microbial activity and exacerbated microbial inactivation occurred with
MWCNTSs even along with the reduced Cd bioavailability.** Accordingly, we inferred
that the inhibition of MWCNTs on 4NP degradation could be associated to their
adsorption ability resulting in the lower bio-accessibility and their potential toxicity to

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

Commonly, enzymes partially exist in solid or liquid phase of soils at the
combined or free state, which involved in the breakdown or oxidation of organic
matter.*> 43 In our study, activities of polyphenol oxidase (PPO), dehydrogenase (DHA)
and urease were investigated. As shown in Fig. 2a, PPO activities in the 4NP
contaminated samples were significantly higher than the controls, indicating that PPO
activity is stimulated response to 4NP. Highest PPO activity was observed at day 9, and
then gradually decreased accompanied by the gradual 4NP degragaion. In addition,
PPO activity was significantly promoted in Fe;Os and orporated samples
compared to those with MWCNTs. PPO is an imp t oxidoreductase ubiquitous in
soils and sediments contributing to the decorr@ nd transformation of aromatic

compounds.** It is also implicated in ¢ veral different phenols to produce o-

quinones.?® Thus, increased PPC@ s found, which could be responsible for the
demand-driven degradationgof 4\P.

Comparatix U@PO, activities of DHA and urease decreased immediately
after 4NP contamiNation. Generally, activities of urease and DHA reflect the
contamination level.*? As shown in Fig. 2(b, ), initial 4NP contamination singularly
inhibited DHA and urease activities due to potential toxicity of 4NP to microorganisms.
Previous studies also reported the rapid decline in DHA activity in the heavy metal and
organic pollutants contaminated soils.* Additionally, the inhibition of DHA and urease

was also remitted with the addition of FesOs and Fe.O3. MWCNTS incorporation

12
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represented the most serious and long-duration enzyme inactivation, which was
possible depending on the higher residual 4NP level and potential toxicity of MWCNTS.

Considering the potential microbial toxicity of ENMs, direct comparison of
impacts on enzyme activity (PPO and urease) was conducted with iron oxides and
MWCNTSs incorporation respectively. As shown in Fig. 2d, MWCNTSs inhibited PPO
activity, with the activity changing in response below 0.5, while addition of Fe3s04 and
Fe>O3 nanoparticles elevated PPO activity in sediments. Similar results were found in

urease activity that MWCNTSs were more toxic than iron oxides. e \were consistent

with previous studies showing that MWCNTSs exposure i icrobial biomass,
respiration and enzyme activities in soils and se nts.*® In contrary, iron oxide

nanoparticles were much more environment@ with good biocompatibility.

Accordingly, we speculated that the yari microbial enzyme activities in our

study was mainly affected in ¥ one by influencing the 4NP degradation
pathway and the other, via @nsic fate of iron oxide nanoparticles and MWCNTSs.
3.3. Bacterial co n@,position and individual taxon abundance

For in-depth urerstanding of microbial variation in the reactors, pyrosequencing
was used with 16s rRNA-specific oligonucleotide primers. Mean of 69235 clean tags
was obtained. The total numbers of OTUs in the five different groups were 12793,
17517, 17434, 17645 and 16446 for groups A, B, C, D and E, respectively (Fig. S2).
There were noteworthy overlaps in the differentially abundant OTUs. The similar
OTUs among the five groups were about 6926, and the unique OTUs in group A, B, C,

D and E were 799, 886, 752, 1023 and 685, respectively. Further analysis of the OTUs

13
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in the tested samples showed that the core OTUs shared in all 20 samples were 832 (Fig.
3a), with the increasing observed species response to 4NP contamination. Samples at
day 2 and 5 exhibited the most abundant unique OTUs in the 4NP contaminated samples.
Furthermore, the decrease in the total and unique OTUs in the MWCNTSs incorporated
samples suggested possible microbial inhibitory role of MWCNTSs.

The PCoA plot based on Weighted Unifrac distances suggested that the bacterial
community structure varied significantly among 4NP contaminated samples and the
blank control (Fig. 3b). Additionally, within-sample diversityQ{ogiersity) revealed
variation in the five groups (Fig. 3c). The lowest numb erved species was
observed in the blank control, while 4NP contamin elevated the observed species

greatly. Chaol and Shannon index anal er demonstrated that 4NP

contamination contributed to significagLpr n of the bacterial biodiversity. Results
suggested that 4NP contaminatj ) ted bacterial growth, resulting in a richer
bacterial biodiversity. No s@mt differences were found in the 4NP contaminated
d

sediment incorp " 203, Fes0s and MWCNTS.

lysis assigned the 16S rRNA gene sequences to different taxa,
allowing us to further explore the dynamics of the bacterial community (Fig. 3d). The
taxonomic distributions of each bacterial sample were determined at the phylum and
genus level. Apparently, phyla distributions were markedly different among 20 tested
samples. The samples could be simply classified into four subjects. In detail, subject A
included samples with 4NP contamination at day 15 (also including MWCNTSs

incorporated sample at day 30). Subject B involved in the samples at initial day 2 and

14
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5 with relatively high 4NP levels. Subject C was classified as the samples without 4NP
contamination (blank controls), while subject D contained samples with 4NP
contamination at day 30 (except for samples with MWCNTS). Results demonstrated
that 4NP contamination significantly altered the bacterial communities.

Apparently, Proteobacteria were dominant phylum and did not vary significantly
in all samples, which is indicative of their admirable tolerance to the stress relative to
4NP. In subject C, Proteobacteria and Firmicutes dominated the community,
accounting for over 70% of all the sequences generated. FirlQi were the most
abundant phylum in natural sediments with a relatively st ortion of 36.86%—
56.81%. Interestingly, initial 4NP exposure (day and 15) led to a significant
decrease in the proportion of Firmicutes to b ”Meanwhile, we also observed

MWCNTSs with high levels of bjects A and B with high levels of 4NP,

the recovery of Firmicutes at day 3%&jegradation (except for samples with
Proteobacteria  (22.72%%35.14%),  Actinobacteria  (15.46%-27.76%) and
Acidobacteria (8% %) were the most abundant groups. Furthermore,
Actinobacteria, Acklobacteria, Chloroflexi and Gemmatimonadetes increased
significantly response to 4NP contamination. Results indicated the vital roles of these
bacteria in organic tolerance and degradation in sediments. Notably, Acidobacteria,
which have been reported to be abundant in soils and sediments, were characterized by
their ability to withstand metal-contaminated, organic-contaminated, acidic, and other

extreme environments.*’ Previous studies also reported the roles of Acidobacteria in

microbial degradation of lignocellulosic plant biomass.*® 49 Moreover, recent studies
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335

have reported that members of Chloroflexi were ubiquitous in the environment, and
some of them played important roles in organic matter degradation.®® The large
proportion and demand driven of the these phyla are indicatives of their contribution to
biodegradation.>

Further comparison of the bacterial communities was conducted at the class level
to further investigate the impact of 4NP contamination and ENMs incorporation (SI,
Fig. S3). Comparison between groups A and B revealed that 4NP contamination led to
the sharp decrease in Bacilli, Clostridia, Spartobacteyi roteobacteria,
Bacteroidia and Sphingobacteriia, suggesting their sensib NP contamination
owing to the potential toxicity. In group B, Gamm teobacteria and Flavobacteria
were observed to be in highest abundance. Me@e, mparison among three groups

with ENMs revealed that NegativicuteggAc ria, Caldilineae, Themomicrobia and

Ktedonobacteria were the do ses in groups C and D with iron oxide

nanomaterials, whereas tha@gmos{ represented bacterial classes in group E were Soil
Crenarchaeotic ﬁu ), o-proteobacteria, Deinococci and Phycisphaerae.
Although the domingt classes varied among the treatments, most bacterial classes were
shared by all sediments. For example, Nitrospira, Chloroflexia, Acidimicrobiia,
Acidobacteria, Gemmatimonadetes and Thermoleophilia significantly increased in
response to 4NP contamination, but did not vary significantly with various ENMs

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

organic contaminants and with potential ability to withstand other numerous
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contaminants,>>>* which may reflect the ecological coherence of the contaminated
sediments.
3.4. Discriminative bacterial community analysis

To identify the taxa that differed significantly among the 4NP contaminated
samples, linear discriminant analysis effect size (LEfSe) was employed. As shown in
Fig. 4, 16 bacterial clades presented statistically significant differences with an LDA
threshold of 2.0. Most bacteria were significantly enriched in group E with MWCNTSs,
while only 1 and 2 clades showed favored abundances in gro , respectively.

For example, higher taxonomic levels of Thermales\$ ing Deinococcus,

Deinococci, Thermales, Thermaceae and Ther Phycisphaerae, Halieaceae,

Flavitalea and Nitrosococcus were found in gr . 4a). Commonly, Deinococcus,
Thermus and Nitrosococcus are kgow e capable of degrading phenolic
compounds.>® Thus, the domi ese species indicated that they may have
important functions in b de;%tion. However, even consistently observed in
contaminated en r@o significant roles in organic contaminant biodegradation
were found for Halidgceae, Phycisphaerae and Flavitalea.

It was noteworthy that Nocardia was the dominant taxa as well as the biomarker
in group C with FesO4 nanoparticles, while Pantoea and Promicromonospora were
significantly more abundant in group D with Fe>Os nanoparticles. Nocardia, Pantoea
and Promicromonospora species as candidates for the removal of organic contaminants
have been widely reported. Notably, Nocardia and Promicromonospora are

actinobacterial®® and play important roles as recyclers of organic matter.>” Typically,
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Nocardia has been reported to synthesis biosurfactant such as lipopeptides and
glycolipids, which is benefit to the potential degradation of hydrocarbon compounds.®®
Chang et al.® has isolated Nocardia sp. strain CYKS2 capable of degrading
dibenzothiophene and thiazole. Zeinali et al® also reported
that Nocardia otitidiscaviarum TSH1 could degrade phenol, n-alkanes and some
polycyclic aromatic hydrocarbons. Their pre-dominance in groups C and D suggested
that they were selectively enriched with iron oxides incorporation and had an important
function related to 4NP removal.

Considering the significant difference in 4NP degradW}} EfSe analysis was
further conducted between group D and E (group D oup E). LefSe analysis showed
that the biomarker demonstrating significant (@ etween group D and group E.

As shown in Fig. S4, group E with M inly enriched members of Flavitalea,

Lysobacter, Deinococcus, and s, consistent with the previous results (Fig.
S4). Enterobacteriales (0) (gcludgng Enterobacteriaceae (f) and Enterobacteriales (g)),
Promicromonos incola (g) were the discriminative taxa in group D with
Fe>Os nanoparticl Interestingly, iron-reducing bacteria, including Pantoea,
Shewanella and Shewanellaceae were discriminately detected in group D. It may be
speculated that iron-reducing bacteria may proliferate in response to FexO3
nanoparticles incorporation. These iron-reducing bacteria, which are capable of
coupling microbial Fe(l1l) reduction to oxidation of organic matter, play a significant

role in the global geochemical cycling.5? 2 Pantoea and Shewanellaceae family are

well-known ferric iron-respiring microorganisms (FRMs), which use Fe(l11) as well as
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other metals as terminal electron acceptors.®® Accordingly, FRMs such as Pantoea,®
Salinibacterium® and Shewanella ®® have been reported capable to transform, detoxify,
or immobilize a variety of metallic and organic pollutants. For example, Pantoea, such
as P. agglomerans SP1, is widely reported to participate in microbial Fe(l11) reduction®’
and linked to the biodegradation of numerous organic contaminants.%® ¢ Recently,
Haleyur et al.% reported that Pantoea sp. could also utilize substrates from different
biochemical categories (i.e., amino acids, phenolic compounds, carbohydrates,
carboxylic acids and polymers) as carbon source. This sugdRs at iron oxides
incorporation induced the microorganisms with iron redu ity and endowed a
better advantage in 4NP survival and degradation.

3.5. Predicted functions basing on PICRUSt a@

We also explored microbial funcion W@ the PICRUSt algorithm.3* A total of

6,372 KEGG functions, corres

matching sequences data ba@ :EGG enzyme nomenclature. Majority of predicted

protein sequencegth samples were associated with the functions involved in

04 level 3 KO entries were identified by

metabolism (48.87%-52.04%), genetic information processing (15.68%-16.03%),
environmental information processing (12.82%-15.31%) and unclassified processes
(13.06%-13.40%) (Fig. 5a). Specifically, 4NP contamination resulted in a significant
increase in the genes involved in relevant metabolic functions, including amino acid
metabolism (9.78%-11.41%), carbohydrate metabolism (9.38%-10.83%), energy
metabolism (5.27%-6.03%), xenobiotics biodegradation and metabolism (2.87%-

4.64%), replication and repair (6.47%—7.31%), whereas enzyme family (1.89%-—
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2.15%), cell mobility (2.88%-4.60%) and membrane transport (4.22%-5.95%) were
significantly depleted response to 4NP contamination (Fig. 5b). Results demonstrated
that 4NP contamination promoted genes for metabolism, genetic information
processing, environmental information processing and cellular processes associated
with biodegradation pathways. Meanwhile, Fe;Osz incorporated samples showed the
most significant expression in genes related to carbohydrate metabolism (10.83%) and
membrane transport (5.95%). In contrary, MWCNTSs incorporation repressed those
functional genes, while promoting the genes associated with agi id metabolism,
cell growth and death related pathways.

Typically, 4NP contamination significantly engjegd the abundances of xenobiotic

biodegradation pathways, including degradati cyclic aromatic hydrocarbon,

benzoate, bisphenol, xylene and dr lism (Fig. 5c). Specially, samples

incorporated with Fe;O3 nanop

corresponding to organic@gation, followed by FesOs nanoparticles, while

MWCNTSs show e gstnctional genes. Results demonstrated that ENMs affected

sessed the most abundant functional genes

bacterial function on€ellular processes and metabolic pathways, thus, also affecting the
4ANP degradation ability in sediments. Results were quite agreed with Kim et al., who
reported that Fe(OH)s addition increased cell numbers/viability and caused changes in
cellular physiology that resulted in enhancement of carbon tetrachloride bioremediation,
mainly via stimulating microbial iron reduction and surface-bound Fe(l1) production.’

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

transport also varied significantly among the different groups. In responding to changes
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in the environment, especially iron oxides incorporation, response regulators usually
alter expression of genes that promote iron transport and availability. Here, those
related functional proteins were determined by PICRUSt prediction and presented in
Fig. 6a. As well known, iron is the most abundant transition metal in the environment
and is an essential co-factor for many metabolic enzymes involved in biological
reactions.2 Commonly, iron transport is usually controlled via ferrous iron transport
systems (composed of three proteins FeoA, FeoB and FeoC) and iron complex transport
system including substrate binding protein, iron complex  dyt- brane receptor

protein, permease protein as well as ATP binding proQy Meanwhile, ABC

transporters can also translocate heme and iron-si hores across the cytoplasmic

membrane with important functions in iron .1 Meanwhile, iron uptake is
usually regulated by the ferric uptakegeg Fur) and Fur-like protein (including
manganese uptake regulator ( roxide stress response (PerR)). Diphtheria
toxin regulator (DtxR) prot@h} can also regulate iron uptake in some gram-positive
bacteria (such as t@s, corynebacteria, and mycobacteria, etc.).6> ¢ As shown
in Fig. 6a, iron comNex transport system, including permease protein, out-membrane
receptor protein and substrate-binding protein, were widely varied in all samples. The
mean percentage of these iron complex transport system in group C with Fe2Os
nanoparticles was higher than group E with MWCNTSs. It was apparent that iron oxides
incorporation promoted the expression of Fur family transcriptional protein, phtheria

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

(especially substrate-binding protein, permease protein and ATP-binding protein) (Fig.
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6a), which were responsible for iron transport and iron cycle in the environment.
However, PICRUSt is only a means of predicting functional genes; thus, further
research is required to confirm the accuracy of gene function information by other
biology technologies.

To date, limited studies are available focused on the effects of exogenous iron
oxide nanomaterials incorporation on iron regulation pathway and iron cycling in
natural sediments. Thus, to deep understand the possible roles of iron oxides
incorporation and iron-reduction in 4NP degradation, mjciQbjgdmgvailable Fe(ll)
concentrations in sediments were determined (Fig. 6b). Ap radual increase in
microbial available Fe(I1) was found in all samples. tural sediments without ENMs,
Fe(Il) concentration was elevated from 77.26 @ 140.42 mg kg*, which could

possibly be due to the natural iron @Xi griver sediments that are undergoing

reduction with increasing availa ¢ Indeed, significant increase in Fe(ll) levels
was found in groups C @With iron oxides incorporation, while sediments
incorporated wi @ exhibited the lowest Fe(ll) levels during the entire
duration of the 30 study. Results here demonstrated that iron oxide nanoparticles
incorporation stimulated iron transport and cycle in sediments. Observations were
similar to previous studies reporting that the microbial reduction of Fe(ll1) to Fe(Il) had
key roles in the iron cycle and organic matter mineralization in the overlying water-
sediments interface.”® Accordingly, iron oxides could be dissolved in soil or sediment

to form Fe(lll), and further reduced to Fe(ll) via microbial reduction by anaerobic,

facultative anaerobic and hyperthermophilic microorganisms. Insoluble Fe(l11) oxides
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are generally the most abundant potential electron acceptors for oxidation of organic
matter. Detailly, iron-reducing microbes could transfer electrons to the extracellular
surface of iron oxides by respiration, Fe(ll1) acted as electron acceptors and transferred
to Fe(ll). Meanwhile, microbially driven Fenton reactions might occur with the
alternately production of H,O> (via microbial O respiration) and Fe(Il) (via microbial
Fe(l11) reduction), which might promote the organics degradation.’”® These could
promote the organics degradation through the cyclic transformation between Fe(l11) and
Fe(11).”

In our study, significant negative correlation was fo een residual 4NP
levels and Fe(ll) concentrations in the sediments (FjsRgc), suggesting the coherence of
lower residual 4NP and higher Fe(ll) Ievels@ ere quite corroborated with

previous studies that crystalline iron gXi gluding goethite and hematite, could

stimulate iron reduction and radation.”® Although the thermodynamic

favorability of crystalline Rg(I11)goxides reduction increased compared to amorphous

Fe(l11) oxides, pRN u@es have suggested that FRMs were capable of utilizing
crystalline solid- haé Fe(l11) as electron acceptor.”® " For example, Zhang et al.”® also
found that a variety of iron oxide-mediated iron reduction processes significantly
promoted the reduction of nitrate by Bacillus sp., among which a-Fe>O3 and y-Fe203
exhibited the most notable promotion. Meanwhile, even with the weak ability of Fe(l1l)
reduction, many fermentative microorganisms were reported to be responsible for the

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

For example, Shewanella species can transfer electrons from the cell surface to Fe(lll)
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oxides by releasing soluble electron-shuttling compounds, thus overcoming the
insolubility of Fe(lll) oxides.3® Furthermore, redox-reactive organic compounds
ubiquitous in sediments, such as humic acids and plant exudates, could serve as electron
shuttles, which can transfer electrons between a wide variety of both inorganic and
organic compounds in redox reactions.” These findings were consistent with the LEfSe
analysis, which showed that Shewanella species tended to be biomarkers in Fe;Os
incorporated sediments. Herein, results suggested that such an enhancement of
microbial mediated hematite-Fe(l11) reduction to microbial avi{l e(1l) might be
important reason contributing to promotion in 4NP de \O\. Accordingly, we
inferred that iron oxide nanomaterials promoted 4 egradation might be attributed
to two possible reasons: First, good biocompa@ low toxicity of iron oxides to

sediment microbes. Second, because cN@#organisms contributed to iron oxides

dissolution and couple growth I) as electron acceptors, the exogenous

addition of iron oxides might igcrease cell numbers and viability of iron reducing

microbes, and t‘st ng microbial iron reduction and surface-bound Fe(ll)
production that contNputed to enhancement in 4NP degradation.
4. Conclusion

Unlike cellular toxicity studies, which have been widely performed, studies
focusing on the environmental behavior and fate of ENMs are still in their infancy.

Investigations on the interaction among ENMSs, chemicals and environmental

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

interface ecosystem. We found that:

* For the three kind of ENMs used here, iron oxides promoted 4NP degradation in
sediments, whereas MWCNTSs significantly inhibited 4NP degradation.

*  Observed bacterial response and LEfSe analysis results suggested that iron oxides
incorporation stimulated iron respiring bacteria participating in iron reduction and
thus strengthening 4NP degradation.

* PICRUSt analysis demonstrated that iron oxides eleyafed expression of

xenobiotic biodegradation and metabolism proteins an regulated proteins
including FeoB, Fur and Fur-like family, an n complex transport systems.

Indeed, such an enhanced expression mi 0 ute to the promotion of 4NP

degradation in iron oxides incorpggla iments. In contrast, the reduction in

those functional proteins icrobial inactivation led to impede 4NP
degradation in MWCNRs inggrporated sediments.

e Giventhis inﬁa@e suggested the well biocompatible and stimulation in the
predominance iron-reducing bacteria probably have important functions in
sediments and brought about a better performance with 4NP degradation.

*  Further study is required to confirm the accuracy of gene function information by
biology technologies (e.g., metagenomics, microarrays, single cell genomics).
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Appendix A. Supplementary data

Additional information about ENMs properties and bacterial ¢ ity and function
analysis were provided in the supporting information. Con des Figures S1-S4
and Tables S1.
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797  samples incorporated with 4NP and Fe2Os; group E: samples incorporated with 4NP

798 and MWCNTS).

799

38



a 020+ b ~ =5 4NP contaminated sampl
Sl o) o1 o141 2 2201 77 4NP-Fer0 incorporated sample
% o1 . 2 2004 % 4NP-Fe:0s incorporated sample
&8 - 0444 012 = 1807 EEEE ANP-MWCNTSs incorporated sample
e 5 0164 i o i T 1604 e [
2|2 ] i 012 010 ! re 1 B
o & 1 1 o o i =
g éom- ! 'z'j ] 7 . %
% .“2’ 03 0104 0084 g 1 ] i =
S [Bor £ =
g < 0,08 0.06 - ] E
= [ - P R t— z =
o ABCDE ABCDE ABCDE = :
= substrate blndlng outmembrane rece permease protein ATP-binding 9 =
protein -ptor protein protein &
(FhuF) 0,04 005 (DtXR) C 006+ C
E ;\30,12 0.004 4 E —_ B —
E ; 0.04 4 e é 2 TU)
lg\ g Qa 0.034 a q)()(]“, é. ;
o'l s L = E §,
—(\14_) gom- 0.002 4= 'H 0034 § S ‘$ °
T|e 002 < | S o044 2
& : 00242 g s 5 =z
o |2 clo T
OB, 00 0,000 Nk s
Z & : 90 001 % 5003' g
ABCDE ABCDE  ABCODE = ABCDE
Fur fam|ly trang. “faiiciron rediié pero><|dase stress phthena toxin| & fatsiisirorrans
criptional protein  tase protein response regulator  regulator port protein B 8 8 100 120 140 180 180 200
800 extractable Fe(ll) (mg kg™)
801 Figure 6. (a) HCl-extracted Fe(ll) concentration in s€ , (b) Relationship
802  between residual 4NP concentration and extracted ) concentrations; (c) Variation
803  of bacterial functions relating to iron regulat s. (Group A: control samples

804  without 4NP and ENMs; group B: sa &mmated with 4NP; group C: samples

805 incorporated with 4NP and Fes

. samples incorporated with 4NP and Fe2Os;

806  group E: samples mcorpor@h 4NP and MWCNTS).

?\Q

39





