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A B S T R A C T   

Our study goal was to investigate the impact of biocides and nanoparticles (NPs) on the microbial diversity in a 
hydraulic fracturing impacted stream. Biocides and NPs are known for their antimicrobial properties and con
trolling microbial growth. Previous work has shown that biocides can alter the microbial community composi
tion of stream water and may select for biocide-resistant bacteria. Additional studies have shown that 
nanoparticles can also alter microbial community composition. However, previous work has often focused on the 
response to a single compound. Here we provide a more thorough analysis of the microbial community response 
to three different biocides and three different nanoparticles. A microcosm-based study was undertaken that 
exposed stream microbial communities to either biocides or NPs. Our results showed a decrease in bacterial 
abundance with different types of nanoparticles, but an increase in microbial abundance in biocide-amended 
treatments. The microbial community composition (MCC) was distinct from the controls in all biocide and NP 
treatments, which resulted in differentially enriched taxa in the treatments compared to the controls. Our results 
indicate that NPs slightly altered the MCC compared to the biocide-treated microcosms. After 14 days, the MCC 
in the nanoparticle-treated conditions was similar to the MCC in the control. Conversely, the MCC in the biocide- 
treated microcosms was distinct from the controls at day 14 and distinct from all conditions at day 0. This finding 
may point to the use of NPs as an alternative to biocides in some settings.   

1. Introduction 

Biocides and nanoparticles are known for their antimicrobial prop
erties and are used in controlling microbial growth (Maillard, 2005; 
Fernando et al., 2018). If released to the environment, biocides and 
nanoparticles have the potential for transient and long-term effects on 
the health of the environment. Biocides are chemical substances used in 
industrial and household applications to control a wide range of mi
croorganisms (Fink, 2013). The common use of biocides in diverse in
dustries is due in part to their effectiveness and low cost (Guardiola 
et al., 2012; Levy, 2002). There are more than 23 types of biocides used 
in different applications (Guardiola et al., 2012). Quaternary ammo
nium compounds (QACs), glutaraldehyde (GA), Triclosan (TCS), Tri
clocarban (TCC), chlorine dioxide, and other biocides are commonly 

used in both household and industrial applications (Levy, 2002). The 
widespread use of biocides and their release to the environment have led 
to ecological problems (Kahrilas et al., 2015). 

Of particular interest to our study is the use of biocides in the oil and 
gas industry, specifically, in hydraulic fracturing (HF), the process in 
which highly pressurized water, sand, and a mixture of chemicals are 
injected into oil and gas harboring shales to release the oil and gas. 
Biocides are commonly used in hydraulic fracturing to control microbial 
growth and prevent biofouling. Hydraulic fracturing activity has been 
shown to alter the response of stream microorganisms to biocides 
(Mumford et al., 2018; Campa et al., 2018, 2019a). The biocide 2, 
2-dibromo-3-nitrilopropionamide (DBNPA) is used in the paper and oil 
and gas industries for disinfection of industrial water systems and 
equipment (Chattopadhyay et al., 2004; Siddiqui et al., 2017). 
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Glutaraldehyde (GA) and DBNPA are two of the most commonly used 
biocides in hydraulic fracturing operations (Kahrilas et al., 2015). The 
release of biocides such as GA and DBNPA into aquatic environments 
can cause shifts in the microbial community composition through 
inactivation of certain microbes. For example, Mumford et al. (2018) 
demonstrated the potential for biocides to decrease iron reduction rates 
(Mumford et al., 2018). Another study has shown that GA amendment 
resulted in changes to microbial community structure in stream micro
bial communities (Campa et al., 2018). In a microcosm-based study, 
differences were observed in the microbial community response to GA 
depending on the level of hydraulic fracturing activity in the watershed 
along with past contamination (spills), with streams previously exposed 
to hydraulic fracturing wastewater being more resistant to GA addition 
(Campa et al., 2018). Furthermore, it has been proposed that biocide use 
associated with hydraulic fracturing operations could lead to antimi
crobial resistance in adjacent streams (Campa et al 2019b). 

Nanoparticles (NPs) are substances with nanoscale diameters. The 
design and shape of NPs play an important role in the activity and 
function of these particles (Liu et al., 2012; Kanchi and Khan, 2020). 
Engineered nanoparticle materials, such as silver, titanium dioxide 
(TiO2), and zinc dioxide (ZnO), have antimicrobial properties (Paterson 
et al., 2011; Li et al., 2008). Metal oxides NPs and other metals, such as 
silver and copper, are commonly used to control microbial activity 
(Wang et al., 2017). For example, one study showed that organ
ic–inorganic hybrid nanomaterials can be used for many applications in 
the medical field and in the treatment of wastewater due to their anti
microbial properties and their great ion exchange capacity (Ahamed 
et al., 2016). Metal and metal oxides of NPs have been reported to be 
toxic to microbes through diverse mechanisms (Slavin et al., 2017). 
These mechanisms include production of reactive oxygen species (TiO2, 
ZnO), compromising of the cell envelope (ZnO and Ag), among other 
mechanisms (Slavin et al., 2017). Similarly, silica nanoparticles have 
antimicrobial activity and are considered safe with nonporous silica 
nanoparticles being considered a promising drug carrier platform 
(Adams et al., 2006; Kim et al., 2017). TiO2, especially as nano
particulate anatase, is thought to be an interesting antibacterial agent 
with notable photocatalytic behavior (Krug, 2008). Also, the stability of 
NPs in solutions is important for the antimicrobial properties of NPs, 
specifically causing bacterial cell membrane damage (Kumari et al., 
2014). 

While many studies have examined the antimicrobial properties of 
NPs in controlled lab environments against bacterial isolates, previous 
studies have also shown that NPs, such as TiO2 NPs, caused a shift in 
microbial community structure and diversity in soil and stream envi
ronments (Battin et al., 2009; Moll et al., 2017; Ward et al., 2019). In 
addition, NPs have been shown to affect some of the bacteria that are 
responsible for the removal of nitrogen and phosphorus from the envi
ronment and cause a decrease in aquatic microbial diversity and change 
in the composition of microbial species (Liu et al., 2018; Ward et al., 
2019; Londono et al., 2017). One study showed that the addition of 
Ag-NP changed microbial diversity and community composition 
compared to the controls where no Ag-NP were added (Ward et al., 
2019). While there are fewer reports of bacterial resistance to nano
particles compared to reports of biocide resistance, a recent study 
examined the potential for E. coli to develop resistance to Ag-NP. Pan
acek et al. (2018) demonstrated that after 20 transfers in the presence of 
Ag-NP, E. coli became more than 10 times more resistant to Ag-NP than 
the parental strain. The mechanism of enhanced resistance was shown to 
be related to the overexpression of flagellin proteins, which resulted in 
aggregation of Ag-NP leading to the enhanced tolerance of the Ag-NP. 

Few studies have directly compared the impact of biocides and NPs 
on natural microbial communities in the context of previous hydraulic 
fracturing contamination. Here, we sought to better understand the 
environmental effects of biocides and nanoparticles through comparing 
the effects of biocides and NPs on microbial abundance and community 
composition. A microcosm-based approach was used, where stream 

water was treated with either biocides or NPs and changes in cytotox
icity measures, microbial abundance, and microbial community 
composition were tracked. Previous work has shown that biocides 
strongly and rapidly alter microbial community composition (Gilbert 
and Mcbain, 2003; Campa et al., 2019a). Other studies have shown that 
Ag-NP can strongly impact microbial community composition. We hy
pothesized that biocides would result in more strongly altered microbial 
community composition relative to NPs. 

2. Materials and methods 

The biocides used in this study were 2, 2-dibromo-3-nitrilopropiona
mide (DBNPA) (molecular weight: 241.87 g/mol, Sigma-Aldrich), Tri
closan (molecular weight: 289.54 g/mol, Sigma-Aldrich), and 
Glutaraldehyde (molecular weight: 100.12 g/mol, Sigma-Aldrich). 
Stock solutions of each were prepared at a concentration of 100 mg/L. 

The nanoparticles used in this study were commercial preparations 
of metal oxide nanoparticles (US Research Nanomaterials, Inc. 3302 
Twig Leaf Lane, Houston, TX 77084, USA). The nanomaterials were 
99.9% TiO2 with a diameter of 18 nm (Cat No. US3490), 99.95% ZnO 
with a diameter of 18 nm (Cat No. US3599) and 99.5% SiO2 with a 
diameter of 18 nm(Cat No. US3436) all of the nanoparticles were 
spherical in shape. Molecular weight of TiO2 is 79.87 g/mol. Molecular 
weight of ZnO is 81.38 g/mol. Molecular weight of SiO2 is 60.08 g/mol 
(Table .1). 

2.1. Microcosm set up 

Stock solutions of nanoparticles were prepared at a concentration of 
100 mg/L in sterile Milli-Q water and sonicated in an ultrasonic bath 
(Sonicator) for 20–30 min and stored in a refrigerator and used within a 
week. Surface water was obtained from Lower Greys Run, PA. The water 
for culturing was collected in a sterile 500 mL plastic bottles and stored 
on ice (Fig.S1). The bottles were shipped on ice to Michigan Techno
logical University on ice and stored at 4 ◦C until microcosm set up after a 
week. Thirty mL of stream water were placed into sterile serum bottles in 
triplicate. One set of bottles was used as a control with no amendment. 
The controls were used to track the normal growth of the microbial cells 
without nanoparticles or biocides to understand the bottle effect. This 
condition served as a negative control to control for change in microbial 
community diversity and composition that resulted from factors other 
than treatment with antimicrobials. Other microcosms were set up 
where nanoparticles or biocides were added to the water samples. Five 
ml of the 100 mg/L stock of nanoparticles or biocides was added to 25 ml 
of stream water to make 16.7 mg/L as the final concentration. The 
working concentration for all treatments in molarity were as follows: 
0.069 mM for DBNPA, 0.057 mM for triclosan, 0.166 mM for glutaral
dehyde, 0.21 mM for TiO2, 0.21 mM for ZnO, and 0.28 mM for SiO2. Our 
experimental design controlled for gravimetric concentration. Previous 
studies into the impacts of biocides or nanoparticles on microbial 
communities have used gravimetric concentrations (Campa et al., 2018, 
2019a; Ward et al., 2019). Therefore, controlling for gravimetric 

Table 1 
Showing the chemicals as biocides or NPs used in this study.  

Antimicrobial Antimicrobial 
type 

Chemical 
Structure 

Chemical 
Formula 

Glutaraldehyde (GA) Biocide C5H8O2 

2,2-dibromo-3- 
nitrilopropionamide 
(DBNPA) 

Biocide C3H2Br2N2O 

Triclosan (TCS) Biocide C12H2Cl3O2 

Titanium oxide (TiO2) Nanoparticles TiO2 

Zinc oxide (ZnO) Nanoparticles ZnO 
Silicon dioxide (SiO2) Nanoparticles SiO2  
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concentration allows for comparison with previous work. However, this 
design also enables us to test if higher molar concentrations of NP have 
stronger effects on microbial community diversity and composition. We 
chose these concentrations of biocides and nanoparticles based on pre
vious studies that have shown that similar or lower concentrations of 
antimicrobials resulted in effects on the microbial community (Ward 
et al., 2019; Battin et al., 2009; Drury et al., 2013; Gnanadhas et al., 
2013; Vikram et al., 2015a). All conditions were set up in triplicate. 
Time zero samples were collected after all microcosms were set up. The 
bottles were incubated aerobically at 25 ◦C in the dark. Bottles were 
sacrificially sampled at the given time points. The water was filtered 
through a 0.2 μm pore size, polyethersulfone (PES) membrane with a 47 
mm diameter using a vacuum pump. The filters were retained for DNA 
extraction. Time zero samples were collected after the addition of an
timicrobials and after all of the microcosms were set up. Therefore, there 
were slight difference in the time from exposure to antimicrobials and 
sample collection for the time zero conditions. Filtered water was kept 
for the measurement of pH and LDH activity. Measurements were taken 
every 0, 1, 7, and 14 days. 

2.2. Nanoparticle characterization 

The size and charge of nanoparticles in stream water were deter
mined throughout the experiment. Size and zeta potential were deter
mined using a Malvern zetasizer at 25 ◦C. The zetasizer measures 
particle and molecular size using dynamic light scattering (DLS) and 
zeta potential and electrophoretic mobility using electrophoretic light 
scattering. The size distribution and charge of the nanoparticles were 
determined from the average of independent size (d. nm) measurements. 
The average size distribution was determined for each replicate. The size 
of the nanoparticles was determined based on intensity. The average of 
the particle size distribution and zeta potential for most treatments were 
measured three independent times. TiO2 day 0, ZnO day 0, SiO2 day 0, 
TiO2 day 7 are only shown as the average size distribution of three in
dependent measurements on the zetasizer and reported as the average 
size distribution. For all other samples, each independent measurement 
is reported allowing for standard error and standard deviation to be 
reported (Table.S1 and Table.S2). 

Nanoparticles were also characterized by Transmission Electron 
Microscopy (TEM) to confirm the studied particles size and shape. To 
perform TEM, we pipetted 5 μl from 16.7 mg/L of nanoparticles incu
bation bottles at day 0 on to a carbon-coated grid. Samples examined by 
TEM images using a FEI 200 kV Titan Themis S-TEM microscope at an 
accelerating voltage of 80 kV (FEI company, USA). The specimens were 
prepared for each NPs in a closed tube. 

2.3. pH measurements 

The pH of the microcosms was measured in order to determine the 
change in the pH of stream water as a result of treatment. The pH of a 
system can impact the microbial community composition (Hou et al., 
2017). The pH measurements were taken for the filtered water every 0, 
1, 7, and 14 days. The pH was measured using Fisherbrand™ accumet™ 
AB250 pH/ISE Benchtop. A Shapiro-Wilk test was used to determine if 
the pH data were normally distributed. Since the data were not normally 
distributed, a Kruskal-Wallis test was used to compare between time and 
treatments and evaluate the significance of the pH change relative to the 
control (P < 0.05 was considered significant). Dunn’s test was used as a 
post hoc test. For the Dunn test p-values were corrected for multiple 
comparisons using a Benjamini-Hochberg false discovery rate 
correction. 

2.4. Membrane permeability assessment - lactate dehydrogenase assay 
(LDH) 

Lactate dehydrogenase (LDH) measurements estimate the viability of 

bacterial cells by detecting the damage of bacterial cell membrane 
structure (Kumari et al., 2014). LDH is an intracellular enzyme. High 
concentration of LDH outside of the cell is an indication of cellular 
damage and cytotoxicity. LDH functions in the conversion of lactate to 
pyruvate by reducing the NAD + to NADH and vice versa. The filtrate 
from each microcosm was saved and used to measure cytotoxicity. LDH 
was measured following standard protocols. LDH was measured as fol
lows: 100 μl from each filtered water bottles were mixed with 30 mM 
sodium pyruvate, and 2.8 mL of 0.2 M Tris–HCl. Then 100 μl of 6.6 mM 
NADH were added to the mixtures. LDH activity was measured by 
tracking absorbance at 340 nm using a UV–vis spectrophotometer 
(Kumari et al., 2014). The LDH measurements were taken for the filtered 
water after 24hr. A Shapiro Wilk test was used to determine if the LDH 
data were normally distributed. The data were not normally distributed; 
therefore, a Kruskal-Wallis test was used to determine if there were 
significant differences between treatments at different times as well as if 
there were differences between nanoparticle or biocide conditions at 
different times. A Dunn test was used as a post hoc test to determine 
between which conditions and times were their significant differences. 
For the Dunn test p-values were corrected for multiple comparisons 
using a Benjamini-Hochberg false discovery rate correction. 

2.5. DNA extraction 

DNA was extracted from the water filters using the Zymobiomics 
DNA extraction kit. Sterilized scissors and forceps were used to cut the 
47 mm filters in half in a sterile Petri dish. The Zymobiomics DNA 
extraction kit protocol was followed according to the manufacturer’s 
specifications (D4301, Zymo Research Corporation, Irvine, CA USA). 

2.6. Bacterial abundance analysis (qPCR) 

Abundance of the 16S rRNA gene was determined using quantitative 
Polymerase Chain Reaction (qPCR) quantifying the abundance of the 
16S rRNA gene. We used gene copies of the 16S rRNA gene as a proxy for 
microbial abundance. qPCR was performed as previously described in 
(Techtman et al., 2017). The qPCR reaction set up as follows: 10 μl of 
SYBR® Green RT-PCR master mix, 0.5 μl of each primer (20 μM) 
Bact341F and Uni519R primers (Jorgensen et al., 2012), 2 μl of Envi
ronmental DNA, and 7 μl Sterile nuclease-free water. Reactions were 
prepared in white 96 well PCR plates that have been sterilized by 
autoclaving. The amplification was carried out in a StepOnePlus™ 
Real-Time PCR System thermocycler (Thermos Fisher Scientific Wal
tham, MA USA). The following temperature protocol was used: 95 ◦C for 
15 min and 35 cycles of 95 ◦C for 15 s, 58 ◦C for 30 s, and 72 ◦C for 30 s. 
The CT values or threshold cycle is the cycle number at which the 
fluorescence generated within a reaction crosses the fluorescence 
threshold, which provides the amount of the gene amplicon product 
were converted to a number of copies using a standard curve based on 
the standards described in (Techtman et al., 2017). The concentration 
values were converted to logCT and log(copies) and followed the 
equation y = − 11.932x + 20.312 with an R2 of 0.9594 for our standard 
curve. The data obtained in all tests were compared with the control. A 
Shapiro-Wilk test for normality was used to determine if the qPCR gene 
copies data were normally distributed. The data were not normally 
distributed, so a Kruskal-Wallis Test was used to evaluate the signifi
cance of experimental results (P < 0.05). A Dunn’s test was used as a 
post hoc to evaluate the significance of experimental results (P < 0.05). 
Comparisons were performed between treatments and the control as 
well as to see if there were significant differences between biocide- and 
NP-amended treatments and the control. 

2.7. Microbial community composition analysis (16S rRNA) gene 
sequencing 

The microbial community composition profile was determined using 
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16S rRNA gene sequencing of the environmental DNA. The 16S rRNA 
gene was amplified to profile changes in taxonomic diversity in these 
microcosms. The PCR reactions were set up using Phusion® High- 
Fidelity PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, 
USA), and 515 YF and 926R primers at a concentration of 0.4 μM to 
amplify V4–V5 region (Parada et al., 2016). The amplification was 
carried out in a thermocycler with the following protocol: 95 ◦C for 3 
min, 25 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 30 s, followed by 
one cycle of 72 ◦C for 5 min. PCR clean-up was done on the initial 
amplicon. Following the Illumina MiSeq 16S rRNA metagenomic library 
prep guides (Illumina, San Diego, CA), AxyPrep MAG PCR clean-up 
beads (Corning, Big Flags, NY, USA) were used for the PCR cleanup 
process. The final product was eluted in 25 μl 10 mM Tris buffer at pH of 
8. Sequencing adapters were added with a second PCR where 5 μl were 
added from the first PCR reaction and different index forward and 
reverse primers were added to each reaction then performed an 8 cycle 
PCR. The indexed PCR product was purified using the AxyPrep MAG 
PCR clean-up beads. Finally, 16S rRNA gene sequencing was done using 
the Illumina MiSeq (Illumina, SanDiego, CA). The concentration of each 
of the cleaned 16S rRNA PCR reactions was determined using Pico
Green™ (Thermo Fisher Scientific, Waltham, MA, USA). We pooled all 
our samples with the same concentration in to one pool and diluted the 
pool to 1.5 nM. Then we followed the MiSeq v2 600 cycle kit (2 x 300) 
protocol. Raw reads are deposited at the SRA (BioProject accession 
PRJNA663853). 

All data analysis was performed in R. Raw sequencing reads were 
demultiplexed by the Illumina MiSeq platform. The DADA2 package was 
used to remove primer nucleotides, merge paired-end-reads, filter by 
quality, and remove internal standard phiX. To account for true bio
logical variation within our samples, DADA2 was used to infer ASVs 
(amplicon sequence variants) and remove chimeric sequences through a 
Needleman-Wunsch global alignment. From 408549 paired-end input 
reads, 403744 nonchimeric reads passed filtering parameters and were 
used as ASVs for analysis in this study. Taxonomy of ASVs was assigned 
through DADA2 with a rapid assignment naive Bayesian classifier using 
the SILVA v132 training set (Callahan et al., 2016). 

Only samples with more than 1000 reads were used in downstream 
analyses. Due to low sequencing yields, this resulted in a substantial 
number of treatments being removed from the dataset. Therefore, we 
compared the microbial community composition for each treatment on 
day 0 and 14 of the experiment to analyze the impact of treatment on 
microbial community composition. For day 0 only the control, triclosan, 
TiO2, ZnO, and SiO2 treatments had more than 1000 reads after quality 
filtering and were included in our analysis. Diversity analyses were 
performed using phyloseq (Mcmurdie and Holmes, 2013). Alpha di
versity was determined through rarifying the ASV table 100 times to the 
lowest number of sequences per sample (1111 reads). Shannon di
versity, Inverse Simpson, and Observed ASVs were determined for each 
of the 100 tables. The average diversity for the 100 tables was calcu
lated. A Shapiro-Wilk test was used to determine if the data was nor
mally distributed. All three metrics were normally distributed so an 
ANOVA was used to assess significance in the diversity between Nano
particles and Biocides at day 14. 

To assess differences in microbial community composition, we per
formed a Principal Coordinate Analysis (PCoA) based on a Bray Curtis 
dissimilarity matrix from an ASV table rarified to 1111 sequences per 
sample. To determine if there were significant differences in the mi
crobial community composition between nanoparticles and biocide 
treatments, a PERMANOVA of Bray Curtis dissimilarity was run using 
the adonis2 program in the vegan package in R. Differential abundance 
was performed using DESeq2 (Love et al., 2014) to identify ASVs that 
were enriched in either the NP or biocide treatments at day 14. ASVs 
were considered enriched if they had a log2 fold change in abundance of 
greater than 2 and an adjusted p valued of <0.05. 

3. Results 

3.1. Metal oxide nanoparticles size and stability 

To study the stability of NPs at a concentration of 16.7 mg/L in the 
stream water and their aggregation behavior, the size and zeta potential 
were measured at different days (0, 1, 7, and 14 days) (Table 2, Table.S1, 
and Table.S2). Throughout the experiment, the mean of the size distri
bution of TiO2 NPs decreased in size from 667.6 nm at day 0–280.13 nm 
at day 14. Similarly, the mean of the size distribution of the ZnO NPs 
decreased in size from 397.7 nm at day 0–280.13 nm at day 14. With 
SiO2 NPs there was an increase in mean of the size distribution from 
387.9 nm at day 0–548.63 nm at day 14. Zeta potential has been used as 
an indicator of dispersion stability. With all NPs, the zeta-potentials 
were highly negative, which suggests that they are stable in the water 
samples. The zeta potentials were less than − 18.7 mV which represents 
the dispersion of particles. The size of the NPs in the 16.7 mg/L solutions 
of the three nanoparticles and stream water was also measured using 
TEM (Fig. 1). 

3.2. Change in pH over time and treatment 

There was a significant difference in the pH in the NPs and biocide 
treatments and different times (Kruskal Wallis test p-value = 1.654 ×
10− 08) (Fig.S2, Table.S3, and Table S4). Despite the overall significant 
difference, there were only slight changes in the pH. When comparing 
the pH at time 0 and Day 7, significant differences were seen for SiO2 
(Dunn test adjusted p-value = 0.019) and Triclosan (Dunn test adjusted 
p-value = 0.015). When comparing the pH between Day 0 and Day 14, 
triclosan showed a significant difference (Dunn test p-value = 0.021) 
(Table.S4). In general, the pH level of the metal oxides NPs looked 
similar the control. On the other hand, biocides tended to lower the pH, 
especially with glutaraldehyde. 

3.3. Cytotoxicity effects of biocides and nanoparticles on bacterial 
membrane permeability (LDH) 

LDH measurements were obtained from filtrate after 24 h of incu
bation by measuring an OD340 using the filtered water for both NPs, 
biocides and the control samples (Fig. 2). TiO2 was the only treatment to 
give a higher LDH level than the control. No significant differences were 
observed for any of the treatments in comparison to the control on day 1. 
The LDH level for triclosan, glutaraldehyde, DBNPA, ZnO, and SiO2 were 
all less than the control at 24 h. 

3.4. Effect of NPs and biocides on 16S rRNA gene copies 

The change of the 16S rRNA gene abundance was determined by 
using qPCR (Fig. 3 and Table.S7). We used the copies of the 16S rRNA 
gene as a proxy for bacterial abundance changes with different treat
ments. To understand that impact of treatments on microbial abun
dance, we compared the microbial abundance between treatments and 
the control across the time series as well as comparing the microbial 
abundance at later time points compared to the initial time point. 
Overall, between day 0 and day 14, there was an increase in microbial 
abundance in the biocide treatments (Fig. 3). On the other hand, the 
microbial abundance in NPs treatments looked similar to the control as 
it decreased over time. However, the bacterial abundance in GA- 
amended microcosms had the greatest change in number of copies 
from 8.54 × 103 (±1.53 × 103) copies/ml at day 0–2.99 × 107 (±9.97 ×
106) copies/ml at to day 14. For the biocides the DBNPA treatments 
showed the least change in abundance over the experiment with a 
change of 7.48 × 103 to 1.29 × 105 copies/ml between day 0 and day 14. 
The Triclosan treatments showed the least change in abundance over the 
experiment with a change of 1.18 × 104 to 1.12 × 108 copies/ml be
tween day 0 and day 14. The biocides treatments on average increased 
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by 2.7 log from day 0 to day 14. The increase microbial abundance was 
significant between day 0 and day 14 (Kruskal Wallis chi-squared =
42.4643, degrees of freedom = 11, p-value = 0 and Dunn Test adjusted p 
value 0.0029). 

In contrast, the bacterial abundance of the nanoparticle treatment 
decreased over time. For example, the SiO2 treatments decreased from 
1.02 × 107 to 5.43 × 104 copies/ml from day 0 to day 14.16S rRNA gene 
copies in the TiO2 decreased from 2.29 × 106 copies/ml on day 0–1.41 
× 104 copies/ml on day 14. Finally, ZnO treated microcosms had the 
largest decrease in the number of copies of the 16S rRNA gene over the 
experiment from 3.94 × 107 copies/ml to 2.81 × 104 copies/ml. The 
nanoparticle treatments on average decreased by 2.8 log from day 0 to 
day 14. When taken together the Nanoparticle treatments showed a 
significant decrease in the 16S rRNA gene copies per ml between day 
0 and day 14 (Kruskal Wallis chi-squared = 42.4643, degrees of freedom 
= 11, p-value = 0 and Dunn Test adjusted p value 0.0038). 

In general, the gene copies at time zero for the biocide treatments 
were significantly lower than the gene copies for time zero for the 
control and nanoparticles (Dunn test adjusted p-value of Biocides vs 
control (0.0028) Dunn test adjusted p-value of Biocides vs Nanoparticles 
(0.0007). This difference may be due to the activity of the biocides 
during the time from the addition of the antimicrobials to when the 
samples were filtered. The significant increase of microbial abundance 
in biocide treatments over time might suggest the presence of resistant 
bacteria in these streams. 

4. Microbial community structure 

4.1. Changes in alpha diversity in biocide and nanoparticle treatments 

Overall NP microcosms had higher evenness and richness than 
biocide treatments after 14 days of incubation. On day 0, the control, all 
three nanoparticle treatments, and the triclosan treatment all had 
similar alpha diversity. After incubation, the triclosan and glutaralde
hyde treatments had lower diversity than the control and nanoparticle 
treatments. The DBNPA treatment at 14 days had high Shannon di
versity, Inverse Simpson’s diversity, and Observed ASVs, which were 
similar to the control and the nanoparticle treatments. When comparing 
the diversity of biocide treatments with NPs and control at day 14, there 
were no significant differences between biocides and NP for any of the 
three alpha diversity metrics tested. (ANOVA p-values Shannon: 0.657, 
Inverse Simpson: 0.898, and Observed ASVs: 0.624) (Supplemental 
Table.S10). 

4.2. Principal coordinate analysis (PCoA) 

PCoA analysis of a Bray Curtis dissimilarity matrix from the rarified 
ASV table showed three distinct groups (1) the initial time points, (2) 
triclosan and Glutaraldehyde at day 14 and (3) NPs, and control at day 
14 (Fig. 4). The PCoA analysis shows that all of the nanoparticles, the 
control, and triclosan (the only one of the initial biocide treatments to 
have sufficient sequences) clustered together at time zero. This indicates 
that the microbial community composition of the starting communities 

Table 2 
Showing the mean size distribution, zeta potential, and their standard error in Lower Grays water treated samples over time (n = 3) (average ± standard error).  

Type of Nanoparticles TiO2  SiO2  ZnO  

Days Size Zeta Potential Size Zeta Potential Size Zeta Potential 

(d. nm) (mV) (d. nm) (mV) (d. nm) (mV) 

Day 0 667.6 − 23 387.9 ± 5.8 − 18.1 397.7 − 25.2 
Day 1 457.9 ± 0 − 24.67 ± 0.32 541.4 ± 37.8 − 21.5 ± 1.2 343.2 ± 1.7 − 21.3 ± 1.2 
Day 7 269.9 − 18.7 ± 0.76 460.83 ± 20.9 − 28.8 ± 1.9 203.76 ± 3 − 27.3 ± 2.9 
Day 14 280.13 ± 5.1 − 24.03 ± 0.9 548.63 ± 16.1 − 24.3 ± 2.2 280.13 ± 15.7 − 18 ± 1.8  

Fig. 1. Transmission electron microscopy photomicrograph of (A) TiO2NPs stock solution, (B) ZnO NPs stock solution, (C) SiO2NPs. stock solution Scale bars =
50 nm. 
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biocides and NPs after 24h incubation and the standard error (n = 3). 
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was similar despite the initial difference in microbial abundances. After 
14 days of incubation, a divergence in community composition was 
observed between the triclosan and glutaraldehyde compared to the NPs 
and the control. On day 14, the three nanoparticles and the control 
clustered together, whereas the biocide treatments were distant from the 
control and from each other. This finding suggested there was a change 
in the microbial community between biocide and NPs samples, which 
indicate that biocides alter the microbial community composition more 
strongly than the nanoparticles. Interestingly the DBNPA treatment at 
day 14 clustered more similarly to the initial time points. This could be 
in part due to the short half-life of DBNPA and water (Campa et al., 
2019a). Permutational multivariate analysis of variance (PERMANOVA) 
was used to test the hypothesis that the microbial community compo
sition in the biocide treatments on day 14 was significantly different 
from the nanoparticle treatments at different time points (PERMANOVA 
P-value 0.009, degrees of freedom 5, R2 0.613). 

4.3. Differentially enriched taxa between NPs and biocides microcosm 

To better understand which taxa were differentially abundant in the 
different treatments, we analyzed the community composition of each 
treatment at the taxonomic level of order. The change in the taxonomic 
diversity measured by the relative abundance in each taxonomic order for 
all treatments is shown in (Fig. 5). At initial time points, the communities 
in all samples were relatively similar. The communities had high levels of 
Betaproteobacteria, Pseudomonadales, Flavobacteriales, and Cytopha
gales. After 14 days, there were changes in the taxonomic composition of 
all treatments. In the control, the initial bacterial population was pri
marily Betaproteobacteriales with Chitinophageles as the second most 
abundant order, and Salinisphaerales was the third most abundant. 
Similar trends were observed in the three NPs. The Cytophagales showed 
higher relative abundance with SiO2 NPs treatment than the control. The 
population of Sphingomonadales in SiO2 NPs treatments was also higher 
than the other NPs. On the other hand, in the SiO2 treatments, there was a 
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Fig. 3. Changes in microbial abundance over time. The mean and standard deviation of 16S rRNA gene copies for each timepoint of nanoparticles and biocides 
microcosms from in Lower Grays Run, PA samples. 

Fig. 4. Principal coordinate analysis (PCoA) of Bray Curtis Dissimilarity of the rarified ASV table of microcosms from Lower Grays Run, PA samples with 16.7 mg/L 
concentration of three metal oxides NPs and biocides. This is showing the dissimilarity of the microbial community on day 0 (open symbols) and day 14 (closed 
symbols). Treatments are shown as different colors. 
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reduction in the Betaproteobacteriales abundance compared to the con
trol and NPs microcosms. Pseudomonadales were dominant members of 
the microbial community in the triclosan and glutaraldehyde treatments. 
The second most abundant group in the three biocide microcosms were 
Xanthomonadales. Despite the short half-life of DBNPA (63 h at a pH of 7) 
(EPA, 2012), there was a distinct microbial community composition in the 
DBNPA treated microcosms with members of the Cytophagales and the 
Flavobacteriales being more abundant compared to the control and other 
biocide treatments. 

We performed differential abundance analysis using DESeq2 on day 
14 samples to identify the differentially abundant taxa between biocides 
and nanoparticles. Fifteen ASVs were determined to be significantly 
enriched in either the nanoparticles or the biocide treatments (Table. 
S11). Twelve ASVs were significantly enriched in the biocide treatments, 
and eight ASVs were enriched in the nanoparticle treatments. Five of the 
ASVs enriched in the biocide treatments were annotated as Pseudomo
nadales. Two of the ASVs enriched in the biocide were annotated as 
Xanthamonadales. The remaining five ASVs were annotated as members 
of the Burkholderiaceae (Delftia, Janthinobacterium, and Herbaspir
illum) and Rhodanobacteraceae (Luteibacter and Dyella). The five ASVs 
enriched in the nanoparticle treatments were members of the Bur
kholderiaceae, Sphingomonadaceae, and Methylophilaceae. These 
findings confirm the overall observations from the taxa plots (Fig. 5). 

5. Discussion 

The objective of this study was to compare the impact of biocide and 
NPs on natural microbial communities in a hydraulic fracturing 
impacted stream. Our hypothesis was that biocides will result in a more 
strongly altered microbial community composition relative to NPs. 

5.1. Stability of NPs in stream water 

The characteristics of metal oxide NPs in water are shown in Table 1. 

While TEM images of the NPs stock suspension showed similar size to 
the commercial reported values (Fig. 1), the average size distribution of 
the nanoparticles, were much larger than reported size with average size 
from 203.7 to 667.6. This finding suggests that the NPs aggregated in 
water due to having diameters larger than 100 nm size. This aggregation 
of NPs may decrease the antimicrobial efficacy (Slavin et al., 2017). 
However, this trend of NPs aggregating in natural water is similar to 
what has been observed previously, where researchers observed larger 
metal oxide nanoparticles size with 200–800 nm range than the com
mercial size when they add them to water samples (Zhang et al., 2008). 
The zeta potential of all metal oxide NPs in water samples were negative. 

5.2. The change in pH of microcosms as a result of treatment 

On day 0 and day 14, glutaraldehyde (GA) had the lowest pH level of 
all of the treatments (4.9 ± 0.02 to 6.1 ± 0.2), which indicates more 
acidic conditions in this treatment. Previous studies have found a similar 
change in pH in GA amended microcosms (Campa et al., 2018). 
Glutaraldehyde can be biodegraded under aerobic conditions to glutaric 
acid, which could affect the pH of these microcosms. 

5.3. The cytotoxicity of NPs & biocides 

The NPs were selected in this study due to their antibacterial prop
erties (Kadiyala et al., 2018). Previous work demonstrated that con
centrations of TiO2 as low as 5.3 mg/L had an effect on microbial 
communities (Battin et al., 2009). Additionally, Ag NPs were shown to 
be effective at concentrations as low as 10 mg/L (Ward et al., 2019). Our 
results show that TiO2 NPs had the highest cytotoxic effect compared to 
other NPs and biocides based on high levels of LDH activity at 24 h in the 
TiO2 treatments. It has previously been reported that some NPs target 
the membrane of some bacteria conferring the antimicrobial properties 
of NPs (Bondarenko et al., 2018). In particular, TiO2 has been shown to 
cause membrane damage to cell (Joost et al., 2015). Therefore, we 

Fig. 5. Bar graph of taxonomic diversity shows the relative abundance of bacterial order with those classes represented with different colors. This figure shows the 
relative abundance of bacterial orders on day 0 and day 14 for Lower Grays Run, PA samples incubated with three metal oxide nanoparticles, and biocides at 16.7 
mg/L concentration for all treatments. 
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expected that some NPs would result in increased LDH activity due to 
destabilizing of membranes, which would result in releases of LDH. TiO2 
NPs are known for their UV-induced antimicrobial activity (Ripolle
s-Avila et al., 2019). It was surprising to see such antimicrobial activity 
for TiO2, especially under dark conditions. However, previous work has 
shown that TiO2 can generate radicals in the dark (Kumari et al., 2014). 
Therefore, this high LDH activity could be due to non-UV radical gen
eration. This activity could damage the cell membrane and increased the 
permeability of the bacterial cell membrane and cell death. 

The 16s rRNA gene abundance results showed that between day 0 to 
day 14 there was increases in microbial abundance in each of the biocide 
treatments. Conversely, microbial abundance decreased from day 0 to 
day 14 in the NP-treated samples as well as the control. This increase in 
microbial abundance over time in biocide treated samples is similar to 
previous reports of increased gene copies in later time points of glutar
aldehyde amended microcosms (Campa et al., 2018). This increase in 
gene copies may suggest the ability of biocides to select for resistant 
bacteria. Alternatively, the increase in microbial abundance may also be 
due to microbes utilizing the biocides as a carbon source. However, for a 
microbe to metabolize a biocide, it must be resistant to the biocide. We 
saw the highest change in bacterial abundance within glutaraldehyde 
treated microcosms. Previous work showed that cell abundance 
increased at later time points in GA amended microcosms from other 
hydraulic fracturing impacted streams (Campa et al., 2018). This in
crease in cell abundance was attributed to the biodegradation of GA and 
the increase of glutaric acid (Campa et al., 2018). The increase of glu
taric acid reported in the previous study started after day 7. In contrast 
to the results for the biocide-amended treatments, the microbial abun
dance of NP treated samples showed similar trends to the control mi
crocosms of decreasing microbial abundance over time. 

5.4. The effects of NPs & biocides on bacterial community composition 
and diversity 

Alpha diversity analysis indicated there was a change in the richness 
and evenness of the communities within some of the biocide microcosms 
after 14 days compared to NP microcosms, which were similar to the 
control as well as the initial conditions. Shannon diversity showed de
creases in evenness and richness in glutaraldehyde and triclosan treat
ments compared to the others. Campa et al., (2018) found that addition 
of GA resulted in a decrease in diversity. The extent of the decrease in 
diversity was affected by previous contamination state. Streams 
impacted by HF often showed less of a decrease in diversity in response 
to GA addition. Our results that GA and triclosan result in a decrease in 
diversity matches their results. 

Our results also demonstrated a strong impact of biocide addition on 
microbial community composition. In our study we observed dramati
cally altered microbial community composition in biocide-amended 
microcosms. In particular, Pseudomonadales were enriched in the 
presence of both GA and TCS compared to time zero, the controls, and 
other NP treatments. This enrichment of Pseudomonadales could be due 
to some Pseudomonadales having resistance to biocides A recent study 
demonstrated that Pseudomonas aeruginosa and Pseudomonas fluorescens 
employ efflux pumps to resist glutaraldehyde (Vikram et al., 2015b). 
Additionally, another study had suggested the mechanisms of resistance 
to TCS by using efflux pumps (Carey and Mcnamara, 2014). It is possible 
that the Pseudomonadales in these streams are employing mechanisms 
such as efflux pumps to survive biocide treatments. 

Nanoparticle treatments showed increases in both Cytophagales and 
Sphingomonadales. This finding is in line with previous studies on the 
impact of pulsed addition of Ag NP on wetland microbial communities. 
In Ward et al., 2019, they found that the addition of Ag NP resulted in 
increases in members of the Cytophagales after the first few days (Ward 
et al., 2019). Ward et al. (2019) found that a member of the Cytopha
gales, Flectobacillus, dominated the pulsed treatments after the first few 
days. Sphingomonas were also found to be one of the key indicator 

organisms of Ag-NP addition. Ag NP have distinct properties from the 
metal oxide nanoparticles used in this study. These findings suggest that 
there may be common taxa that are resistant to NP in aquatic 
environments. 

Hydraulic fracturing activity is a critical issue for environmental and 
public health and can present risks for ground and surface water 
contamination. Previous work has demonstrated that hydraulic frac
turing activity can affect the response of stream communities to biocide 
exposure. Nanoparticles are an appealing alternative antimicrobial. Our 
results demonstrate a dramatic decrease in bacterial abundance with 
different types of nanoparticles. Conversely, microbial abundance 
increased for all of the biocide treatments over time. This may suggest 
the presence of biocide resistant bacteria in these streams as well as the 
ability of some taxa to use the biocides as a carbon source. Biocides 
strongly impacted the microbial community composition of freshwater. 
We observed changes in microbial taxa in response to antimicrobial 
additions that were similar to previous studies in other systems, sug
gesting some common microbial responses to antimicrobials in aquatic 
settings. Here we investigated NPs that are potentially more “environ
mentally friendly” than the commonly used antimicrobial silver NPs. 
While, there are some concerns about the risk of nanoparticle release 
into the environment, here we demonstrate that the NPs chosen in our 
study have minimal effect on the microbial community. Our results 
support the idea that nanoparticles may be a promising antimicrobial for 
diverse industrial applications. 
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