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digestion of waste activated sludge and microbial
communities†
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The influence of long-term exposure of zinc oxide nanoparticles (ZnO NPs) to waste activated sludge on

anaerobic digestion and microbial communities was studied. The exposure concentrations were 0, 30,

60, 90, 120, and 150 mg g�1-volatile suspended solids (VSS) (dry). ZnO NPs inhibit the degradation of

macromolecular organic matter and the reduction of VSS in waste activated sludge during anaerobic

digestion. Only slight effects on the activities of protease, cellulase, acetated kinase, and coenzyme F420
were found at ZnO-NP concentrations of less than 30 mg g�1-VSS, whereas the activities of these three

enzymes were adversely affected in a dose-dependent manner when the ZnO NP concentrations were

increased from 30 mg g�1-VSS to 150 mg g�1-VSS. High-throughput sequencing analysis revealed that

ZnO NPs had an adverse influence on the archaeal community diversity but increased the bacterial

community diversity to some extent. High-throughput sequencing analysis also revealed that ZnO NPs

resulted in different shift trends in the archaeal and bacteria community structure at phylum, class, and

genus levels. ZnO NPs have negative impacts on the Euryarchaeota community, which plays a significant

role as methanogens in the anaerobic digestion. In addition, ZnO NPs could increase the relative

abundance of Clostridia and Bacteroidia, playing an important role in hydrolysis during the anaerobic

digestion.
1 Introduction

Many types of nanomaterials have been used in many elds.
Nanoparticles (NPs) are released into the environment as waste
aer their application and treatment. Many reports have proved
that NPs are more toxic than larger particles of the same
composition because of their large specic surface area and
unique size effects.1–4 In recent years, several ecotoxicological
studies have been carried out on the toxicity of NPs on bacteria,
cells, algae, and mammals.5,6 For example, both Daphnia magna
and Pimephales promelas were found to be sensitive to silver
nanoparticles (Ag NPs).7 The photosynthetic production of
Chlamydomonas reinhardtii obviously reduced aer its exposure
to copper nanoparticles (Cu NPs).8 The toxicity of zinc oxide
nanoparticles (ZnO NPs) on the environment has received more
attention than that of other nanomaterials owing to their
widespread applications. ZnO nanomaterials have been
employed in many applications, such as optoelectronics,
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cosmetics, catalysts, ceramics and pigments due to their unique
properties.9 It was proved that ZnO NPs could induce a signi-
cant growth inhibition in Methanocorpusculaceae.10 ZnO NPs
also show obvious toxicity in activated sludge, compared with
other NPs11 even at low concentration.

Wastewater treatment plants (WWTPs) are one of the most
important pathways for NP transformation andmigration in the
environment. Thus, the fate, transformation, and effects of NPs
in biological wastewater treatment and excess sludge treatment
are subjects of concern. It was reported that the zinc content in
WWTP biosolids reached 8.55 � 103 mg kg�1-suspended solids
(SS).11 It was also proved that ZnO NPs could signicantly affect
the settleability of activated sludge and removal efficiency of
nitrogen and phosphorus over time. The diversity of the
microbial community in the activated sludge also became less
aer exposure to ZnO NPs.12

The inhibiting effect of NPs on biological wastewater treat-
ment processes has been reported;13–15 although, there are still
knowledge gaps concerning their effect on anaerobic digestion
to produce biogas. Biogas production during anaerobic diges-
tion involves a complex multi-step processes, including
substrate hydrolysis, fermentation, and methanogenesis, cata-
lyzed by diverse and special microorganisms.16 NPs can enter
the sewers and WWTPs through daily washing from
nanomaterials-containing plastics and textiles. Most of the NPs,
including ZnO NPs, released from WWTPs get accumulated in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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activated sludge via adsorption and aggregation.17,18 Before
being discharged into the environment, the excess activated
sludge produced in WWTPs must be treated. Generally, anaer-
obic digestion is the preferred process because excess activated
sludge gets reused and its energy gets recovered. As known,
several biological reactions occur during anaerobic sludge diges-
tion, including the following: (a) hydrolysis, where large organic
molecules are decomposed into simple molecules, such as sugars,
amino acids, and fatty acids; (b) acidogenesis, where these
compounds are further decomposed into simple organic acids,
ammonia, carbon dioxide, hydrogen, and other byproducts; (c)
acetogenesis, where CO2, H2, and organic acids from acidogenesis
are transformed into acetic acid; and (d) methanogenesis that
includes hydrogenotrophic methanogenesis and acetoclastic
methanogenesis, resulting in methane production.19,20

The adverse impacts of NPs on anaerobic digestion process
should be investigated deeply because of the possible toxicity of
NPs on microbial communities. It has been reported that heavy
metals (Cr, Cu, Cd and Zn) decrease the anaerobic microbial
activity in digestion processes.21,22 Metallic NPs can show
different toxicological behaviors compared to those exhibited by
bulk metal species. ZnO NPs inhibited methane production by
18.3% and 75.1%, respectively, at 30 and 150 mg ZnO per g-SS
(suspended solid).13 The inhibition rate of anaerobic digestion
increased from 5.8% to 84.0% when CuO NPs concentration
increased from 5 mg g�1-SS to 1000 mg g�1-SS, while Ag and
CeO2 NPs did not cause drastic impacts.23 In addition, Ag and
TiO2 exhibited no effect on methanogenic activity at 1 and
10 mg L�1. These NPs did not seem to affect methane produc-
tion in short-term exposure during the mesophilic anaerobic
digestion of primary sludge.24 In another study, it was also
found that only ZnO NPs showed an adverse effect on methane
generation among Al2O3, TiO2, ZnO and SiO2 NPs; the inuence
of ZnO NPs was even dosage-dependent.25 Lower concentration
of ZnO NPs (6 mg g�1 SS) had no adverse effect on methane
generation. However, methane decreased by 22.8% and 81.1%
with increasing the concentration of ZnO NPs to 30 and 150 mg
g�1 SS, respectively.25

As mentioned above, although some investigations have
been conducted on the effect of NPs on anaerobic digestion
processes such as acidogenesis, acetogenesis, and methano-
genesis, little is known about the effect of NPs on microbial
communities including microbial abundance and community
structure under at most 22 d long-term exposure conditions. In the
present investigation, a simulated anaerobic digestion reactor was
established to investigate the inuence of ZnO NPs on anaerobic
digestion, and high-throughput sequencing was applied to char-
acterize the microbiological community aer long-term exposure.
Additionally, the activities of some enzymes related to waste sludge
anaerobic digestion were also measured to probe the potential
inuence of ZnO NPs on the system.

2 Materials and methods
2.1 Nanoparticle suspension and waste activated sludge

The ZnO NP suspension (1.7 g L�1, <100 nm particle size) was
purchased from Sigma-Aldrich (St Louis, MO, USA). Before
© 2021 The Author(s). Published by the Royal Society of Chemistry
use, the ZnO NP suspension was prepared by dispersing 1 mL
of ZnO NPs (1.7 g L�1) in 1 L of deionized water, followed by
1 h of sonication (25 �C, 250 W, 40 kHz). Dynamic light
scattering (DLS) analysis using a Malvern Autosizer (4700,
Malvern Instruments, UK) indicated that the average particle
size in the stock suspension was in the range of 30 to 60 nm.
Transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) indicated that the ZnO NPs were
spherical.

The waste activated sludge used in this study was taken from
the secondary sedimentation tank of an actual municipal
wastewater treatment plant in Harbin, China. The sludge was
settled for 24 h for concentration and stored at 4 �C. The sludge
was pretreated using an alkaline method for enhancing the
hydrolysis. The sludge was stirred at 80 rpm for 6 h aer the pH
was adjusted to 12 with NaOH solution. At last, the pH was
adjusted back to neutral for anaerobic digestion. The charac-
teristics of raw sludge and alkaline-pretreated sludge are
showed in Table S1 (ESI†).
2.2 ZnO NP exposure to sludge

The anaerobic digestion reactor was inoculated with the actual
activated sludge. The reactor (8 L working volume) was made of
plexiglass and heated with water-bath mezzanine. One control
and six test concentrations (2, 30, 60, 90, 120, and 150 mg g�1-
dry VSS) of ZnO NPs were examined during the exposure
experiments. Generally, the concentrations of various types of
NPs in the actual mixture of waste activated sludge were less
than 50 mg L�1.26 As the environmental release of NPs might
increase with large-scale manufacturing, the potential effect of
higher ZnO NP concentrations was also investigated. Nearly all
the research was set up in triplicate to ensure reliable results.
Aer the addition of ZnO NPs, the change trends in all indices
during each operating cycle and long-term period were all
measured. The schematic diagram of the reactor used for
exposure is shown in Fig. S1 (ESI†).
2.3 Analytical methods

2.3.1 Conventional indices measurement. Gas components
such as CH4, CO2, and H2 were measured using gas chroma-
tography (GC; Agilent 6890N, USA) equipped with a thermal
conductivity detector (TCD) using nitrogen as the carrier gas.
The GC operating parameters were as follows: injection
temperature, 100 �C; ow rate, 10 mL min�1; column temper-
ature, held at 40 �C for 3 min, then increased to 150 �C at
10 �C min�1 and held for 1 min while the TCD temperature was
held at 200 �C.

The ZnO concentration was analyzed by inductively coupled
plasma-optical emission spectrometry (ICP-OES) (PerkinElmer
Optima 2100 DV, USA). To measure the zinc content in sludge,
the samples were digested according to EPA Method 200.2 prior
to ICP analyses. The total chemical oxygen demand (TCOD) and
soluble chemical oxygen demand (SCOD) were determined
according to the standard potassium dichromate method. The
volatile fatty acid (VFA) content was analyzed by GC (Agilent
RSC Adv., 2021, 11, 5580–5589 | 5581
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6890N, USA) with a ame ionization detector (FID) using
nitrogen as a carrier.

2.3.2 Enzyme activity assay. The activities of protease,
cellulase, acetate kinase, and coenzyme F420 were assayed.
The activated sludge samples were pretreated before deter-
mination of the enzymes by the following steps: 30 mL of the
mixture from the reactors was washed and re-suspended in
10 mL of 100 mM phosphate buffer solution (PBS, pH 7.4 �
0.1). The suspension was sonicated (at 4 �C, 20 kHz, 0.5 h) to
break down the sludge and then centrifuged (10 000g, 4 �C,
and 0.5 h). The extracts were kept on ice before being used for
the enzyme activity assay. The protease and cellulose activity
was determined according to Karadzic et al.27 and Van Soest,28

respectively. The acetate kinase and coenzyme F420 activity
were analyzed according to Van Niel et al.29 and Mu et al.,14

respectively. The specic enzyme activity was dened as a unit
of enzyme activity per milligram of dry VSS.

2.3.3 DNA extraction and illumina sequencing. A total of
20 mL of the activated sludge mixture from the reactor was
centrifuged (12 000g, 6–10 �C, and 10 min), and the precipitate
was re-suspended in 30 mL of the liquid. This process was
repeated twice. The pretreated activated sludge was dissolved
in 15 mL of Tris EDTA (TE) buffer solution. Bulk genomic DNA
was extracted using sodium dodecyl sulfate (SDS) and hex-
adecyltrimethyl ammonium bromide (CTAB). The products
were examined by agarose (1% w/v) gel electrophoresis in Tris/
borate/EDTA buffer (TBE). The total genomic DNA from the
microbial samples was rst extracted and puried using
a PowerSoil DNA Isolation Kit (MoBio Laboratories, Inc.,
Carlsbad, CA) according to the manufacturer's protocol,
conrmed using 1% agarose gel electrophoresis and stored at
�20 �C until use. The 16S rRNA genes were amplied with
barcoded primers.

For archaeal:
(1) First PCR primers: 340F: CCCTAYGGGGYGCASCAG;

1000R: GGCCATGCACYWCYTCTC;
It was operated as the following steps: 10� PCR buffer: 5 mL;

dNTP (10 mM each): 0.5 mL; genomic DNA: 10 ng; Bar-PCR
primer F (50 mM): 0.5 mL; Primer R (50 mM) 0.5 mL; Plantium
Taq (5 U mL�1): 0.5 mL; H2O: add to 50 mL. Initial denaturation at
94 �C for 3 min, 5 cycles of 94 �C for 30 s, 45 �C for 30 s, 65 �C for
30 s; 20 cycles of 94 �C for 20 s, 55 �C for 20 s, 65 �C for 30 s
followed by a nal extension at 72 �C for 30 s and 10 �C until
halted.

(2) Second PCR primers: 349F: CCCTA-
CACGACGCTCTTCCGATCTN (barcode) GYGCASCAGKCGMGAAW;
806R: GACTGGAGTTCCTTGGCACCCGAGAATT
CCAGGACTACVSGGGTATCTAAT;

It was operated as the following steps: 10� PCR buffer: 5 mL;
dNTP (10 mM each): 0.5 mL; genomic DNA: 10 ng; Bar-PCR
primer F (50 mM): 0.5 mL; Primer R (50 mM) 0.5 mL; Plantium
Taq (5 U mL�1): 0.5 mL; H2O: add to 50 mL. Initial denaturation at
94 �C for 3 min, 5 cycles of 94 �C for 30 s, 45 �C for 30 s, 65 �C for
30 s; 20 cycles of 94 �C for 20 s, 55 �C for 20 s, 72 �C for 30 s
followed by a nal extension at 72 �C for 5 min and 10 �C until
halted.

(3) Third PCR primers: illumina bridge PCR primers.
5582 | RSC Adv., 2021, 11, 5580–5589
It was operated as the following steps: 10� PCR buffer: 5 mL;
dNTP (10 mM each): 0.5 mL; DNA: 20 ng; Primer F (50 mM) 0.5
mL; Primer R (50 mM) 0.5 mL; Plantium Taq (5 U mL�1): 0.5 mL;
H2O: add to 50 mL. Initial denaturation at 95 �C for 3 min, 5
cycles of 95 �C for 15 s, 55 �C for 15 s, 72 �C for 30 s followed by
a nal extension at 72 �C for 5 min and 10 �C until halted.

For bacteria:
(1) First PCR primers: 341F: CCCTACACGACGCTCTTCCGATCTG

(barcode) CCTACGGGNGGCWGCAG 805R: GACTG-
GAGTTCCTTGGCACCCGAGAATTCCAGACTACHVG
GGTATCTAATCC;

It was operated as the following steps: 10� PCR buffer: 5 mL;
dNTP (10 mM each): 0.5 mL; genomic DNA: 10 ng; Bar-PCR
primer F (50 mM): 0.5 mL; Primer R (50 mM) 0.5 mL; Plantium Taq
(5 U mL�1): 0.5 mL; H2O: add to 50 mL. Initial denaturation at 94 �C
for 3min, 5 cycles of 94 �C for 30 s, 45 �C for 20 s, 65 �C for 30 s, 20
cycles of 94 �C for 20 s, 55 �C for 20 s, 72 �C for 30 s followed by
a nal extension at 72 �C for 5 min and 10 �C until halted.

(2) Second PCR primers: illumina bridge PCR primers.
It was operated as the following steps: 10� PCR buffer: 5 mL;

dNTP (10 mM each): 0.5 mL; DNA: 20 ng; primer F (50 mM): 0.5
mL; Primer R (50 mM): 0.5 mL; Plantium Taq (5 U mL�1): 0.5 mL;
H2O: add to 50 mL. Denaturation at 95 �C for 30 s, 5 cycles of
95 �C for 15 s, 55 �C for 15 s, 72 �C for 30 s, followed by a nal
extension at 72 �C for 5 min and 10 �C until halted.

The PCR products were visualized on an agarose gel and
mixed proportionally according to mass, prior to sequencing on
an Illumina MiSeq benchtop sequencer using pair-end 250 bp
kits in Shanghai (Majorbio), China.

The raw sequences were optimized, and low-quality
sequences were removed using Mothur (http://
www.mothur.org). Mothur was used to trim the barcode and
primer sequences, and eliminate sequences shorter than 200
bp, with one or more ambiguous bases with a quality score
inferior to 25. Sequences were clustered into operational
taxonomic units (OTUs) at 97% sequence similarity using
Mothur. Species richness, diversity indices (i.e. observed
OTUs), Chao1 estimator, Shannon index, Simpson index,
abundance-based coverage estimator (ACE), and rarefaction
curves were obtained using Mothur, at a 3% dissimilarity
cutoff. To compare the community diversity between samples
based on phylogenetic information, the Fast UniFrac online
tool (http://unifrac.colorado.edu/) was used. It was used to
estimate the weighted UniFrac metric and carry out principal
coordinate analysis (PcoA). Moreover, a heatmap was imple-
mented using the R packages heatmap (http://www.r-
project.org/). The 16S rRNA gene sequences were deposited
in the NCBI Sequence Read Archive under their accession
number.
2.4 Statistical analysis

All the tests were performed in triplicate and the results were
expressed as the mean � standard deviation. Analysis of vari-
ance (ANOVA) was used to examine the signicance of the
results; p < 0.05 was considered to be statistically signicant. A
principal component analysis (PCA) was conducted based on
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the weighted UniFrac distance using SPSS 16.0 (SPSS Inc.,
Chicago, USA). Heatmaps and VENN diagrams were plotted by
hierarchal clustering.
3 Results and discussion
3.1 Effects of ZnO NPs on methane production and
reduction of waste activated sludge

The digestion process primarily occurs via the degradation of
macromolecular organics. Soluble protein and polysaccharide
dominate macromolecular organic matter, accounting for more
than 60% of the total organics of sludge.29 To some extent, the
degradation of protein and polysaccharide represents the
degradation efficiency of organic matters in waste activated
sludge. As shown in Fig. 1(A), with the addition of ZnO NPs to
the sludge fermentation system, the adverse effect could be
observed in the degradation of both polysaccharide and protein
in the supernatant; the effect was relevant to the dosage. At
a lower ZnO NP dosage (2 mg g�1-VSS), only a slight inhibition
Fig. 1 Effects of ZnO NPs on methane production and reduction of wa
ciency of supernatant on the 3rd day; (B) SCOD degradation on the 3rd
11.52 g L�1); (D) reduction of protein and polysaccharide on the 20th da

© 2021 The Author(s). Published by the Royal Society of Chemistry
effect occurred. However, when the ZnO NP concentration
increased to 150 mg g�1-VSS, the concentrations of soluble
protein, polysaccharide, and SCOD increased from
138.5 mg L�1 to 175.0 mg L�1, 909.9 to 1224.3 mg L�1, and
4331.6 to 4841.2 mg L�1, respectively. The degradation rate of
protein and polysaccharides decreased by 14.4% and 11.4%,
respectively, indicating that ZnO NPs inhibit the degradation of
macromolecular organic matter in waste activated sludge
during anaerobic digestion.

Only a portion of the organic matter were degraded during
anaerobic digestion owing to the limitation of fermentation
time. Commonly, the degradation efficiency of organic matter,
as well as reduction of waste activated sludge are used to assess
the performance of the anaerobic digestion.30 As shown in
Fig. 1(B), with the increase of ZnO NP concentrations from 2 to
30 mg g�1-VSS, the removal rate of SCOD was nearly unaffected
compared to the control during the 22 d exposure. However, it
signicantly decreased when the ZnO NP concentrations increased
from 30 to 150 mg g�1-VSS. Similarly, when the ZnO NP
ste activated sludge. (A) Polysaccharide and protein degradation effi-
day; (C) VSS on the 20th day (original value before fermentation was
y.

RSC Adv., 2021, 11, 5580–5589 | 5583
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concentration was higher than 60 mg g�1-VSS, the reduction rate
dropped quickly and only 5%of the VSS reduction rate was achieved
in the fermentation system at 150 mg g�1-VSS concentration of the
ZnONPs (Fig. 1(C)). In addition, as shown in Fig. 1(D), the reduction
rate of protein and polysaccharides in waste activated sludge was
inhibited in a dose-dependent manner. The reduction rate of
protein and saccharides decreased from 53% and 44.3% to 17.9%
and 0.8%, respectively, at the ZnO NP concentration of 150 mg
mg�1-VSS compared to the control. By comparison, the inuence
trend of the ZnO NPs was consistent in the degradation of poly-
saccharides and protein (in the supernatant of the waste activated
sludge), SCOD removal, and reduction of the waste activated sludge.
3.2 Effects of ZnO NPs on enzyme activities during
anaerobic digestion

Many enzymes are believed to play an important role in
methane production during the anaerobic digestion of waste
activated sludge. For example, protease, cellulase, acetate
kinase, and coenzyme F420 are responsible for sludge hydrolysis,
acidication, and methanation during anaerobic digestion.31 As
shown in Fig. 2, only a slight effect on the activities of protease,
cellulase, and acetated kinase was found at concentrations less
than 30 mg g�1-VSS of ZnO NPs. With the increase in ZnO NP
concentrations from 30 mg g�1-VSS to 150 mg g�1-VSS, however,
the activities of these three enzymes were reduced in a dose-
dependent manner. For coenzyme F420, the dosage of 30 mg
mg�1-VSS of ZnO NPs could inhibit its activity, i.e., the activity was
76.7%, 68.9%, 48.8%, and 44.4% of the control at concentrations
of 60, 90, 120, and 150 mg mg�1-VSS, respectively. Similarly, Mu
et al. (2011) found that concentrations of 30 and 150 mg g�1 SS of
ZnO NPs could signicantly affect the coenzyme F420 activity,14

consistent with the ndings in the present study.
Fig. 2 Relative activity of protease, cellulase, acetate kinase, and
coenzyme F420 after 20 d exposure.

5584 | RSC Adv., 2021, 11, 5580–5589
3.3 Effects of ZnO NPs on the microbial community

3.3.1 Effects of ZnO NPs on species abundance and
community diversity. Both archaeal and bacterial communities
are important common microbial communities in anaerobic
digestion systems. To probe the effects of ZnO NPs on these
communities, exposures were conducted at the ZnO NP
concentrations of 0 (control), 30, 90, and 150 mg g�1-VSS with
a time of 20 d. The four exposure treatments with different
concentrations of ZnO NPs were labeled as 0, 30, 90, and 150.
Aer the 20 d exposure to ZnO NPs, the sludge samples were
analyzed by high-throughput sequencing to evaluate the inu-
ence of ZnO NPs on the archaeal and bacterial communities.
For the archaeal community, 57145, 64328, 71046, and 75902
valid reads were obtained from 0, 30, 90, and 150 mg g�1-VSS
samples, respectively. Similarly, 55268, 58382, 50929, and 52849
valid reads were obtained from the 0, 30, 90, and 150 mg g�1-
VSS samples, respectively, for the bacterial community.

These sequence reads were clustered into OTUs according to
similarity (the sequences that have 97% similarity were dened
as one OTU). The VENN diagrams (Fig. 3) show the OTU
numbers of the different samples. The OTU numbers of 0, 30,
90, and 150 exposures were 2024, 2433, 2576, and 2888,
respectively, for the archaeal community. Similarly, the OTU
numbers of 0, 30, 90, and 150 were 5617, 4963, 4353, and 4445,
respectively, for the bacterial community. The total OTU
numbers were 8645 and 14892 for the archaeal and bacterial
communities, respectively. In addition, their mutual numbers
were 105 and 772 OTUs, respectively, accounting for 1.21% of
the total archaeal and 5.18% of the total bacterial community.
The abundance order for unclassied abundances was Meth-
anolinea > Methanosaeta > Methanospirillum > sum for the
archaeal community and Levilinea > Longilinea > Proteiniclasti-
cum > sum for the bacterial community.

The alpha diversity indices reect the microbial community
diversity of the anaerobic activated sludge. The alpha diversity
indices cover the richness, Shannon Index, ACE index, Chao1
index, Coverage, and Simpson index values. Table 1 shows the
alpha diversity statistics for the ve samples. The OTU numbers
and species richness of the samples were positively correlated.
Shannon and Simpson indices were used to estimate the
microbial diversity in the activated sludge systems; the higher
the Shannon index, the higher the diversity of the microbial
community. In contrast, a lower Simpson index represents
a higher diversity in the community. In addition, according to
high-throughput sequencing analysis, the richness rarefaction
was plotted to indicate the species abundance in the activated
sludge (Fig. S2, in ESI†). As Fig. S2† and Table 1 show, the
bacterial community diversities were P0, P30, P90, and P150 in
descending order and the archaeal community diversities were
150, 90, 30, and 0 in descending order. For the archaeal
community, the Simpson index of P0 was lower than that of the
others, indicating that the addition of ZnO NPs had an adverse
inuence on the archaeal community diversity. On the contrary,
for the bacterial community, the Simpson index of P0 was
higher than the others, indicating the addition of ZnO NPs
increased the diversity of the community.
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 OTUs-VENN diagrams based on high-throughput sequencing analysis; 0, 30, 90, and 150 represent 0, 30, 90, and 150 mg g�1-VSS ZnO
NP exposure systems, respectively; (A): archaeal; (B): bacterial.

Table 1 Alpha diversity statistics of archaeal and bacterial communitya

Sample (mg L�1) Sequence number OTUs Shannon ACE Chao1 Coverage Simpson

Archaeal 0 57145 2024 2.608975 38 696.55 15 904.09 0.969551 0.174093
30 64328 2433 2.426189 59 280.97 20 351.29 0.967091 0.197155
90 71046 2576 2.675787 56 696.15 19 511.67 0.968907 0.180479

150 75902 2888 2.702693 85 036.21 25 474.98 0.966391 0.18199
Bacterial 0 55268 5617 5.904354 53 934.24 26 153 0.926196 0.015821

30 58382 4963 5.939201 37 190.59 20 664.9 0.941763 0.011705
90 50929 4353 5.720234 36 585.42 19 891.13 0.939838 0.014924

150 52849 4445 5.57788 42 323.01 20 421.16 0.939015 0.015239

a Note: 0, 30, 90, and 150 represents 0, 30, 90, and 150 mg g�1-VSS ZnO NP exposures, respectively.
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According to the sequencing results, the species were clas-
sied and the ora abundance distribution was obtained. Based
on the abundance matrix, an abundance heatmap was plotted,
representing the abundance of ora information. As shown in
Fig. S3,† the color blocks represent the distance values. Addi-
tionally, the le (and top) connecting lines of the heatmap are
the clustering tree of the ve samples. The more similar the
microbial communities are in these samples, the smaller the
distance in the cluster tree between samples. For the archaeal
community (Fig. S3A†), there are two community branches,
0 and B. Branch B contains 90 and a sub-branch C (30 and 150).
Evidently, the 0 branch is very different from the B branches
(B30, B90, and B150). For the bacterial community (Fig. S3B†) as
well, there were two community branches; one contains 0 and 30
and the other contains 90 and 150. Theoretically, a smaller
distance represents the similarity of ora distribution in the Bray
tree plot. It means that there was an obvious similarity in ora
distribution between 0 and 30 as well as between 90 and 150.

The analysis above suggests that the changes in the ora
distributions occurred when the digestion sludge was exposed
to ZnO NPs at concentrations of 30, 90, and 150 mg g�1-VSS
compared to the control. The 30 mg L�1 ZnO NPs caused
a slight change in the ora distribution, whereas the 90 and
150 mg g�1-VSS ZnO NPs caused an obvious change. For the
archaeal community, only a slight difference was found
© 2021 The Author(s). Published by the Royal Society of Chemistry
between 0 and 30, whereas there was an obvious difference for
the 90 and 150 values compared to the 0 value. For the bacterial
community, 0 was homologous to 30, and 90 was homologous
to 150. Clostridiales, Anaerolineales, and Bacteroidales domi-
nated the mixture system.

A principal component analysis (PCA) correlation matrix was
used to explore the difference in community structures between
the samples. Planar scatter plots of archaeal and bacterial
communities are shown in Fig. 4(A) and (B), respectively. The
rst principal component (PC1) explained 98% of the variation
for the archaeal community and the second principal compo-
nent (PC2) accounted for 1% of the variation (Fig. 4(A)). PC1
explained 67% of the variation for the bacterial community and
the PC2 accounted for 26% of the variation (Fig. 4(B)). The
clustering of points in the planar scatter plots represent the
similarity of archaeal and bacterial communities; the more
collective their nature, the higher the similarity. From Fig. 4(A),
it can be seen that the points 30, 90 and 150 are much more
collective than the point 0, indicating the microbial community
structure of 30, 90 and 150 mg kg�1 VSS ZnO NPs exposure were
much different compared with that of control (0). From Fig. 4(B)
it can be seen that the point 0 and 30 were collective and the
point 90 and 150 were collective, indicating the microbial
community of the former two was similar, but different from
the latter two, which were also similar. Thus, it could be
RSC Adv., 2021, 11, 5580–5589 | 5585



Fig. 4 PCA based on OTU abundance for the microbial community in digested sludge under different concentration treatments; (A) Archaeal
and (B) Bacterial.

Table 2 Distribution of archaeal communities at phylum, class, and
genus levela

Level Name

Percentage (%)

0 30 90 150

Phylum name Euryarchaeota 97.74 93.52 91.59 89.58
Crenarchaeota 2.09 6.31 8.24 10.33
Thaumarchaeota 0.06 0.08 0.10 0.02
Unclassied 0.11 0.08 0.07 0.06

Class name Methanomicrobia 90.16 80.36 78.04 76.64
Thermoprotei 2.09 6.31 8.24 10.33
Methanobacteria 6.07 6.42 8.13 5.71
Thermoplasmata 1.11 6.24 5.13 6.31
Unclassied 0.55 0.64 0.43 0.99

Genus name Methanosaeta 67.64 68.86 58.87 61.20
Methanolinea 9.00 7.35 14.37 8.95
Unclassied 2.64 6.82 8.64 11.34
Methanospirillum 11.82 4.05 3.03 4.51
Methanosphaera 5.39 6.23 6.43 4.62
Thermogymnomonas 1.10 1.80 5.12 6.30
Methanobacterium 0.55 0.35 1.17 0.99
Methanoregula 0.60 0.16 0.62 1.06
Methanomethylovorans 0.50 0.56 0.29 0.52

a Notice: concentration unit of ZnO NPs: mg kg�1 VSS.
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concluded that ZnO NPs accumulated in the anaerobic diges-
tion system and affected the microbial community structure.

3.3.2 Effects of ZnO NPs on community structure
3.3.2.1 Effects of ZnO NPs on archaeal community structure.

The results of high-throughput sequencing are shown in Table 2
that represent the distribution of archaeal communities at
phylum, class, and genus levels, respectively.

As Table 2 shows, high-throughput sequencing analysis on
the cDNA sequences of the 16S rRNA genes revealed that one
common phylum, Euryarchaeota, was retrieved from all four
anaerobic digestion systems. The distribution of the dominant
5586 | RSC Adv., 2021, 11, 5580–5589
archaea differs signicantly between the samples. With the
increase of concentrations of ZnO NPs, the proportion of Eur-
yarchaeota in the sample is reduced. Euryarchaeota was the
much important archaeal community in the anaerobic diges-
tion system. The proportion of Euryarchaeota was 97.74% in the
control test but it decreased to 93.52%, 91.59%, and 89.58% in
the system containing 30, 90, and 150 mg g�1-VSS ZnO NPs,
respectively, suggesting that ZnO NPs negatively impact the
Euryarchaeota community.

As shown in Table 2, in the most abundant phylum, Eur-
yarchaeota and Methanomicrobia were the predominant ora,
accounting for >90% in the control. Methanomicrobia, Meth-
anobacteria, and Thermoplasmata are very common in the
anaerobic digestion system. When the ZnO NP concentration
increased from 0 to 30, 90, and 150 mg g�1-VSS, the proportion
of Methanomicrobia decreased by 9.80%, 13.44%, and 21.65%,
respectively. In contrast, the proportion of both Thermoprotei
and Methanomicrobia increased signicantly. This indicates
that ZnO NPs can inhibit the activity of Methanomicrobia.

Methanosaeta is a strict acetic acid type methanogen. As
shown in Table 2, Methanosaeta is the predominant genus. At
30, 90, and 150 mg g�1-VSS of ZnO NPs, the proportions of
Methanosaeta were 68.86%, 58.87%, and 61.2%, respectively,
demonstrating that a slight adverse inuence occurred with the
addition of ZnO NPs. This shows that acetic acid type metha-
nogens responded to external stimuli. Differently, Meth-
anospirillum is a hydrogenotrophic methanogen. With the
addition of ZnO NPs, the proportion of Methanospirillum was
reduced signicantly compared to the control. Thus, ZnO NPs
can signicantly inhibit the activity of hydrogenotrophic
methanogen. In addition, Methanolinea, Methanosphaera, and
Methanobacterium are all hydrogenotrophic methanogen; some
uncertain effects occurred when they were exposed to ZnO NPs
at different concentrations.

3.3.2.2 Effect of ZnO NPs on bacterial community structure.
The results of high-throughput sequencing are shown in Fig. 5–
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 Distribution of microbial communities at the phylum level.
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7, demonstrating the bacterial community distribution at the
phylum, class, and genus levels. The most common bacterial
phyla, Firmicutes, Proteobacteria, Bacteroidetes, Spirochaetes,
and Chloroexi play important roles during anaerobic diges-
tion. Similar to archaeal communities, the rst four phyla are
major bacterial communities in the present experimental
system, accounting for 74–80% of the total sequences shown in
Fig. 5. Firmicutes contain many important functional bacteria
existing widely in anaerobic digestion systems. Proteobacteria
Fig. 6 Distribution of microbial communities at the class level.

© 2021 The Author(s). Published by the Royal Society of Chemistry
are the predominant bacteria in the activated sludge and plays
an important role in anaerobic digestion. Many species of
Proteobacteria are related to the metabolism of small molecular
compounds including glucose. The percentage of Firmicutes
and Proteobacteria increases with the increase of ZnO NP
concentrations (Fig. 5), i.e., the proportions of Firmicutes and
Proteobacteria increased by 36.66% and 13.35%, 51.04% and
40.77%, and 74.38% and 44.87% at 30, 90, and 150 mg g�1-VSS
of ZnO NPs, respectively. As one type of chemoheterotrophic
RSC Adv., 2021, 11, 5580–5589 | 5587



Fig. 7 Distribution of microbial communities at the genus level in Anaerolineae.
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bacterium, Bacteroidetes can hydrolyze vitamin and chitin. As
seen in Fig. 5, 30 mg g�1-VSS ZnO NPs decreased the abundance
of Bacteroidetes, whereas the proportion of Bacteroidetes
increased at 60 and 150 mg g�1-VSS of ZnO NPs, similar to that
of Firmicutes and Proteobacteria. The activity increase of Fir-
micutes, Proteobacteria, and Bacteroidetes may have resulted
from their adaptability and resistance to ZnO NPs.

Both Spirochaetes and Actinobacteria are also widely spread
in activated sludge and play important roles in the degradation
of organic matters.32 Actinobacteria are heterotrophic bacteria,
of which most strains produce H2S in a culture and can deoxi-
dize nitrate into nitrite. As seen in Fig. 5, compared with the
control (4.28%), the percentage of Actinobacteria increased to
5.17%, 6.4%, and 9.13% at ZnO NP concentrations of 30, 90,
and 150 mg g�1-VSS, respectively. Accordingly, ZnO NPs can
enhance the relative abundance of these two bacteria classes to
some extent. In addition, according to Fig. 5, the percentage of
Spirochaetes was very low, indicating the relative abundance was
weak.

As shown in Fig. 6, high-throughput sequencing analyses on
the cDNA sequences of the 16S rRNA genes showed three
dominant classes, Clostridia, Anaerolineae, and Bacteroidia,
accounting for almost 46% of the community. Clostridia are an
important functional class under Firmicutes and play an
important role in promoting hydrolysis.33 As ZnO NP concen-
trations improved from 0 mg g�1-VSS to 30, 90, and 150 mg g�1-
VSS, the proportion of Clostridia increased from 13.11% to
18.13%, 22.3%, and 25.66%, respectively. As known, hydrolytic
acidication is a very combined process, which many kinds of
microbial participate. The whole inhibition (Fig. 1(D)) of
hydrolytic process might be caused by the decrease of other
microbial classes. In addition, the secondary abundant class,
Anaerolineae account for 20.61%, 18.89%, 11.54%, and 3.54%
5588 | RSC Adv., 2021, 11, 5580–5589
of the total sequence abundance at ZnO NP concentrations of 0,
30, 90, and 150 mg g�1-VSS, respectively, indicating Anaeroli-
neae activity was inhibited with the increase of the ZnO NP
concentrations. However, a slight increased trend could be seen
for Bacteroidia; they account for 12.29%, 9.75%, 14.92%, and
16.14% at ZnO NP concentrations of 0, 30, 90, and 150 mg g�1-
VSS, respectively. In fact, it just a relative abundance difference
trend, which possible caused by the death of other classes or
species.

Both Longilinea and Levilinea play a role in the degradation of
macromolecular compounds during methanation. As shown in
Fig. 7, Longilinea and Levilinea are two predominant genera in
Anaerolineae. Their proportions decreased with an increase in
the ZnO NP concentrations, indicating that ZnO NPs could
inhibit their activity. In addition, Clostridium XI is a typical
anaerobe that plays an important role in the production of
acetic acid and butyrate during the degradation of carbohy-
drates. As seen in Fig. 7, the proportion decreased from 2.19%
to 1.62%, 0.83%, and 0.58% when the ZnO NP concentrations
increased from 0 mg g�1-VSS to 30, 90, and 150 mg g�1-VSS,
respectively. This indicates that ZnO NPs could inhibit Clos-
tridium XI activity during anaerobic digestion.

The changing trend of dissolved components reects the
performance of hydrolytic acidication of the anaerobic diges-
tion. ZnO NPs affected the degradation efficiency of macromo-
lecular matter. It was found that the concentrations of the
dissolved protein and dissolved polysaccharide increased from
138.5 mg L�1 to 175 mg L�1 and from 909.89 mg L�1 to
1224.33 mg L�1, respectively, with ZnO NPs exposure in anaer-
obic digestion process. As shown in Fig. 1(D), the degradation
efficiency of the protein and polysaccharide decreased with ZnO
NPs concentrations increasing from 2 mg kg�1 VSS to 150 mg
© 2021 The Author(s). Published by the Royal Society of Chemistry
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kg�1 VSS. That is, the degradation rate of them dropped from
66.84% to 55.39% and from 50.56% to 41.02%, respectively.

4 Conclusions

ZnO NPs inhibit the degradation of macromolecular organic
matter and reduction of VSS in waste activated sludge during
anaerobic digestion. The activities of some key enzymes such as
protease, cellulose, acetated kinase, and coenzyme F420 are
affected signicantly at ZnO NP concentrations higher than
30 mg g�1-VSS. High-throughput sequencing analysis revealed
that ZnO NPs decrease the archaeal community diversity but
increase the bacterial community diversity to some extent. The
shi differs in the structure of archaeal and bacterial commu-
nity at phylum, class, and genus levels. Particularly, the ZnO
NPs decreases the relative abundance of the Euryarchaeota
phylum of the microbial community, which could impact the
important process of methanation during anaerobic digestion.
ZnO NPs could increase the abundance of Clostridia and Bac-
teroidia, playing an important role in hydrolysis during the
anaerobic digestion.
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