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Abstract

Polyvinylpyrrolidone coated silver nanoparticles (PVP-AgNPs) were applied at
different concentrations to reduce total nitrogen (TN) losses and the mechanisms of
nitrogen bio-transformation were investigated in terms of the nitrogen functional
enzymes and genes. Results showed that mineral N in pile 3 which was treated with
AgNPs at a concentration of 10 mg/kg compost was the highest (6.58 g/kg dry weight
(DW) compost) and the TN loss (47.07%) was the lowest at the end of composting.
Correlation analysis indicated that TN loss was signiﬁcantly@ d with amoA
abundance. High throughput sequencing showed thagthe i amily of

ammonia-oxidizing bacteria (AOB) was Nitros. yd/’eae, nd the number of

Operational Taxonomic Units (OTUs) r fter the peginning of composting
-

when compared with day 1. In sum with AgNPs at a concentration of

10 mg/kg compost was consid iﬁ e to reduCe TN losses and reserve more mineral N
during composting.

Key words: PVP- Cofiposting; Nitrogen transformation; Functional enzymes;

Functional genes



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

1. Introduction

Sewage sludge (SS) is an essential by-product during wastewater treatment process.
With the rapid expanding of wastewater treatment plants (WWTP), the production of
SS also increased dramatically. Researches reported that the averagely annual
production of SS in WWTP of China was 30 million tons and increased by more than
13% between 2007 and 2015 (Cai et al., 2016). SS is favorable for recycling to

agriculture because of considerable fractions of nitrogen, phosphorus and other

eﬁé rtilizer for the
Qtoxic heavy

applications (Zeng et al.,

fertilizing elements in it. However, SS can not be directly r

high quantities of pathogenic microbes, organic micgp-po
S

metals, which are strictly controlled by the legi

2013a). Consequently, the development
-

onmentglly friendly and sustainable
measures for disposal of SS has rece ent attention (Vogel et al., 2011;

Zeng et al., 2013b), D

Composting is a cosggfficient and gocial preferred approach for solid waste
management. Durh %sﬁng, unstable and complex organic matters are
degraded into stabﬁhumus-like substances without toxic effects and the
composted SS is preferred as soil conditioner and organic fertilizer for agriculture
(Huang et al., 2008; Tang et al., 2008). As a critical factor for evaluating the quality of
final composts, nitrogen bio-transformation during SS composting is complex,
including volatilization, mineralization, immobilization, nitrification and

denitrification, and the loss of nitrogen is mainly caused by the release of NHs, N,O,

N, and NOy (Zhang et al., 2017). Many researchers have been exploring more
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effective methods to reduce nitrogen loss during SS composting. Since the high
concentration of nitrogen and low C/N ratio would lead to excessive ammonia
volatilization (Malinska et al., 2014; Yang et al., 2010), extra carbon sources (e.g.
sawdust, straw, paper, biochar) were introduced to improve the physico-chemical
properties of composting materials (Malinska et al., 2014). Other additives like lime
and zeolite were also applied to alleviate the acidic pH and reduce the release of NHj3
and N,O (Cheng et al., 2016).

The development of nanotechnology has brought huge increﬁé oduction and use
of engineered nanoparticles (ENPs) (Xu et al., 2012), The p1¢j %merging

Nanotechnologies at the Woodrow Wilson Intelyx/ a

that consumer products containing ENPs% sed by 521% between 2006 and 2011
-

enter for Scholars reported

(Feng et al., 2010; Gong et al., 2009; al., 2013). Due to the

antimicrobial properties, silv particleS'(AgNPs) are applied to various

consumer products, guch as food cgntainers, sporting goods, clothing, softeners and
detergents (Kim? %any researches have tried to illustrate the relationships
between AgNPs arimoorganisms. In soil ecosystem, several studies suggested that
denitrifying bacteria and denitrification were easily vulnerable to AgNPs (Mishra et
al., 2015). It was found that NOs™-N reduction was retarded even by low concentration
of AgNPs in sequencing batch reactors, and NO, -N kept the same low levels and this
might be due to that AgNPs inhibited the activity of nitrate reductase, while brought
less adverse effects on nitrite reductase under low level (Hu et al., 2011; Zhang et al.,

2016c¢). Previous literatures reported that nitrifying bacterial activity was decreased by
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86% under 1 mg/L AgNPs (Choi et al., 2008; Zhang et al., 2007), while other studies
found that nitrification was decreased by 41.4% at the same concentration of AgNPs
in an activated sludge treatment system (Fan et al., 2008; Liang et al., 2010). These
previous studies provided deep insights into the impacts of AgNPs on nitrogen cycling
and the related microorganisms. However, few researches linked the nitrogen
transformation with the functional enzymes and genes simultaneously during
composting with the existence of PVP-AgNPs and few researches studied the
diversity of the functional genes which shown significant co}@ with total

O

ts of PVP-AgNPs under

nitrogen (TN) losses.

The present study was conducted to investigate )e/

different concentrations on nitrogen bio= ation fluring composting. The
-

changes of functional enzymes activitd s abundances for nitrogen

o,

bio-transformation were dete , since these data help explain the nitrogen

changes. Also, the bacterial amoA gene which was significantly correlated with TN

t@he diversity of ammonia-oxidizing bacteria (AOB).

This research represents the few researches which reveal the impacts of AgNPs on

-
losses was sequenc

nitrogen transformation by integrating the analyses of enzyme activities and
molecular level of nitrogen cycling microbial communities.

2. Experimental section

2.1. PVP-AgNPs synthesis and characterizations

Polyvinylpyrrolidone coated AgNPs (PVP-AgNPs) was chosen since this kind of

AgNPs can maintain colloidal stability in composting systems where the environment
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is complex and the ionic strength is high with high valence background electrolytes
(Gitipour et al., 2013). Briefly, 5x10~ M AgNO; was dropwise (~1 drop per second)
added into a vigorously stirring solution of 1% PVP and 2.5x10 M NaBHj, at a
volume ratio of 1:3 and this procedure was conducted in a condition of ice bath. In
addition, the synthesized PVP-AgNPs were purified three times using 1 kDa dialysis
membranes to clear the rest of reactants. This purification method could prevent the
solutions drying, aggregating or oxidizing, and the concentration of AgNPs was kept
the same by replacing the excess by-products with water. 7é
UV-vis absorption spectrum analysis was performedisin @JV—ZSSO
(Japan) at a wavelength range of 300-800 nm to€0 he successful synthesis of
AgNPs. Transmission electron microsc 1 and ghergy dispersive X-ray

-
spectrophotometer (EDX) analysis % to investigate the morphology and

further confirm the formation g NPs. Safiiples for TEM and EDX were prepared

by adding a drop of AgNPs solutiod on a carbon coated copper grid and then air-dried
at room temperaar ENM and EDX photographs were captured by JEOL,
JEM-2100F compl/e;n\ened with EDX and the accelerating voltage was 200 kV.
Hydrodynamic diameter (HDD) were determined using Zetasizer Nanoseries
(Malvern Instruments, UK) according to the theory of dynamic light scattering (DLS)
with a 633 nm laser source and a 173° detection angle and the detection range was
from 1 nm to 10 ym.

2.2. Materials preparation, composting and sampling

Sewage sludge was obtained from Yuelu wastewater plant of Changsha, China and
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then it was air-dried and sieved through the 100-mesh screen. Rice straw, collected
from suburb of Changsha, China, was also air-dried and cut into 10~20 mm lengths. It
is a kind of typical agricultural waste difficult to degrade. As the easily degradable
materials to assist the composting processes, vegetables were chopped into 10~20 mm
lengths after being air-dried. To improve the initial carbon to nitrogen (C/N) ratio,
bran was air-dried and added into the composting piles. The characteristics of the raw

materials were presented in Table 1. Initial moisture content was regulated to 65% and

C/N ratio was adjusted to about 25 (Gitipour et al., 2013; H@ ., 2017a) by
blending sewage sludge, rice straw, vegetables and bgan a §r3t10 0f 22:36:5:5.

Five indoor composting piles were set up includihg (without AgNPs) and pile

2~5 which were treated with AgNPs at ations of 2, 10, 20, 30 mg/kg compost,
-

respectively. The composting proces days during which most of

complex organic matters werex 45 aded to stable substances. The piles were turned

daily during the firstgl4 days and weekly afterwards. Solid samples were collected

from three differen @ the piles and homogenized before stored at 4 °C for
determinations of ;hyxo-chemical parameters and -20 °C for DNA extraction.

2.3. Physico-chemical parameters and nitrogen functional enzymes determination
Temperature was recorded from five different positions of the composting piles using
a thermometer. The NH,;-N, NO5™-N, NO,-N concentrations were determined
according to the methods in previous studies (Zhang et al., 2017) by shaking the
samples in 2 M of KCI solution at a ratio of 1:50 (w/v) for 1 h to extract the mineral N.

Mineral N equaled to the sum of NH,"-N and NO5™-N. Samples for TN determination
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were ground after being dried at 105 °C for 24 h and analyzed using Kjeldahl
digestion analysis. The TN losses were calculated according to the following formula
(Zhang et al., 2017):

TN loss (%) = 100-100[(X; Ny) / (Xa N1)] (1)
in which N; and N, represented the total nitrogen concentration on initial and each
corresponding day, and X; and X, represented ash content on initial and each
corresponding day, respectively. The activities of nitrate reductase (NR), nitrite

reductase (NIR), ammonia monooxygenase (AMO) and nitr?@ eductase (NOR)
é é see

were measured referring to previous literatures (Zhegg et af.

Supplementary materials).
2.4. DNA extraction -
-
The total genomic DNA was extract samples of each composting pile

using the E.Z.N.A. ® Soil DN (OMEGA Bio-Tek, Inc., Norcross, GA, USA).

The extraction was gonducted accofding to the manufacturer’s instructions. The

@4 A extraction were determined using a NanoDrop

(Thermo Scientific, Wilimington, DE, USA). The purification of crude DNA was

. -
quality and concen

performed using the Universal DNA Purification Kit (TTANGEN, China) according to
the manufacturer’s instructions for use. Three parallel extractions were performed for
each compost sample.

2.5. Quantification of nitrogen functional genes

The abundances of functional genes, encoding the key enzymes involved in

nitrification (amoA and nxr4 encoding ammonia monooxygenase and nitrite
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oxidoreductase, respectively) and denitrification (narG, nirK, nirS, and nosZ encoding
the membrane-bound nitrate reductase, copper-containing nitrite reductase,
cd;-containing nitrite reductase, and nitrous oxide reductase, respectively), were used
to represent the abundances of functional microbes (Zhi et al., 2014). The quantitative
PCR (qPCR) was conducted on an iCycler IQ5 Thermocycler (Bio-Rad, USA) in a
system of 10 4L of 2 x SuperRedal PreMix Plus (with SYBR Green I), 0.4 uL of each
primer (50 uM), 1 uL of template DNA, and 8.2 uL of sterile ultrapure water (see
Supplementary materials). All the qPCR reactions set up the@i control by
replacing the unknown DNA sample with sterile ultrgpure ; three parallel
qPCR analyses were performed for each sampl e copies obtained from

qPCR reaction were converted to copie of dry weight (DW) compost.

m
-

2.6. High throughput sequencing an € alysis

Compost samples were sent o ghai Mdjorbio Bio-pharm Technology Co., Ltd.
ncing of bacterial functional gene amoA (see

(Shanghai, China) fer.se
Supplementary n?aNg Waw sequences were submitted to NCBI with
A3

BioProject ID PRIN 265.

2.7. Statistical analyses

All analyses of parameters apart from temperature which was determined from five
different positions of the composting piles were performed in triplicate. For the
evaluation of differences between composts from different piles, least significance
difference (LSD) test was conducted at 95% confidence level using SPSS 19.0. If P >

0.05, the difference between piles was thought to be statistically insignificant. Pearson
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correlations coefficients were calculated using MATLAB R2013a to assess the
relationships between TN losses and the functional genes of N transformation, and a
correlation matrix (7 x 7) was created.

3. Result and discussion

3.1. PVP-AgNPs characterizations

The absorption peak around 400 nm suggested the formation of AgNPs, and no peaks

else were found less than 390 nm indicating that there were not impurities (e.g. Ag")

in the AgNPs solution (see Supplementary materials). Sphe@ icles were found
distributed evenly on the carbon coated copper grid and t gsize was about 6

nm. And the EDX analysis diagram further suggés the particles in TEM graph

were the PVP-coated AgNPs. The avera; of the gynthesized PVP-AgNPs was
-

about 8.5 nm. The little bit of differe M size and HDD size once be

reported that it might be cause the following: (1) the process of drying TEM

samples might lead $@_the shrinkagg of the PVP molecule; (2) the aggregated

PVP-AgNPs were® @ fully during sonication and resulted in larger HDD
size; and (3) the Pmted more than one AgNPs at the same time (El Badawy et al.,
2010).

3.2. Temperatures of composting piles

As well known, temperature was an essential parameter to evaluate the performance
of decomposition of organic matter during composting process (Huang et al., 2017a;
Wang et al., 2013). Since the highest temperature in pile 5 was lower than 50 °C, all

other parameters of pile 5 were not presented in this literature. The time courses of

10
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temperatures in other four composting piles were similar to many patterns which
included three typical phases (mesophilic, thermophilic and cooling stage) (see
Supplementary materials). The significant differences (P<0.05) between all treatments
were observed during the first 12 days and this was mainly caused by the population
succession of mesophilic-thermophilic microorganisms. The temperatures rose
dramatically during the early phases of composting due to the decomposition of easily
degradable organic matter by microbes, and reached to the highest on day 5 for pile 1
(59.6 °C), day 7 for pile 2 (55.8 °C) and pile 3 (60.4 °C), ancﬁé r pile 4 (61 °C),
respectively. It was fastest to achieve highest tempergture M@y d'the

thermophilic phase of pile 4 lasted for 11 days, ays jn other piles. The

temperatures over 50 °C were continue re than Y days, which was the

requirement of Chinese National Sta -days duration of temperatures
over 55 °C in all composting pi nimum requirement for destroying all

pathogens (Zhang efgal., 2011). In tgrms of temperature, the main impacts of AgNPs
were the time whe) @temperatures reached and the values of the highest
temperatures, andﬁtmems presented different levels of temperatures during
thermophilic phase. This suggested that AgNPs might have some impacts on
heterotrophic microorganisms, even promote the activities of heterotrophic
microorganisms.

3.3. Nitrogen transformations

Nitrification and denitrification are two critical pathways of nitrogen transformation.

The fluctuation of NH,"-N in composts was an important implication for the nitrogen
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transformations and NHj release (Jiang et al., 2015). In this study, NH,-N dominated
the inorganic nitrogen during composting, and the concentrations of NH; -N in all
treatments increased dramatically during early stages of composting because of
ammonification, and reached peak value on day 5 in pile 1 and pile 3, and on day 10
in pile 2 and pile 4, respectively (Fig. 1a), this trend was similar to other literatures
(Wang et al., 2013).The maximum NH,4"-N concentration was detected in pile 4
(9990.04 mg/kg dry weight (DW) compost) into which the highest concentration of
AgNPs (20 mg/kg compost) was added. The delayed peak t@l reater peak value
of NH4 -N in pile 4 might be due to that the addition,of A oncentration of
20 mg/kg compost slowed down the mineralizaf0n anic,nitrogen and inhibited

transformation of NH4 -N to NO,-N d early stage of composting. Then, NH,"-N

concentrations in all treatments decr day 15, which might be due to

the facts that high temperatu? ed favorable conditions for NH3

emission, and immogilization by nifrogen fixing microbes (Wang et al., 2016b).

Thereafter, it contl 1@sed slowly till the end of composting. The NH,'-N
concentrations of Imuile 2, pile 3 and pile 4 were 5482.44, 4655.25, 6334.96 and
5822.52 mg/kg DW compost at the end of composting, respectively. It was 1.09~1.36
times higher in pile 3 than other piles. One-way analysis of variance (ANOVA)
presented a significant difference among the four treatments (F=64.9, P<0.01), and
LSD tests indicated highly significant differences between pile 3 and other piles
(P<0.05) at the end of composting.

Similar to NH4-N, NO3™-N contents increased rapidly during the first several days of

12
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composting (Fig. 1b) owing to alkaline pH (see Supplementary materials) which
provided favorable conditions for transformation of NO,-N to NO3™-N by nitrite
oxidizing bacteria (NOB) (Zhang et al., 2016b). The NO;™-N in pile 3 peaked fastest to
4791.34 mg/kg DW compost, while the peak value of NO5™-N in pile 4 (5976.68
mg/kg DW compost) was the highest (P<0.05). Then NOs'-N concentrations
presented downtrends, and pile 3 showed significant lower NO;-N content at the end

of composting. According the previous study (Bustamantea et al., 2008), the exposure

of unavailable NH,;"-N to microbes could suppress the nitrif?/& d lead to lower
NO5™-N. &O:

As shown in Fig. 1c, the content of NO, -N wa low, as it was the

intermediate product generated during ion by afhmonia-oxidizing microbes.

During the first three days, NO, -N ed in all piles and increased rapidly

since day 4 to peak values on 0, then presented short periods of decline.

Thereafter, the trendg.of NO,-N were divided into two groups: pile 1 and pile 2

@d, while pile 3 and pile 4 increased slowly. This

suggested that higher concentrations of AgNPs would inhibit conversions of NO,-N

continually decreas

to NO3™-N.

The time courses of total mineral nitrogen (Fig. 2a) were similar to NH;'-N, mainly
because that NH, -N dominated the mineral nitrogen. At the beginning, mineral
nitrogen contents increased dramatically though the TN declined (Fig. 2b). This might
be on account of the transformation of organic nitrogen to mineral nitrogen and losses

of nitrogen as NHj3, N,O, NOx, etc. during this process. Afterwards, concentrations of

13
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mineral nitrogen in all treatments decreased till the end of composting. With organic
nitrogen was mineralized, the activities of microorganisms were thought to be
increased, which induced fierce competitions for nitrogen substrates and the
consequent immobilization of mineral nitrogen (Azeez et al., 2010). The mineral
nitrogen concentrations were 6.2, 5.22, 6.58, and 6.18 g/kg DW compost in pile 1 ~
pile 4 in the end, respectively. The highest mineral nitrogen content was detected in

pile 3 and the loss of TN in pile 3 was the lowest (P<0.05) (Fig. 2¢) at the end of

composting. Comparing with the initial TN, the lowest TN l@p' e 3 was 13.76%
which was lower than the control pile (17.74%) by 22.4% i §the previous study,
the lowest nitrogen loss (19.72%) was detected j pre which was treated with

10% biochar and 10% zeolite during pi compogting (Wang et al., 2017).

e
-
Therefore, the impact on the conserv. ogen and improvements of N
availability was the most remat e when pile was treated with AgNPs of 10 mg/kg
compost in this stu

3.4. Activities of K %e}

Biological transfo% of nitrogen is critically dependent on the activities of key
enzymes. Many previous literatures reported that nitrification and denitrification are
two key pathways in nitrogen bio-transformation (Zheng et al., 2011). AMO and NOR
are two key enzymes for nitrification, whereas NR and NIR are crucial to
denitrification (Zheng et al., 2011). As shown in Fig. 3a, the activity of AMO in pile 3

was the lowest since day 15, indicating that the existence of AgNPs at a concentration

of 10 mg/kg compost inhibited the activity of AMO. It was significantly lower than

14



295  pile 2 during the whole composting but was insignificantly lower than pile 1 and pile
296 4 after day 26. The presence of AgNPs at a concentration of 2 mg/kg compost

297  stimulated the activity of AMO. These observations further explained the higher

298  NH,'-N in pile 3 at the end of composting (Fig. 1a). Fig. 4b showed that the addition
299  of AgNPs at a concentration of 20 mg/kg compost inhibited the activity of NOR

300  which was significantly higher in pile 1 than pile 4, while insignificantly higher than
301  pile 2 and pile 3. These observations were consistent with the higher concentrations of
302  NOs™-Nin pile 1 since the day 26 of composting processes (@1 However the

303  highest activity of AMO in pile 2 did not result in higher Qon of NO, -N (Fig.

304  Ic), and this might be due to the relatively highef atvities of NOR and NIR (Fig. 3)

305  than pile 3 and pile 4, and lower activit - As shoyn in Fig. 3c and 3d, the

306  activity of NR was higher in pile 1, were higher in pile 1 and pile 2,
307  resulting in lower concentratior O, -N1il pile 1 and pile 2 during the cooling and
308  maturation stages. Itgwas in accord@ance with other literatures that found higher levels

309 of AgNPs inhibited %s of NR and NIR (Zhang et al., 2016c¢).

310  3.5. Quantiﬁcatiorﬁrogen functional genes

311 The genes (amoA, nxrA, narG, nirK, nirS and nosZ) were quantified for all piles

312 during composting (Fig. 4). The highest abundances of amoA4 which is the marker of

313 aerobic oxidation of NH4 -N to NO,-N were determined at the beginning of

314  composting in all piles and then decreased rapidly. The copy numbers of amoA in pile

315 3 were restrained by AgNPs since day 15 till the end of composting, resulting in

316  higher concentration of NH;"-N in pile 3 during the same period. Among the four

15
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piles, the average copy number of amoA in pile 3 was the lowest and the order of
other three piles was: pile 4 > pile 1 > pile 2. This indicated the vulnerability of AOB
to AgNPs at a concentration of 10 mg/kg compost, while it was interesting to found
that the amoA copies increased under a concentration of 20 mg/kg compost. Other
interesting phenomena were found by previous studies that the impact on amoA was
more pronounced in 35-nm AgNPs treated samples than 5-nm AgNPs treated samples
(Yang et al., 2014). As shown in Fig. 4b, higher nxr4 copies were detected in pile 1
during the whole composting period, which suggested that I\% vulnerable to
AgNPs and it was more sensitive in pile 3 treated with 10 onst AgNPs. The

order of average nxr4 abundances in four piles wa > pile 2 > pile 4 > pile 3.

The similar temporal variation trends of* d amoA/in pile 1 might be due to the
-
similar survival conditions that both needed aerobic conditions and

were autotrophic, and the ecold l relationt that AOB supplied NO, -N by oxidizing

NH, -N to NO,-N NOB to trangform NO,-N to NO3™-N (Zhi et al., 2014).

However, the ch&@vere not consistent with that of amoA in other three

piles since the disturbanCe of AgNPs.

The detectability of narG, nirK, nirS, and nosZ suggested the occurrence of
denitrification during composting of all treatments. NarG is the well-known
representative encoding membrane-bound nitrate reductase to perform the reduction
of NO;™-N to NO, -N (Lopez-Gutierrez et al., 2004). The highest abundance of narG
of each pile was detected on day 26 or 38 and the time courses of narG gene in all

composting piles exhibited an increase from the beginning to day 26 or 38 and then

16
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decrease till the end of composting processes (Fig. 4c). Among the four piles, narG in
pile 4 was the highest especially from day 26 to the end of composting (p < 0.05). The
order of average narG abundance was pile 4 > pile 3 > pile 2 > pile 1, suggesting that
AgNPs had a positive impact on narG gene and the impact was more pronounced
under exposure of higher AgNPs concentration. This was similar to other researches
that found AgNPs did not significantly influence the expression of narG and even
could stimulate the survival of microbes (Fajardo et al., 2014; Xiu et al., 2012). NirK
and nirS are two functional genes involved in the second de@éa jon step, namely
the reduction of NO,-N to NO and this is the first stage fi ¢on of gas in

denitrification (Huang et al., 2017b). The abun irK in all piles increased till

day 26 or 38 and then decreased till the omposting (Fig. 4d). Order of average
-y

nirK copies was pile 2 > pile 1 > pile 1 at of nirS was pile 2 > pile 4 >

pile 3 > pile 1. While for nirS g6k abunda , it decreased rapidly in all piles during

d contiguously till day 38, and decreased again till the end

the first 5 days and gacrea
(Fig. 4e). The aver %ﬂber of nirK was about 2~4-fold higher than that of
nirS, similar to otﬁies (Wang et al., 2013). The higher nirK gene abundance
indicated that it was more tolerant of AgNPs, and it also suggested that nirK was
dominant in nitrite reduction step and the main contributor to generation of
greenhouse gas (NO) (Wang et al., 2016a). Since both nirK and nirS participated in
the second step of denitrification, the total abundances of the two genes were
calculated to evaluate the potential for transformation of NO,-N to NO (Yan et al.,

2003). The variation tendencies were similar to that of nirK with increasing from

17



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

beginning to day 26 or 38, and then decreasing till the end of composting. The
average total abundances of nirK and nirS in all piles arranged in the order of pile 2 >
pile 1 > pile 4 > pile 3, which was in accordance with the single nirK gene and was
similar with that of narG. This might be due to the higher nirK gene abundance than
nirS, and on the other hand, narG codase catalyzed the transformation of NO3™-N to
NO;-N, providing substrate NO, -N for nirK codase and nirS codase to convert it into
NO so that their abundances might be influenced by narG. NosZ is often regarded as
the marker for the last step of denitrification in which N,O v@ rsed into N,. As
shown in Fig. 4f, the abundance of nosZ in each pileexhibi ent change
tendencies. In pile 1, the highest copy number was @eteated on day 38 with constant

fluctuations during composting process 2 and piJe 3, nosZ abundance

. il
-
increased till day 38 and then decrea% of composting. While in pile 4, it
decreased from day 1 to day 5 follgwed by fiicreasing till day 15, and then decreased
till day 38 which wag followed by 3

the highest. Acc%@mparison among the four piles, the average abundance

of nosZ in pile 4 was highest. The order of remaining three piles were pile 3 > pile 2 >

increase till the end when the copy number was

pile 1. This indicated that the stimulation to nosZ was more obvious with higher
AgNPs.

3.6. Correlation between TN losses and nitrogen functional genes

As shown in Fig. 2¢, TN losses in pile 3 were the lowest compared with other three
piles. So, correlation coefficients were determined between TN losses and nitrogen

functional genes in pile 3 (Fig. 5). The results of correlation analysis showed that TN
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383  loss in pile 3 was most significantly and negatively correlated with the abundance of
384  amoA (r=-0.9317, P <0.01). This can be interpreted as that the amoA4 gene encodes
385  AMO to convert NH4'-N into NO,-N, which results in the decrease of NH4'-N. And
386  the lower concentration of NH, -N will reduce NH;3 emissions and TN losses (Zhang
387  etal, 2011). Song et al. (2016) reported a negative correlation between NH3 and
388  ammonia-oxidizing archaea (AOA), but a positive relationship between NH; and

389  AOB. Additionally, both AOA and AOB may be inhibited under high concentrations
390  of NHj; (Jung et al., 2014). 7é
391  3.7. Diversity of ammonia-oxidizing bacteria (AOB %\c

?E/’n TN losses and functional

ile 3 wagfstudied by sequencing.

-
394  Totally, 92917 sequences of bacteria)% equences of 11919, 19406, 12425,
395 18835, 15705, and 14627 for ¢ ample ré€Spectively, were obtained after removal of

396  low quality sequen < 20), sequgnces smaller than 50 bp, primer chimeras,

392 According to the result of the correlation analys

393 genes in pile 3, the diversity of amoA g

397  non-ribosomal s@@quence tags (Table 2). The average length of

398 sequences was about 469 bp. All sequences were clustered into 45 OTUs in total.

399  Highest number of OTUs was detected in samples from day 1 (27 OTUs), while the
400  lowest number was 6 which was observed in samples from day 5 (6 OTUs), and then
401 it increased continuously to 12 OTUs at the end of composting. The calculation of
402  Chaol and ACE which were the indices of community richness revealed that AOB
403  species were the richest at the beginning of composting. Also, the Shannon index of

404  AOB in each sample suggested that the diversity of AOB from day 1 was the highest,
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while it was lowest in samples from day 5. Both the richness and diversity of AOB
community began to increase from day 5, which was similar to other studies that only
found some weak denaturing gradient gel electrophoresis (DGGE) bands during
thermophilic phase of agricultural composting (Zhang et al., 2016a).

Fig. 6 revealed the relative abundances of phylotypes at OTUs and family level in
each sample from pile 3 during composting. Fig. 6a showed that OTU 25 (44.61% ~
72.561%), OTU 34 (7.84% ~ 20.91%) and OTU 8 (0.04% ~ 8.96%) existed during the
entire composting process, and OTU 25 dominated AOB co@t with slight
reduces during composting process. Also, OTU 34 played 41 @trole during the
ammoxidation process. However, some kinds o s @TUs 14 and OTUs 4) which

existed at the beginning of composting ed undgr the exposure to AgNPs. As

r
-
shown in Fig. 6b, the predominant f: 4 monadaceae which was affiliated to
Proteobacteria and ﬁ—Proteob‘ ja at phyltm and class level respectively ranged
from 71.63% to 98.44% in all samples in terms of relative abundance. Previous

studies also repo?wwcteria was the most predominant phylum counting

for about 7.4%~46.4% 0Of total effective sequences in twelve wastewater treatments

systems (Shu et al., 2016). It was once detected that Proteobacteria was the largest
group which could resist silver nanoparticles (Yang et al., 2014), this was in
accordance with the present literature. Lai et al. (2014) found that S-Proteobacteria
was the absolutely predominant class with relative abundance of more than 90%,
while the abundance of a-Proteobacteria was less than 7% when about 10 mg/L

NO;-N was added into membrane biofilm reactor in their study. The family of
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Nitrosomonadaceae could be further divided into Nitrosomonas, Nitrosospira and
some unclassified genuses. It was once reported that Nitrosomonas was the
predominant AOB, while the abundance of Nitrosospira was relatively low in the
landfill leachate treatment system under high organic load (Remmas et al., 2016). On
the other hand, the genus Nifrosomonas detected in the present study was related to
Nitrosomonas sp. Nm 84, Nitrosomonas sp. Is 7T9A3, Nitrosomonas eutropha and
some unclassified species with 97% similarity at least. As for Nitrosospira, it was
closely associated with Nitrosospira briensis, which has als@s gested that
Nitrosospira briensis was the representative belongigg to ra genus that was

previously found in land leachate treatment plapts (®falmwa ef al., 2015; Yapsakli et

al., 2011). However, the species of Nitr s sp. Is J9A3, Nitrosomonas eutropha

and Nitrosospira briensis were undeteC ay 5 of the composting process,

which indicated that these th B speci€s were easily vulnerable to AgNPs at

concentration of 10 @ag/kg compostl The results of unweighted PCoA analysis on
‘i—ﬁf

@f samples possessed different species (see

Supplementary materialS). Samples of day 5, 15, 26, 38 were grouped together with

species level revele

high similarity between day 5 and 38, while samples of day 1 and day 60 showed
quite different species compared with other samples.

4. Conclusion

In summary, the results of the present study showed that concentration of mineral N
was the highest and the TN loss was the lowest at the end of composting when

treating compost with AgNPs at a concentration of 10 mg/kg compost. The results
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also revealed that AgNPs brought different impacts on functional enzymes and genes
for nitrogen bio-transformation. These results provided a deeper insight into the
bio-transformation of nitrogen and a new method to reduce TN losses.
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Figure captions:

Figure 1. Changes of (a) NH4 -N concentration; (b) NO3™-N concentration and (c)
NO;™-N concentration during composting processes. Mean values and standard
deviations (n = 3) were shown.

Figure 2. Changes of (a) mineral N, (b) TN concentration, and (c) TN losses during
composting processes. Mean values and standard deviations (» = 3) are presented.

Figure 3. Activities of functional enzymes during composting processes. The unit of
activities is gmol nitrite / (min - mg protein). (a) AMO; (b) % NR; (d) NIR.
Mean values and standard deviations (n = 3) were s Wr&@
Figure 4. Changes of functional genes copy nu dywing composting processes.
Mean values and standard deviations (n=» re showpl.
- f

Figure 5. Relationships between TN% nctional genes (amoA, nxrA, narG,
nirK, nirS, and nosZ) of pile? colortepresents positive correlation coefficients,
whereas cool color sgpresents negafive correlation coefficients, and smaller ovals

ia ]

represent lower CONﬂ,)‘ﬂe bigger ovals represent stronger correlations.

Figure 6. Relative abundance of bacterial amoA gene at (a) OTUs level; (b) family

level.

Table legends:

Table 1. The physico-chemical characteristics of the raw materials (dry weight).
Table 2. Richness and diversity of bacterial amoA4 gene sequences in pile 3 during

composting processes.
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