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Abstract 20 

This study evaluated the contributions of environmental variables to the variations in 21 

bacterial 16S rDNA, nitrifying and denitrifying genes abundances during composting 22 

in the presence of polyvinylpyrrolidone coated silver nanoparticles (PVP-AgNPs). 23 

Manual forward selection in redundancy analysis (RDA) indicated that the variation 24 

in 16S rDNA was significantly explained by NO3
--N, while nitrifying genes were 25 

significantly related with pH, and denitrifying genes were driven by NO3
--N and TN. 26 

Partial RDA further revealed that NO3
--N solely explained 28.8% of the variation in 27 

16S rDNA abundance, and pH accounted for 61.8% of the variation in nitrifying 28 

genes. NO3
--N and TN accounted for 34.2% and 9.2% of denitrifying genes variation, 29 

respectively. The RDA triplots showed that different genes shared different 30 

relationships with environmental parameters. Based on these findings, a composting 31 

with high efficiency and quality may be conducted in the future work by adjusting the 32 

significant environmental variables. 33 

Keywords: 34 

Co-composting; PVP-AgNPs; 16S rDNA; Nitrogen functional genes; Redundancy 35 

analysis 36 
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1. Introduction 38 

Nanoparticles, which have a great ratio of surface area to volume, are defined as 39 

particles having at least one dimension with size ranging from 1 to 100 nm (Feng et 40 

al., 2013). With the distinctive physico-chemical properties and rapid development of 41 

nanotechnology, the engineered nanoparticles (ENPs) were widely used in consumer 42 

products and industries. It has been summarized that more than 1800 types of 43 

consumer goods contained ENPs (Setyawati et al., 2015). And the ENPs are always 44 

applied to the improvement of soil, water and air quality, and to improve the qualities 45 

and properties of consumer products (Michels et al., 2017). Silver nanoparticles 46 

(AgNPs), as one of the fastest growing and largest portions in commercial ENPs 47 

market (Xu et al., 2012a), are widely used in many consumer products such as food 48 

containers, food supplements, medical, laundry additives, paints, home appliances and 49 

fabrics (Das et al., 2012; Ren et al., 2018; Wu et al., 2017). In addition, AgNPs are 50 

prevalent in some industrial fields for their unique physico-chemical properties 51 

including catalytic activity, chemical stability and effective conductivity (Zhang et al., 52 

2016a). With the expanding use of AgNPs, the corresponding release into the 53 

environment is inevitable. Some studies have reported that AgNPs are easily released 54 

from the AgNPs containing products, such as clothes and exterior wall paints, and 55 

about 34~80% of Ag are released in the form of AgNPs (Geranio et al., 2009; Gong et 56 

al., 2009). It was once investigated that the annual release of AgNPs to wastewater 57 

from clothes and washing systems has reached up to 270 tonnes (Blaser et al., 2008). 58 

Many of the released AgNPs will enter into the wastewater treatment plants (WWTP) 59 
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with wastewater. A research performed by United States Environmental Protection 60 

Agency (USEPA) suggested that the concentration of Ag in sewage sludge (SS) was 61 

in the range of 1.94~856 mg/kg dry sludge, of which about 73% was in the range of 62 

1~20 mg/kg (Tang et al., 2014). Another study about the production of biosolids from 63 

1950 to 2009 in U.S.A, U.K. and Australia indicated that the Ag concentration was in 64 

the range between 4.3 and 332 mg/kg and higher concentration was found in the older 65 

biosolids (Donner et al., 2015; Long et al., 2011). As about 50% of SS is recycled as 66 

soil conditioner and agricultural fertilizer, AgNPs are also very likely to enter into the 67 

terrestrial environment. And the concentration of AgNPs in soil has been predicted 68 

from 0.02 μg/kg to 4.4 mg/kg (Chen et al., 2015; Cheng et al., 2016). 69 

It was once found that AgNPs could influence the bacterial community of forest soil 70 

in terms of both quantity and quality by selecting the insusceptible microbes (Carbone 71 

et al., 2014; Zhang et al., 2015a). A previous literature by Liang et al. (2010) 72 

demonstrated that nitrifying bacteria was more vulnerable to AgNPs than Ag+, and the 73 

microbial community structures of ammonium-oxidizing bacteria and nitrite-oxidizing 74 

bacteria, Nitrospira were decreased after the shock load of AgNPs, and the 75 

nitrite-oxidizing bacteria, Nitrobacter was absolutely washed out. Das et al. (2012) 76 

also found that the exposure to AgNPs resulted in changes of bacterioplankton 77 

community structures in natural waters. However, the impacts of AgNPs are reported 78 

to be associated with environmental factors (Xu et al., 2012b). For instance, it was 79 

reported that the antimicrobial ability of AgNPs was weakened in the saline estuarine 80 

water environment (Bradford et al., 2009; Deng et al., 2013), while another literature 81 
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showed that AgNPs significantly affected the microbial community structure in the 82 

activated sludge (Alito and Gunsch, 2014). Many researches also have indicated that 83 

environmental factors (temperature, pH, moisture and climate, etc.) can affect 84 

bacterial or fungal community abundance and structure, and these factors can interact 85 

with each other (Buyer et al., 2010; Liang et al., 2017). Guo et al. (2013) also found 86 

that soil physico-chemical properties significantly explained the variations of 87 

abundance and structure of denitrifying genes, and each of these parameters showed 88 

different contributions to the variation of denitrifying genes. However, few literatures 89 

studied the influence of environmental variables on the variation of microbes with the 90 

existence of AgNPs. 91 

Generally, the abundances of amoA and nxrA genes involved in ammonia oxidation 92 

and nitrite oxidation, respectively, were regarded as the nitrifers abundances, and 93 

narG, nirK, nirS and nosZ involved in nitrate reduction, nitrite reduction and nitrous 94 

oxide reduction, respectively, were considered as denitrifiers. The present work aimed 95 

to study the dynamics of the abundances of bacterial, nitrifying and denitrifying genes 96 

during composting in the presence of AgNPs, and to investigate the contributions of 97 

environmental variables to changes of these microbial communities. 98 

Polyvinylpyrrolidone coated AgNPs (PVP-AgNPs) were introduced for the stability 99 

under the condition of high ionic strength (Zhang et al., 2017). The physico-chemical 100 

parameters in each pile were measured. Quantitative PCR (qPCR) was performed to 101 

determine the abundances of bacterial and nitrogen functional genes. Multivariate 102 

analysis was conducted to clarify the relationship between physico-chemical 103 
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parameters and the abundances of bacterial, nitrifying and denitrifying genes. The sole 104 

explanation of each significant factor was calculated using partial redundancy analysis 105 

(RDA). 106 

2. Materials and methods 107 

2.1. PVP-AgNPs synthesis and characterization 108 

The PVP-AgNPs were synthesized as described in our previous study (Zhang et al., 109 

2017). Firstly, NaBH4 was dissolved in 1% PVP solution to obtain a concentration of 110 

2.5 × 10 -3 M. Then, 5 × 10 -3 M AgNO3 solutions were dropped into the above 111 

solutions with a burette and the final volume ratio was 1:3. The whole process was 112 

conducted with a continuous and vigorous stir in the condition of ice bath. One kDa 113 

dialysis bags were used to purify the synthesized AgNPs by removing the remaining 114 

reactants and the concentrations were remained the same since the redundant 115 

by-products were replaced by water. 116 

UV-vis absorption spectrum between wavelength of 300~800 nm was obtained using 117 

Shimadzu UV-2550 (Japan) to verify the formation of AgNPs. Then, the morphology 118 

and size of PVP-AgNPs were investigated using transmission electron microscopy 119 

(TEM) by JEOL, JEM-2100F equipped with energy dispersive X-ray spectroscopy 120 

(EDX). 121 

2.2. Composting setup and sampling 122 

The collection and pretreatment of composting materials were described in our 123 

previous study (Zhang et al., 2017). Chamber composting piles in 65 L boxes (0.54 m 124 

× 0.39 m × 0.31 m, length × width × height) containing rice straw, sewage sludge, 125 
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bran and vegetable at a weight ratio of 36:22:5:5 were conducted. The 126 

physico-chemical characterizations of raw materials were displayed in Table 1. The 127 

initial C/N and moisture content were adjusted to about 25 and 65%, respectively. 128 

Five treatments were conducted as follows: pile 1 was the control without 129 

PVP-AgNPs, and pile 2-pile 5 was added with 2, 10, 20, 30 mg/kg compost of 130 

PVP-AgNPs, respectively. The piles were turned daily during the first 2 weeks and 131 

weekly afterwards to ensure enough oxygen. Samples were collected on day 1, 5, 15, 132 

26, 38, 60, respectively. One part of the samples was stored at 4 oC before analyses of 133 

physico-chemical parameters, and the other part was saved at -20 oC for genomic 134 

DNA extraction. 135 

2.3. Determination of physico-chemical parameters 136 

The temperature was recorded using precise thermometers. Samples for 137 

determinations of pH and water soluble organic carbon (WSC) were firstly shaken 138 

with ultrapure water at a ratio of 1:10 (w/v) for 1 h at 200 rpm, and then the 139 

suspension was filtered using filter paper for determination by digital pH meter. The 140 

filtrate needed a further centrifugation at 12000 rpm for about 10 min and a 141 

successive filtration using 0.45 μm filter membrane for WSC determination by Total 142 

Organic Carbon Analyzer (TOC-5000A, Shimadzu, Japan). The concentration of total 143 

organic carbon (TOC) was calculated with reference to the following equation (Zhang 144 

et al., 2017): 145 

%TOC = (100-%ash) / 1.8                                             (1) 146 

in which the ash content was determined by dry combustion of the samples for 6 h at 147 
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550 oC and the samples were dried for 24 h at 105 oC and grounded beforehand. 148 

Samples for determinations of NH4
+-N and NO3

--N were shaken in 2 M KCl solution 149 

at a ratio of 1:50 (w/v) for 1 h at 150 rpm. Then the solution was filtered using filter 150 

paper and centrifuged for 10 min at 5000 rpm. Afterthat, the supernatant was cleared 151 

using 0.45 μm filter membrane. Kjeldahl digestion was conducted to measure the total 152 

nitrogen (TN) after the sample was dried for 24 h at 105 oC and grounded. C/N 153 

amounted to the ratio of TOC and TN. 154 

2.4. DNA extraction 155 

Triplicate extractions of the total genomic DNA was performed by using the E.Z.N.A. 156 

®Soil DNA Kit (OMEGA Bio-Tek, Inc., Norcross, GA, USA) following the 157 

manufacturer’s instructions. Then the crude DNA was purified using DNA 158 

Purification Kit (TIANGEN, China). NanoDrop (Thermo Scientific, Wilmington, DE, 159 

USA) was used to determine the concentration and quality of the purified DNA. 160 

2.5. qPCR of bacterial 16S rDNA and nitrogen functional genes 161 

The qPCR reaction of 16S rDNA, nitrifying and denitrifying genes was conducted on 162 

the iCycler IQ5 Thermocycler (Bio-Rad, USA) in a 20 μL reaction system consisting 163 

of 0.4 μL of the each primer, 10 μL of 2 × SuperRedal PreMix Plus, 1 μL of DNA 164 

extraction, and 8.2 μL of sterile ultrapure water. The primers and protocols for 165 

amplification were shown in Supplementary materials. Negative controls were set up 166 

by replacing the DNA samples with sterile ultrapure water. The unit of gene 167 

abundances was expressed as copies/g dry weight (DW) compost. 168 

2.6. Statistical analysis 169 
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The temperature was determined in five different locations, and other parameters were 170 

determined in triplicate. Mean values and standard deviations were shown in the 171 

present study. The differences between mean values were evaluated by least 172 

significant difference (LSD) test using SPSS (version 19.0). Canoco 4.5 was used to 173 

determine the multivariate relationships between 16S rDNA, nitrifying genes, 174 

denitrifying genes and physico-chemical parameters. The longest gradient of all axes 175 

determined by detrended correspondence analysis (DCA) was less than 3, which 176 

indicated that linear model was more suitable for 16S rDNA, nitrifying genes, 177 

denitrifying genes. Hence, RDA with Monte Carlo permutation test (499 unrestricted 178 

permutations) was conducted to link the changes of microbial community with 179 

environmental variables. Manual forward selection was used to test which variables 180 

could significantly explain the changes of these microbial genes. Partial RDA was 181 

used to determine the single contribution of each significant variable. 182 

3. Results and discussion 183 

3.1. Characterization of PVP-AgNPs 184 

The characterizations of PVP-AgNPs were shown in Supplementary Materials. The 185 

UV-vis spectrum showed a peak at around 400 nm and this confirmed that the 186 

synthesis of PVP-AgNPs was successful in the present study. The morphology of the 187 

prepared AgNPs was almost spherical with average size of 6 nm. The results of EDX 188 

about the black spots in the TEM picture further verified the formation of AgNPs. 189 

3.2. Changes of physico-chemical parameters during composting 190 

Temperature is deemed as a vital indicator of microbial activity and organic matter 191 
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decomposition during composting (Huang et al., 2017). In this study, the highest 192 

temperature in pile 5 was lower than 50 oC (Fig. 1A), which did not meet the demand 193 

of Chinese National Standard that the temperature should maintain higher than 50 oC 194 

for 5 days at least and the minimum standard that the temperature should be higher 195 

than 55 oC for 3 days to kill the pathogens during composting (Wan et al., 2017; 196 

Zhang et al., 2011). This might be due to that the activity of microbes was strictly 197 

inhibited by AgNPs at a concentration of 30 mg/kg to produce enough heat. Therefore, 198 

other parameters in pile 5 were not discussed any more in the following contents. In 199 

the other four piles, the temperature was divided into three representative stages, 200 

including mesophilic, thermophilic and cooling phase. The degradation of some 201 

simple organic matters resulted in the rapid rise of temperatures during the first few 202 

days. It was fastest to reach the highest temperature for pile 4 on day 4 (61 oC), while 203 

pile 1 on day 5 (59.6 oC), pile 2 and 3 on day 7 (55.8 and 60.4 oC, respectively), and 204 

the thermophilic phase lasted for 11 days in pile 4 and 10 days in other three piles. 205 

The higher temperature peak and longer thermophilic stage in pile 4 were possibly 206 

induced by the emergence of microbial species which were tolerant to AgNPs and the 207 

small competition for nutrition on account of the damage of other vulnerable species. 208 

Previous studies found that the microbial growth was stimulated after short-term 209 

exposure to 124 and 287 mg Ag/kg soil comparing with 49 mg Ag/kg soil 210 

(Samarajeewa et al., 2017). As shown in Fig. 1B, pH values in all piles increased 211 

quickly during the first 5 days and slowly during day 5 to day 26. Previous studies 212 

suggested that the production of NH4
+-N by ammonification of organic nitrogen was 213 
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conducive to the rise of pH (Huang et al., 2017; Tan et al., 2015). Due to the losses of 214 

NH4
+-N as NH3 and the generation of organic acids which were the byproducts of 215 

organic matter decomposition, pH decreased slowly after day 26. 216 

Utilized by microbes as the energy sources, TOC concentration decreased 217 

dramatically at the initial phase of composting (0-15 days) (Fig. 1C) since the 218 

decomposition of some easily biodegradable organic matters (OM) by 219 

microorganisms. Nakhshiniev et al. (2014) pointed that a part of the organic carbon 220 

was decomposed into H2O, CO2 and energy, and the remaining part was decomposed 221 

into stable humus like substances during the early phase of composting. With 222 

completion of simple OM decomposition, the remaining OM mainly composed of 223 

lignin and cellulose was difficult to degrade, which slowed down the loss of TOC 224 

during cooling and maturation stages. After 60 days of composting process, 27.08%, 225 

32.53%, 26.35%, 25.69% of the initial TOC were degraded in pile1, pile2, pile 3 and 226 

pile 4, respectively. Stamou et al. (2016) found that the carbon mineralization was 227 

higher with higher AgNPs exposure and the reason was that higher AgNPs would 228 

inhibit the generation of humins which could slow down the OM mineralization. 229 

While in the present study, the degradation of TOC was the highest in pile 2 which 230 

was treated with PVP-AgNPs at a concentration of 2 mg/kg compost, and it decreased 231 

with higher AgNPs concentration, this might be due to that the activity of microbial 232 

degradation of TOC was inhibited by higher concentration of AgNPs. The WSC 233 

concentrations of all piles increased quickly within the beginning 5 days followed by 234 

decreasing and increasing again (Fig. 1D), similar to other studies (Zhang et al., 235 
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2016b), since the WSC concentration would increase due to the solubilization of 236 

simple organic compounds and WSC might be secreted by microbes or microbial 237 

growth during composting which was also a synthesis process. While the WSC 238 

decreased sequentially as it was utilized to support microbial population when 239 

decomposing the recalcitrant matters. The average concentrations of WSC in pile 1~4 240 

were as follows: 25.45, 24.05, 24.35, and 25.11 g/kg DW compost, respectively. 241 

These results indicated that the treatment with AgNPs at a concentration of 2 mg/kg 242 

compost promoted the degradation of TOC, thereby needing to consume more WSC 243 

which was easily degraded to maintain the microbial population. 244 

The concentration of NH4
+-N increased rapidly during the first 5 days (Fig. 1E), 245 

indicating the ammonification of organic nitrogen. Then it decreased rapidly during 246 

the following 10 days as the high temperature and pH was in favor of emission of 247 

NH3, and immobilization of NH4
+-N by nitrogen fixing microorganisms (Wang et al., 248 

2016b; Zhou et al., 2018). On the basis of the whole composting process, the NH4
+-N 249 

concentration in pile 3 was higher than the other piles, indicating that the addition of 250 

AgNPs at a concentration of 10 mg/kg compost promoted the conservation of 251 

inorganic N. NO3
--N was relatively lower than NH4

+-N (Fig. 1F) which was in 252 

accordance with the previous literature (Wang et al., 2013). TN concentrations of all 253 

piles decreased rapidly during the first 5 days and slowly between 5 and 26 days due 254 

to the emission of NH3 (Fig. 1G). Subsequently, the TN concentrations gradually 255 

increased as the degradation of organic carbonaceous compounds. At the end of 256 

composting, the highest level of TN was observed in pile 3, indicating that the 257 
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treatment with AgNPs at a concentration of 10 mg/kg compost was conducive to the 258 

retention of TN. The differences of nitrogen transformation might be induced by the 259 

control of nitrogen-transformation functional enzymes and genes by AgNPs (Zeng et 260 

al., 2018). 261 

C/N ratio is widely used as the indicator of compost maturity. A satisfactory 262 

composting requires that C/N ratio should be less than 25 (Chan et al., 2016). The 263 

C/N ratio in all piles showed a similar variation trend with an increase during the early 264 

5 days due to the rapid loss of TN through NH3 release and then a decrease on the 265 

whole (Fig. 1H). The decrease of C/N ratio might be attributed to the degradation of 266 

OM which could lead to CO2 release and C/N decline (Zhang et al., 2017). 267 

3.3. Bacterial 16S rDNA and nitrogen functional genes abundances 268 

The copy numbers of bacterial and nitrogen functional genes were quantified by 269 

qPCR. As shown in Fig. 2, the bacterial 16S rDNA gene abundance in all treatments 270 

increased in the first 5 days, and decreased afterwards with an increase again after 38 271 

days except pile 4 which decreased continuously. The average abundance was 1.14 × 272 

10 12, 1.49 × 10 12, 1.06 × 10 12, 4.84 × 10 11 copies/g dry weight (DW) compost in 273 

pile 1, pile 2, pile 3 and pile 4, respectively. This was consistent with other previous 274 

studies which demonstrated that the higher concentration of AgNPs induced lower soil 275 

bacterial abundance and the possible reason was that more Ag element entered into 276 

microbial cells and the microbial metabolism was inhibited under higher 277 

concentrations of AgNPs (He et al., 2016). 278 

The changes of nitrification functional genes (amoA and nxrA) abundances were 279 
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presented in Fig. 3A and Fig. 3B. A decrease of amoA gene abundance was observed 280 

during the whole composting process in all piles. Averagely, the highest abundance 281 

level of 3.15 × 10 6 copies/g DW compost was achieved in pile 4 which was treated 282 

with AgNPs at a concentration of 20 mg/kg compost, while it was 3.13 × 10 6, 2.67 × 283 

10 6, 2.62 × 10 6 copies/g DW compost in pile 1, pile 2 and pile 3, respectively. This 284 

finding suggested that AgNPs at a concentration of lower than10 mg/kg compost had 285 

a detrimental impact on bacterial amoA and it might stimulate amoA when the 286 

concentration was 20 mg/kg compost during the composting process. Previous 287 

literatures have also demonstrated the sensitivity of bacterial amoA gene to AgNPs 288 

(Beddow et al., 2017; Liang et al., 2010), while they also found that archaea amoA 289 

gene abundance was not significantly affected. NxrA gene, the marker of oxidation of 290 

NO2
--N to NO3

--N, was also sensitive to AgNPs during the composting process. The 291 

average nxrA gene copy number was 5.70 × 10 6, 4.02 × 10 6, 2.63 × 10 6, 2.94 × 10 6 292 

copies/g DW compost in pile 1, pile 2, pile 3, and pile 4, respectively. Liang et al. 293 

(2010) once found that the population of the dominant nitrite-oxidizing bacteria genus 294 

Nitrospira in activated sludge was reduced after a shock load of AgNPs and the genus 295 

Nitrobacter was not detected. 296 

Fig. 4A - Fig. 4D showed the changes of narG, nirK, nirS and nosZ, respectively. In 297 

terms of narG, pile 1 and pile 2 presented similar trends with a gradual increase and 298 

reached peak values on day 38, while pile 3 and pile 4 showed similar trends with a 299 

decrease in the first 5 days and then an increase till day 26 followed by a decrease 300 

afterwards. NirK and nirS both participated in the reduction of NO2
--N to NO which is 301 
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the first step of gas emission during denitrification. In the present study, the average 302 

abundance of nirK in each pile was higher than that of nirS, suggesting that nirS gene 303 

was more susceptible to AgNPs and nirK gene was the more important contributor to 304 

production of NO during the nitrite reduction step (Wang et al., 2016a). The order of 305 

average abundance of nirK and nirS in all piles was pile 2 (9.68 × 10 9 copies/g DW 306 

compost) > pile 1 (7.08 × 10 9 copies/g DW compost) > pile 4 (6.77 × 10 9 copies/g 307 

DW compost) > pile 3 (3.19 × 10 9 copies/g DW compost) and pile 2 (2.48 × 10 9 308 

copies/g DW compost) > pile 4 (2.19 × 10 9 copies/g DW compost) > pile 3 (2.18 × 309 

10 9 copies/g DW compost) > pile 1 (1.98 × 10 9 copies/g DW compost), respectively. 310 

These results indicated that the treatment with AgNPs at a concentration of 10 mg/kg 311 

could reduce the NO emission. A previous research also demonstrated oscillations of 312 

nirS and nirK after the bacteria was exposed to AgNPs (Guilger et al., 2017). NosZ 313 

can encode the N2O reductase to transform N2O into N2 which can reduce the 314 

emission of greenhouse gas and the environmental pollution. As shown in Fig. 4D, the 315 

copy number of nosZ in each pile fluctuated differently under different concentrations 316 

of AgNPs along with the composting process. In general, the order of average 317 

abundance in all piles was pile 4 (1.78 × 10 8 copies/g DW compost) > pile 3 (1.65 × 318 

10 8 copies/g DW compost) > pile 2 (1.10 × 10 8 copies/g DW compost) > pile 1 (5.32 319 

× 10 7 copies/g DW compost). Other literatures found that the nosZ abundance 320 

increased in the first two periods (15 and 30 days) after exposed to AgNPs and 321 

decreased in the last two periods (90 and 180 days), and their results also indicated the 322 

nosZ abundance was higher in the treatment with higher concentration of AgNPs in 323 
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the period of 30 days (Guilger et al., 2017). 324 

3.4. Contributions of environmental variables to bacterial 16S rDNA and nitrogen 325 

functional genes abundance 326 

To make certain which of physico-chemical parameters would be the driving factors 327 

of the variations, RDA between genes abundances and environmental variables, 328 

including temperature, WSC, TOC, NO3
--N, NH4

+-N, TN, C/N, and pH, were 329 

conducted (see Supplementary materials). The results of Monte-Carlo test with 499 330 

permutations suggested that the relationships between the three categories of genes 331 

and environmental variables were statistically significant on both of the first canonical 332 

axis and total canonical axes (P < 0.05). The first axis explained 83.2%, 68.8%, 333 

46.0% of the variance in 16S rDNA, nitrifying, and denitrifying genes abundances, 334 

respectively, and the second axis explained the variance by 16.8%, 9.8%, 18.7%, 335 

respectively. Manual forward selection was conducted to identify the significant 336 

gradients which drove the succession of microbial abundances. Consequently, the 337 

distribution of 16S rDNA gene abundance was significantly influenced by NO3
--N (P 338 

< 0.05). While pH (P < 0.01) was the only significant factor for the variation of 339 

nitrifying genes, and the key factors for variation of denitrifying genes were NO3
--N 340 

(P < 0.01) and TN (P < 0.05). Partial RDA was used to calculate the single 341 

contribution of each significant factor without influences of other factors. The results 342 

(Table 2) indicated that NO3
--N solely explained 28.8% (P = 0.012) of the variation in 343 

16S rDNA gene abundance. It was pointed out that pH acted as a selective driver in 344 

soil microbes and had a universal impact on the abundance of bacteria (Bru et al., 345 
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2011). In the present study, pH solely explained 61.8% (P = 0.002) of the variance in 346 

nitrifying community abundance. As a typical parameter affecting microbial 347 

metabolism and growth, pH was also found to be significantly (P < 0.01) correlated 348 

with the abundances of nitrifying genes in soil (Lu et al., 2017). Serving as the 349 

electron acceptor in the denitrification process, the reduction of NO3
--N is the first 350 

step during this process. Previous studies demonstrated that NO3
--N concentration was 351 

one of the factors shaping denitrifiers (Jones et al., 2010). Similarly, NO3
--N was the 352 

most significant factor with a single explanation of 34.2% (P = 0.002) of the variation 353 

in denitrifiers abundance in the present study. However, some other previous studies 354 

revealed that NO2
--N shared a stronger relationship than NO3

--N with denitrifying 355 

community, indicating that the reduction of NO3
--N might be a rate-limiting step 356 

during denitrification (Guo et al., 2013). Another significant factor TN solely 357 

accounted for 9.2% (P = 0.026) and the shared contribution of the two significant 358 

factors selected in manual forward selection was 7.7%, indicating that the 359 

inter-correlation of significant factors was also influential to the succession of 360 

denitrifying genes. The importance of TN in shaping denitrifying community 361 

composition and abundance has been also demonstrated by the previous study (Ligi et 362 

al., 2014). However, it did not imply that other parameters were not important to the 363 

variation in abundances of microbes, since the total explanation of all variables 364 

(83.2%, P = 0.018, F = 5.557; 78.5%, P = 0.004, F = 4.118; 73.4%, P = 0.008, F = 365 

3.104 for 16S rDNA, nitrifying genes and denitrifying genes, respectively) were 366 

greater than the contributions of significant parameters. It could be only deduced that 367 
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other environmental variables also contributed to the changes of microbial 368 

communities although the significance level was relatively low (P > 0.05), as also 369 

proposed by Huang et al. (2017). 370 

To evaluate the relationship between 16S rDNA, nitrogen functional genes and 371 

environmental variables, ordination triplot was generated after RDA analysis to show 372 

the distribution of microbial abundance along with environmental variables. The angle 373 

between two angles less than 90o represents a positive relationship, and the smaller 374 

angle implies a stronger positive relationship. In contrast, the angle more than 90o 375 

indicates a negative relationship, and the greater angle also implies a stronger negative 376 

relationship. Additionally, the arrow length reflects the importance of the parameter, 377 

and the orientation represents the association between the parameter and axis. As 378 

shown in Fig. 5A, the variation of 16S rDNA gene abundance was explained by all the 379 

parameters on the first axis and it was most positively correlated with NO3
--N. While 380 

the two kinds of nitrifying genes amoA and nxrA shared a negative relationship with 381 

pH (Fig. 5B). As the range of pH was more than 7, it was indicated that the neutral 382 

and slight alkali environment might be more favorable for the growth of nitrifiers. 383 

Furthermore, the nitrifying genes were also negatively correlated with WSC, NH4
+-N 384 

and temperature, and positively correlated with TN, TOC and NO3
--N. Differently, 385 

nxrA was negatively related with C/N, while positive correlation was found between 386 

amoA and C/N. As presented in Fig. 5C, all the denitrifying genes were negatively 387 

correlated with all the selected parameters (especially NO3
--N and TN), except pH and 388 

WSC. Microorganisms are the main drivers of organic matters decomposition during 389 
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composting and previous studies have demonstrated that the dynamics of microbes are 390 

influenced by environmental conditions greatly (Wang et al., 2017). It was also 391 

demonstrated that physico-chemical parameters could influence the abundance of 392 

bacterial, nitrifying or denitrifying communities (Huang et al., 2017; Zhang et al., 393 

2015b; Guo et al., 2013). Understanding the relationship between physico-chemical 394 

parameters and microbes, and finding the main influential factors could be an 395 

effective method to control the microbial communities and hence improve the 396 

composting process. Further work is needed to study the diversity of microbial 397 

communities and look for the main species during composting treated with AgNPs, 398 

and further explore the association between species and environmental parameters. 399 

This will help us conduct a more effective composting process by controlling the 400 

significantly influential factors. 401 

4. Conclusions 402 

This study investigated the relationship between variations in 16S rDNA, nitrifying 403 

genes, denitrifying genes abundances and physico-chemical parameters, respectively, 404 

during composting in the presence of AgNPs. The variance of 16S rDNA gene 405 

abundance was significantly explained by NO3
--N, while the variances in nitrifying 406 

genes abundances were significantly related with pH and the variations of denitrifying 407 

genes abundances showed significant positive relationship with NO3
--N and TN. The 408 

variation in each kind of gene abundance showed different associations with 409 

parameters, providing strategies to improve the composting and reduce the loss of 410 

nitrogen by controlling the relevant environmental parameters of composting. 411 
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Figure and Table captions: 584 

Figure 1. Time courses of physico-chemical parameters during co-composting: (A) 585 

Temperature; (B) pH; (C) TOC; (D) WSC; (E) NH4
+-N; (F) NO3

--N; (G) TN; (H) C/N. 586 

Mean values and standard deviations (the bars, n =5 for temperature, n =3 for other 587 

parameters) are shown. Data are presented on a dry-weight compost basis. 588 

Figure 2. Changes of bacterial 16S rDNA gene abundance during co-composting. 589 

Mean values and standard deviations (the bars, n = 3) are shown. 590 

Figure 3. Changes of nitrifying genes abundances during co-composting: (A) amoA 591 

gene; (B) nxrA gene. Mean values and standard deviations (the bars, n = 3) are shown. 592 

Figure 4. Changes of denitrifying genes abundances during co-composting: (A) narG 593 

gene; (B) nirK gene; (C) nirS gene; (D) nosZ gene. Mean values and standard 594 

deviations (the bars, n = 3) are shown. 595 

Figure 5. RDA triplot: (A) 16S rDNA; (B) nitrifying genes; (C) denitrifying genes. 596 

Significant variables are indicated by red-solid lines. While supplementary variables 597 

are indicated by red-dotted lines. Microbial genes are showed by blue-solid lines. 598 

Samples are represented by circles (Pile 2), up-triangles (Pile 3), and squares (Pile 4). 599 

The numbers around sample symbols represent the sampling days. 600 

Table 1. The physico-chemical parameters in raw composting materials. 601 

Table 2. Results of partial RDA testing the influence of the significant environmental 602 

variables on the genes abundances. 603 
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