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Text S1 Sludge source and characteristics 

 

The Sanjintan wastewater treatment plant treated municipal wastewater using an anaerobic−oxic 

process, at a flow rate of 300,000 m3/d. The influent of Shahu wastewater treatment plant is mainly 

municipal wastewater, and its treatment process is anaerobic−anoxic−aerobic, at a flow rate of 

100,000 m3/d. The characteristics of the raw feed sludge and seed sludge are listed in Table S1. 

 

Text S2 Analytical methods 

 

The measurements of TS, VS, SCOD and NH4
+-N followed the methods described in standard 

methods (APHA, 2005). A pH meter purchased from Mettler-Toledo (S220, Germany) was used for 

pH measurement. ORP was measured by an ORP electrode (MTC301, Hach Instrument Co., Ltd, 

USA). The concentration of VFAs was measured with a gas chromatography (GC9790Plus, Fuli, 

China), equipped with a flame ionized detector. A pressure meter (Dwyer 490, Indiana, USA) was 

used to calculate the biogas volume, and the composition of biogas was measured with a gas 

chromatography (GC9790Plus, Fuli, China), equipped with a thermal conductivity detector. The 

protein concentration was determined with a Lowry method using a commercial kit (Xiao et al., 

2017). The concentration of polysaccharide was measured with phenol-sulphuric acid method (Xiao 

et al., 2016).  

Sludge samples were centrifuged with a low temperature and high-speed centrifuge (Hengnuo, 

China) at 4 oC (4000 g, 10 minutes). The supernatant was obtained as the liquid phase. The changes 
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of protein conformation in the liquid phase of different sludge samples before and after anaerobic 

digestion were monitored with a Fourier transform infrared spectroscopy (FTIR) instrument (Bruker 

Vertex 80, America). Prior to analysis, the sludge supernatant was freeze-dried with a freeze dryer 

(Boyikang, China) for 36 h to obtain a dry powder sample. Then 10 mg powder sample was mixed 

with potassium bromide (a mass ratio of 1:100). The operational parameters of the FTIR instrument 

were as follows: A frequency range of 4000 to 600 cm−1, scan numbers of 32, and a scan resolution 

of 4 cm−1. For the determination of the protein secondary structure, the amide I region of protein, 

namely at the spectrum of 1700-1600 cm−1, was deconvoluted with a Gaussian cure fitting based on 

a nine-point Savitzky-Golay derivative function using a PEAKFIT v4.12 software.  

To investigate protein type, three-dimensional excitation emission matrix fluorescence 

spectroscopy was conducted. The emission wavelength ranged from 250 to 550 nm at a 5 nm 

sampling interval, and the excitation wavelength ranged from 200 to 450 nm at a 5 nm sampling 

interval. The spectra were recorded with the operational parameters as follows: 12,000 nm/min scan 

rate, and slit bandwidths for excitation (Ex) and emission (Em) were both 5 nm. Based on the 

definition in You et al. (2017), the 3D-EEM spectra are categorized into five regions: Tryptophan-

like protein (Ex: 250-400 nm; Em : 280-380 nm), aromatic protein I (Ex: 200-250 nm; Em: 280-

380 nm), aromatic protein II (Ex: 200-250 nm; Em: 280-380 nm), humic acid (Ex: 250-400; 

Em: >380 nm), and fulvic acid (Ex: 200-250 nm; Em: >380 nm).  

A simple and direct pre-column derivatization method using high performance liquid 

chromatography (HPLC) was adopted for the analysis of amino acids, and details of which can be 

found in Le and Stuckey (2017). Briefly, sludge samples were firstly centrifuged at 4000 g for 10 

minutes to obtain the sludge supernatant. And then sludge supernatant was lyophilized in a freeze 
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dryer (Boyikang, China) for 5 days to obtain a dry powder sample. The freeze-dried samples were 

subsequently dissolved in 0.1 mol/L of hydrochloric acid, and were exposed to amino acids analysis 

using HPLC (Agilent 1260, USA) equipped with an ultra-violet diode array detector and an Agilent 

Zorbax Eclipse Plus C18 column. 

    ATP was measured with a commercial BacTiter-Glo™ kit (Promega, USA). The sludge 

samples were firstly diluted with 1 × phosphate buffered saline buffer (pH of 7.4) to ensure the 

samples could be interpolated within the standard curve. Subsequently, 100 μL specific commercial 

reagent and 100 μL sludge samples were incubated on opaque-walled 96-well plates on an orbital 

shaker for 5 minutes. The luminescence data was recorded with a plate reader (Mithras LB940, 

Germany). The specific ATP concentration was normalized against VS concentration. 

To investigate the kinetic parameters of methane production process for each sludge sample, 

the cumulative methane production was fitted to a modified Gompertz model as follows (Li et al., 

2019): 

M t  = P × exp - exp
Rmax × e

P
× λ-t  + 1  

where M(t) denotes the cumulative methane production (mL) at time t (h); P denotes the maximum 

yield of methane (mL); Rmax denotes the maximum methane production rate (mL/h); e denotes 

exponential constant; λ denotes the lag phase (h).  

Both high-throughput and metagenomic sequencing analyses were conducted to understand 

the changes of microbial communities. In brief, DNA extraction and 16S rRNA sequencing analysis 

were conducted to investigate the taxonomic patterns of microbial community. DNA was extracted 

using a magnetic soil and stool DNA kit (Tiangen Biotech, Beijing, China). The 16S rRNA gene 

universal bacterial primer set of 341 F (CCTACGGGRBGCASCAG) and 806 R 
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(GGACTACNNGGGTATCTAAT), targeting V3 − V4 hypervariable region (Berg et al., 2012) and 

16S rRNA gene universal archaeal primer set of 519F (CAGCCGCCGCGGTAA) and 915R 

(GTGCTCCCCCGCCAATTCCT), targeting V4 – V5 hypervariable region were used for 

amplification (Fei et al., 2015). The pyrosequencing analysis of DNA samples was conducted by 

Novogene (Beijing, China). In brief, according to the characteristics of the amplified region, based 

on the IonS5TMXL sequencing platform, single-end sequencing is used to construct a library by 

sorting, trimming and screening the raw data. The clean sequences were then clustered into 

operational taxonomic units (OTUs) by filtering, followed by species annotation and abundance 

analysis. Further alpha diversity analysis and beta diversity analysis were conducted, and rarefaction 

curves were constructed.  

Prior to library construction for metagenomic sequencing, samples were tested with final 

optical density (OD) value between 1.8 − 2.0. Sequencing libraries were generated using NEBNext® 

Ultra™ DNA Library Prep Kit for Illumina (NEB, USA) following manufacturer’s 

recommendations and index codes were added to attribute sequences to each sample. The clustering 

of the index-coded samples was performed on a cBot Cluster Generation System according to the 

manufacturer’s instructions. After cluster generation, the library preparations were sequenced on an 

Illumina HiSeq platform (Illumina Novaseq6000, PE150) and paired-end reads were generated. For 

metagenomic analysis, steps like sequencing results pretreatment, metagenome assembly, gene 

prediction and abundance analysis, taxonomy prediction, common functional database annotations, 

and resistance gene annotation were conducted. In brief, preprocessing the raw data obtained from 

the Illumina HiSeq sequencing platform using Readfq (V8, https://github.com/cjfields/readfq) was 

conducted to acquire the Clean Data for subsequent analysis. The specific processing steps were as 
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follows: a) remove the reads which contain low quality bases (default quality threshold value ≤ 38) 

above a certain portion (default length of 40 bp); b) remove the reads in which the N base has 

reached a certain percentage (default length of 10 bp); c) remove reads which shared the overlap 

above a certain portion with Adapter (default length of 15 bp) (Handelsman et al., 1998). The Clean 

Data were then blasted using Bowtie2.2.4 software (Bowtie2.2.4, http://bowtie-

bio.sourceforge.net/bowtie2/index.shtml) to filter the reads that are of host origin with parameters 

as follows: end to end; sensitive, I 200, and X 400 (Tringe and Rubin, 2005). The fragment shorter 

than 500 bp in all of Scaftigs for statistical analysis both generated from single or mixed assembly 

was then filtered (Tringe et al., 2005). The Scaftigs (≥ 500 bp) were all predicted the ORF by 

MetaGeneMark (V2.10, http://topaz.gatech.edu/GeneMark/) software, and the length information 

shorter than 100 nt was filtered from the predicted result with default parameters (Feng et al., 2015). 

DIAMOND software (V0.9.9) was used for taxonomy prediction and common functional database 

annotations (Nielsen et al., 2014). Functional database include KEGG database (Version 2018-01-

01, http://www.kegg.jp/kegg/) (Kanehisa et al., 2006; Kanehisa et al., 2013), eggNOG database 

(Version 4.5, http://eggnogdb.embl.de/#/app/home) (Powell et al., 2014), Carbohydrate-Active 

EnZymes (CAZy) database (Version 201801, http://www.cazy.org/) (Cantarel et al., 2009). For the 

blast result of each sequence, the best Blast Hit is used for subsequent analysis (Li et al., 2014; 

Bäckhed et al., 2015; Feng et al., 2015). Resistance Gene Identifier (RGI) software was used to 

align the Unigenes to CARD database (https://card.mcmaster.ca/) (Karlsson et al., 2012).  

Pearson’s correlation coefficients were determined by Statistical Product and Service Solutions 

(SPSS) 19.0 software. The structural equation model (SEM) is a multivariate statistical framework 

used to estimate, investigate, and examine the causal relationship between independent and 
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dependent variables (Zong et al., 2019). The SEM model was performed using SPSS and Amos 

Graphics Software. The principal component analysis was conducted with the Statistical Analysis 

System (SAS) 8.0. An analysis of variance (ANOVA) was used to indicate the significance of results, 

and probability (p) value less than 0.05 was regarded as statistically significant. 
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Table S1. The characteristics of the feed sludge and seed sludge.  

Sludge 

sample 

Water 

content (%)
pH 

TS 

(g/L) 

VS 

(g/L) 

CST 

(s) 

SRF 

(1013 m/kg) 

SCOD 

(mg/L) 
ORP (mV) 

Total protein 

(mg/L) 

Total 

polysaccharide 

(mg/L) 

NH4
+-N 

(mg/L) 

Feed  
96.78 

± 0.86 

6.83 

± 0.12 

32.82 

± 1.22 

14.57 

± 0.02 

154.2 

± 2.5 

1.66 

± 1.22 

296.3 

± 5.1 

−278.67  

± 3.41 

150.51 

± 4.64 

32.16  

± 0.73 

190.25  

± 2.01 

Seed  
95.85 

± 0.94 

6.92 

± 0.22 

41.05 

± 1.25 

15.49 

± 0.72 

221.2 

± 4.4 

2.12 

± 2.68 

428.3 

± 4.4 

−298.77  

± 5.42 

84.21 

± 3.59  

29.54 

± 1.67  

490.25  

± 2.01 

Noted: CST denotes capillary suction time; Feed denotes waste activated sludge drawn from the Shahu wastewater treatment plants, without any pretreatment; ORP denotes oxidation reduction 

potential; Seed denotes anaerobic digestion sludge obtained from the Sanjintan wastewater treatment plants, without any pretreatment; SRF denotes specific resistance to filtration; SCOD 

denotes soluble chemical oxygen demand; TS denotes total solids; VS denotes volatile solids.



S11 
 

Table S2. Symbols used for the description of different types of sludge. 

Sludge Description 

Feed 
Waste activated sludge drawn from the Shahu wastewater treatment plants, without any 

pretreatment 

Seed 
Anaerobic digestion sludge obtained from the Sanjintan wastewater treatment plants, without 

any pretreatment 

Control The mixture of feed sludge and seed sludge, without any pretreatment 

Control30 The mixture of feed sludge and seed sludge exposed to a digestion period of 30 days 

UL30 
Feed sludge pretreated with ultrasonic intensity of 1.5 W/mL, mixed with seed sludge, and then 

the mixture was exposed to a digestion period of 30 days 

TH30 
Feed sludge pretreated at 120 oC, mixed with seed sludge, and then the mixture was exposed to 

a digestion period of 30 days 

AL30 
Feed sludge pretreated at pH of 10, mixed with seed sludge, and then the mixture was exposed 

to a digestion period of 30 days 
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Table S3. Band assignments for the protein secondary structures in the liquid phase of different sludge samples. 

Protein secondary 

structure 

Wavelength 

(cm−1) 

Before 

anaerobic 

digestion 

(Control) 

After an incubation of 30 days 

Control 

(Control30)

Ultrasonic 

(UL30) 

Thermal 

(TH30) 

Alkaline

(AL30) 

Aggregated strands 

(%) 
1625−1610 9.2683 9.5977 10.3945 9.9740 21.7961

β−sheet (%) 1640−1630 22.6877 13.6895 13.1228 19.9323 13.1862

Random coil (%) 1645−1640 15.8224 16.0711 17.0312 15.1634 13.2094

α−helix (%) 1657−1648 20.0152 18.6556 19.7141 16.2692 17.0385

3−turnhelix (%) 1666−1659 15.3398 20.1185 18.4769 15.5225 17.2258

Antiparallel 

β−sheet/aggregated 

strands (%) 

1695−1680 16.8666 21.8677 21.2605 19.1385 17.5439
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Table S4. The comparison of methane producing kinetics during anaerobic digestion of the different pretreated 

sludge samples.   

Pre−treatment Sample P (mL/g VS) Rmax (mL/(g VSh)) 
Statistics 

Reduced Chi−Sqr R2 

Control 30 40.06 0.16 4.40 0.98 

Temperature 

(oC) 

30 57.86 0.17 11.14 0.97 

60 60.91 0.17 15.82 0.97 

90 71.35 0.18 20.84 0.97 

120 84.21 0.24 4.26 0.99 

Ultrasonic 

(W/mL) 

0.2 50.69 0.15 7.65 0.98 

0.4 52.05 0.14 4.89 0.99 

1 56.06 0.18 8.68 0.98 

1.5 65.89 0.19 14.21 0.97 

pH  

2 74.38 0.19 9.70 0.99 

4 66.79 0.17 7.73 0.99 

7 66.89 0.17 7.92 0.99 

10 77.80 0.21 3.88 0.99 
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Table S5. The relative abundance of main microbes responsible for the degradation of proteins and amino acids at 

the genus level (%).  

Genus 
Sludge sample 

Control 
After an incubation of 30 days 

Feed Seed Control30 UL30 TH30 AL30 

Proteiniphilum 0.00291 0.00331 0.00323 0.00399 0.00418 0.00770 0.00431

Tissierella 0.000279 0.00128 0.000721 0.00236 0.00225 0.00270 0.00239
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Table S6. The relative abundance (%) of key genes involved in amino acid metabolism in different sludge samples 

(% denotes the percentage of each gene to the total genes).  

Key genes 
After an incubation of 30 days 

Description 
Control30 UL30 TH30 AL30

K02500 0.0207 0.0207 0.0225 0.0210 Alanine, aspartate and glutamate metabolism 

K02600 0.0282 0.0288 0.0289 0.0291 Glycine, serine and threonine metabolism 

K00280 0.0000 0.0000 0.0000 0.0000 Valine, leucine and isoleucine degradation 

K00281 0.0121 0.0119 0.0113 0.0114 Geraniol degradation 

K00290 0.0019 0.0021 0.0027 0.0020 Valine, leucine and isoleucine biosynthesis 

K03100 0.0337 0.0338 0.0357 0.0345 Lysine degradation 

K00330 0.0151 0.0166 0.0143 0.0148 Arginine and proline metabolism 

K00340 0.0153 0.0159 0.0142 0.0151 Histidine metabolism 

K00350 0.0044 0.0042 0.0055 0.0045 Tyrosine metabolism 

K03600 0.0017 0.0019 0.0014 0.0016 Phenylalanine metabolism 

K00380 0.0010 0.0010 0.0011 0.0010 Tryptophan metabolism 

K00400 0.0029 0.0025 0.0037 0.0030 Phenylalanine, tyrosine and tryptophan biosynthesis

K00410 0.0001 0.0001 0.0001 0.0001 beta−Alanine metabolism 

K00440 0.0014 0.0012 0.0016 0.0015 Phosphonate and phosphinate metabolism 

K00450 0.0008 0.0008 0.0009 0.0008 Selenocompound metabolism 

K00471 0.0002 0.0002 0.0002 0.0003 D−Glutamine and D−glutamate metabolism 

K00472 0.0007 0.0009 0.0007 0.0007 D−Arginine and D−ornithine metabolism 

K00480 0.0010 0.0011 0.0008 0.0009 Glutathione metabolism 

Sum 0.1409 0.1436 0.1454 0.1423  
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Table S7. The theoretical and measured methane volume and the related methane yields of anaerobic sludge 

digestion while different concentrations of cysteine were added.   

Cysteine concentration (mg/L) 0 20 40 60 80 100 

Initial total COD concentration (g/L) 19.36 19.36 19.36 19.36 19.36 19.36

Final total COD concentration (g/L) 18.55 18.02 17.90 17.76 17.96 17.83

Theoretically calculated volume of methane production 

(mL)* 

56.88 93.62 102.28 111.69 98.01 107.28

The measured volume of methane production (mL) 69.08 77.23 77.62 86.04 81.13 80.72

Theoretically methane  

production yield (mL/day)* 

11.38 18.73 20.46 22.34 19.60 21.46

The measured methane production yield (mL/day) 13.82 15.45 15.52 17.21 16.23 16.14

*denotes the theoretically produced methane volume was calculated based on the assumption that 1 g COD equals 

to 0.35 L methane.  
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Fig. S1. Schematic of this study. 
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Fig. S2. The changes of NH4
+-N concentrations in the supernatant of sludge samples in control group, and sludge 

samples pretreated with ultrasonic intensity of 1.5 W/mL, alkaline at pH of 10, and temperature of 120 oC before 

and after a digestion period of 30 days. 
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Fig. S3. The changes of protein contents by ultrasonic pretreatment: (a) total protein concentration, (b) the 

fluorescence intensity of tryptophan protein, (c) the fluorescence intensity of aromatic protein I, and (d) the 

fluorescence intensity of aromatic protein II. 
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Fig. S4. The changes of protein contents by thermal pretreatment: (a) total protein concentration, (b) the fluorescence 

intensity of tryptophan protein, (c) the fluorescence intensity of aromatic protein I, and (d) the fluorescence intensity 

of aromatic protein II. 
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Fig. S5. The changes of protein contents by acid/alkaline pretreatment: (a) total protein concentration, (b) the 

fluorescence intensity of tryptophan protein, (c) the fluorescence intensity of aromatic protein I, and (d) the 

fluorescence intensity of aromatic protein II. 
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Fig. S6. The changes of volatile fatty acids concentrations in different sludge samples.
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