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• Fecal pollution in ambient anaerobic
digestion was assessed by multiple
approaches.
• Less fecal bacteria persisted at 25 °C than
at 15 °C and 20 °C by SourceTracker.
• “Lost” and “survivor” taxa in inﬂuent
responded differently to temperature.
• Efﬂuent coliforms were far phylogenetically related to inﬂuent coliforms at 25 °C.
• Temperature was a key factor to reduce
fecal bacteria from anaerobic digestion.
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a b s t r a c t
This study aimed to explore the effect of temperature on the persistence of fecal bacteria by multiple approaches
in ambient anaerobic digestion systems treating swine manure. Both lab-scale (15 °C, 20 °C, and 25 °C) and ﬁeld
(26 °C on average) studies were conducted by high-throughput sequencing and culture-based methods. A
community-wide Bayesian SourceTracker method was used to identify and estimate the fecal bacterial proportion in anaerobic efﬂuent. High proportional contributions of fecal bacteria were observed in efﬂuent at 15 °C
(73%) and 20 °C (75%), while less was found at 25 °C (19%). This was further veriﬁed by a ﬁeld study (23%)
and an anaerobic reactor study at 37 °C (0.01%). To explore the potential reasons for differences in fecal bacterial
proportions, bacterial taxa were divided into “lost” and “survivor” taxa in manure waste by LEfSe. The “survivor”
taxa abundance was positively correlated with SourceTracker proportion (r = 0.913, P = 0.001), but negatively
correlated with temperature (r = −0.826, P = 0.006). In addition, biomarkers in efﬂuent were divided into
“enriched” and “de novo” taxa. “Enriched” taxa, including acidogenic and acetogenic bacteria, were found at all
temperatures, whereas taxa related to organic degradation were multiplied “de novo” at 25 °C. Variation partition
analysis showed that temperature could explain 30% of variations in efﬂuent bacterial community. Moreover, coliforms isolated from the manure and efﬂuents at 15 °C and 20 °C were also phylogenetically related. This study
provided comprehensive insight into the impact of temperature on the persistence of fecal bacteria in anaerobic
efﬂuent, with temperatures over 25 °C recommended to reduce fecal pollution.
© 2021 Elsevier B.V. All rights reserved.
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assumption that each source had a unique microbial community composition, i.e., ﬁngerprint, and the percentage contribution from source
to sink can be calculated by comparing ﬁngerprints between them.
The Bayesian program has been evaluated and validated by a hydrodynamic modeling of source contamination (McCarthy et al., 2017) as well
as in vitro artiﬁcial communities (Henry et al., 2016). This program
provided high sensitivity, speciﬁcity, accuracy and precision with
default parameter settings. It has been previously applied to determine
sources of fecal contamination in environmental samples (Brown et al.,
2017; Staley et al., 2018). Thus, a combination of culture-based and
molecular-based Bayesian SourceTracker methods could help identify
possible residues of fecal bacteria in anaerobic efﬂuent at a comprehensive scale.
This study aimed to reveal the effect of temperature on the persistence of fecal bacteria in efﬂuent from ambient anaerobic digestion systems treating swine manure, on the basis of community-wide Bayesian
SourceTracker analysis and bacteria isolation. Three lab-scale anaerobic
systems at different ambient temperatures (15 °C, 20 °C, and 25 °C) and
a full-scale anaerobic system (average temperature 26 °C) were investigated. The main objectives of this study were to: (i) identify the proportional contribution of fecal bacteria in manure wastes to anaerobic
efﬂuents by SourceTracker; (ii) distinguish the “lost” and “survivor”
taxa in manure waste, and the “enriched” and “de novo” taxa in
efﬂuents, and link them to the impacts of operational parameters;
and (iii) investigate the phylogenetic differences in coliform
isolates at different temperatures. This study could provide useful information for anaerobic process optimization and swine manure waste
management.

1. Introduction
Anaerobic digestion is widely used in the treatment of livestock manure waste, and the digestate residues are often applied in farmlands
as organic amendments or fertilizers (Nag et al., 2019). Temperature is
a key factor affecting the anaerobic performance (De Vrieze et al.,
2015). To increase efﬁciency, anaerobic digestion under mesophilic
(30–40 °C) or thermophilic (50–60 °C) conditions has been well studied
(Jiménez et al., 2015; Niu et al., 2014). However, maintaining high temperature consumes a considerable amount of energy (Naegele et al.,
2012). Anaerobic digestion under ambient temperatures (15–25 °C)
has been increasingly investigated in animal manure waste treatment
(Massé et al., 2014; Yao et al., 2019).
To date, most studies concerning ambient anaerobic digestion have
focused on methane production (Deng et al., 2014; Yang et al., 2016);
at the same time, fecal pollution is also a major concern for anaerobic digestion. Animal manure contains a large number of potential bacterial
pathogens (Hu et al., 2017; Jiang et al., 2020). Opportunistic bacterial
pathogens remaining in the digestate may spread to the environment
with fertilization. Thus, culturable fecal bacterial indicators, especially
Escherichia coli (E. coli), total coliforms, Enterococci, Salmonella,
Campylobacter, and Streptococcus, have been widely used to evaluate
the reduction of fecal bacteria in ambient anaerobic digestion (Côté
et al., 2006; Massé et al., 2011; Rajagopal et al., 2019). Molecular
methods, such as metagenomic sequencing blasted with an in-housecreated database of 30 pathogenic 16S rRNA gene sequences, have
also been used to analyze the presence of selected putative pathogens
during ambient anaerobic digestion of cattle manure, resulting in a decrease in pathogenic bacteria (Resende et al., 2014). While previous
studies have highlighted the efﬁciency of ambient anaerobic digestion
by focusing on a few speciﬁc fecal indicator species either by culturebased or molecular-based methods (Table S1), some undetected medically important bacteria could still be persistent during anaerobic
process. Thus, the overall proﬁle of fecal bacteria persisted in anaerobic
efﬂuent at different ambient temperatures is of great importance.
The development of culture-independent high-throughput sequencing technologies allows for the tracking of microbial communities
in a relatively rapid and economic fashion. Bacterial community proﬁles
in the anaerobic process have been extensively examined under different temperatures, mainly focusing on anaerobic sludge samples, to
identify anaerobic functions (Lin et al., 2016a; Tian et al., 2018) and
compare community similarity (Hupfauf et al., 2018). However, how
much and which kind of fecal bacteria in manure waste persist in anaerobic efﬂuent remains unclear, hampering anaerobic process optimization for the purpose of biosafety. The Bayesian community-wide
SourceTracker method, which could identify the sources and proportions of contaminants in a given community (Knights et al., 2011),
made it possible to determine the proportional contribution of fecal bacteria in manure wastes to efﬂuents. This approach relied on the

2. Material and methods
2.1. Experimental design and sampling
2.1.1. Full-scale anaerobic digestion plant in a swine farm
A swine farm located in a suburb of Beijing, China, was selected for
ﬁeld study. The swine farm accommodated more than 10,000-head of
commercial pigs at four growth stages, i.e., post-weaned piglets
≤ 20 kg, growing pigs at 20–35 kg, growing pigs at 35–60 kg, and
adult pigs at 60–100 kg. Pigs were raised and fattened in four separate
breeding units due to their different nutrient metabolic capacities.
The swine manure and ﬂushing water was mixed thoroughly to obtain the substrate, then stored in a collection tank and treated in an onsite anaerobic system (Fig. S1A). Basic characteristics of the substrate
were shown in Table 1. The biogas plant adopted a two-stage anaerobic
process and was operated under ambient temperature (average of 26 °C
during sampling, with ﬂuctuations ranging from 20 °C to 31 °C). In the
ﬁrst stage, two up-ﬂow solid reactors (USRs, total volume of 500 m3
and 700 m3, respectively) were operated in parallel as the main biogas
production units, with a hydraulic retention time (HRT) of 15 days. In

Table 1
Characteristics of the substrate, reactor performance, and methane production in lab-scale and full-scale anaerobic digestion systems.
Treatment
process
Full-scale Inﬂuent_ﬁeld
Efﬂuent I
Efﬂuent II
Lab-scale Inﬂuent_lab
Efﬂuent_15°C
Efﬂuent_20°C

TS (g/L)
(removal
efﬁciency)

VS (g/L)
(removal
efﬁciency)

sCOD (g/L)
(removal
efﬁciency)

NH3-N
(g/L)

pH

VFAs
(mg/L)

Alkalinity
(g/L)

Volumetric methane
production
(L·L−1 d−1)

CH4
content
(%)

62 ± 26
28 ± 9 (55%)
28 ± 32 (55%)
12.7 ± 0.2
3.5 ± 0.3 (73%)
4.7 ± 0.5 (63%)

48 ± 24
16 ± 4 (67%)
20 ± 29 (58%)
8.3 ± 0.6
1.8 ± 0.2 (78%)
3 ± 0.3 (64%)

16.7 ± 2.5
4.5 ± 0.3 (73%)
3.9 ± 1.1 (77%)
12.2 ± 0.3
1.3 ± 0.1 (89%)
1.6 ± 0.4 (87%)

0.6 ± 0.1
1.6 ± 0.1
1.3 ± 0.1
0.7 ± 0.1
1 ± 0.1
0.9 ± 0.1

6.3 ± 0.1
8.1 ± 0.2
8.2 ± 0.1
/
7.4 ± 0.1
7.4 ± 0.1

/
/
/
/
4.3 ± 0.2
4.6 ± 0.4

/
1.2 ± 0.1
/
/
0.18 ± 0.02
0.22 ± 0.01

/
/
/
79.4 ± 0.6
79.2 ± 0.7

2 ± 1 (76%)

2 ± 0.3 (84%)

0.9 ± 0.02

7.9 ± 0.1

/
/
/
/
59 ± 12.1
90.7 ±
11.2
36.5 ± 7.8

4.8 ± 0.4

0.44 ± 0.04

81.8 ± 1

Efﬂuent_25°C 4 ± 2 (69%)

“/”, no information or not detected.
Each value represents mean (mean ± standard deviation) of the biological repeats. TS, total solid; VS, volatile solid; sCOD, soluble chemical oxygen demand; NH3-N, ammonium‑nitrogen;
VFAs, total volatile fatty acids.
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the second stage, a plug ﬂow reactor (PFR, total volume of 1000 m3) was
operated for post treatment, with a HRT of 22 days. The total waste mass
ﬂow was 60 m3/day at the full-scale anaerobic system. The feed ﬂow for
each anaerobic reactor was ~30 m3/day in the ﬁrst stage and 60 m3/day
in the second stage. The efﬂuent from the biogas plant was usually applied to the neighboring farmland.
Sample collection was conducted three times in August 2018
during a steady-state period of operation, with constant biogas production. Considering the stochastic variability inherent to the ﬁeld
study, more samples were collected to enhance their representativeness and reliability. Fresh manure samples were collected from pigs
at the four growth stages (Manure I, manure from piglets ≤ 20 kg;
Manure II, manure from pigs at 20–35 kg; Manure III, manure from
pigs at 35–60 kg; Manure IV, manure from pigs at 60–100 kg).
Three manure samples were randomly collected in one swine pen
and then mixed on site as one representative sample (about 200 g).
Three representative samples were obtained from pigs at each
growth stage in one sampling campaign, and sampling was conducted three times. Thus, nine representative mixed manure samples were collected from pigs at each growth stage. Waste samples
(500 mL) were collected from the inﬂuent and efﬂuent of the anaerobic reactors. All samples were collected three times, with three
repeats each time. In total, 63 samples were obtained, including 36
fresh manure samples and 27 waste samples from the anaerobic
system. All collected samples were sealed in individual sterile containers, and immediately transported to the laboratory on ice.

2.3. 16S rRNA gene ampliﬁcation, sequencing, and data processing
The archaeal community in anaerobic digestion sludge has been investigated in our previous research (Jiang et al., 2019). In the present
study, bacterial community in the anaerobic digestion process was
explored using modiﬁed primers 338F (5′-ACTCCTACGGGAGGCA
GCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Huws et al.,
2007). Polymerase chain reaction (PCR) was performed in a TransStart
FastPfu DNA polymerase system. The PCR mixtures (20 μL) were prepared in triplicate, and each contained 0.4 μL of FastPfu polymerase,
0.8 μL of each primer (5 μM), 4 μL of 5 × FastPfu buffer, 2 μL of dNTPs
(2.5 mM), 0.2 μL of bovine serum albumin (BSA), and 10 ng of template
DNA. An ABI GeneAmp®9700 PCR instrument was applied for ampliﬁcation using the following program: initial pre-denaturation at 95 °C
for 3 min; 35 cycles at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s;
and a ﬁnal extension at 72 °C for 10 min. Triplicate PCR products of
the same sample were mixed, puriﬁed, pooled, and sequenced. Highthroughput sequencing was conducted on the Illumina MiSeq platform
(Illumina, San Diego, CA, USA) under PE300 mode according to the standard protocols provided by Shanghai Majorbio Bio-Pharm Technology
Co., Ltd. (Shanghai, China). Raw sequencing data were submitted to
the NCBI BioProject database under accession number PRJNA631860.
Sequences were processed online using the Majorbio Cloud Platform
(https://cloud.majorbio.com/). Sequences shorter than 20 bp and quality scores lower than 30 were removed. Non-repeating sequences
(excluding singleton sequences) were clustered into operational taxonomic units (OTUs) at a 97% sequence similarity cut-off using Usearch
(v7.1) (Edgar, 2013). The sequences from the lab-scale and full-scale
anaerobic digestion processes were resampled to the minimum sequencing depth. OTUs with sequences no less than ﬁve in at least
three samples were preserved to form OTU tables.

2.1.2. Lab-scale anaerobic digestion system
Swine manure was collected from the swine farm as per the fullscale system. The swine manure was diluted to obtain the substrate,
and then stored at 4 °C until use. Basic characteristics of the substrate
were shown in Table 1. Three lab-scale self-stirred anaerobic bafﬂed
reactors were operated continuously at 15 °C, 20 °C, and 25 °C for
swine manure treatment over half a year, as described in detail in
our previous study (Jiang et al., 2019) (Fig. S1B). The total volume
of the lab-scale reactor was 16 L, with a working volume of 10 L.
Seed sludge was the USR efﬂuent in the aforementioned full-scale
system. All reactors were operated at the same HRT of 10 days,
with a feeding ﬂow of 1 L/day. The solid retention time (SRT) was
much longer than the HRT as the anaerobic biomass was effectively
retained in the reactor.
Sample collection was conducted from the reactors after steadystate operation for 36–126 days. Samples were collected every month
for three consecutive days, and then each month's samples were pooled
to obtain one representative sample. The sampling campaigns lasted
three months. In total, 15 representative samples were obtained,
including three original seed sludge samples, three inﬂuent samples,
and three efﬂuent samples from the anaerobic reactors at 15 °C, 20 °C,
and 25 °C, respectively. In addition, inﬂuent and efﬂuent samples from
a completely stirred tank reactor (CSTR) operated at 37 °C in the same
lab were also collected for comparison. Samples used for DNA extraction
were immediately stored at −20 °C after sampling. Total solids (TS),
volatile solids, soluble chemical oxygen demand (sCOD), total alkalinity,
and ammonium‑nitrogen were measured in accordance with standard
methods (APHA, 2005). Both methane and total volatile fatty acids
(VFAs) were measured by gas chromatography (Shimadzu-GC 8A,
Japan).

2.4. Microbial source tracking by SourceTracker
The Bayesian-based SourceTracker method compared the microbial
community proﬁles in potential sources to those in the sink to identify
the extent of contribution of each source to the sink (Knights et al.,
2011). This program was used to estimate the percentage of fecal bacteria in efﬂuent bacterial community from anaerobic digestion systems. In
the lab-scale study, inﬂuent and seed sludge were identiﬁed as potential
sources, and efﬂuent samples were identiﬁed as the sink. In the ﬁeld
study, different manure types and the anaerobic inﬂuent samples
were deﬁned as potential sources, and efﬂuent samples were considered as sinks. SourceTracker analysis was performed using default settings with a rarefaction depth of 1000, burn-in 100, restart 10, alpha
(0.001) and beta (0.01) (Henry et al., 2016; McCarthy et al., 2017).
Analysis was performed three times and the average was calculated,
as described previously (Henry et al., 2016).
2.5. Enumeration, isolation, and identiﬁcation of coliforms
Coliform enumeration was conducted for both the lab-scale and fullscale anaerobic systems using the plate counting method on
MacConkey Agar No. 3 plates (Jiang et al., 2018). Coliforms were further
isolated from the lab-scale inﬂuent and efﬂuent at 15 °C, 20 °C, and
25 °C, respectively. Detailed procedures were shown in the Supplementary Information. A total of 80 isolates were obtained from the lab-scale
inﬂuent, and 158 isolates altogether were obtained from the efﬂuents at
15 °C, 20 °C, and 25 °C. All isolates were subjected to biochemical identiﬁcation using the indole, methyl red, Voges-Proskauer, and citrate
tests to determine if they were typical E. coli (Kumar et al., 2010). In addition, PCR of the internal transcribed spacer gene (ITS-F: 5′-CAATTT
TCGTGTCCCCTTCG-3′, ITS-R: 5′-GTTAATGATAGTGTGTCGAAAC-3′) was
conducted for molecular identiﬁcation (Khan et al., 2007). The
PCR products were sent to Sangon Biotech (Shanghai, China) for sequencing. All nucleotide sequences were analyzed by a BLAST search

2.2. DNA extraction
Waste samples (2 to 10 mL) were ﬁltered through 0.22 μm ﬁlters
and 0.5 g manure samples were prepared for DNA extraction using a
FAST DNA extraction kit (MP Biomedicals, USA). Extracted genomic
DNA was detected and quantiﬁed using 1% agarose gel electrophoresis
and a NanoDrop 2000 spectrometer (Thermo Scientiﬁc, USA), respectively, and then stored at −20 °C until use.
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3.2. Bacterial community composition and diversity

(http://www.ncbi.nlm.nih.gov/BLAST). A total of 59 representative
isolates were selected from the lab-scale systems for the construction of a phylogenetic tree using the neighbor-joining method in
MEGA v7.0.

3.2.1. Alpha and beta diversity
Overall, 1117 and 1808 OTUs were obtained from the lab-scale and
full-scale anaerobic systems, respectively. Rarefaction curves reached a
plateau after 31,601 reads for the lab-scale (Fig. S2A) and 34,984 reads
for the full-scale (Fig. S2B) system, thereby indicating sufﬁcient sequencing depth for the following analyses. Alpha-diversity analysis revealed the lowest bacterial richness (Chao, 469.6 ± 92.2) and
diversity (Shannon, 3.4 ± 0.5) in seed sludge (P < 0.05) (Fig. S3). Both
the Chao and Shannon indices were similar among Inﬂuent_lab
(777.8 ± 23.9 and 4.1 ± 0.4, respectively), Efﬂuent_15 °C (859.5 ±
34.5 and 4.6 ± 0.02, respectively), and Efﬂuent_20 °C (833.2 ± 2.7
and 4.6 ± 0.05, respectively), while a slight increase was observed in
Efﬂuent_25 °C (896.5 ± 12.9 and 4.8 ± 0.03, respectively) (ANOVA,
P < 0.05). The alpha-diversity of a microbial community was proposed
as a robust indicator of fermentation performance especially for methane production in anaerobic digestion (Lin et al., 2016b). High Chao
and Shannon indices reﬂect more diverse metabolic activities and pathways, which will enhance the metabolic efﬁciency. These results
corresponded with their methane yields, as mentioned above. The βdiversity results showed signiﬁcant differences in bacterial communities at different temperatures, as illustrated in the PCoA plot (r2 =
0.81, P < 0.001, PERMANOVA) (Fig. 1A). As expected (Hupfauf et al.,
2018; Tian et al., 2018), samples from Inﬂuent_lab, Efﬂuent_15 °C, and
Efﬂuent_20 °C clustered in close proximity (Fig. 1A), but they were
clearly separated from Efﬂuent_25 °C and seed sludge. These results indicated that temperature played an important role in shifting the bacterial community structure, and greater community shift was observed at
25 °C than at 15 °C and 20 °C. Signiﬁcant variations were also observed
from the inﬂuent to efﬂuent in the full-scale anaerobic system (r2 =
0.61, P = 0.001, PERMANOVA) (Fig. 1B).
To gain a detailed insight into the fecal bacteria variations at different temperatures, relative abundances of core OTUs (top 10), dominant
genera, and dominant phyla were calculated in all samples for comparison. The core OTUs (top 10) in lab-scale inﬂuent were classiﬁed as
Bacteroidetes and Firmicutes, which were also dominant (top 100) in
efﬂuent at 15 °C and 20 °C (Table S2). However, some core OTUs in inﬂuent became rare at 25 °C; accordingly, most core OTUs (7/10) in
efﬂuent at 25 °C were newly increased and were afﬁliated to
Epsilonbacteraeota, Firmicutes, Proteobacteria, Synergistetes, and
Bacteroidetes (P < 0.05). It was obvious that the core OTUs of inﬂuent
varied greatly at 25 °C. The core OTUs in seed sludge belonged to
Bacteroidetes, Firmicutes, Tenericutes, and Spirochaetes (Table S3). All
these core OTUs in seed sludge became less dominant in anaerobic efﬂuent regardless of temperature (Table S3), indicating that seed sludge
had little effect on the efﬂuent bacterial community. However, the proportional contribution of inﬂuent fecal bacteria to efﬂuent cannot be
quantiﬁed by comparing bacterial abundance at the OTU or phylum
level.
At the phylum level, Firmicutes (41.29%–68.38%), Bacteroidetes
(18.46%–32.90%), and Proteobacteria (3.48%–19.61%) were the dominant bacteria in all samples from the lab-scale anaerobic reactors
(Fig. 1C, Table S4). The abundances of Synergistetes (629.6%),
Proteobacteria (463.7%), and Actinobacteria (298.5%) increased exclusively (P < 0.001) in Efﬂuent_25 °C. Synergistetes can utilize amino
acids and, in turn, provide short-chain fatty acids and sulfate for terminal degraders, such as methanogens and sulfate-reducing bacteria
(Vartoukian et al., 2007). Proteobacteria are able to degrade a wide
range of complex substances, such as cellulose, proteins, pectin and
other xenobiotic compounds (Fitamo et al., 2017). The higher abundances of Synergistetes and Proteobacteria indicated that their growth
rate and metabolism might be faster at 25 °C than at 15 °C and 20 °C,
which might facilitate methane production at 25 °C. However, other
phyla not differentially expressed in the 25 °C sample might have the
same capacity to degrade many carbohydrates and amino acids and

2.6. Statistical analysis
Rarefaction curves, alpha-diversity (Chao1 and Shannon
indices), and linear discriminant analysis (LDA) effect size (LEfSe)
(Segata et al., 2011) were calculated on the Majorbio Cloud Platform
(https://cloud.majorbio.com/). Community similarities (ANOSIM)
were determined using the vegan package in R (https://www.rproject.org/). Community differences between groups based on BrayCurtis dissimilarity were calculated by permutational multivariate
analysis of variance (PERMANOVA) and further visualized by principal
coordinate analysis (PCoA) plots. The Mantel test, redundancy analysis (RDA), Spearman correlation analysis, variation partition analysis
(VPA), and heatmaps were performed using R. One-way analysis of
variance (ANOVA) with Turkey's post-hoc tests was performed to
detect signiﬁcant differences among groups. Graphics were generated
with Sigma Plot (Systat Software, Inc., Chicago, IL, USA), and the
threshold of statistical signiﬁcance was set at 0.05.
3. Results and discussion
3.1. Waste characteristics and anaerobic digestion performance
The waste characteristics and anaerobic digestion performances
of the lab-scale and full-scale anaerobic systems were shown in
Table 1. Both TS (~12 g/L) and VS (~8 g/L) in the lab-scale inﬂuent
were relatively stable. The COD removal efﬁciencies were in the
range of 84% to 89%, with pH values between 7.4 and 7.9 and VFAs
between 36.5 and 90.7 mg/L, indicating that the lab-scale reactors
were successful in stabilizing organic matter. All the reactors were
within the steady-state period with stable methane production.
The methane yields were 0.13 L-CH4/g-COD at 15 °C, 0.10 L-CH4/gCOD at 20 °C, and 0.35 L-CH 4 /g-COD at 25 °C. The volumetric
methane production at 25 °C (0.44 ± 0.04 L·L−1d−1) was 2.0- and
2.4-fold higher than that at 20 °C (0.22 ± 0.01 L·L−1d−1) and 15 °C
(0.18 ± 0.02 L·L−1d−1), respectively. In the anaerobic process, temperature largely determines the microbial structure and its metabolic activities (Lin et al., 2016a). With the rise of temperature
from 15 to 25 °C, the hydrolytic, acidogenic and methanogenic activities increased, resulting in the maximum methane production at
25 °C (Jiang et al., 2019). These results were similar to a previous
study using swine wastewater as feedstock, in which the volumetric
biogas production rates also increased when temperature rose from
15 to 25 °C (Deng et al., 2014).
For the full-scale biogas plant, the steady operation guaranteed satisfactory performance. The pH values were 8.1–8.2 for both of the
Efﬂuent I and Efﬂuent II. Those values were within the acceptable pH
range (6.5–8.4) for an anaerobic process (Yi et al., 2014) and therefore
will not negatively affect the plant performance. The COD (16.7 g/L on
average) of the adjustment tank was shown in Table 1. The TS content
in full-scale inﬂuent was about 62 g/L, which was ﬁve times higher
than that in the lab-scale inﬂuent. The TS concentration was set according to the anaerobic reactor conﬁguration. Moreover, in an anaerobic digestion system treating swine manure, the process was designed to
obtain a suitable organic loading rate by choosing an appropriate hydraulic retention time when the TS in the feedstock was ﬁxed. Therefore, under steady state, the TS in inﬂuent will not negatively affect
the gas production and system stability. The anaerobic process was
also proven successful in the full-scale system regarding stable COD removal rates (73%–77%). Similar results were also reported for the anaerobic digestion of swine manure in previous studies (Massé et al., 2011;
Massé et al., 2014).
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Fig. 1. Bacterial community variations in lab-scale and full-scale anaerobic digestion systems. (A–B) Principal coordinate analysis (PCoA). (C–D) Dominant phyla in lab-scale (average
relative abundance >1% in Inﬂuent_lab and Efﬂuent_25 °C) and full-scale (average relative abundance >1% in Inﬂuent_ﬁeld or Efﬂuent I) systems. Percentages show increment ratio of
bacterial groups in efﬂuent compared to inﬂuent. ANOVA with post-hoc tests were performed to detect signiﬁcant differences. *, P < 0.05; **, P < 0.01; and ***, P < 0.001.

sp., Salmonella sp., Campylobacter sp., and Mycobacterium sp.), were
calculated based on bacterial 16S rDNA sequencing results (Table S9).
Previous studies reported that these bacteria were the most
prevalent and frequently reported pathogens in animal manure and
human illnesses (Nag et al., 2019). Among them, Escherichia coli
and Salmonella are normally applied as Gram-negative indicator bacteria, and Enterococci are representative Gram-positive indicator
bacteria during anaerobic digestion. Our results showed low relative
abundances (0%–4.6%) of all selected bacteria in anaerobic system
samples. Three genera were detected in the lab-scale reactors, including Streptococcus (0.002%–0.016%), Enterococcus (0–0.105%),
and Mycobacterium (0.001%–0.045%). In the full-scale system,
Streptococcus was the most abundant (4.582%) genus in inﬂuent,
followed by Escherichia-Shigella sp. (0.048%), Enterococcus sp.
(0.033%), Campylobacter sp. (0.015%), and Mycobacterium sp.
(0.002%). It was found that Streptococcus and Enterococcus showed
relatively higher abundance than Gram-negative bacteria. The resistance of Gram-positive bacteria to anaerobic treatment can be attributed to their thick cell wall structure, consisting of teichoic acids and
highly cross-linked multi-layered peptidoglycan. The peptidoglycan
was considered to be a combined mechanical and permeability barrier to prevent the toxic chemicals from penetrating the cell
(Dijkstra and Keck, 1996). No signiﬁcant decreases were observed
for Streptococcus, Mycobacterium, and Enterococcus at different

may also be a key VFA producer, like the Firmicutes. At the genus level,
most (11/19) dominant genera (relative abundance >1%) in
Inﬂuent_lab were also dominant in Efﬂuent_15 °C and Efﬂuent_20 °C,
whereas only three were dominant in Efﬂuent_25 °C (Table S5). These
results showed that the bacterial community composition and abundance were similar between inﬂuent and efﬂuent at 15 °C and 20 °C;
however, they were very different at 25 °C. Marked alterations were
also observed in the full-scale study. The bacterial community changed
at the OTU (Table S6), genus (Table S7), and phylum levels (Table S8). In
agreement with the lab-scale study (at 25 °C), Firmicutes and
Bacteroidetes were the most abundant phyla in the full-scale inﬂuent
and efﬂuent samples (26 °C on average) (Table S8). The relative abundance of Firmicutes decreased signiﬁcantly in efﬂuent (P < 0.05)
(Fig. 1D). However, Bacteroidetes, Patescibacteria, and Synergistetes,
which are related to hydrolysis and acidogenesis in anaerobic digestion
(De Vrieze et al., 2015; Zhao et al., 2017), showed increased relative
abundances in Efﬂuent I (P < 0.05).
3.2.2. Changes in potential bacterial pathogens
To explore the changes in potential pathogens during anaerobic digestion at different temperatures, the relative abundances of reads taxonomically assigned to six genera containing potential pathogenic
species, including two Gram-positive bacteria (Enterococcus sp. and
Streptococcus sp.) and four Gram-negative bacteria (Escherichia-Shigella
5
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in the sink that can be attributed to a speciﬁc fecal source. Herein, it was
applied to further identify the percent of inﬂuent fecal bacteria
remained in anaerobic efﬂuent. In the lab-scale study, we treated the inﬂuent and seed sludge samples as sources, and the efﬂuent samples as
sinks. Results showed that bacteria in efﬂuent mainly came from inﬂuent. The SourceTracker proportions from inﬂuent to efﬂuent were
73.0% ± 1.7%, 74.9% ± 1.4%, and 19.1% ± 2.5%, respectively, at 15 °C,
20 °C, and 25 °C (Fig. 2B). The similar SourceTracker proportions at
15 °C and 20 °C could be explained by their similar bacterial community
structures and compositions. There was no detectable contribution from
seed sludge to the efﬂuent bacteria based on SourceTracker. While the
seed sludge was treated as a source of the efﬂuent community conceptually, it was expected to play less of a role over time. Thus, we also
treated the inﬂuent as the only source, and the efﬂuent as the sink for
SourceTracker analysis. Under such condition, the SourceTracker proportions from inﬂuent to efﬂuent community were 73.5% ± 12.3% at
15 °C, 77.1% ± 13.4% at 20 °C, and 17.9% ± 2.4% at 25 °C. These results
were very similar with those by using inﬂuent and seed sludge as
sources, further demonstrating that the contribution of seed sludge to
efﬂuent bacterial community was negligible. In addition, the evaluation
of the Archaea will provide more evidence for the contribution of seed
sludge to efﬂuent community. While previous studies focused on
Archaea regarding to the methane production in anaerobic sludge (Lin
et al., 2016a; Jiang et al., 2019), little information was known about
the contribution of seed sludge to efﬂuent Archaea community. Further
study is required in future work.
Consistent with the lab-scale study at 25 °C, SourceTracker analysis
in the ﬁeld study (averaged 26 °C) revealed a similar source contribution (23.2% ± 15.1%) from the Inﬂuent_ﬁeld to Efﬂuent I (Fig. 2B).
The major known source contributions in Inﬂuent_ﬁeld came from
Manure III (from pigs at 35–60 kg, 42.7%) and Manure IV (from pigs at
60–100 kg, 37.9%), with minor contributions from Manure II (from
pigs at 20–35 kg, 6.9%) and Manure I (from piglets ≤ 20 kg, 0.8%)
(Fig. S5). The differences in SourceTracker proportions among manure
types might be caused by their different ratios in inﬂuent. Manure production coefﬁcients differed among the different pig types, with pigs of
greater body weight tending to produce more manure waste. Regarding
the ﬁnal efﬂuent (Efﬂuent II) of the full-scale anaerobic system, the
major known source contribution was from Efﬂuent I (91.3%), thus
highlighting the importance of the stage I anaerobic process in the reduction of fecal bacteria (Fig. S6).
To verify the impact of temperatures over 25 °C on the bacterial contribution from inﬂuent to efﬂuent, an anaerobic reactor operated at
37 °C with similar inﬂuent and seed sludge, but with a different

temperatures in the lab-scale study. However, Streptococcus,
Campylobacter, and Escherichia-Shigella were signiﬁcantly decreased
(P < 0.05) in ﬁeld Efﬂuent I (0.097%, 0.001%, and 0.001%, respectively) and Efﬂuent II (0.039%, 0.001%, and undetectable, respectively). This result was in accordance with previous studies,
which also identiﬁed low relative abundance (<0.1%) of bacterial
pathogens in anaerobic efﬂuent using 16S rDNA sequencing data
(Resende et al., 2014; Silva et al., 2015).
Because of limited length of sequencing, 16S rDNA sequencing could
not provide adequate discrimination for the bacterial identiﬁcation to
species level. This might be one possible reason for the low abundance
of selected pathogens in anaerobic systems, especially in the case of
Salmonella and Escherichia-Shigella (Table S9). The third-generation
16S rDNA sequencing (Paciﬁc Biosciences or Nanopore) is required in
further study for pathogen identiﬁcation (Callahan et al., 2019). Further
identiﬁcation of potential pathogens can also be accomplished by
molecular detection of speciﬁc gene targets. Moreover, the DNA-based
methods do not necessarily indicate live or viable bacteria. It could be
that some signals picked up are just pieces of DNA and not the full
organism. To overcome this problem, the culture-based identiﬁcation
of pathogens could be used as a complement to molecular methods.
3.3. SourceTracker proportions of bacterial community from inﬂuent to
efﬂuent at different temperatures
Bray-Curtis similarity (1-dissimilarity) between inﬂuent and efﬂuent bacterial community was calculated at different temperatures. Results showed similarities of 52.9% ± 9.1%, 54.0% ± 5.7%, and 30.4% ±
4.2% at 15 °C, 20 °C, and 25 °C, respectively (Fig. 2A). The bacterial similarities at 15 °C and 20 °C were signiﬁcantly higher than those at 25 °C
(ANOVA, P < 0.001), indicating stronger contribution of manure wastes
to efﬂuent bacteria at 15 °C and 20 °C. This result was veriﬁed by the
ﬁeld study, with an average similarity of 26.4% ± 16.1% between
Inﬂuent_ﬁeld and Efﬂuent I. Furthermore, the shared OTUs between inﬂuent and efﬂuent also showed a decreasing tendency (ANOVA,
P < 0.001) with increasing temperature from 15 °C to 25 °C (Fig. S4).
Rather than comparing bacterial community similarity statistically
or discretely looking for shared OTUs, SourceTracker employs a
Bayesian algorithm to determine which OTUs from available or
potential unknown sources contribute to a deﬁned sink. Sources that
contribute to the contamination of sink samples can be predicted and
quantiﬁed by modeling the sink as a mixture of multiple sources
(Unno et al., 2018). The SourceTracker program provides an estimated
percentage (i.e., SourceTracker proportion) of the microbial community

Fig. 2. Contributions of fecal bacteria in swine manure wastes to anaerobic efﬂuent. (A) Bray-Curtis similarities between inﬂuent (and seed sludge) and efﬂuent bacterial community at
different temperatures. (B) Percentage contributions from inﬂuent (and seed sludge) to efﬂuent bacterial community by SourceTracker. ANOVA with post-hoc tests were performed to
detect signiﬁcant differences between lab-scale SourceTracker proportions. ***, P < 0.001.
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proportions (r = 0.913, P = 0.001), whereas they were negatively
correlated with temperature (r = −0.826, P = 0.006) (Table 2).
Temperature might have inﬂuenced the “survivor” taxa proportions
for growth kinetic reasons. It was reported that the growth and survival
of a bacterial population relied on its ability to transport substrates. The
substrate uptake efﬁciency decreased at lower temperatures, thus leading to lower overall metabolisms (Dev et al., 2019).
The differences in bacterial taxa proportions could be explained by
different responses of the “lost” and “survivor” taxa to anaerobic digestion at different temperatures. At the phylum level, no signiﬁcant decrease was found in inﬂuent fecal bacteria after anaerobic digestion at
15 °C (Fig. S9). Fibrobacteres was signiﬁcantly decreased after treatments at 20 °C and 25 °C. Fibrobacteres was characterized by its high
cellulolytic activity and ability to degrade refractory plant structural
polysaccharides, playing a prominent role in the gastrointestinal energy
metabolism (Qi et al., 2005). The abundance of Firmicutes was decreased exclusively at 25 °C (P < 0.05), which was observed in the
ﬁeld study (Fig. S8). At the genus level, the speciﬁc bacterial taxa
changes were shown in Fig. S10. There were ﬁve, 12, and 24 genera
“lost” at 15 °C, 20 °C, and 25 °C, respectively (P < 0.05) (Fig. S10A).
Certain members of Firmicutes were “lost” under all temperature conditions, including Peptostreptococcus, no-rank Lachnospiraceae, unclassiﬁed Lachnospiraceae, and Tissierella, which were widely present in the
pig gut involving oligosaccharide, polysaccharide, and protein metabolisms (Cho et al., 2015; Zhang et al., 2018; Zhao et al., 2020). In addition,
14 genera were exclusively “lost” at 25 °C. They mainly included

conﬁguration as a completely stirred tank reactor (CSTR), was investigated. As expected, the Bray-Curtis similarity between inﬂuent and efﬂuent (8.3% ± 1.5%) and SourceTracker proportion from inﬂuent to
efﬂuent (0.01% on average) at 37 °C were much lower than that at
15–25 °C (Fig. S7). Clearly, at temperatures over 25 °C, much less fecal
bacteria in manure waste were discharged via the ﬁnal efﬂuent than
at 15 °C and 20 °C. The SourceTracker method is useful in establishing
a sound process and operational strategy for swine manure waste
treatment.
3.4. Changes in bacterial taxa at different temperatures
To explore the potential reasons for differences in the impact of temperature on efﬂuent bacterial community, LEfSe was performed to identify signiﬁcant differences in bacterial taxa (biomarkers) between
inﬂuent and efﬂuent. The unique biomarkers in inﬂuent were classiﬁed
as “lost” taxa, and the remaining bacteria in inﬂuent were classiﬁed as
“survivor” taxa, by LEfSe with a linear discriminant analysis (LDA)
score of >3.0. Results showed that the “survivor” taxa accounted for
84.6%, 81.7%, and 58.6% of inﬂuent bacteria (at the OTU level) at 15 °C,
20 °C, and 25 °C, respectively (Fig. 3A). The ambient ﬁled study further
validated the laboratory result, regarding the percentages of inﬂuent
“survivor” taxa (24.6% on average) in Efﬂuent I (Fig. S8). To a certain extent, the “survivor” taxa proportions were related to SourceTracker proportions. Pearson correlation analysis showed that the “survivor” taxa
proportions in inﬂuent were positively correlated with SourceTracker

Fig. 3. Taxonomic abundance changes in lab-scale anaerobic systems at different temperatures. (A–B) Bacterial taxa classiﬁcation in (A) inﬂuent and (B) efﬂuents at different temperatures,
calculated by LEfSe with a LDA score of >3.0. ANOVA with post-hoc tests was performed to detect signiﬁcant differences between taxa percentages. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
(C) Bacterial taxa abundance changes at the genus level and related functions.
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Table 2
Pearson correlation analysis between relative abundance of bacterial taxa (“lost” and “survivor” taxa in inﬂuent and “enriched” and “de novo” taxa in efﬂuent) and temperature, and contributions from inﬂuent to efﬂuent bacteria in lab-scale anaerobic reactors (represented by SourceTracker proportion and Bray-Curtis similarity).
Source

Inﬂuent
Efﬂuent

Bacterial taxa

Lost taxa
Survivor taxa
Enriched taxa
De novo taxa

SourceTracker proportion

Bray-Curtis similarity

r

Temperature
P

r

P

r

P

0.826⁎⁎
−0.826⁎⁎
0.844⁎⁎
0.887⁎⁎⁎

0.006
0.006
0.004
0.001

−0.822⁎⁎
0.913⁎⁎⁎
–
–

0.007
0.001
–
–

−0.812⁎⁎
0.900⁎⁎⁎
−0.995⁎⁎⁎
−0.959⁎⁎⁎

0.008
0.001
<0.001
<0.001

Notes: –, not calculated; r represents correlation coefﬁcient.
⁎⁎ P < 0.01.
⁎⁎⁎ P < 0.001.

et al., 2019), Turicibacter (Bosshard et al., 2002), and Proteiniphilum (Li
et al., 2020) were identiﬁed as acidogenic bacteria fermenting
polysaccharides, maltose, peptone, or other organic compounds.
Sedimentibacter was capable of converting glycine to acetic acid and hydrogen (Lin et al., 2018). DMER64 was also identiﬁed as a potential
syntrophic bacterium that can produce H2 to hydrogenotrophic
methanogens (Lee et al., 2019). The enrichment of Sedimentibacter
and DMER64 suggested that they might play an important role in
conducting interspecies electron transfer. Our previous work revealed
that Methanosaeta (27–80%) and Methanosarcina (10–35%) were the
dominant methanogens in a digester treating swine manure waste at
all temperatures. The syntrophic interactions among fermentative bacteria and methanogenic archaea facilitated stable digestion performance by maintaining the acidity and hydrogen pressure inside the
reactors (Saha et al., 2020).
Moreover, 22 genera were exclusively “enriched” and seven genera
were multiplied “de novo” at 25 °C, with Sporosarcina (4.81%),
Psychrobacter (3.73%), no-rank Synergistaceae (3.28%), no-rank
M2PB4–65 termite group (2.42%), Comamonas (1.8%), Dechlorobacter
(1.25%), Desulfovibrio (1.21%), and unclassiﬁed Rhodobacteraceae
(1.06%) being the dominant genera at 25 °C (Fig. S10C). Different from
the “enriched” taxa at all temperatures, these bacterial groups were
mainly involved in organic degradation, which might facilitate the hydrolysis and fermentation process for more organic substances in manure waste (Fig. 3C, Table S10). Aside from acidogenesis, acetogenesis,
and methanogenesis, syntrophic acetate oxidation may also play a key
role in anaerobic digestion (Pan et al., 2021). However, no syntrophic
acetate oxidizing bacteria were found in efﬂuent dominant bacteria as
shown in Fig. 3C. Given the fact that acetotrophic methanogens were
dominant at all temperatures, and their predominance had no
signiﬁcant response when temperature changed, the acetoclastic
methanogenesis was supposed to be the predominant pathway. Of
note, although the “enriched” and “de novo” taxa in efﬂuent showed potential anaerobic functions, they were of potential fecal sources. This
should be taken into consideration in further land application and risk
assessment.
To explore the relationship between fecal bacterial persistence and
operational parameters, Pearson correlations between relative abundance of bacterial taxa, temperature, and VFAs were calculated. At phylum level, Fibrobacteres, a “lost” taxon, exhibited negative correlation
with temperature (r = −0.794, P = 0.011), while some “enriched”
taxa, like Actinobacteria (r = −0.850, P = 0.004), Synergistetes (r =
0.795, P = 0.010) and Proteobacteria (r = 0.744, P = 0.022) were positively related with temperature (Table S11). Although no signiﬁcant
correlation was found between Firmicutes and temperature, some
members of Firmicutes exhibited negative correlation with temperature, such as Peptostreptococcus, no-rank Lachnospiraceae, and Tissierella
(Table S12). In addition, the relationship between bacterial taxa and
VFAs was also analyzed (Tables S11and S12). The majority of “lost”
taxa showed no signiﬁcant correlation with VFAs, while the majority
of “enriched” and “de novo” taxa at 25 °C displayed negative correlation
with VFAs.

intestinal bacteria with digestive functions, such as proteolytic bacteria
(Bacteroides, Eubacterium, and Clostridiales family XI) (He et al., 2020),
ﬁbrolytic bacteria (Ruminococcaceae) (Tao et al., 2019), and pectindegrading bacteria (Tyzzerella) (Zhang et al., 2018). There were two
possible explanations when a taxon was “lost”. On the one hand,
under steady-state operation for more than 100 days, it was very likely
that they decayed or died during anaerobic digestion. Factors affecting
pathogen inactivation mainly included temperature, HRT, and intermediate products (e.g., VFAs and ammonia) (Jiang et al., 2020). In this
study, the VFAs maintained at a relative low level (37–59 mg/L) at
15–25 °C. It also indicated that the ammonium (900–1000 mg/L) did
not inhibit the methanogenic process. The long HRT anaerobic environment and ammonium were likely to be the factors for pathogens inactivation. On the other hand, the “lost” taxa might also be caused by an
increase in microorganism competition for substrate. Of note,
Bacteroides, a genus possessing anaerobic enteric nature from warmblooded animals, was widely applied as a fecal indicator to evaluate
host-speciﬁc fecal contamination in the environment (Savichtcheva
et al., 2007). Bacteroides has been used as an indicator of putative pathogen reduction throughout the swine wastewater treatment processes
(Silva et al., 2015). The decrease in relative abundance of Bacteroides
at 25 °C indicated less fecal contamination discharged via efﬂuent than
at 15 °C and 20 °C. It also suggested that the survival of Bacteroides
was more host-speciﬁc and easily lost in the anaerobic digestion.
Clostridium sensu stricto 1 (12.7%–18.3%), Terrisporobacter (3.7%–
5.7%), Christensenellaceae R-7 group (1.2%–2.2%), and Macellibacteroides
(0.8%–3.3%) were the dominant “survivor” taxa in inﬂuent at all temperatures (Fig. 3C). They mainly participated in the hydrolysis and
acidogenesis stages of anaerobic digestion (Table S10) (Alou et al.,
2018; Deng et al., 2015; Morotomi et al., 2012). From the point of bacterial abundance change patterns from inﬂuent to efﬂuent, the “survivor”
taxa might include three kinds of bacteria, i.e., bacteria with no signiﬁcant abundance changes, bacteria with increased abundance changes,
and bacteria with increased abundance but undetectable in inﬂuent
samples. Considering the fact that manure waste is rich in a wide variety
of nutrient necessary for bacterial growth, some metabolic groups in inﬂuent might be able to grow.
In addition, the unique biomarkers in efﬂuent were classiﬁed as
“enriched” and “de novo” taxa. The “de novo” taxa referred to efﬂuent
biomarkers that were below the detection limit in inﬂuent. It was also
used to describe bacterial abundance change pattern in a previous
study (Palleja et al., 2018). It was found that 17.9%, 18.6%, and 40.0%
of corresponding efﬂuent bacteria were “enriched”, respectively
(Fig. 3B). Moreover, 11.6% of bacteria in efﬂuent at 25 °C were multiplied “de novo”. The sum of “enriched” and “de novo” taxa proportions
in efﬂuent were positively correlated with temperature (r = 0.844,
P = 0.004, and r = 0.887, P = 0.001, respectively) (Table 2). There
were 21, 17, and 44 genera “enriched” in efﬂuent at 15 °C, 20 °C, and
25 °C, respectively (P < 0.05) (Fig. S10B). Seven genera were “enriched”
irrespective of temperature, including Rikenellaceae RC9 gut group,
Turicibacter, Proteiniphilum, Smithella, DMER64, Sedimentibacter, and
no-rank Rikenellaceae. Among them, Rikenellaceae RC9 gut group (Tao
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with VFAs, such as OTU6250 (Clostridium sensu stricto 1), OTU4772
(Macellibacteroides), OTU4118 (W5053, order Clostridiales), OTU4482
(Eubacterium), and OTU4010 (unclassiﬁed Rikenellaceae). These bacteria were contributors to the production of various VFAs (Graf, 2014;
He et al., 2019; Li et al., 2020). Their positive correlation with VFAs indicated their roles as VFAs producers in anaerobic digestion. On the other
hand, VFAs were reported to be toxic to pathogens (Jiang et al., 2020). In
anaerobic digestion, VFAs are present in the forms of free VFAs and ionized VFAs, with free VFAs considered more toxic than ionized VFAs. To
further understand their individual effects on pathogen inhibition, free
VFAs and ionized VFAs will be measured separately in future study.
The alteration in bacteria from inﬂuent to efﬂuent in anaerobic reactors
may be the combined effects of temperature, VFAs, and their function in
anaerobic digestion.

Although more than 30,000 high-quality reads were obtained per
sample, we cannot rule out the fact that some “de novo” taxa were present in inﬂuent below the detection limit. However, the sequence depths
were same among all samples, so that the overall trends of the “lost”
taxa, “enriched” and “de novo” taxa at different temperatures were not
affected.
3.5. Contribution of operational parameters to variations in efﬂuent
bacterial communities
The Mantel test, RDA, VPA, and Spearman correlation analysis were
performed to explore the linkage between operational parameters and
the efﬂuent bacterial community at different temperatures. Both the
Mantel test and RDA (Fig. 4A) showed that temperature was the most
important factor affecting the efﬂuent bacterial community (Mantel
test, r = 0.62, P = 0.013; ANOVA, r = 0.801, P = 0.014), followed by
VFAs (Mantel test, r = 0.573, P = 0.012; ANOVA, r = 0.72, P =
0.032). Based on the RDA results, temperature and VFAs were further
selected for variation partition analysis (VPA). The VPA showed that
69% of total variation was explained by temperature and VFAs. Temperature and VFAs explained 30% and 20% of total variations in the efﬂuent
bacterial community, respectively, with interactions between them
explaining 19% (Fig. 4B).
Spearman correlation analysis was conducted between core OTUs
and temperature, VFAs, and volumetric methane production, respectively, in the lab-scale systems (Fig. S11). Temperature altered the
core bacterial composition and abundance in anaerobic digestion,
which might determine the roles of functional populations in the
anaerobic chain, including hydrolysis, acidogenesis, acetogenesis, and
methanogenesis (Lin et al., 2016a). At lower temperatures, bacteria
were likely to slow their growth rate and overall metabolism. It is not
surprising that most core OTUs in inﬂuent, Efﬂuent_15 °C, and
Efﬂuent_20 °C exhibited no or negative correlation with temperature
(P < 0.05). In contrast, half of the core OTUs in Efﬂuent_25 °C were
positively correlated with temperature, as well as volumetric methane
production, and included OTU5135 (no-rank Rikenellaceae), OTU5380
(no-rank Synergistaceae), OTU5580 (Sporosarcina), and OTU5407
(Psychrobacter maritimus). Of note, Sporosarcina and Psychrobacter
were classiﬁed as “de novo” taxa and showed ability for some speciﬁc organic degradation. Rikenellaceae and Synergistaceae can metabolize
sugars, amino acids, and organic acids to generate short-chain acids
and hydrogen (Liu et al., 2018), thereby facilitating acidogenesis and
the methane production.
VFAs are a series of important intermediate products during anaerobic digestion. Some core OTUs in inﬂuent were positively correlated

3.6. Isolation and identiﬁcation of coliforms
Coliforms are a group of functionally related bacteria from different
genera, including Escherichia, Citrobacter, Enterobacter and Klebsiella,
with 80% belonging to E. coli. They are widely used as indicator bacteria
to assess the removal of potential pathogens during anaerobic digestion
of animal manure (Jiang et al., 2018). In the present study, the number
of coliforms in the lab-scale inﬂuent was 1.7 × 107 CFU/mL, whereas
they were below the detection limit (<100 CFU/mL) in anaerobic efﬂuent irrespective of temperature (Fig. S12A). According to a previous
study, the direct plating approach may result in a loss of sensitivity
and underestimation of target bacteria, and a selective pre-enrichment
procedure can increase the detection efﬁciency (Schauss et al., 2015).
Considering that the coliforms were not the dominant bacteria in anaerobic efﬂuent, they might be present but below the detection limit. In the
ﬁeld study, a signiﬁcant decrease in coliform abundance was also observed in Efﬂuent I (2.7 log removal) and Efﬂuent II (4.2 log removal)
(P < 0.05) compared with that in inﬂuent (3.4 × 106 CFU/mL)
(Fig. S12B). Considering that the TS concentrations in the full-scale efﬂuent were about ﬁve times higher than those in the lab-scale efﬂuent
(Table 1), it is unsurprising that higher concentrations of coliforms
were observed in the full-scale efﬂuent.
As the presence of coliforms might be underestimated by the direct
plate counting method, coliform isolation was further conducted by a
selective pre-enrichment procedure in the lab-scale systems. A total of
238 coliform strains were isolated. Phylogenetic analysis showed that
coliform strains from manure waste were closely related to bacteria in
the efﬂuent at 15 °C and 20 °C, but relatively remotely related to bacteria
at 25 °C (Fig. 5). E. coli isolates were dominant coliforms in manure
waste (n = 80) and efﬂuents (n = 80) at 15 °C and 20 °C. However,

Fig. 4. Parametric effects on efﬂuent bacterial community. (A) Redundancy analysis between temperature, volatile fatty acids (VFAs), alkalinity, NH3-N, and bacterial communities in labscale anaerobic systems. Anova-like permutest was calculated. * represents P < 0.05. (B) Variation partition analysis (VPA) differentiating the effects of temperature (T) and volatile fatty
acids (V) on bacterial community in lab-scale anaerobic systems. Arrows with “T” and “V” represent the contributions of temperature and volatile fatty acids to overall variation of bacterial
community, and arrow with “T × V” represents the joint contribution of them.
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Fig. 5. Phylogenetic analysis of coliform isolates from lab-scale anaerobic systems.

than at 15 °C or 20 °C. Redundancy analysis and variation partition
analysis showed that temperature was the most important factor
affecting the efﬂuent bacterial community. Fecal bacteria in inﬂuent were divided into “lost” and “survivor” taxa, and they
responded differently to anaerobic digestion at different temperatures. Speciﬁcally, Peptostreptococus, no-rank Lachnospiraceae,
unclassiﬁed Lachnospiraceae, and Tissierella in fecal bacteria
were “lost”, whereas some hydrolytic and acetogenic bacteria
survived at all temperatures (15 °C, 20 °C, and 25 °C). Bacterial
taxa related to speciﬁc organic degradation, organic oxidation,
and sulfate reduction were exclusively “enriched” or multiplied
“de novo” at 25 °C.
• Coliform isolates from swine manure waste were phylogenetically related to those from efﬂuent at 15 °C and 20 °C, but they
were more remotely related to those at 25 °C, indicating less
fecal contamination at 25 °C than at 15 °C and 20 °C.
• Temperature might be a key factor to reduce fecal pollution
from anaerobic digestion, and temperatures of over 25 °C
were recommended in anaerobic digestion plants treating
swine manure.

the dominant isolates at 25 °C belonged to Citrobacter spp. (n = 78).
Bacteria growth is the result of a series of chemical reactions affected
by temperature in the anaerobic process. E. coli and Citrobacter might respond differently to anaerobic digestion. Citrobacter is an important anaerobe capable of producing hydrogen and CO2, and the gas production
increases as temperature rises (22–37 °C) (Brosseau et al., 1982). To
some extent, the predominance of Citrobacter at 25 °C might beneﬁt
the anaerobic digestion process. Further study is needed to explore
the impact of temperature on the reduction of E. coli in anaerobic
digestion.
This study revealed that temperature affected the survival of fecal
bacteria in efﬂuent from ambient anaerobic digestion systems treating
swine manure. A considerable proportion (~20%) of fecal bacteria
remained in efﬂuent of both the lab-scale (25 °C) and full-scale (average
26 °C) anaerobic systems. As anaerobic efﬂuent is generally considered
for application as an organic amendment or fertilizer, it is important to
implement additional measures, such as heat treatment, to reduce fecal
bacteria prior to environmental spread. The European Union Commission regulates that raw animal manure waste or anaerobic digestion
residues must be submitted to heat treatment at a minimum temperature of 70 °C for at least 60 min (EC, 2002; EU, 2011). Thus, the joint
effort of anaerobic digestion over 25 °C and heat treatment of the
anaerobic efﬂuent is suggested for optimal swine manure waste
management.
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4. Conclusions
• The Bayesian-based SourceTracker method using bacterial community ﬁngerprints was employed to identify proportional contributions from swine manure waste to the anaerobic efﬂuent
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