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� Increased methanogenesis and hydrolysis caused high methane production.
� Increased functional orderliness with temperature enhanced methane production.
� Microbial interactions with well-defined modules are crucial for biogas digestion.
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Temperature is a major factor determining the performance of the anaerobic digestion process. The
microbial abundance, activity and interactional networks were investigated under a temperature gradi-
ent from 25 �C to 55 �C through amplicon sequencing, using 16S ribosomal RNA and 16S rRNA gene-based
approaches. Comparative analysis of past accumulative elements presented by 16S rRNA gene-based
analysis, and the in-situ conditions presented by 16S rRNA-based analysis, provided new insights con-
cerning the identification of microbial functional roles and interactions. The daily methane production
and total biogas production increased with temperature up to 50 �C, but decreased at 55 �C. Increased
methanogenesis and hydrolysis at 50 �C were main factors causing higher methane production which
was also closely related with more well-defined methanogenic and/or related modules with comprehen-
sive interactions and increased functional orderliness referred to more microorganisms participating in
interactions. This research demonstrated the importance of evaluating functional roles and interactions
of microbial community.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Anaerobic digestion (AD) represents an effective process during
which organic wastes, e.g. food waste and animal manure are con-
verted into methane (Weiland, 2010). Temperature is one of
important factors determining the performance and stability of
the AD process (De Vrieze et al., 2015). Temperature affects AD
performance through modulating microbial community composi-
tion and diversity, activities and their interactions, altering the bio-
chemical conversion pathways and thermodynamic equilibrium of
the biochemical reactions (Wilson et al., 2008). Due to different
adaption potential of different microorganisms to temperature,
microbial community composition and abundance will shift with
the changes in temperature, which can result in a shift of both pre-
dominated methanogenic pathway and process stability (Pap et al.,
2015). For example, in AD systems, importance of hydrogeno-
trophic methanogenesis increases as temperature shifts from
37 �C to 55 �C, which is based on the observed decrease of aceto-
clastic Methanosaeta and the increase of the hydrogenotrophic
Methanothermobacter and Methanoculleus at elevated temperature
(Pap et al., 2015). In addition, the phylum Firmicutes increase
instead of the Bacteroidetes (Pap et al., 2015), which most likely
induces changes in the functional roles of microorganisms (Tian
et al., 2015). Temperature shifts the abundance and activity of
specific populations, which determines the roles of specific taxa
in the AD food chain including four steps: substrate hydrolysis, aci-
dogenesis, acetogenesis, and methanogenesis. Enrichment of cer-
tain functional microorganisms at specific temperatures may be
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one of ways by which temperature affects the methane production
process. Although the effects of temperature on AD performance
have been investigated in many studies (Mao et al., 2015; Pap
et al., 2015; Yu et al., 2014), a systematic elucidation concerning
the relationship between differences in abundance and activity of
specific taxa, and AD process performance, based on a comprehen-
sive temperature gradient (25–55 �C), is still lacking.

In AD systems, overall process stability and efficiency rely on
multiple syntrophic interactions among different taxa, including
both bacteria and archaea. Efficient interactions among functional
taxa or microbial consortia are required to sustain the process
chain in AD systems to prevent accumulation of hydrogen or
excessive acidification (Rui et al., 2015). As such, an AD system
can be considered an artificial microbial ecosystem with high
diversity and complexity. In these artificial microbial ecosystems,
process chains may own classical network topology, such as mod-
ularity and small world effect (Montoya and Sole, 2002). Analysis
based on network will shed light on the mechanisms regulating
the interactions among microorganisms that improve AD perfor-
mance. Recently, there have been several studies in which the
potential organization of the microbial community in networks
was investigated, such as the microbial community in the soil
(Navarrete et al., 2015), marine water (Duran et al., 2015) and
human intestine (Zhang et al., 2014). However, little is known
about the interactions among microorganisms in AD systems
under a temperature gradient, and how these interactions are reg-
ulated by temperature. Temperature can influence the reaction
kinetics and thermodynamic equilibrium, which can have a sub-
stantial impact on syntrophic interactions. Phylogenetic molecular
ecological networks (pMENs) based on random matrix theory tol-
erate noise, and create reliable and robust networks, which is
important for dealing with the large-scale data with potentially
high noise, such as high-throughput sequencing data (Deng et al.,
2012). In contrast to common co-occurrence networks, pMENs
are more powerful in discerning network interactions, including
competitive and syntrophic interactions (Deng et al., 2012).

Most previous studies concerning the temperature effect on the
microbial community are based on 16S rRNA gene, which detects
living, dormant and dead microbes, representing the total diversity
of a community, but with a lack of insight about the actual in-situ
activity (Hugoni et al., 2013; Salter et al., 2015). Consequently,
analysis based only on 16S rRNA gene is insufficient to present
the actual state and composition of the microbial community in
real time. For a functional system, such as the AD system, microbial
composition analysis does not reveal actual system functioning
which associates closely with the activity of microbial community.
The RNA molecules with extreme instability and much shorter life-
time, compared to DNA, are used to indicate metabolically active
microorganisms (Brettar et al., 2012). Thus, the relationship
between in-situ activity of the microbial community and digestion
performance can be explored by amplicon sequencing based on
16S ribosomal RNA (16S rRNA). Although combining the analyses
based on 16S rRNA and 16S rRNA gene, respectively, has such
advantages, how to explain the discrepancy and similarity between
both analyses is crucial for evaluating the roles and contributions
of specific populations in AD systems.

In this study, anaerobic digestion of swine manure was carried
out under a temperature gradient (25–55 �C) at lab scale reactors,
combining 16S rRNA and 16S rRNA gene amplicon sequencing, to
investigate the response patterns of both microbial abundance
and activity profiles, and interactions to changes in temperature.
The main focus was placed on (i) the relationship between differ-
ences in microbial abundance and activity profiles, and AD perfor-
mance, especially for methane production, (ii) discrepancy in
abundance and activity of specific taxa (iii) microbial interactions
under a temperature gradient.
2. Methods

2.1. Setup of biogas digestion system

For the anaerobic digestion experiment, a 2 L anaerobic flask
containing 1.5 L digestion sludge with resulting total solid content
of 8% was set up (Supplementary Table S1). Two holes on the upper
and lower flask-wall were set for feeding and digestate removal, by
a peristaltic pump (Cat. NO. BT50s, Leadfluid, China). Seed sludge of
450 mL was inoculated for each flask at the start of the experiment.
To prepare, fresh swine manure had been anaerobically incubated
semi-continuously under respective experimental temperature at
an HRT of 30 days. Each treatment was operated for at least one
time the HRT, and the digestion performance was kept at a dynamic
equilibrium with biogas containing more than 60% of CH4. The
digestion temperature was set up at 25 �C, 35 �C, 45 �C, 50 �C and
55 �C, with triplicate reactors for each temperature. After first peak
of daily CH4 production (DCP) in a reactor, a semi-continuous feed-
ing mode was operated in which 150 mL of digestate was replaced
with the same volume of fresh swinemanure slurry every four days.
The organic loading rate was set at 2 g VS L�1 day�1, so that a
dynamic equilibrium was maintained for the fermentation process
(stable period). The reactor was shaken manually twice a day.
Detailed information about the parameters at the start of the exper-
iment was shown in Supplementary Table S1.
2.2. Sampling and chemical analysis

The sludge samples were collected at peak I (the time varied
based on the temperature, labeled as 25P, 35P, 45P, 50P, 55P
respectively), and in the stable period (48 h after the second feed,
labeled as 25S, 35S, 45S, 50S, 55S respectively) (Supplementary
Table S1). The sludge samples collected in initial period (24 h after
inoculation) were only for chemical analysis. The sludge was pel-
leted by centrifugation at 13,400g for 10 min at 4 �C, and immedi-
ately used for DNA and RNA extraction. The supernatant was
filtered through a 0.22 lm filter (Millipore, USA), and used for
chemical analysis. The volatile fatty acids (VFAs) in the supernatant
were quantified by Agilent 1260 Infinity liquid chromatography
system (HPLC) (Agilent Technologies, USA) equipped with a col-
umn Hi-Plex H (300 � 6.5mm) and a differential refraction detec-
tor (RID). The mobile phase was 0.005 M H2SO4 with a flow rate of
0.6 mL min�1. The NH4

+-N concentration was quantified using Ness-
ler’s reagent colorimetric method (Hart et al., 1994). The biogas
production was measured by water replacement method, and the
water replacement equipment was set at room temperature (about
22 �C) and air pressure (about 95.86 kPa), which avoided the bias
of the measured volume, caused by different temperatures and
pressures. The CH4 and H2 content of the biogas was measured
by Agilent 7890A gas chromatography system, equipped with a
3 m stainless steel column packed with Porapak Q (50/80 mesh),
and a thermal conductivity detector. The injection port, column
oven, and detector were operated at 100 �C, 70 �C, and 150 �C,
respectively. The carrier gas was Argon with a flow rate of
30 mL min�1 (Li et al., 2014a). Total solid, volatile solid and COD
were measured as previously described (APHA, 1981).
2.3. DNA and RNA extraction and 16S rRNA gene amplicon sequencing

Total DNA was extracted using the Ezup Column Soil DNA
Purification Kit (Sangon Biotech, China). Total RNA was extracted
using the RNAprep pure Cell/Bacteria Kit (TIANGEN, China). The
complimentary DNA (cDNA) was synthesized by the reverse tran-
scription kit (Thermo, USA). The 16S rRNA gene was amplified from
DNA and cDNA with the universal primers 515F (50-GTGCCAGCM



Fig. 1. Daily CH4 production in the peak and stable period. All the data are
presented as means ± standard deviations (n = 3).
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GCCGCGGTAA-30) and 806R (50-GGACTACHVGGGTWTCTAAT-30)
(for both bacteria and archaea) (Xu et al., 2015). Two parallel
25 lL PCR reactions were conducted, and the PCR products were
pooled for purification using electrophoresis. The details concern-
ing PCR procedure and sample preparation were described before
(Li et al., 2014b). In total, 60 samples were prepared for sequencing
using the Illumina Miseq platform at Environmental Genome Plat-
form of Chengdu Institute of Biology.

2.4. Miseq sequence data analysis

The QIIME Pipeline Version 1.7.0 (http://qiime.org/tutorials/tu-
torial.html) was used for amplicon sequence analysis (Caporaso
et al., 2010). All sequence reads were sorted based on their unique
barcodes. Chimera sequences were removed using the UCHIME
algorithm (Edgar et al., 2011). Sequences were clustered into oper-
ational taxonomic units (OTUs) using a 97% identity as a cutoff, and
singletons were removed. Sequences were resampled to the same
sequence depth (7444 reads per sample) using daisychopper.pl
(http://www.festinalente.me/bioinf/downloads/daisychopper.pl)
for downstream analysis. The phylogenetic affiliation of each
sequence was analyzed by the Ribosomal Database Project classi-
fier (Wang et al., 2007). The original sequencing data are available
at the European Nucleotide Archive by accession no PRJEB12360
(http://www.ebi.ac.uk/ena/data/view/PRJEB12360).

2.5. Statistical analysis

The general changes of microbial community structure with
temperature were evaluated by principal coordinates analysis
(PCoA) and PERMANOVA performed with R (http://www.r-pro-
ject.org/) based on the Bray–Curtis distance. The similarity
between microbial communities based on the 16S rRNA and 16S
rRNA gene datasets was also assessed based on Bray–Curtis dis-
tance. The normality and homoscedasticity of the data were evalu-
ated in SPSS 21 software (IBM, USA). One-way-analysis of variance
(ANOVA) performed in SPSS 21 software was used to test the dif-
ferences in relative abundances of taxonomic units between sam-
ples from different temperatures. Pearson’s correlation analysis
was performed in R to assess the correlation between variables.
Regression analysis was conducted using OriginPro 8.5 software
(OriginLab USA). A computational approach, phylogenetic investi-
gation of communities by reconstruction of unobserved states
(PICRUSt) (Langille et al., 2013), was used to predict functional pro-
files of a microbial community in the AD system, using both 16S
rRNA gene and 16S rRNA datasets. Due to universality of KEGG
database, it was chosen for functional predictions, and the pathway
hierarchy level 3 was chosen as output. Enrichment analysis was
conducted by combining Fisher’s exact test in R and
independent-samples T test in the SPSS 21 software.

Randommatrix theory-based phylogenetic molecular ecological
networks (pMENs) were constructed as described before (Deng
et al., 2012). The PMENsR and pMENsD were constructed based
on the 16S rRNA and 16S rRNA gene-based analysis, respectively,
in which OTUs with an occurrence in less than three samples were
excluded. Significant differences between these two pMENs and
their corresponding random networks with identical network sizes
in terms of modularity, average clustering coefficient, and average
geodesic distance (Supplementary Table S5), ensured that both
these two pMENs constructed possessed typical small world mod-
ularity and hierarchy properties (Deng et al., 2012). The topological
roles of nodes could be classified into four subcategories based on
the values of Zi and Pi: peripheral nodes (Zi 6 2.5, Pi 6 0.62), con-
nectors (Zi 6 2.5, Pi > 0.62), module hubs (Zi > 2.5, Pi 6 0.62) and
network hubs (Zi > 2.5, Pi > 0.62) (Supplementary Fig. S7) (Deng
et al., 2012).
3. Results and discussion

3.1. Digester performance

3.1.1. Biogas production
The time at which the first peak of daily CH4 production (DCP)

varied with temperature (Fig. S1a). The first peak was highest at
50 �C (1.9 L L�1 d�1), while it was lowest at 25 �C (0.4 L L�1 d�1)
(Fig. 1). After the first peak, the DCP showed a dynamic equilibrium
until the end of the experiments. Although the DCPs in the first
peak and stable period showed certain differences at specific tem-
peratures, both of them reflected the similar pattern along the
temperature gradient (Fig. 1). The DCP increased from 25 �C to
50 �C, but decreased at 55 �C. Total biogas production over a period
of 27 days increased with temperature from 25 �C to 50 �C, but
decreased at 55 �C (Fig. S1c). The CH4 content in the biogas
increased with temperature from 25 �C to 45 �C, and was stable
at higher temperature, around 60% CH4 content during the stable
period (Supplementary Fig. S1b). The H2 content in the biogas
remained between 0.1% and 0.8% during the entire experiment.
Because the DCP and total biogas production showed the same
changing patterns with temperature, the DCP was considered as
an indicator of fermentation performance in this study for further
analysis.

3.1.2. VFAs dynamics
Acetic acid, propionic acid and butyric acid were detected as

main VFAs under various temperatures (Supplementary Fig. S2).
Acetic acid concentration decreased over time, and remained at
2–4 mM during the stable period at all temperatures. The changes
in butyric acid and propionic acid showed a similar pattern with
that of acetic acid from 35 �C to 55 �C. At 25 �C, butyric acid and
propionic acid accumulated up to 37 mM and 22 mM, respectively.
The conversion rates of VFAs were highest at 50 �C, and lowest at
25 �C. Total VFAs in the peak and stable periods showed a clear dif-
ference along the temperature gradient (Supplementary Fig. S2d),
indicating that fermentation conditions varied at different temper-
atures. The VFAs concentrations showed negative correlations with
DCP (p < 0.01) (Supplementary Table S2).

The pH value was 7.0 at beginning, and gradually increased
until the stable period (7.4–7.8) at different temperatures. The
NH4

+-N concentration increased slightly and was kept stable
(320–780 mg L�1) throughout the process.
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3.2. Microbial community composition analysis

3.2.1. Variation of microbial community structure
Principal coordinates analysis (PCoA) and PERMANOVA tests

showed significant differences (p < 0.001) of the microbial commu-
nity along temperature gradient, based on both the 16S rRNA gene
(R2 = 0.43) and 16S rRNA (R2 = 0.62) analysis (Fig. 2). The samples
from each specific temperature formed a cluster, thus, combining
samples in both the peak and stable period was suitable to reveal
the relationship between microbial community and fermentation
performance at different temperatures for further analysis. The
variation of microbial community did show a similar pattern,
based on both 16S rRNA and 16S rRNA gene analysis along the
temperature gradient.
3.2.2. Comparison of microbial community composition and activity
between 25 �C and 50 �C

A clear shift of the microbial community abundance (16S rRNA
gene) and activity (16S rRNA) was observed along the different
temperatures. Enrichment analysis was conducted to further
reveal the differences. The comparison between the 25 �C and
50 �C treatment was selected, as they showed poorest and best
performance, respectively.

There were 195 and 90 OTUs significantly enriched at 50 �C and
25 �C, respectively, based on the 16S rRNA gene dataset (Supple-
mentary Fig. S3). Among the main OTUs enriched at 50 �C (Table 1),
OTU84 affiliated to Ruminofilibacter xylanolyticum which is respon-
sible for the degradation of xylan (Weiss et al., 2011) with relative
abundance of 5.92% compared to 0.49% at 25 �C, and OTU135 (Por-
phyromonadaceae) with a 22-fold enrichment were affiliated to the
phylum Bacteroidetes, while other OTUs were mainly affiliated to
the phylum Firmicutes and Thermotogae. Except for OTU171 (affil-
iated to candidate genus S1 in Phylum Thermotogae), all other
OTUs enriched at 50 �C showed positive correlations (p < 0.01)
with DCP over the entire temperature gradient (Table 1). The can-
didate genus S1 may produce metabolic intermediates that can be
used by methanogens (Maus et al., 2015). At 25 �C, both OTU10553
(8.5%) and OTU5 (4.8%), affiliated to the genus Prevotella, nega-
tively correlated with temperature and DCP (p < 0.01), but posi-
tively correlated with VFAs (p < 0.01).

In the 16S rRNA datasets, there were 157 and 202 OTUs
enriched at 50 �C and 25 �C, respectively (Supplementary Fig. S3).
Among the main OTUs enriched at 50 �C (Table 1), OTU183 affili-
ated to Lactobacillus which is responsible for lactic acid production
in the acidogenesis stage (De Vrieze et al., 2015) and OTU84 with a
relative abundance of 7.7% and 5.4%, respectively, showed positive
correlation with DCP (p < 0.01), but negative correlation with cer-
Fig. 2. The principal coordinates analysis based on the entire microbial community at di
numbers mean temperature.
tain VFAs (p < 0.05) during the entire temperature gradient (25–
55 �C). The OTU7621, 5360, 7743 and 9709 (all affiliated to Metha-
nosarcina) and OTU391 (Pseudomonadaceae) also positively corre-
lated with DCP (p < 0.05) during the entire temperature gradient.
Among the main OTUs enriched at 25 �C, only OTU764
(Methanofollis) was affiliated to the methanogens, but showed neg-
ative correlation (p < 0.01) with both DCP and temperature over
the entire temperature gradient.

At order and genus level, similar enrichment patterns were
detected compared to that at OTU level (Supplementary Fig. S4).
There were more orders referred to hydrolysis and methanogenesis
enriched at 50 �C compared to 25 �C. At genus level, taxa such as
Ruminofilibacter, Lactobacillus, Methanosarcina, and candidate
genus S1 were enriched at 50 �C compared to 25 �C where Prevo-
tella and Bacteroides were mainly enriched. Both Bacteroides and
Prevotella are able to degrade cellulose and xylan, proteins and
peptides (Hatamoto et al., 2014;Wallace et al., 1997). Interestingly,
although in general the specific taxa based on 16S rRNA gene and
rRNA datasets showed similar enriched patterns between different
temperatures, the relative abundances of specific taxa based on
16S rRNA gene and 16S rRNA datasets were different. In addition,
the whole activities of microbial community are assessed by the
similarity of the microbial community between 16S rRNA gene
and 16S rRNA-based analysis (Brettar et al., 2012). The similarity
was 0.20 ± 0.01 and 0.42 ± 0.01 at 25 �C and 50 �C, respectively,
indicating that more present OTUs were active and might perform
their specific biogeochemical functions at 50 �C than that at 25 �C.

PICRUSt predictions based on both the 16S rRNA gene and 16S
rRNA were carried out for further comparison of the function pro-
files (Supplementary Table S3). At the KEGG level 3, among the
abundant predicted pathways, methane metabolism (Ko00680,
mainly referred to methanogenesis in AD systems), Two-
component system (Ko02020) which accelerates cellular response
to external stimuli usually by inducing changes in transcription
(Yamamoto et al., 2005), and bacterial motility proteins
(Ko02035), which improve spontaneous cell movement to resource
locations (Marisch et al., 2013) for efficient resource utilization,
were enriched at 50 �C, based on both the 16S rRNA gene and
16S rRNA datasets, and positively correlated with temperature
and DCP (p < 0.01). DNA repair and recombination proteins
(Ko03400) were enriched at 25 �C with highest enrichment fold
(about 1.1).
3.2.3. Microbial community composition and activity comparison
between 50 �C and 55 �C

There were fewer OTUs whose relative abundances changed
significantly between 50 �C and 55 �C than between 25 �C and
fferent temperatures. ‘‘P” and ‘‘S” stand for peak and stable period, respectively; the



Table 1
Relative abundance profiles of main OTUs and correlations by comparison between 25 �C and 50 �C, based on 16S rRNA gene and 16S rRNA datasets. Only enriched taxa with an
average relative abundance >1% are shown.

16S rRNA
gene

Average
relative
abundance
(%)

Enrichment fold Correlation during entire temperature gradient (25–55 �C)

OTU ID 25 �C 50 �C 25 �C 50 �C Phylum Affiliation Temperature DCP Acetate Propionate Butyrate pH

OTU10553 8.501 0.025 340.04 Bacteroidetes Prevotella �.692** �.581** .805** .617** .854** �.868**

OTU5 4.798 0.027 177.704 Bacteroidetes Prevotella �.692** �.586** .753** .623** .857** �.838**

OTU28 2.796 0.043 65.023 Firmicutes Lachnospiraceae �.760** �.653** .546** .779** .952** �.792**

OTU8888 1.961 0.011 178.273 Firmicutes Clostridiales �.739** �.644** .363* .806** .919** �.655**

OTU11250 1.914 0.058 33 Firmicutes Anaerostipes �.694** �.563** .796** .649** .852** �.878**

OTU51 1.715 0.036 47.639 Bacteroidetes YRC22 �.485** �.386* .182 .089 .057 �.199
OTU8996 1.426 0.009 158.444 Firmicutes Anaerostipes �.697** �.588** .724** .664** .869** �.851**

OTU8866 1.334 0.004 333.5 Firmicutes Lachnospiraceae �.688** �.591** .656** .650** .859** �.801**

OTU762 1.316 0.002 658 Bacteroidetes Bacteroides �.649** �.564** .531** .678** .813** �.700**

OTU3563 1.225 0.02 61.25 Bacteroidetes Prevotella �.685** �.592** .459* .712** .849** �.674**

OTU10434 1.214 0.002 607 Firmicutes Lachnospiraceae �.645** �.538** .840** .559** .802** �.870**

OTU84 0.49 5.92 12.082 Bacteroidetes Ruminofilibacter
xylanolyticum

.373* .611** �.306 �.136 �.464** .177

OTU5171 0.076 2.136 28.105 Thermotogae S1 .729** .205 �.179 �.649** �.379* .521**

OTU8354 0.063 1.948 30.921 Firmicutes Clostridiales .537** .869** �.284 �.508** �.420* .342
OTU4820 0.116 1.905 16.422 Firmicutes Clostridium .373* .662** �.187 �.158 �.307 .141
OTU6720 0.027 1.328 49.185 Firmicutes Clostridiales .566** .870** �.315 �.493** �.445* .384*

OTU135 0.054 1.162 21.519 Bacteroidetes Porphyromonadaceae .608** .634** �.260 �.337 �.477** .384*

OTU4187 0.139 1.081 7.777 Firmicutes Sedimentibacter .275 .695** �.235 �.104 �.342 .150
16S rRNA
OTU ID
OTU23 3.889 0.027 144.037 N Bacteria �.732** �.635** .520** .737** .919** �.774**

OTU327 2.172 0.038 57.158 Bacteroidetes Rikenellaceae �.752** �.634** .744** .735** .942** �.871**

OTU161 2.002 0.02 100.1 Bacteroidetes Rikenellaceae �.777** �.667** .611** .796** .971** �.823**

OTU104 1.858 0.018 103.222 Bacteroidetes Bacteroides �.647** �.535** .869** .568** .807** �.885**

OTU2018 1.693 0.246 6.882 WWE1 W22 �.278 �.071 �.051 .240 �.147 �.115
OTU764 1.643 0.051 32.216 Euryarchaeota Methanofollis �.594** �.501** .097 .547** .458* �.393*

OTU152 1.464 0.219 6.685 WWE1 W22 �.304 �.095 �.058 .250 �.149 �.114
OTU96 1.296 0.004 324 Firmicutes Clostridiales �.755** �.670** .284 .851** .947** �.635**

OTU248 1.046 0.034 30.765 N Bacteria �.821** �.705** .353 .858** .924** �.645**

OTU183 1.274 7.733 6.07 Firmicutes Lactobacillus .808** .591** �.242 �.666** �.492** .520**

OTU84 0.381 5.38 14.135 Bacteroidetes Ruminofilibacter
xylanolyticum

.241 .556** �.252 �.085 �.417* .140

OTU1848 0.596 2.328 3.91 Euryarchaeota Methanoculleus .418* .265 �.318 �.618** �.509** .453*

OTU7621 0.076 1.805 23.706 Euryarchaeota Methanosarcina .768** .551** �.256 �.681** �.451* .545**

OTU5360 0.054 1.791 33.333 Euryarchaeota Methanosarcina .723** .625** �.244 �.645** �.442* .498**

OTU5171 0.051 1.52 29.522 Thermotogae S1 .690** .151 �.167 �.593** �.364* .475**

OTU10334 0.083 1.489 17.973 Thermotogae S1 .679** .129 �.172 �.576** �.360 .483**

OTU7743 0.056 1.196 21.36 Euryarchaeota Methanosarcina .784** .584** �.257 �.693** �.462* .557**

OTU9709 0.016 1.043 66.571 Euryarchaeota Methanosarcina .644** .436* �.211 �.578** �.375* .447*

OTU391 0.215 1.023 4.76 Proteobacteria Pseudomonadaceae .401* .413* �.214 �.349 �.316 .384*

‘‘N” means unclassified.
* Significant at p < 0.05.

** Significant at p < 0.01.
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50 �C (Table 2). Although OTU15671 (Methanobacterium) was
enriched at 55 �C, it showed no significant correlation with DCP
during the entire temperature gradient (25–55 �C), indicating its
limited contributions to methanogenesis in the AD system. The
predict function profiles of PICRUSt also showed no significant dif-
ference in methane metabolism between 50 �C and 55 �C (Supple-
mentary Table S4). Instead, digesters with OTUs affiliated to the
orders Clostridiales and Bacteroidales, especially OTU84 were more
abundant at 50 �C compared to that at 55 �C, which provided more
potential for substrate degradation (Supplementary Fig. S5). The
predict function profiles also showed more pathways referred to
the degradation of organic substrates, such as arginine, proline
and pyruvate, at 50 �C compared to those at 55 �C (Supplementary
Table S4).

3.2.4. The relationship between digestion performance and abundance
profiles of the microbial community

Each step in the AD process is carried out by different microbial
consortia in which each microorganism owns a specific ecological
niche in the AD system (Zhang et al., 2015). The changes in envi-
ronmental variables, such as temperature, pH and resource limita-
tion, cause changes in species composition. Although in general the
microbial community based on 16S rRNA and 16S rRNA gene data-
sets reflected similar differentiation pattern under the temperature
gradient, some specific taxa showed significantly different relative
abundances and activities based on the 16S rRNA gene and 16S
rRNA datasets, respectively, even at same temperature. Explaining
the differences in abundance and activity of specific taxa could fur-
ther evaluate the roles and contributions of specific taxa in the AD
system, and the discrepancies in methane production under tem-
perature gradient can be explained.

Analysis of the 16S rRNA gene reflects the abundance of taxa, in
spite of their activity in the metabolic process, which merely indi-
cates the actual spatial existence of taxa in AD systems. However,
the 16S rRNA is used to indicate metabolically active microorgan-
isms (Brettar et al., 2012; Hugoni et al., 2013), which indicates
actual participation in the AD process. Based on above viewpoints,
the assumptions were made that (i) spatial ecological niches are
defined based on 16S rRNA gene, which indicates the actual spatial
existence in the form of cellular quantities; (ii) functional ecologi-



Table 2
Relative abundance profiles of main OTUs and correlations by comparison between 50 �C and 55 �C, based on 16S rRNA gene and 16S rRNA datasets. Only enriched taxa with
average relative abundances >1% are shown.

16S rRNA
gene

Average
relative
abundance
(%)

Enrichment fold Correlation during entire temperature gradient (25–55 �C)

OTU ID 50 �C 55 �C 50 �C 55 �C Phylum Affiliation Temperature DCP Acetate Propionate Butyrate pH

OTU84 5.92 0.313 18.914 Bacteroidetes Ruminofilibacter
xylanolyticum

.187 .611** �.306 �.136 �.464** .177

OTU8354 1.948 0.367 5.308 Firmicutes Clostridiales .537** .869** �.284 �.508** �.420* .342
OTU4820 1.905 0.472 4.036 Firmicutes Clostridium .373* .662** �.187 �.158 �.307 .141
OTU6720 1.328 0.291 4.564 Firmicutes Clostridiales .566** .870** �.315 �.493** �.445* .384*

OTU4187 1.081 0.056 19.304 Firmicutes Sedimentibacter .275 .695** �.235 �.104 �.342 .150
OTU10334 2.165 7.055 3.259 Thermotogae S1 .688** .131 �.156 �.606** �.350 .475**

OTU5171 2.136 5.273 2.469 Thermotogae S1 .729** .205 �.179 �.649** �.379* .521**

OTU1955 0.132 3.838 29.076 Firmicutes Clostridiales .562** �.107 �.089 �.447* �.260 .368*

OTU11745 0.587 2.25 3.833 Thermotogae S1 .676** .097 �.151 �.589** �.340 .478**

OTU1156 0.318 1.711 5.381 N Bacteria .674** .020 �.128 �.559** �.333 .456*

OTU4500 0.419 1.558 3.718 Thermotogae S1 .687** .095 �.162 �.601** �.350 .512**

OTU3823 0.363 1.493 4.113 Thermotogae S1 .697** .069 �.150 �.588** �.346 .484**

OTU9631 0.432 1.46 3.38 Thermotogae S1 .698** .122 �.163 �.616** �.357 .484**

OTU14528 0.193 1.037 5.373 Thermotogae S1 .657** .043 �.142 �.557** �.330 .502**

16S rRNA
OTU ID
OTU84 5.38 1.048 5.135 Bacteroidetes Ruminofilibacter

xylanolyticum
.241 .556** �.252 �.085 �.417* .140

OTU10334 1.489 4.455 2.992 Thermotogae S1 .679** .129 �.172 �.576** �.360 .483**

OTU5171 1.52 4.348 2.86 Thermotogae S1 .690** .151 �.167 �.593** �.364* .475**

OTU15671 0.403 1.482 3.678 Euryarchaeota Methanobacterium .639** .094 �.143 �.562** �.322 .519**

OTU11745 0.325 1.124 3.462 Thermotogae S1 .664** .118 �.152 �.556** �.345 .446*

‘‘N” means unclassified.
* Significant at p < 0.05.

** Significant at p < 0.01.
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cal niches are defined based on 16S rRNA, which indicates the
actual roles in the metabolic process in the form of cellular activi-
ties. For example, the OTU10553 (Prevotella) was abundant (8.5%)
based on 16S rRNA gene datasets, but rare (0.5%) based on 16S
rRNA datasets at 25 �C, which indicated that OTU10553 played
more important roles in spatial ecological niche than functional
ecological niche. This phenomenon could be explained by the ini-
tial input of swine manure (Marti et al., 2011) or rapid proliferation
in the initial stage of the fermentation. The cellular quantities of
OTU10553 increased strongly, but the metabolic activity and/or
growth rate gradually slowed down as fermentation proceeded,
probably due to an increased competition, accumulation of meta-
bolic intermediates and/or resource limitation (Campbell et al.,
2011). Thus, taxa like OTU10553 were considered in an inactive
condition when fermentation process was in the peak and stable
period, which caused their limited contribution to methane pro-
duction, especially in the stable period. If the accumulation of
metabolic intermediates played a stronger role in the decrease of
the metabolic activity of OTU10553, a slow turnover of metabolic
intermediates could be indicated at 25 �C, which was also sup-
ported by slow conversion of VFAs at 25 �C.

The OTU7621 (Methanosarcina) was rare (0.4%) based on 16S
rRNA gene datasets but abundant (1.8%) based on 16S rRNA data-
sets at 50 �C, implicating that after adaption to the environment
and substrates produced by fermentative microorganisms, the
metabolic activity and/or growth rate of OTU7621 was gradually
enhanced. Thus, taxa like OTU7621 were in an active condition,
and would gradually occupy spatial ecological niches, besides func-
tional ecological niches. Finally, OTU84 (R. xylanolyticum) was
abundant based on both 16S rRNA and 16S rRNA gene datasets
at 50 �C, implicating that this OTU maintained high competitive-
ness in spatial and functional ecological niches, thus, it contributed
significantly to digestion at 50 �C.
By further integrating the results of the enrichment analysis, we
could reveal the reasons inducing the differences of methane pro-
duction under a temperature gradient. Fermentative microorgan-
isms, such as Lactobacillus, R. xylanolyticum and S1, and
methanogens predominated by Methanosarcina, occupied spatial
and/or functional ecological niches. Hence, nearly all the four steps,
especially methanogenesis, in the AD process were strengthened at
50 �C, compared to 25 �C, which resulted in higher methane pro-
duction at 50 �C. This was also supported by the results of PICRUSt
prediction. In the same way, the discrepancy in methane produc-
tion between 50 �C and 55 �C was mainly induced by higher
hydrolysis activity at 50 �C, conducted mainly by fermentative
microorganisms, e.g. R. xylanolyticum.

Consequently, the spatial ecological niche only shows the
already existing condition, mainly referring to past cellular activi-
ties, i.e. past accumulative elements, but the functional ecological
niche reflects the current active condition, which is much closely
related with in-situ process performance. Although more data are
needed to verify the definition of spatial and functional ecological
niche, it provides new insights into the comprehensive under-
standing of the roles of specific taxa, by combining past elements
and present conditions. It also supplies brand-new views on the
interactions and functioning of microbial consortia.

3.3. Microbial interactions

3.3.1. General properties of molecular ecological networks of microbial
communities

Phylogenetic molecular ecological networks (pMENs) (Deng
et al., 2012) were constructed to reveal the interactions of the
microbial community in response to changes in temperature
(Fig. 3). The composition of pMENsD and pMENsR strongly dif-
fered, supported by the fact that only 110 nodes (OTUs) were



Fig. 3. Phylogenetic molecular ecological networks (pMENs) of the microbial community based on dataset of 16S rRNA (A) and 16S rRNA gene (B) over the entire temperature
gradient (25–55 �C). The number in the circles represents the module number. Red lines represent positive correlations, and gray lines negative correlations.
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shared between pMENsR (total 251 nodes) and pMENsD (total 270
nodes). The PMENsD had a larger size, as evaluated by number of
nodes and links, than the pMENsR, but the complexity evaluated
by average degree of networks (Deng et al., 2012), was higher in
pMENsR (Supplementary Table S5). The accumulated relative
abundances of OTUs involved in both pMENsR and pMENsD
showed positive correlation (p < 0.01) with temperature (Fig. 4),
indicating that as temperature increased, more microorganisms
in the microbial community participated in interactions. As we
know, in AD systems, different microorganisms perform various
metabolic functions, and the microbial interactions indicate the
potential connections between their metabolic functions. Hence,
Fig. 4. The accumulated relative abundances of OTUs involved in pMENsR and
pMENsD assessed under the temperature gradient (25–55 �C). Both accumulated
relative abundances showed a positive correlation (p < 0.01) with temperature.
more microorganisms participating in interactions reflecting more
various microorganisms with ordered organization (defined as
orderliness), probably improves the well-organized connections
between metabolic functions of microbial community. High order-
liness may prevent waste and chaos of resource utilization. In com-
plex but functionally enriched systems, such as AD systems for
biogas production, an oriented and efficient conversion of the
organic waste to methane is preferred. Thus, more various taxa
with ordered organization would result in efficient utilization of
resources and prevention of a potential system crash.
3.3.2. Module analysis of pMENs
In the pMENs, a module is considered a group of OTUs that

share similar ecological niches, and performs a similar or comple-
mentary function in a given system (Deng et al., 2012). In this
study, there were 6 modules in pMENsR and 7 in pMENsD. The
responses of the modules to changes in environment and function
in the AD systems were detected from the correlations between
module-based eigengenes and environmental factors. In pMENsR,
the modules R1, R2, R3 and R5 showed a significant positive corre-
lation with DCP (p < 0.001), but negative correlation with the con-
centrations of several VFAs (Fig. 5). Only modules R1, R2 and R3
significantly and positively correlated with temperature. In
pMENsD, the modules D1, D2 and D5 showed a significant positive
correlation with DCP and temperature, but negative correlation
with the concentrations of several VFAs (Fig. 5).

The function of each module in pMENs can be derived from the
microbial composition and their known physiological functions,
and PICRUSt prediction (Rui et al., 2015). The module R1, mainly
composed of Firmicutes (65.5%) and Bacteroidetes (13.8%) (Supple-
mentary Table S6), was predicted to conduct fermentation. The R3
was the methanogenic module, dominated by Methanosarcina. The
R5 was also a fermentation module, dominated by R. xylanolyticum.
Inside the modules R1 and R5, around 40% and 62% positive corre-



Fig. 5. The correlations between module-based eigengenes and environmental
factors in pMENs. ⁄⁄⁄⁄ Significant at p < 0.0001, ⁄⁄⁄ significant at p < 0.001,
⁄⁄ significant at p < 0.01, ⁄ significant at p < 0.05.
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lations were observed, but they showed negative correlation with
the nodes outside, implicating a cooperation relationship between
OTUs inside these modules, while more competition between dif-
ferent modules (Fig. 3). In contrast, the methanogenic module R3
showed a clear cooperation relationship with other modules, and
the nodes inside R3 also showed positive correlation with each
other. This supported that methane production requires compre-
hensive cooperation between methanogens and other fermenta-
tive microorganisms. The R6 was completely composed of
methanogens, and was assumed to conduct methanogenesis, but
showed no significant correlation with DCP, which might be
explained by the topological roles that R6 showed no interactions
with other modules.

Variance partitioning analysis was performed to quantify the
relative contributions of the different modules to DCP (Supplemen-
tary Fig. S6). The R1 alone explained 10%, R2 1%, R3 13% and R5 11%
of total variation, leaving 26% of the variation unexplained, while
above modules together explained 34% of total variation. The func-
tions of these four modules were also related to the topological
roles of nodes in these modules (Supplementary Fig. S6). As mod-
ule hubs, OTU12948 (Clostridia), OTU7621 (Methanosarcina),
OTU7835 (Clostridiales) and OTU84 (R. xylanolyticum) showed pos-
itive correlation with DCP (p < 0.05) (Supplementary Table S7).
Overall, OTU12948 showed positive correlation with the OTUs
affiliated to the class Clostridia, but negative correlation with the
OTUs affiliated to the phylum Bacteroidetes and the genus
Fibrobacter in the pMENsR (Supplementary Table S8). The
OTU7621 showed positive correlation with several fermentative
microorganisms, implicating that methanogenesis required the
cooperation between methanogens and fermentative microorgan-
isms in AD systems. This was further supported by the fact that
R6 which consisted of methanogens, without interactions with
other modules, showed no significant contribution to methane
production. As another module hub in R3, OTU7835 showed nega-
tive correlation with the OTUs affiliated to the phylum Bacteroide-
tes and the genus Fibrobacter, which indicated the competition
between them. All the correlations between the OTU84 and the
other OTUs were positive, which reflected a high degree of
cooperation.
In pMENsD, the modules D1, D2 and D5, showed significant
positive correlation with DCP. They mainly performed hydrolysis,
acidogenesis and acetogenesis in AD systems, based on the compo-
sition of these modules (Supplementary Table S9). Inside the mod-
ules of D1 and D5, around 36% and 100% positive correlations were
observed, indicating the cooperation existence within these mod-
ules (Fig. 3). However, overall, comprehensive negative correlation
occurred among the modules in pMENsD. In the variance partition-
ing analysis, the D1 alone explained 11%, D2 14%, and D5 0.2% of
total variation, leaving 29% of the variation unexplained, while
above modules together explained 42% of total variation (Supple-
mentary Fig. S8). Given topological roles of nodes in networks,
there were more module hubs but fewer connectors and network
hubs in pMENsD compared to pMENsR (Supplementary Fig. S7,
Tables S9 and S12). This implicated fewer interactions between
the modules in pMENsD than those in pMENsR, which corre-
sponded well to respective complexity of these two pMENs.

Overall, pMENsD and pMENsR clearly reflected different inter-
action states generally evaluated by network properties and shared
OTUs. The differences were induced by past accumulative elements
and present conditions in the AD system. First, in pMENsR, a higher
complexity of networks implies higher connectivity (Deng et al.,
2012), which provided more functional redundancy. Second, there
were more well-defined functional modules in pMENsR reflecting
the fine orderliness and organization of microbial community.
Finally, topological roles of nodes in pMENsR, with more connec-
tors and network hubs, indicated more interactions among
microorganisms to improve the efficiency of the process. Although
the two pMENs clearly reflected different interaction states, both of
them demonstrated increased functional orderliness and well-
defined modules along a temperature gradient, which indicated
the importance of temperature to regulate the microbial
interactions.

4. Conclusions

This study introduced concepts of past accumulative elements
(16S rRNA gene) and current conditions (16S rRNA) to evaluate
functional roles of specific microbial populations, based on which
the differences in methane production were revealed in the AD
system under a temperature gradient. Increased methanogenesis
and hydrolysis at 50 �C resulted in highest methane production.
Meanwhile temperature also affected the microbial interactions
mainly referred to the construction of well-defined functional
modules and the functional orderliness of AD process. More well-
defined methanogenic and/or related modules with comprehen-
sive interactions and increased functional orderliness improved
the efficiency of methane production.
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