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� Temperature-regulated mechanism in AD process is revealed by metatranscriptome.
� Methanogenesis and oxidative phosphorylation are enhanced at elevated temperature.
� Function centralization is crucial for the efficiency of AD system function.
� Temperature regulates AD process by the centralization of functional pathways.
a r t i c l e i n f o

Article history:
Received 4 April 2016
Received in revised form 12 May 2016
Accepted 14 May 2016
Available online 18 May 2016

Keywords:
Anaerobic digestion
Temperature
Functional diversity
Function centralization
Metatranscriptome
a b s t r a c t

Temperature is crucial for the performance of anaerobic digestion process. In this study of anaerobic
digestion of swine manure, the relationship between the microbial gene expression and methane produc-
tion at different temperatures (25–55 �C) was revealed through metatranscriptomic analysis. Daily
methane production and total biogas production increased with temperature up to 50 �C, but decreased
at 55 �C. The functional gene expression showed great variation at different temperatures. The function
centralization (opposite to alpha-diversity), assessed by the least proportions of functional pathways
contributing for at least 50% of total reads positively correlated to methane production. Temperature reg-
ulated methane production probably through reducing the diversity of functional pathways, but enhanc-
ing central functional pathways, so that most of cellular activities and resource were invested in
methanogenesis and related pathways, enhancing the efficiency of conversion of substrates to methane.
This research demonstrated the importance of function centralization for efficient system functioning.

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

Temperature is one of most important factors that affect stabil-
ity and performance of anaerobic digestion (AD) process (De Vrieze
et al., 2015; Pap et al., 2015). In AD systems, thermodynamic equi-
librium of the biochemical reactions (Wilson et al., 2008) and
microbial community structure, activities and diversity (Gannoun
et al., 2016; Gunnigle et al., 2015; Sun et al., 2015) can be influ-
enced by temperature. For example, methanogens show higher
growth rates at thermophilic condition, which may induce efficient
methane production (Sun et al., 2015; Weiland, 2010). An increase
of hydrogenotrophic methanogens at 55 �C compared to 35 �C
(Tian et al., 2015), may result in alternative methanogenic
pathways in AD (Li et al., 2014; Pap et al., 2015). However, most
of these studies focus on microbial community composition, but
rarely on metabolic activities inferred from microbial community
gene expression. Microbial community gene expression, in con-
trast to microbial community composition, associates more tightly
with system functioning (de Menezes et al., 2012; Shi et al., 2014).
The gene expression based Metatranscriptomic analysis, which
refers to active metabolic pathways or microorganisms, more actu-
ally reflects immediate changes in metabolic profiles correspond-
ing to in situ system performance (Vanwonterghem et al., 2014).
In sheep rumen microbiome, for example, the expression of
methanogenesis pathway based on Metatranscriptomic analysis
shows a positive correlation with methane production, whereas
such a pattern cannot be shown based on metagenomics analy-
sis (Shi et al., 2014). However, the mechanism of temperature
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effects on the microbial community gene expression to regulate
methane production in AD systems has been rarely reported.

The relationship between the microbial community diversity
and system functioning has been investigated comprehensively
(Fredriksson et al., 2012; Wittebolle et al., 2009). The initial even-
ness of the microbial community is considered as one of the most
important factors to guarantee functional stability (Wittebolle
et al., 2009), which is supported further by the fact that a higher
degree of functional stability is tightly related with the evenness
of a bacterial community in AD systems (De Vrieze et al., 2013).
Especially, a high microbial community evenness has been shown
to improve methane production (Werner et al., 2011), likely due to
the fact that high diversity provides more functional redundancy
(Naeem and Li, 1997). However, some specific microorganisms,
such as Clostridium species, are involved in multiple steps of anaer-
obic digestion, and some specific steps are shared by various
microorganisms (Vanwonterghem et al., 2014), thus the diversity
of the microbial community cannot reflect the actual diversity of
system functioning.

The diversity of system functioning in AD systems is crucial for
oriented and efficient conversion of organic waste to methane,
because methane is not the only metabolite in AD process
(Weiland, 2010). Compared to the diversity of a microbial commu-
nity, the diversity of functional pathways can more synchronously
and authentically reflect the diversity of system functioning. How-
ever, few researches have evaluated the relationship between the
diversity of functional pathways (and even the centralization of
functional pathways) and the efficiency of specific system func-
tioning, such as methane production in AD systems. Hence,
whether diversity of functional pathways shares similar mecha-
nisms with the diversity of a microbial community to regulate
system functioning needs further investigation.

In this study, the variation of functional pathways at different
temperatures from 25 to 55 �C, were investigated based on Meta-
transcriptomic analysis, to reveal the temperature-regulated
microbial effects on system functioning in AD process. We evalu-
ated (i) the variation of functional pathways under a temperature
gradient, (ii) the relationship between the variation of functional
pathways and methane production, and (iii) whether the diversity
of functional pathways shares similar mechanisms with microbial
community diversity with respect to methane production.
2. Materials and methods

2.1. Experimental set-up

The anaerobic digestion experiment was performed with 1.5 L
of digestion sludge, with a total solids (TS) content of 8% in a 2 L
anaerobic flask with two holes on the upper and lower flask-wall
(Supplementary Table S1). Feeding and digestate removal through
the upper and lower hole, respectively, was carried out by a peri-
staltic pump (Cat. No. BT50 s, Leadfluid, China). At the start of
the experiment, 450 mL seed sludge was inoculated. Seed sludge
was prepared by semi-continuous AD of swine manure (obtained
from a pig farm in Chengdu, Sichuan Province, China) under the
respective experimental temperature at a hydraulic retention time
(HRT) of 30 days, for at least two times the HRT, until the digestion
performance was maintained at a dynamic equilibrium, with bio-
gas containing more than 60% of CH4. The different treatments
were set up at 25, 35, 50 and 55 �C, with triplicate incubations
for each temperature. Swine manure was used as substrate. After
daily CH4 production reached a first peak in the reactor, a semi-
continuous feeding mode was implemented in which 150 mL of
digestate was replaced with the same volume of fresh swine man-
ure slurry every three days. The organic loading rate (OLR) was set
at 2.0 g volatile solids (VS) L�1 day�1 to ensure that a dynamic
equilibrium (stable period) could be maintained during the fer-
mentation process. The reactor was shaken manually twice a day
to mix the digestion sludge. The detailed parameters at the start
of the experiment were shown in Supplementary Table S1.

2.2. Sampling and chemical analysis

The sludge samples were collected in the initial period (24 h
after digestion start, only used for chemical analysis) and the stable
period (48 h after the second feed, used for both chemical and
microbial community analysis) (Supplementary Table S2). The
sludge in the stable period was pelleted by centrifugation at
13,400g for 10 min at 4 �C, and immediately used for RNA extrac-
tion. The supernatant was filtered through a 0.22 lm filter (Cat.
No. SLGP033RS; Millipore, USA). Nessler’s reagent colorimetric
method was used to quantify NH4

+–N concentration (Hart et al.,
1994). The volatile fatty acids (VFAs) in the supernatant were
detected by Agilent 1260 Infinity liquid chromatography (Agilent
Technologies, USA), equipped with a column Hi-Plex H
(300 � 6.5 mm) and a differential refraction detector. The mobile
phase was H2SO4 (0.005 M) with a flow rate of 0.6 mL min�1. TS,
VS and chemical oxygen demand (COD) were measured as
previously described (APHA, 1998). The volume of biogas produc-
tion was measured by water replacement method. The water
replacement equipment was set at air pressure (about 95.86 kpa)
and room temperature (about 22 �C), which avoided the bias of
the measured volume caused by different pressures and tempera-
tures. Then, the volume of the gas was normalized at standard tem-
perature (273 K) and pressure (101325 Pa), based on the ideal gas
law (Bludman and Vanriper, 1977). The CH4 and H2 content of the
biogas were measured with an Agilent 6890 gas chromatography
system (Agilent Technologies, USA), equipped with a 2 m stainless
steel column packed with Porapak Q (50/80 mesh) and with a ther-
mal conductivity detector. The injection port, column oven, and
detector were operated at 100, 70, and 150 �C, respectively. The
carrier gas was argon with a flow rate of 30 mL min�1. Standard
gases (72.15% CH4, 3.49% H2 and 24.36% CO2) (Hongjin, China) were
used for calibration before each measurement.

2.3. RNA extraction and Metatranscriptomic sequencing

Total RNA was extracted using the RNAprep pure Cell/Bacteria
Kit (Cat. No. DP430; TIANGEN, China). Ribosomal RNA was
removed from the total RNA using the RiboMinusTM kit (Lot. No.
1539791; Invitrogen, USA). The Metatranscriptomic sequencing
was performed using an Illumina Hiseq 2000 (Illumina Inc., USA).
The obtained sequences from total 12 samples were uploaded to
MG-RAST (Meyer et al., 2008) under the project ‘‘zf-temperature-
underreplication” with assigned MG-RAST ID (4606650.3,
4606661.3, 4606660.3, 4606659.3, 4606658.3, 4606657.3,
4606656.3, 4606655.3, 4606654.3, 4606653.3, 4606652.3 and
4606651.3) for further analysis. Before the Metatranscriptomic
analysis, poor quality sequences were removed through the MG-
RAST version 3.6 online server quality control pipeline (Meyer
et al., 2008). The average uploaded sequences in each sample were
21,860,657 ± 2,077,558, of which around 57% could be annotated
as predicted protein. Finally, identified functional categories in
each sample were on average 119,462 ± 23,938. The annotation
of phylogenetically defined microorganisms was based on the
KEGG database. The annotation of functional profiles was based
on the KEGG Orthologs (KO) database in which the all annotation
levels were considered for a comprehensive evaluation. The func-
tional annotation consisted of four levels. The highest level in the
KEGG categories was presented as level 1, followed by level 2.
Level 3 reflected the KEGG pathways, and level 4 (gene expression
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level) contained expression of specific genes with entail enzyme
commission (EC) numbers (Millares et al., 2015; Yu and Zhang,
2012). The other pipeline parameters were kept at default settings,
minimum alignment length of 15, maximum e-value of 10�5 and
minimum identity of 60%. The microorganisms mainly involved
in functional pathways were detected through the pipeline of
workbench. The reads of taxonomic and functional profiles at dif-
ferent hierarchical levels were normalized using daisychopper.pl
(http://www.festinalente.me/bioinf/downloads/daisychopper.pl),
respectively, to calculate the relative abundances of specific func-
tional taxa, based on total reads.

2.4. Statistical analysis

The general changes of the functional profiles at the different
temperatures were assessed by Permutational multivariate analy-
sis of variance (PERMANOVA) and principal coordinates analysis
(PCoA) based on the Bray-Curtis dissimilarity index performed
using the ape package in R (http://www.r-project.org/). The nor-
mality and homoscedasticity of the raw data were validated by
means of the SPSS 21 software (IBM USA). One-way-analysis of
variance (ANOVA) performed in SPSS 21 was used to test the differ-
ences in relative abundances of functional units between samples
at different temperatures. Pearson’s and Spearman’s correlation
analysis, alpha-diversity indices (Shannon index, Pielou’s evenness
and Simpson’ diversity index) and redundancy analysis (RDA) were
calculated in R with the vegan package. The Gini coefficient was
calculated as previously described (Marzorati et al., 2008).
3. Results and discussion

3.1. Digester performance

Each treatment was inoculated with 30% of seed sludge. After
daily CH4 production (DCP) reached the first peak, the dynamic
equilibrium was observed until the end of fermentation (Fig. S1).
The DCPs in stable period reached 0.34 ± 0.03, 0.63 ± 0.01,
1.44 ± 0.09 and 0.81 ± 0.08 L L�1 day�1 at 25, 35, 50 and 55 �C,
respectively. Total biogas production over 27 days reached
555.6 ± 14.1 L kg�1 VS at 50 �C, followed by 277.1 ± 27.4 L kg�1 VS
at 55 �C (Fig. S1). The CH4 content in the biogas remained constant
during the stable period, and was higher at 50 and 55 �C (around
60%), compared to 25 and 35 �C (Fig. S2). The H2 content in the bio-
gas remained between 0.1% and 0.8% during the entire experiment.
Due to a similar pattern of the DCP and total biogas production at
each temperature, the DCP was used to represent methane produc-
tion in the following analyses.

3.2. VFAs dynamics

Acetic acid, propionic acid and butyric acid were main VFAs,
and they varied dramatically along the temperature gradient
(Fig. S3), indicating different fermentation conditions. At tempera-
tures from 35 to 55 �C, the concentrations of acetic acid decreased
over time, reaching 2–4 mM, in the stable period. The concentra-
tions of propionic acid and butyric acid showed the similar trend
as acetic acid. However, at 25 �C, propionic acid and butyric acid
accumulated up to about 22 mM and 37 mM, respectively, in the
stable period. During the fermentation process from initial period
to stable period, the highest VFAs conversion rates were detected
at 50 �C, and the lowest at 25 �C.

The concentrations of NH4
+–N remained at 320–780 mg L�1 in

the stable period (data not shown). The initial pH value was 7.0,
and it gradually increased to 7.4–7.8 until the stable period at each
temperature.
3.3. Functional profiles

PCoA and PERMANOVA tests showed a significant variation
(p < 0.001) at level 4 (gene expression level) at different tempera-
tures (Supplementary Fig. S4). This indicated that temperature
played a crucial role in the global regulation of gene expression.
Further analysis of functional category at KEGG level 1 (Supple-
mentary Fig. S5) showed that the category ‘‘metabolism” had the
highest relative abundance, with more than 50% of total reads at
each temperature, and positively correlated with DCP (p < 0.05).
At KEGG level 2 (Fig. 1), the samples at 25 and 35 �C clustered more
closely, and the samples at 50 and 55 �C clustered closely, indicat-
ing the overall differences in microbial functional profiles between
mesophilic (25–35 �C) and thermophilic (50–55 �C) conditions.
Among different functional groups, amino acid metabolism,
nucleotide metabolism and lipid metabolism showed significant
negative correlations with temperature (p < 0.01). In contrast, both
membrane transport and cell motility showed a positive
correlation with temperature (p < 0.01). The category ‘‘energy
metabolism”, with highest relative abundance, significantly and
positively correlated with DCP (p < 0.01). At KEGG level 3, among
the functional pathways that were affiliated to energy metabolism,
methane metabolism (ko00680, mainly referred to methanogene-
sis in anaerobic environments) and oxidative phosphorylation
(ko00190) were dominant at all temperatures (Fig. 2). Redundancy
analysis showed that inside the energy metabolism, only methane
metabolism and oxidative phosphorylation positively contributed
to methane production (Supplementary Fig. S6), but they showed
no significant correlation with temperature, indicating that both
methane metabolism and oxidative phosphorylation played
important roles in methane production at all temperatures.

At KEGG level 3, in total 105 functional pathways were shared
at all temperatures, occupying 79–94% of all pathways identified
at level 3 (Supplementary Fig. S7). This indicated a high conserva-
tion of the expression ranges of functional pathways at different
temperatures. At level 3, the pathway with the highest average rel-
ative abundance at all temperatures was methane metabolism, fol-
lowed by ATP-binding cassette (ABC) transporters (ko02010),
ribosome (ko03010), flagellar assembly (ko02040), and oxidative
phosphorylation (ko00190) (Table 1). Among these abundant func-
tional pathways, only methane metabolism and oxidative phos-
phorylation showed a significant positive correlation with DCP
(p < 0.01). The main contributors to these pathways at different
temperatures were further detected (Table 2). The phyla mainly
involved in the pathway of ribosome were Firmicutes, Bacteroide-
tes and Euryarchaeota (nearly all of microorganisms in Eur-
yarchaeota were identified as methanogens in this study) at
mesophilic (25–35 �C) condition, but at thermophilic (50–55 �C)
condition, Thermotogae took place of Bacteroidetes, indicating
the different adaptive strategies of various microorganisms to tem-
perature. The phyla mainly involved in the pathway of flagellar
assembly at different temperatures also reflected similar adaptive
strategies to temperature. Overall, the pathway of oxidative phos-
phorylation was mainly attributed by Euryarchaeota at different
temperatures.

3.4. Conservation and variation of functions at different temperatures

In this study, a high conservation of expression range of func-
tional pathways was observed under a temperature gradient,
which might be the common responses of microbial community
under anaerobic digestion. However, an obvious variation in rela-
tive abundance of functional pathways, which corresponded well
with methane production, was detected at different temperatures.
Especially at level 3, the relative abundances of methanogenesis
could be regarded as an indicator of methane production in the

http://www.festinalente.me/bioinf/downloads/daisychopper.pl),
http://www.r-project.org/


Fig. 1. Metabolic clustering at level 2, annotated based on KEGG Orthologs annotations at the different temperatures. A double hierarchical cluster is established through a
weight-pair group clustering method, based on the Pearson distance. The heat map depicts the relative abundance of each category of pathways (variables clustering on the y
axis) in each sample (x axis clustering). The color represents the normalized relative abundances of category of pathways in each sample. The pathways with relative
abundance >1% are shown. ⁄⁄Significant correlation with temperature at p < 0.01; ^^significant correlation with DCP at p < 0.01, and ^at p < 0.05.

Fig. 2. Functional pathways at level 3, affiliated to energy metabolism at different temperatures. ^^Significant correlation with DCP at p < 0.01, ^at p < 0.05.
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AD process, which agreed well with previous studies (Shi et al.,
2014). The relative abundance of methanogenesis increased with
temperature from 25 to 50 �C, most likely contributed by the
higher growth rates of methanogens at thermophilic conditions
(Weiland, 2010). Ribosomes that consist of ribosomal proteins
based on the KO database play an important role in protein synthe-
sis, and are regarded as indicators of growth rates (Gifford et al.,
2013). Although the relative abundance of ribosomes negatively
correlated with temperature, the contributive proportions of Eur-
yarchaeota increased with temperature from 25 to 50 �C (Table 2),
implicating that the growth of methanogens was elevated with
temperature up to 50 �C. However, thermophilic digesters are
more susceptible to inhibition (Labatut et al., 2014) and this study
indicated that 50 �C might be the threshold temperature within
which an increased temperature improves methane production
in AD systems. In addition, this result was further supported by
lower relative abundance of ribosomes and lower contributive pro-
portions of Euryarchaeota in the relative abundances of this path-
way at 55 �C compared to 50 �C.

Besides methanogenesis, the relative abundance of oxidative
phosphorylation also showed a positive correlation with DCP
(p < 0.01), probably because of the coupled relationship between
oxidative phosphorylation and methanogenesis in the overall
energy metabolism. Oxidative phosphorylation is responsible for
energy conservation (Gifford et al., 2014), and in the methanogen-
esis electron transfer causes a proton gradient for ATP synthesis



Table 1
The functional pathways at level 3, annotated based on the KEGG Orthologs datasets at different temperatures. The taxa with average relative abundance >1% are shown.

Functional pathways at level 3 Temperature Correlation

25 �C 35 �C 50 �C 55 �C DCP Temperature Acetate Propionate Butyrate

Methane metabolism [PATH:ko00680] 11.06 ± 1.31b 11.06 ± 1.04b 25.98 ± 3.31a 10.81 ± 1.57b .788⁄⁄ .375 �.389 �.395 �.324
ATP-binding cassette (ABC) transporters

[PATH:ko02010]
6.86 ± 0.21c 6.99 ± 0.36c 9.93 ± 0.56b 18.61 ± 0.62a .221 .814⁄⁄ �.442 �.730⁄⁄ �.477

Ribosome [PATH:ko03010] 11.04 ± 0.9b 15.65 ± 0.22a 5.34 ± 0.18c 5.07 ± 0.08c �.564 �.760⁄⁄ .289 .627⁄ .284
Flagellar assembly [PATH:ko02040] 4.84 ± 0.6c 3.01 ± 0.17d 8.14 ± 0.92b 11.47 ± 0.09a .411 .828⁄⁄ �.398 �.709⁄⁄ �.392
Oxidative phosphorylation [PATH:

ko00190]
3.77 ± 0.08c 4.92 ± 0.24b 5.84 ± 0.29a 3.48 ± 0.19c .708⁄⁄ .148 �.466 �.228 �.419

Aminoacyl-tRNA biosynthesis [PATH:
ko00970]

4.37 ± 0.43a 3.87 ± 0.05a 2.48 ± 0.13b 3.05 ± 0.1b �.843⁄⁄ �.826⁄⁄ .757⁄⁄ .847⁄⁄ .695⁄

RNA polymerase [PATH:ko03020] 3.25 ± 0.06b 3.66 ± 0.03a 2.32 ± 0.1c 2.41 ± 0.04c �.671⁄ �.815⁄⁄ .428 .710⁄⁄ .398
Bacterial chemotaxis [PATH:ko02030] 1.54 ± 0.06b 3.3 ± 0.24a 2.05 ± 0.16b 3.27 ± 0.56a .056 .408 �.585⁄ �.470 �.626⁄

RNA degradation [PATH:ko03018] 3.07 ± 0.07a 2.8 ± 0.03a 1.78 ± 0.07c 2.3 ± 0.13b �.913⁄⁄ �.837⁄⁄ .718⁄⁄ .801⁄⁄ .699⁄

Glycolysis/Gluconeogenesis [PATH:
ko00010]

2.43 ± 0.06b 2.48 ± 0.03b 1.98 ± 0.15c 2.79 ± 0.06a �.604⁄ .036 .073 �.012 .033

Glycine, serine and threonine
metabolism [PATH:ko00260]

2.96 ± 0.09a 2.46 ± 0.07b 1.94 ± 0.14c 2.09 ± 0.08c �.813⁄⁄ �.891⁄⁄ .861⁄⁄ .919⁄⁄ .840⁄⁄

Purine metabolism [PATH:ko00230] 2.7 ± 0.14a 2.42 ± 0.03ab 2.09 ± 0.27bc 1.69 ± 0.06c �.428 �.843⁄⁄ .659⁄ .838⁄⁄ .650⁄

Alanine, aspartate and glutamate
metabolism [PATH:ko00250]

2.72 ± 0.18a 2.63 ± 0.17b 1.18 ± 0.07b 1.09 ± 0.01a �.710⁄⁄ �.934⁄⁄ .668⁄ .894⁄⁄ .633⁄

Pyruvate metabolism [PATH:ko00620] 1.54 ± 0.08b 2.13 ± 0.13a 1.52 ± 0.04b 2.07 ± 0.07a �.186 .232 �.384 �.292 �.466
Plant-pathogen interaction [PATH:

ko04626]
1.5 ± 0.06b 2.07 ± 0.08a 1.43 ± 0.14b 1.69 ± 0.03b �.257 �.129 �.218 .022 �.288

Cell cycle - Caulobacter [PATH:ko04112] 1.68 ± 0.06 1.47 ± 0.05 1.51 ± 0.12 1.71 ± 0.13 �.217 .044 .365 .088 .279
HIF-1 signaling pathway [PATH:

ko04066]
1.4 ± 0.13ab 1.46 ± 0.06ab 1.13 ± 0.09b 1.67 ± 0.16a �.394 .088 �.008 �.073 �.019

Two-component system [PATH:ko02020] 1.56 ± 0.03a 1.12 ± 0.05b 1.34 ± 0.1ab 1.62 ± 0.21a �.140 .131 .321 �.006 .310
Bacterial secretion system [PATH:

ko03070]
1.58 ± 0.08a 1.73 ± 0.02a 1.01 ± 0.05b 1.17 ± 0.04b �.736⁄⁄ �.801⁄⁄ .470 .734⁄⁄ .437

Citrate cycle (TCA cycle) [PATH:ko00020] 1.33 ± 0.04a 1.25 ± 0.03a 0.96 ± 0.01b 1.25 ± 0.07a �.877⁄⁄ �.518 .593⁄ .541 .509
Peroxisome [PATH:ko04146] 1.47 ± 0.15a 0.85 ± 0.06c 1.28 ± 0.05ab 1.15 ± 0.03b �.092 �.173 .484 .247 .582⁄

Cysteine and methionine metabolism
[PATH:ko00270]

1.23 ± 0.17 0.9 ± 0.02 0.95 ± 0.07 1.21 ± 0.08 �.361 �.071 .502 .237 .425

Pentose and glucuronate
interconversions [PATH:ko00040]

1.22 ± 0.08a 1.09 ± 0.02a 0.91 ± 0.03b 1.09 ± 0.05a �.829⁄⁄ �.596⁄ .616⁄ .657⁄ .652⁄

Pentose phosphate pathway [PATH:
ko00030]

1.29 ± 0.06a 1.2 ± 0.07a 0.74 ± 0.08b 0.78 ± 0.02b �.746⁄⁄ �.907⁄⁄ .705⁄ .861⁄⁄ .671⁄

⁄⁄Significantly at p < 0.01; ⁄p < 0.05. All data are presented as means ± standard deviations. Values in a row with different letters mean significant differences at p < 0.05.

Table 2
Main microbial populations at phylum level participating in core functional pathways annotated based on the KEGG Orthologs datasets at different temperatures.

25 �C 35 �C 50 �C 55 �C

Ribosome [PATH:ko03010] Euryarchaeota
(7.24 ± 1.51c)

Euryarchaeota
(9.78 ± 0.17c)

Thermotogae
(11.02 ± 1.5c)

Euryarchaeota
(14.84 ± 3.06c)

Bacteroidetes
(22.33 ± 2.53b)

Bacteroidetes
(19.21 ± 1.34b)

Euryarchaeota*

(20.89 ± 1.12b)
Thermotogae
(22.09 ± 3.72b)

Firmicutes
(32.59 ± 1.89a)

Firmicutes
(38.98 ± 2.79a)

Firmicutes
(52 ± 1.49a)

Firmicutes
(51.02 ± 2.67a)

ATP-binding cassette (ABC) transporters [PATH:ko02010] Actinobacteria
(6.63 ± 0.6c)

Actinobacteria
(13.68 ± 3.04b)

Euryarchaeota*

(5.7 ± 0.71c)
Proteobacteria
(2.75 ± 0.33c)

Proteobacteria
(13.79 ± 0.07b)

Proteobacteria
(14.94 ± 2.08b)

Firmicutes
(37.53 ± 3.75b)

Firmicutes
(20.5 ± 0.87b)

Firmicutes
(48.2 ± 1.92a)

Firmicutes
(43.35 ± 5.45a)

Thermotogae
(39.56 ± 4.46a)

Thermotogae
(65.23 ± 1.83a)

Flagellar assembly [PATH:ko02040] Synergistetes
(1 ± 0.29c)

Synergistetes
(0.78 ± 0.2c)

Proteobacteria
(2.89 ± 1.03c)

Proteobacteria
(2.39 ± 0.9b)

Spirochaetes
(43.9 ± 2.46b)

Spirochaetes
(34.02 ± 3.67b)

Thermotogae
(23.85 ± 7b)

Firmicutes
(45.34 ± 6.4a)

Firmicutes
(52.28 ± 2.22a)

Firmicutes
(62.68 ± 3.27a)

Firmicutes
(66.84 ± 5.14a)

Thermotogae
(48.85 ± 7.57a)

Oxidative phosphorylation [PATH:ko00190] Spirochaetes
(8.5 ± 0.21c)

Spirochaetes
(8.94 ± 2.06c)

Thermotogae
(4.28 ± 0.51c)

Thermotogae
(19.73 ± 3.19c)

Euryarchaeota
(26.4 ± 3.66b)

Firmicutes
(20.44 ± 0.81b)

Firmicutes
(21.31 ± 1.53b)

Firmicutes
(31.08 ± 0.28b)

Firmicutes
(36.23 ± 2.36a)

Euryarchaeota
(45.85 ± 5.64a)

Euryarchaeota*

(68.91 ± 1.24a)
Euryarchaeota
(40.16 ± 4.47a)

Methane metabolism [PATH:ko00680] Euryarchaeota Euryarchaeota Euryarchaeota Euryarchaeota

The top three contributors in each pathway are shown.
* The proportion positively correlate with DCP (p < 0.01). The values in the brackets indicate the contributive proportion in the relative abundance of these pathways.

Values in a column with different letters mean significant differences at p < 0.05. All data are presented as means ± standard deviations.
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(Lie et al., 2012). Thus, if the proton gradient cannot be immedi-
ately used for ATP synthesis through oxidative phosphorylation,
the accumulative proton gradient will hinder the electron trans-
port due to feedback inhibition and probably hurt the cytomem-
brane due to overload of potential difference. The contributive
proportions of Euryarchaeota in the relative abundance of oxida-
tive phosphorylation increased with temperature from 25 �C
(26%) to 50 �C (69%), further implying that oxidative phosphoryla-
tion had tight relationship with methanogenesis and probably
played crucial role in methane production at 50 �C. The flagellar
assembly, indicating the cellular motility (Cui et al., 2013; Zhang
et al., 2014), positively correlated with temperature (p < 0.01),
implying that more microorganisms especially in the phylum Fir-
micutes actively tended to access substrates at thermophilic condi-
tion (Zhang et al., 2014).

The ABC transporters comprise one of the largest protein fami-
lies, and are also involved in a wide variety of physiological func-
tions, such as antibiotic resistance and uptake of various
nutrients (Higgins, 2001).They also positively correlated with tem-
perature (p < 0.01). Interestingly, only at 50 �C, the phylum mainly
involved in ABC transporters included Euryarchaeota, and this
implied that the uptake of various nutrients for methanogens
was strengthened at 50 �C. In addition, the proportions of Eur-
yarchaeota involved in each of these pathways (except flagellar
assembly) increased with temperature from 25 to 50 �C and
Fig. 3. The relationship between the different alpha-diversity parameters (a) Simpon inde
daily methane production.

Table 3
The alpha-diversity of functional pathways at level 3, annotated based on the KEGG Ortho

25 �C 35 �C 50 �C 55 �C

Shannon index 3.682 ± 0.044b 3.538 ± 0.007b 3.194 ± 0.076a 3.329
Simpson index 0.956 ± 0.004c 0.944 ± 0.001bc 0.902 ± 0.015a 0.928
Pielou’s evenness 0.72 ± 0.01c 0.695 ± 0.001bc 0.639 ± 0.013a 0.677
Gini coefficient 0.542 ± 0.003b 0.547 ± 0.001b 0.555 ± 0a 0.544

All data are presented as means ± standard deviations. Values in a row with different le
showed positive correlation with DCP (p < 0.01), indicating that
more proportions of these pathways were directly served for
methane production at 50 �C. The lower relative abundances of
oxidative phosphorylation and methanogenesis, and lower propor-
tions of Euryarchaeota participating in these core pathways at
55 �C than 50 �C, further explained reduced methane production
at 55 �C.

Consequently, these data suggested that temperature
regulated the methane production probably through strengthen-
ing these pathways especial for oxidative phosphorylation and
methanogenesis.

3.5. Function diversity and centralization

Whether the diversity of functional pathways at level 3 corre-
lated tightly with efficiency, redundancy and stability of system
functioning (mainly referred to methane production) was also
explored in this study. The alpha-diversity indices, including Shan-
non index, Simpson index and Pielous’ evenness of functional path-
ways, showed a linear and negative correlation with DCP (Fig. 3).
The alpha-diversity indices decreased with temperature from 25
to 50 �C, and rebounded at 55 �C (Table 3). The centralization of
functional pathways (function centralization) was assessed by
the least proportion of functional pathways contributing for at
least 50% of total reads at level 3. Low proportion indicated high
x, (b) Shannon index and (c) Pielous’ evenness of functional pathways at level 3 and

logs datasets at different temperatures.

DCP Temperature Acetate Propionate Butyrate

± 0.02a �.853⁄⁄ �.870⁄⁄ .779⁄⁄ .876⁄⁄ .745⁄⁄

± 0.001b �.832⁄⁄ �.709⁄⁄ .653⁄ .722⁄⁄ .609⁄

± 0.003b �.886⁄⁄ �.756⁄⁄ .757⁄⁄ .782⁄⁄ .703⁄

± 0.003b .828⁄⁄ .375 �.513 �.368 �.496

tters mean significant differences at p < 0.05. ⁄⁄Significantly at p < 0.01; ⁄p < 0.05.
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function centralization. Overall, at each temperature, the high
function centralization could be observed, since around 50% of
total reads focused on 5.6 ± 0.3, 4.9 ± 0.4, 3.6 ± 0.2 and 4.8 ± 0.3%
of functional pathways at 25, 35, 50 and 55 �C, respectively
(Supplementary Fig. S8a). Especially at 50 �C, the highest function
centralization occurred, as around 50% of total reads was
concentrated mainly on 5 function categories, occupying around
3.6% of total function categories. These functional pathways were
methane metabolism (26%), ABC transporters (9.9%), flagellar
assembly (8.1%), oxidative phosphorylation (5.8%) and ribosome
(5.3%) (Supplementary Table S3). The function centralization also
showed a clear positive linear correlation with DCP (p < 0.01) (Sup-
plementary Fig. S8b). The Gini coefficient, widely used as an index
of evenness (Werner et al., 2011; Wittebolle et al., 2009), was
introduced to reflect the function centralization. The high Gini
coefficient indicated high centralization in this study (Table 3).
The Gini coefficient increased with temperature from 25 to 50 �C,
but decreased at 55 �C, and showed a clear linear positive correla-
tion with DCP (Supplementary Fig. S9).

A high alpha-diversity of the microbial community provides
high system stability (Naeem and Li, 1997; Werner et al., 2011).
Most studies concerning the evaluation of biodiversity focus on
microbial community composition (Ma et al., 2015; Maestre et al.,
2015), and rarely on functional pathways, which might be more
essentially related to the activities of important functions, such as
methane production. In this study, the alpha-diversity of functional
pathways showed a negative correlation with methane production
(p < 0.01), which was opposite to the relationship between alpha-
diversity of microbial community composition and methane pro-
duction (Werner et al., 2011). A high alpha-diversity of microbial
community, determined by the microbial species quantity and dis-
tribution, corresponds with functional redundancy, based on the
overlap and complementarity of the microbial functional potential
(Werner et al., 2011). However, the alpha-diversity of functional
pathways based on Metatranscriptomic analysis can be considered
a more essential evaluation of the diversity of microbial functions,
and a more actual reflection of system functioning. The diversity
of microbial community can be considered a mere description of
the different microorganisms that have various functional poten-
tials in a certain environment, while the diversity of functional
pathways describes which processes these microorganisms are
actively involved in. Hence, due to the overlap of microbial func-
tion and/or the versatility of some specific microorganisms
(Vanwonterghem et al., 2014), the diversities based on microbial
community composition and functional pathways, may show an
inconsistent response to specific system functioning, such as
methane production.

In this study, a low diversity of functional pathways indicated
high function centralization. Overall, high function centralization
was observed at all temperatures, which might be related to anaer-
obic digestion metabolism. This study showed that only the rela-
tive abundance of methanogenesis was higher than 10% of total
reads at each temperature (Supplementary Table S3), indicating
that metabolic activity related to methane production must play
a crucial role in the high function centralization. The function cen-
tralization was linearly correlated with methane production under
the temperature gradient. Based on these functional pathways
which were used to evaluate the centralization at different
temperatures, the accumulative relative abundances contributed
by Euryarchaeota accounted for 13% at 25 �C, 16% at 35 �C, 32% at
50 �C and 14% at 55 �C in total reads (Supplementary Table S3),
and they positively correlated with DCP. This demonstrated that
methanogens played crucial role in the high function
centralization.

In general, the expression of functional pathways in microbial
community is regulated by environmental factors, such as temper-
ature (Vanwonterghem et al., 2014). In this study, although the high
centralization of functional pathways in thermophilic AD process
might be caused by the inhibition of some pathways due to high
temperature or temperature-induced toxic compounds, this did
reflect the life strategies of microbial community responding to dif-
ferent temperatures. Because methane production process needs
harmonious expressions of various functional pathways conducted
by fermentative bacteria and methanogenic archaea, simply and
randomly reduction of functional pathways would probably result
in the collapse of AD process. Thus, it reasonably indicated that
the life strategies of microbial community influenced by tempera-
ture essentially induced the difference of system functioning. In
consideration of different life strategies of microbial community
at different temperatures, the function centralization varied with
temperatures, indicating that the activity of the microbial
community in the AD system was differentially allocated to
different pathways. High function centralization indicates that
more cellular activities focus on fewer functional pathways. In com-
plex but functionally enriched systems, different expression abun-
dances of specific functional pathways dependent on cellular
activities will determine the activities of substrate biodegradation
pathways and therefore, also the final products of the process
(Vanwonterghem et al., 2014). If the cellular activities of the micro-
bial communitymainly focus on specific functional pathways, these
functionswill be strengthened. On the contrary, if the cellular activ-
ities of the microbial community are evenly allocated to several
different functional pathways, the system may be highly versatile.
Thus, fine trade-off of different functions in a system with
multifunctionality probably does not induce high efficiency of each
function. In AD systems, high methane production rates are to be
targeted. Due to existence of extensive conversion pathways of
organic waste, an even expression of functional pathways may
result in various intermediates and final metabolites, including
not only CH4 and CO2, but also other compounds (Weiland, 2010).
This could be regarded as ‘‘wasting” of resources, thus, an oriented
and efficient conversion of the organic waste to methane is pre-
ferred. Overall, a high CH4 content in the biogas, correspondingwith
high function centralization, indicated that high function central-
ization restrained alternative conversion pathways of untargeted
final metabolites. This effectively reduced the ‘‘waste” of resources.

Consequently, first, a high function centralization strengthened
specific fermentative functions, especial formethanogenesis, which
was particularly highlighted at 50 �C where methanogenesis, occu-
pying 26% of total reads, contributed most to the high function cen-
tralization. In addition, high expression of ABC transporters,
flagellar assembly and oxidative phosphorylation both directly
and indirectly improved methanogenesis. Hence, the majority of
cellular activities were invested in methanogenesis and related
pathways to strengthen methane production. The increasing accu-
mulative relative abundances from Euryarchaeota with tempera-
ture from 25 to 50 �C implied that more methanogens
participated in these pathways, which further supported the view-
point above. The proportion of Euryarchaeota involved in each of
these pathways (except flagellar assembly) increased with temper-
ature from 25 to 50 �C and showed positive correlation with DCP
(p < 0.01), indicating that in each of these pathways, more chances
and resources were attained by methanogens as temperature
increased. This probably resulted in high methane production at
50 �C and also supported viewpoint of function centralization con-
cerning methane production. Second, a high centralization of func-
tional pathways oriented the extensive conversion of substrates
into desirable products, such as methane. A high centralization of
functional pathways enhancing the efficiency of substrates
conversion into methane was partly supported by total biogas
production, which representing the accumulative conversion of
substrates to biogas, and showing a similar changing trend as the
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centralization of functional pathways at different temperatures.
High proportions of functional pathways conducted by Eur-
yarchaeota which primarily performed the methanogenesis further
supported the second viewpoint. Although the viewpoint of func-
tion centralization concerning functional efficiency needs more
data to verify, e.g. comparison between different substrates, a
brand-new viewpoint is supplied to further evaluate the relation-
ship between biodiversity and system functioning.
4. Conclusions

Metatranscriptomic analysis revealed the relationship between
the variations of functional pathways and methane production in
AD systems at different temperatures. In contrast to the fact that
a high microbial community diversity increased redundancy of
the functional potential, a low diversity of functional pathways
was found to strengthen specific functions, especial for methano-
genesis, and enhance the efficiency of oriented conversion of sub-
strates into methane. Consequently, one of temperature-regulated
mechanisms on methane production was probably realized
through centralization of functional pathways by reducing the
diversity of functional pathways, but enhancing central functional
pathways in AD systems.
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