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Microorganism-regulated mechanisms
of temperature effects on the performance
of anaerobic digestion
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Abstract

Background: Temperature is an important factor determining the performance and stability of the anaerobic diges-
tion process. However, the microorganism-regulated mechanisms of temperature effects on the performance of
anaerobic digestion systems remain further elusive. To address this issue, we investigated the changes in composition,
diversity and activities of microbial communities under temperature gradient from 25 to 55 °C using 16S rRNA gene
amplicon sequencing approach based on genomic DNA (refer to as“16S rDNA") and total RNA (refer to as “16S rRNA").

Results: Microbial community structure and activities changed dramatically along the temperature gradient, which
corresponded to the variations in digestion performance (e.g., daily CH, production, total biogas production and vola-
tile fatty acids concentration). The ratios of 16S rRNA to 165 rDNA of microbial taxa, as an indicator of the potentially
relative activities in situ, and whole activities of microbial community assessed by the similarity between microbial
community based on 16S rDNA and rRNA, varied strongly along the temperature gradient, reflecting different meta-
bolic activities. The daily CH, production increased with temperature from 25 to 50 °C and declined at 55 °C. Among
all the examined microbial properties, the whole activities of microbial community and alpha-diversity indices of both
microbial communities and potentially relative activities showed highest correlations to the performance.

Conclusions: The whole activities of microbial community and alpha-diversity indices of both microbial communi-
ties and potentially relative activities were sensitive indicators for the performance of anaerobic digestion systems
under temperature gradient, while beta-diversity could predict functional differences. Microorganism-regulated
mechanisms of temperature effects on anaerobic digestion performance were likely realized through increasing
alpha-diversity of both microbial communities and potentially relative activities to supply more functional pathways
and activities for metabolic network, and increasing the whole activities of microbial community, especially methano-
genesis, to improve the strength and efficiency in anaerobic digestion process.

Keywords: Anaerobic digestion, Temperature gradient, Microbial diversity, Community structure,
Potentially relative activity

Background

Anaerobic digestion (AD) is an effective process for
converting organic waste, e.g., animal manure and food
waste, into methane [1, 2]. Temperature and substrate are
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recognized to be the most important factors determining
the performance and stability of the AD process [3-5].
Temperature affects AD performance mainly through
shaping microbial community composition, activity and
diversity, altering the biochemical conversion pathways
and thermodynamic equilibrium of the biochemical
reactions. The digestion process can be operated under
mesophilic (35-40 °C) or thermophilic (55-60 °C) digest-
ers. Thermophilic digestion increases degradation rates,
and results in higher solid destruction and methane
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production [3]. The disadvantage of thermophilic diges-
tion is the poor stability and reliability of the process [3,
6] and high cost of energy input. When other operation
parameters are controlled, optimal performance of AD
systems is likely compromised by the compound effects
of temperature-dependent reaction rate and inhibition
factors. Although the effects of temperature on AD per-
formance have been investigated in many studies [7-9],
the microorganism-regulated mechanisms behind such
effects are still not systematically elucidated.

Microbial communities in AD systems are basically
comprised of bacteria and archaea with a high complex-
ity in terms of functionality and composition diversity [2,
4]. Each specific microorganism carries out one or more
of four steps in AD food web, i.e., hydrolysis, acidogen-
esis, acetogenesis and methanogenesis [10]. Various
microbial taxa respond to temperature at different rates
and directions. Some methanogens had higher growth
rates in thermophilic condition compared to mesophilic
condition [1]. Although both hydrogenotrophic and ace-
toclastic methanogens exist in methanogenic systems,
their preponderance in methanogenesis may shift with
operation temperature [11]. For example, acetoclastic
methanogenesis predominates at 35 °C, while hydrog-
enotrophic pathway is more important at 45 °C [12].
However, due to the complexity of microbial community,
key microbial indicators for the performance of AD sys-
tems are not confidently proposed. There likely exists an
optimal temperature, above which system performance
would be seriously changed through the shifts in micro-
bial diversity, community composition and activity. The
relationships between temperature and microbial com-
munity composition, diversity and activity may differ at
opposite side of this temperature threshold.

Estimating the metabolic activities of microbial com-
munities in AD systems along temperature gradient is
challenging. Most previous researches about the tem-
perature effects on microbial community are based on
16S rDNA (refer to as 16S rRNA gene amplified from
genomic DNA) which detect not only the living micro-
organisms but also the dormant and dead ones to rep-
resent the whole microbial community, resulting in lack
of insight about the metabolic activity in situ [13-15].
Moreover, due to different ecological strategies for adap-
tation, microorganisms equip their genome with vari-
ous number of rRNA genes [16], which result in biased
enrichment of amplicon from the microbes with higher
copies of 16S rDNA. Consequently, analysis only based
on 16S rDNA is unable to present the actual state of a
microbial community. Especially in functional systems,
such as AD systems, microbial composition analysis is
far from revealing system function which actually asso-
ciates closely with active microbial populations. RNA
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molecules with extreme instability and much shorter
lifetime compared with DNA, are used to indicate meta-
bolically active microorganisms [14, 17, 18]. Thus, the
analysis based on 16S rRNA (refer to as 16S rRNA gene
amplified from total RNA) is capable to reveal potential
activities of microbial community in situ. The relation-
ship between activities of microbial community in situ
and specific digestion performance (usually occurring
at specific point in time) can be explored based on 16S
rRNA datasets.

The ratios of 16S rRNA to 16S rDNA are presently
used as in situ indicators for potentially relative activities
(growth rates) in natural communities [14, 19]. In addi-
tion, the whole activities of microbial community are
able to be mainly assessed by the similarity [18] between
microbial communities based on 16S rDNA and rRNA
datasets, and this is further supported by observed close
correlations between microbial communities based on
16S rDNA and rRNA datasets [15, 19]. However, there
are fewer studies to investigate the relationships between
changes in microbial community composition, diversity,
activity and performance under a temperature gradient
by combining 16S rRNA and 16S rDNA approaches in
AD systems, even though they may provide new and
more actual insights to explore the relationships between
shifts of microbial communities and system functions.

In this study, using 16S rRNA and 16S rDNA ampli-
con sequencing technique, we investigated the changes
in microbial community properties under a temperature
gradient from 25 to 55 °C, and their relationships with
the performance of anaerobic digestion of swine manure
which is widely used as substrate in AD systems. Particu-
larly, we evaluated (i) the temperature-related shifts in
microbial community composition and diversity, poten-
tially relative activities of specific taxa in situ, whole
activities of microbial community, and (ii) the microbial
variables which are able to indicate the performance of
AD systems under temperature gradient.

Results and discussions

Digestion performance

After anaerobic digestion started, the days reaching the
first peak of daily CH, production (DCP) varied with tem-
perature (Fig. 1a). For the first peak, the DCP was high-
est at 50 °C (1.7 L L™ day '), while it was lowest at 25 °C
(0.35 L L™! day™!). Average CH, production (ACP) from
initial period to first peak, determined by both methane
content and biogas production, increased linearly with
temperature from 25 to 50 °C, but decreased at 55 °C.
The ACP reached up to 43.9 L kg~' VS (volatile solid)
day™! at 50 °C, followed by those at 45, 55 and 35 °C,
and it was only 4.5 L kg™! VS at 25 °C (Fig. 1b). After the
first peak, the DCP showed dynamic equilibrium until
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Fig. 1 Digestion performance at different temperatures. The displayed volume of the gas has been normalized at standard temperature (273 K)
and pressure (101325 Pa). a Daily CH, production during 27 days of anaerobic fermentation at different temperature. b Total biogas production

in 27 days (L kg™' VS) and average CH, production (L kg™'VS day™") from initial period to peak period; TBP total biogas production in 27 days, ACP
average CH, production from initial period to peak period. All the data are presented as means = standard deviations (n = 3)

the end of fermentation. Total biogas production (TBP)
within 27 days reached up to 555.6 L kg™! VS at 50 °C,
followed by 362.2 L kg™* VS at 45 °C (Fig. 1b). Besides
the DCP, the ACP and TBP also showed that the high-
est degradation efficiency of substrates for methane or
biogas occurred at 50 °C. In addition, CH, content in
the biogas increased when temperature elevated from 25
to 45 °C, and was stable at higher temperatures, around
60 % in stable period (Additional file 1: Fig. S1). However,
H, content in biogas was low (0.1-0.8 %) during whole
fermentation process. Because the DCP, TBP and ACP
showed similar changing patterns with temperature, the
DCP was selected as an indicator of AD performance.
The detected volatile fatty acids (VFAs) mainly con-
tained acetic acid, propionic acid and butyric acid
(Additional file 2: Table S3). Acetic acid concentration
reduced with the digestion process, and maintained at
2—4 mM during stable period at all temperatures. Gener-
ally, standing acetic acid level from initial period to the
first peak period was lowest at 50 °C, followed by that
at 55 °C, and highest at 25 °C. The dynamic changes of
butyric acid and propionic acid showed similar patterns
with that of acetic acid when temperature was from 35
to 55 °C. However, at 25 °C, butyric acid and propionic
acid accumulated up to 37 and 22 mM, respectively. The
dynamics of VFAs generally showed that the conversion
rates of VFAs were highest at 50 °C, and lowest at 25 °C.
The VFAs concentrations showed negative correlations
with DCP (Additional file 2: Table S4), indicating that
the conversion rates of VFAs were important to methane

production. Overall, at all temperatures except for 25 °C,
there were no excessive accumulations of VFAs, thus, the
microbial activities were unlikely inhibited.

The pH value was 7.0 at beginning and increased
gradually until stable period (7.4-7.8) at different tem-
peratures. The pH might be not important in shifting
microbial community. The concentrations of NH,"-N
increased throughout the process at each temperature
(Additional file 2: Table S3). Overall, the concentra-
tions of NH,"-N increased with temperature from 25 °C
(18 mM) to 55 °C (43 mM). The increases of pH and the
concentrations of NH,"-N throughout the process were
probably due to the VFAs decrease and more free ammo-
nia release with anaerobic digestion of swine manure.

Overall changes of microbial community structure

Rarefaction curves for all the samples were close to
plateau (Additional file 1: Fig. S2), indicating that the
diversities of microbial communities were well cap-
tured. Principal coordinates analysis (PCoA) and PER-
MANOVA tests showed significant variations (p < 0.001)
of microbial communities at different temperatures
based on both 16S rDNA and 16S rRNA methods regard-
less of sampling periods (Fig. 2; Additional file 2: Table
S5). Although high variations occurred within triplicate
samples, the samples from each specific temperature
usually formed a cluster, especially at high temperatures
(45-55 °C), implicating that temperature was important
to drive the shifts of microbial community. In addition, in
consideration of the values of R* and p in PERMANOVA
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Fig. 2 The principal coordinates analysis (PCoA) based on microbial community structure at different temperatures.“/’,“P’,“S" stand for initial, peak
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tests in temperature and in digestion period, respectively,
it further supported that compared to digestion period,
temperature played more crucial role in shifting the
abundance and activities of microbial community.

The variations of microbial communities expressed by
Bray-Curtis distance based on both 16S rDNA and 16S
rRNA datasets showed positive correlations with the var-
iations of DCP and VFAs, respectively (n = 450, p < 0.01)
(Additional file 1: Fig. S3), indicating that the variations
of abundance and activities of microbial communities
corresponded to the variations of system performances.
Hence, the beta-diversity of a microbial community
could predict the functional differences.

Changes of microbial taxa

We assessed the abundance changes of microbial com-
munities along temperature gradient based on 16S rDNA
in peak and stable periods at different taxonomic ranks
(Tables 1, 2). In the stable period, the phylum Firmi-
cutes was dominant at all temperatures except for 35 °C.
Among phylum Firmicutes, the genus Clostridium was
abundant at 45 and 50 °C, and Syntrophomonas was
abundant at 35 and 50 °C, and the relative abundances
of genus Pelotomaculum were very low (0.01-0.07 %) at
all temperature. The phylum Bacteroidetes was abundant
at 25 to 45 °C. In the phylum Bacteroidetes, the genus
Ruminofilibacter was more abundant at 35-50 °C, show-
ing positive correlation with DCP. The genera Prevotella
and Bacteroides were most abundant at 25 °C, showing
negative correlations with DCP and temperature, respec-
tively. The OTU84 (Ruminofilibacter xylanolyticum) as
an only operational taxonomic unit (OTU) with average
relative abundance >1 % under temperature gradient,
was abundant at 45 and 50 °C and positively correlated
with DCP (p < 0.05). The high abundance of OTU84 was

probably related to the substrate and its wide growth
temperature range. The relative abundances of Euryar-
chaeota were high at elevated temperature (from 45 to
55 °C). Among methanogens, genus Methanosarcina
was abundant at 25, 45 and 50 °C. The relative abun-
dances of Methanobacterium and Methanoculleus were
high at elevated temperature from 50 to 55 °C. The rela-
tive abundances of Thermotogae (candidate genus S1
as main genus) were highest at 55 °C. The phyla WWEI1
(candidate genus W22 as main genus) and Synergistetes
(Aminobacterium as main genus) were abundant at 35
and 45 °C.

In the peak period, overall, the changing trends of these
core taxa were similar with those in the stable period.
However, the difference occurred in phylum Firmicutes
which was most abundant at 50 °C, followed by that at
45 °C. The relative abundance of Firmicutes showed
positive correlation with both temperature and DCP
(p < 0.01). Lactobacillus was most abundant at 50 °C, fol-
lowed by 45 °C. The relative abundances of Methanosar-
cina were higher when temperature was above 45 °C, and
positively correlated with temperature, DCP and NH,"-
N. This was probably attributed to the wide adaptation of
Methanosarcina to high temperature and NH,"-N con-
centrations [20]. In addition, Methanosarcina negatively
correlated with acetic acid, mainly due to its possessing
acetoclastic methanogenesis pathway [20].

In both peak and stable periods, the relative abundance
of Firmicutes showed negative correlation with that of
Bacteroidetes along temperature gradient (p < 0.01),
indicating that many microbes in phylum Firmicutes
may have competition relationship with those in phylum
Bacteroidetes. This potential competition relationship
between them probably resulted from the partial overlap
of their ecological niches in AD systems [9]. In addition,
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the relative abundance of the phylum Firmicutes posi-
tively correlated with that of Euryarchaeota (p < 0.01),
indicating the possible cooperation between them.

Changes of potential microbial activities in situ

The whole activities of microbial community were mainly
assessed by the similarities [18] (based on Bray-Curtis
distance) between microbial communities based on 16S
rDNA and 16S rRNA datasets, respectively. The whole
activities of microbial community were maximum at
45 °C, followed by that at 50 °C in both peak and stable
periods, and they positively correlated with tempera-
ture and DCP (p < 0.01) (Fig. 3). The regression analysis
between similarities and DCP showed a linear correla-
tion (p < 0.01) (Additional file 1: Fig. S4), which indicated
that whole activities of microbial community contributed
much to DCP. In addition, based on the occurrence fre-
quency of each OTU, in both stable (Additional file 1:
Fig. S5) and peak periods (Additional file 1: Fig. S6) along
the temperature gradient, the activities (16S rRNA fre-
quencies) roughly corresponded to their abundances
(16S rDNA frequencies). This agreed well with the previ-
ous report [19]. The relationships between activities and
abundances were stronger at elevated temperature from
45 to 50 °C due to higher values of slope and R?. This fur-
ther supported that higher whole activities of microbial
community occurred at elevated temperatures especially
at 45 and 50 °C.

The whole activities of functional and dominant phyla,
such as Firmicutes, Bacteroidetes and Euryarchaeota,
were further analyzed in detail. Overall, the whole activi-
ties of Firmicutes, Bacteroidetes and Euryarchaeota

0.7

—@— Initial period
—ll— Peak period
0.6 | —&— Stable period

0.5

0.4

0.3

0.2

Whole activities of microbial community

T T
45°C 50°C 55°C

Temperature
Fig. 3 The whole activities of microbial communities at different
temperatures. The whole activities in both peak and stable periods
positively correlated with temperature and DCP (p < 0.01). All the
data are presented as means = standard deviations (n = 3)

T T
25°C 35°C
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showed significant and positive correlation with DCP,
respectively (Additional file 2: Table S7), and increased
with temperature from 25 to 50 °C and decreased at
55 °C. The whole activities decreased at 55 °C, probably
because high concentrations of NH,*-N or other factors
inhibited microbial activities [21, 22]. Similar increase of
the whole activities of main phyla indicated that all the
core functional pathways were strengthened. Hence, the
AD system might be prevented from collapse by elimi-
nating the accumulation of inhibitory intermediates
induced by inharmoniousness in metabolic activities
and pathways. Consequently, one of mechanisms of tem-
perature effects on AD performance was probably real-
ized through regulating the whole activities of microbial
community.

Potentially relative activity was assessed by the ratio of
16S rRNA to rDNA for a specific taxon [15, 17, 19], which
was calculated by (rRNA/[rDNA + 1]) [23]. In the stable
period (Table 3), the OTU84 was active at 25 °C. The
potentially relative activity of genus Clostridium showed
positive correlation with temperature, but it was lower
<1.0 at all temperature (25-55 °C). The genus Lactobacil-
lus was more active at 55 °C, and the potentially relative
activities at all temperatures (25-55 °C) were above 1.0.
The potentially relative activity of genus Syntrophomonas
was low, and it showed positive correlations with VFAs.
The genus Pelotomaculum was most active at 50 °C with
potentially relative activity of 4.2, which positively cor-
related with DCP. The genus Ruminofilibacter was more
active at 55 °C. The genus S1 was active at 25 and 35 °C.
Aminobacterium was active at all temperatures except for
45 °C. Among methanogens, Methanosarcina was most
active at all temperatures (25-55 °C), and more active at
50 and 55 °C. The two other methanogens Methanobre-
vibacter and Methanobacterium had low potentially rela-
tive activities. Methanoculleus was very active under all
temperatures.

However, there were some differences in between peak
period and stable period. For example, in peak period
(Table 4), the OTU84 was more active at 45 and 50 °C,
and their potentially relative activities positively corre-
lated with DCP. The genus S1 was more active at 45 and
50 °C, with positive correlation with DCP. Although the
relative abundances of genus Aminobacterium were low
in 16S rDNA datasets, their potentially relative activities
were high at 50 °C.

Predicted functional profiles of microbial communities

The functional profiles of microbial communities in peak
and stable periods were predicted by PICRUSt (Addi-
tional file 1: Fig. S7). Overall, the predicted methanogenic
metabolism (mainly referred to methanogenesis in AD
systems) increased with temperature from 25 to 50 °C,
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and positively correlated with DCP (Additional file 2:
Table S4). Predicted methanogenic activities based on
16S rRNA datasets were higher (p < 0.005) than those
based on 16S rDNA datasets, which indicated more
sensitivity of RNA molecule compared to DNA for pre-
dicting system function. NSTI value was 0.13 + 0.01,
indicating a good prediction for methanogenic metabo-
lism [24].

Microbial community influence fermentation performance
Gradual changes in temperature may have little effect
on microbial community until a threshold is reached at
which a large shift occurs [25]. In this study, each tem-
perature resulted in a defined microbial community pat-
tern, implicating that temperature changes by 5 °C could
dramatically shift a microbial community in AD sys-
tems. The shifts of specific taxa under temperature gra-
dient reflect their adaptations to different niches in AD
process. Meanwhile, the shifts of microbial community
also implicate that the relative contributions of different
populations to the AD process change with tempera-
ture, which finally results in different efficiency in system
functions.

Overall, Firmicutes, including main genera such as
Lactobacillus, Clostridium, Sedimentibacter and Tepi-
dimicrobium, were abundant at elevated temperature
especially at 50 °C, which could accelerate hydrolytic
activity for lipids, proteins and polymeric carbohydrates
[4, 26, 27]. The phylum Bacteroidetes including cellu-
lose-degrading communities were abundant at 25-45 °C,
which agreed well with previous report that Bacteroi-
detes are major bacterial components in mesophilic
biogas digesters [9]. However, some taxa (genus Rumino-
filibacter and OTU84 Ruminofilibacter xylanolyticum)
with the capability to degrade xylan [28, 29] showed dif-
ferent temperature-related patterns. They were signifi-
cantly more abundant at 35-50 °C than those at 25 and
55 °C (p < 0.05). The phylum Euryarchaeota was more
abundant at elevated temperature. Overall, both relative
abundances and activities of Methanosarcina were high
at elevated temperatures, implicating its increased con-
tribution to methanogenesis at high temperature. Con-
sequently, better fermentation performance especially
for methane production at elevated temperatures was
likely induced by higher methanogenesis and hydroly-
sis supported by discrepancy in abundances and activi-
ties of taxa discussed above and by PICRUSt prediction.
However, they were not able to clarify the differences
of performance between 50 and 55 °C. Given that most
methanogens showed no significant difference in whole
activities and abundances at between 50 and 55 °C, it was
reasonably speculated that the discrepancy of perfor-
mance was mainly caused by the hydrolysis steps. This
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was supported by the significant differences of the abun-
dances and whole activities in dominant phylum Firmi-
cutes and Bacteroidetes between 50 and 55 °C.

The diversity of microbial community

To further explore the microbial community structure,
the alpha-diversity indices including Chaol richness,
Shannon’s diversity index and evenness expressed by Gini
coefficient (with the low value meaning high evenness)
were assessed in peak and stable period samples based
on 16S rDNA datasets. Overall, these alpha-diversity
indices increased with temperature from 25 to 50 °C, and
decreased at 55 °C (Fig. 4). These alpha-diversity indices
showed significant and positive correlations with DCP
(n =30, p < 0.01) (Additional file 1: Fig. S8).

The diversities of potentially relative activities of micro-
bial populations obviously varied along the temperature
gradient. The samples in each specific temperature usu-
ally formed a cluster (Additional file 1: Fig. S9) regard-
less of digestion period, implicating that temperature
was key to drive the shifts of potentially relative activi-
ties of microbial populations. PERMANOVA tests fur-
ther showed that the significant differences (p < 0.01) in
potentially relative activities were detected at different
temperatures, especially between those at 45 and 55 °C
and those at 25 and 35 °C, which was similar with the
variation in whole activities of microbial community. The
alpha-diversity indices (Shannon’s diversity index, Chaol
richness and evenness) of potentially relative activities of
microbial populations were assessed under temperature
gradient combining both peak and stable period samples
(Fig. 4). Results indicated that all indices showed linear
correlations with DCP (p < 0.01) (Additional file 1: Fig.
$10), which actually showed the similar correlation pat-
terns as that between alpha-diversity of microbial com-
munity and DCP. The alpha-diversity of potentially
relative activities of microbial populations increased with
temperature from 25 to 50 °C, indicating more diverse
and active metabolic pathways existing at elevated tem-
peratures from 45 to 50 °C.

The diversity of microbial community influence the
fermentation performance

Increased hydrolysis rates with temperature are likely
supported by higher microbial diversity and activity
within a temperature range, so that an efficient perfor-
mance could be maintained. However, when temperature
is higher than a certain threshold, increased hydrolysis
rates may cause high level NH,"-N, molecular hydrogen
accumulation and other toxic compounds, which finally
reduce microbial diversity and system stability. The tem-
perature threshold for optimal performance of an AD
system might be determined by the compounded effects
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of temperature-dependent shifts in microbial community
structure, diversity and activity, reaction rate and inhi-
bition factors. In AD systems with multiple syntrophic
metabolism network [30], increased diversity with tem-
perature might provide more functional redundancy with
access to the total functional diversity and environmental
specificity available in the community, thus enhancing
the performance of biogas digesters [31, 32]. The high
diversity provides community with more diverse meta-
bolic pathways [32, 33]. In a community with high diver-
sity, it maintains a dynamic balance on the production
and consumption of metabolites along the trophic chain
[34]. Thermodynamic difficulties might be conquered by
multiple syntrophic metabolisms. Stability of an ecosys-
tem is also crucial to maintain its function [35, 36]. It has
indicated that parallel processing of substrate correlates
with greater functional stability when methanogenic bio-
reactor communities are perturbed by glucose [32]. This
study further showed that both the alpha-diversities of
microbial communities and potentially relative activities
were consistently and linearly correlated with DCP. The
high alpha-diversity of microbial communities presents
more potential redundancy of fermentative populations,
and improves the stability of the AD system, such as a

high resistance to disturbance caused by the loss of some
functional populations. High alpha-diversity of poten-
tially relative activities reflects more potential redun-
dancy of metabolic activities and pathways, and increase
in this diversity will enhance the metabolic efficiency.
Both diversity indices reflect the functional redundancy.
High functional redundancy is crucial for the stable and
efficient performance in an AD system. Both diversity
indices were higher at 50 °C than that at 55 °C, further
explaining the discrepancy of performance between 50
and 55 °C. Consequently, high alpha-diversities regulated
by temperature improved the methane production in the
AD system.

Contribution of temperature effects to AD performance

Pearson’s correlation test showed that temperature cor-
related positively with DCP (p < 0.01) (Additional file 2:
Table S4). However, direct and indirect contributions of
temperature to DCP should be further explored and sum-
marized. Partial Least Squares Path Modeling (PLS-PM)
[37, 38] is a comprehensive model for analyzing multiple
relationships between blocks of variables. PLS-PM was
conducted to further detect how temperature affected the
DCP using alpha-diversity (Chaol index, Shannon index
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and evenness), whole activities, abundances and poten-
tially relative activities of microbial communities, with
data from both peak and stable periods. In the first level,
the effect values from temperature on the alpha-diver-
sity, whole activities, abundances and potentially relative
activities of microbial communities, and DCP were 0.83,
0.74, —0.8, —0.91 and 0.11, respectively (Fig. 5), which
reflected direct effects of temperature on above variables.
In the second level, the alpha-diversity, whole activities,
abundances and potentially relative activities of microbial
communities directly affected DCP with effect values of
0.55, 0.38, 0.15 and 0.03, respectively. The total effects
(including direct and indirect effect) on DCP from tem-
perature was 0.70 with more indirect effects (0.59) than
direct effects (0.11) (Additional file 2: Table S8). Among
the indirect effects, 0.45, 0.29, —0.12 and —0.03 were
from the alpha-diversity, whole activities, abundances
and potentially relative activities of microbial communi-
ties, respectively. This further indicated that temperature
affected the DCP mainly through regulating the alpha-
diversity and whole activities of microbial communities.
Partial mantel tests were conducted to further verify the
above results (Additional file 2: Table S9), showing that
whole activities and alpha-diversity of microbial commu-
nity contributed much to the variation of DCP.

Conclusions

This study revealed how microbial community (composi-
tion, structure, activity) responded to temperatures, and
the microbial mechanisms of temperature regulation on
AD performance. For the anaerobic digestion of swine
manure, 50 °C was likely a threshold below which meth-
ane production rates increased linearly with temperature.

[ Temperature ]

~0
e
N

Microbial community Potentially relative
(R?*=0.65) activities

[
‘2 A
Alpha-diversity D Whole activities

(R*=0.60) (R*=0.55)
Iy &

DCP (R?>=0.87)

Fig.5 Partial Least Squares Path Modeling analysis of the effects of
temperature on DCP. The values on the line mean the direct effects
to the variables pointed by arrow. The GoF value is 0.68 in this model,
roughly indicating that prediction power of the model is 68 %
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The variations of potentially relative activities of spe-
cific populations and those of whole activities of micro-
bial community under temperature gradient were firstly
revealed, which provided a new insight to assess the roles
of specific microorganisms, and crucially uncovered the
importance of whole activities of microbial community
for fermentation performance. Besides, increased alpha-
diversity of both microbial communities and potentially
relative activities supplied more functional pathways
and activities for metabolism network in AD systems.
Consequently, the whole activities and alpha-diversity of
microbial community could be robust indicators for fer-
mentation performance especially for methane produc-
tion in AD systems.

Methods

Setup of biogas digestion system

The anaerobic digestion experiment was set up in a 2 L
anaerobic flask containing 1.5 L digestion slurry with final
total solid (TS) content of 8 % (Additional file 2: Table S1).
The anaerobic flasks were designed to own two holes on
the upper and lower flask-wall. Feedstock and discharge
were through the two holes respectively by peristaltic
pump (Cat. NO. BT50s, Leadfluid, China). Four hundred
and fifty millilitre seed slurry (TS 8 %) was inoculated at
the start of digestion. Seed slurry was prepared by anaero-
bic digestion of swine manure (obtained from a pig farm
in Chengdu, Sichuan Province, China) under respective
experimental temperature, during which semi-continuous
mode with HRT of 30 days was set. It ensured that each
treatment group ran at least one time the HRT, and the
digestion performance maintained a dynamic equilibrium
with more than 60 % CH, in produced biogas. The anaer-
obic digestion experiments were set up at 25, 35, 45, 50
and 55 °C. Triplicate reactors were set up for each tem-
perature. After daily CH, production (DCP) reached its
first peak in a reactor, semi-continuous mode was made
that 150 mL digestion slurry was replaced with same vol-
ume of fresh swine manure slurry (TS 8 %) every 3 days
[Organic loading rate (ORL), 2 g VS L™! day™!; Hydraulic
retention time (HRT) 30 days] so that the fermentation
process could maintain a dynamic equilibrium (stable
period). Gyrated the flask with hand twice a day to mix
thoroughly the fermentation content in a flask. This feed-
ing pattern was determined based on pre-experimental
results. Details about parameters at the start of fermenta-
tion were shown in Additional file 2: Table S1.

Sampling and chemical analysis

The slurry samples were collected at day 1 (initial period,
24 h after inoculation, each sample 40 mL slurry, labeled
as 251, 351, 451, 501, 551 respectively), peak I (the time var-
ied based on temperature, labeled as 25P, 35P, 45P, 50P, 55P
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respectively), and stable period (48 h after second slurry
change, labeled as 25S, 35S, 45S, 50S, 55S respectively)
(details in Additional file 2: Table S2). First peak reflected
the full potential of biogas production, while stable period
represented the dynamic equilibrium during AD process.
Centrifugation at 13,400xg for 5 min was used to pellet
the slurry immediately for DNA and RNA extraction. The
filtered supernatant with a 0.22 um filter (Cat. NO. SLG-
P033RS; Millipore, USA) was used for chemical analysis.
The VFAs in the supernatant were detected by High Per-
formance Liquid Chromatography (HPLC, Agilent 1260),
equipped with a column Hi-Plex H (300 x 6.5 mm) and
a differential refraction detector. The H,SO, (0.005 M)
with a flow rate of 0.6 mL min~! was mobile phase; NH, -
N was quantified using Nessler’s reagent colorimetric
method [39]. The biogas production was measured by
water replacement method, and all the water replacement
equipment were set under same room temperature (about
22 °C) and air pressure (about 95.86 kpa) outside the tem-
perature-controlled incubators, which avoided the bias of
measured volume induced by different temperatures and
pressures. CH, and H, were measured by gas chromatog-
raphy system (Agilent 6890 system: Argon carrier gas at
30 mL min~!) which is equipped with a 2 m stainless steel
column packed with 143 Porapak Q (50/80 mesh). The
finally displayed volume of these gas had been normalized
at standard temperature (273 K) and pressure (101325 Pa)
based on the ideal gas law [40, 41]. TS, VS and COD were
measured as described previously [42].

DNA and RNA extraction and 16S rRNA gene amplicon
sequencing

The Ezup Column Soil DNA Purification Kit (Cat. No.
B518263; Sangon Biotech, China) was used for total
DNA extraction. The RNAprep pure Cell/Bacteria Kit
(Cat. No. DP430; TIANGEN, China) was used for total
RNA extraction. The reverse transcription kit (Cat.
No. PR6901; Thermo, USA) was used for complimen-
tary DNA (cDNA) synthesis. The 16S rRNA gene was
amplified from DNA and cDNA with universal primers
515F (5'-GTGCCAGCMGCCGCGGTAA-3') and 806R
(5'-GGACTACHVGGGTWTCTAAT-3') (for both bac-
teria and archaea). Two parallel 25 puL. PCR reactions
were conducted, and the PCR products were pooled
for purification by the method of electrophoresis. The
details in PCR procedure and sample preparation were
described before [43]. In total, 90 samples were prepared
for sequencing on the Illumina Miseq platform.

Miseq sequence data analysis

Amplicon sequence analysis was conducted by QIIME
Pipeline Version 1.7.0 (http://www.qiime.org/tutorials/
tutorial.html) [44]. All sequence reads were sorted with
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their unique barcodes. UCHIME algorithm was used
for the removal of chimera sequences [45]. A 97 % iden-
tity of cutoff was used to cluster sequences into OTUs.
Daisychopper.pl (http://www.festinalente.me/bioinf/
downloads/daisychopper.pl) was used to resample the
sequences to the same sequence depth (7710 reads per
sample) for downstream analysis. The phylogenetic affili-
ation of each sequence was analyzed by the Ribosomal
Database Project classifier [46].

Statistical analysis

The general changes of microbial community structure
with temperatures were assessed by principal coordinates
analysis (PCoA) and PERMANOVA which were per-
formed in R (http://www.r-project.org/) based on Bray-
Curtis distance. The SPSS 21 software (IBM USA) was
performed to evaluate the normality and homoscedas-
ticity of the data. The differences in relative abundances
of taxonomic units between samples at different tem-
peratures were tested by One-way-analysis of variance
(ANOVA) performed in SPSS 21 software. Pearson’s cor-
relation analysis and Partial Mantel Tests were performed
in R to assess the correlation between variables. Regres-
sion analysis was conducted using OriginPro 8.5 software
(OriginLab USA). A computational approach, phyloge-
netic investigation of communities by reconstruction of
unobserved states (PICRUSt) [24], was used to predict
functional profiles of microbial communities in the AD
system using both 16S rDNA and 16S rRNA datasets.
Partial Least Squares Path Modeling was performed in R
to assess direct and indirect effects of temperature on AD
performance. The GoF index measures the overall quality
at both the measurement and the structural models [37].

Additional files

Additional file 1. Additional figures.
Additional file 2. Additional tables.
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