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Abstract: Mesophilic and thermophilic anaerobic digestion reactors (MR and TR) for the organic
fraction of municipal solid waste (OFMSW) were tested to reveal the differential microbial responses
to increasing organic loading rate (OLR). MR exhibited faster adaptation and better performance at
an OLR range of 1.0–2.5 g VS·L−1·d−1, with average profiles of a biogas yield of 0.38 L/gVSadded*d
at 0.5 g/L*d OLR and 0.69 L/gVSadded*d at 2.5 g/L*d OLR, whereas TR had a biogas yield of
0.07 L/gVSadded*d at 0.5 g/L*d OLR and 0.44 L/gVSadded*d at 2.5 g/L*d OLR. The pyrosequencing
results of amplicons revealed the microbial mechanisms of OFMSW anaerobic digestion. Larger shifts
in the bacteria composition were observed in the TR with OLR elevation. For methanogens in both
reactors, Methanothrix dominated in the MR while Methanosarcina was favored in the TR. Moreover,
analysis of the mode and efficiency of metabolism between the MR and TR demonstrated different
performances with more efficiency related to the limiting hydrolytic acid step.

Keywords: anaerobic digestion; organic fraction of municipal solid waste; microbial mechanisms;
metabolism analysis

1. Introduction

The treatment and disposal of the organic fraction of municipal solid waste (OFMSW) represent
major challenges worldwide owing to growing production levels [1]. Anaerobic digestion (AD) is
an efficient and eco-friendly treatment to transform OFMSW into energy.

Mesophilic (30–40 ◦C) and thermophilic (50–60 ◦C) AD systems are the most commonly used
AD processes [2,3]. Several methods for increasing biogas production have been proposed, including
raw material pretreatment and optimizing the fermenting digester [4,5]. According to the Arrhenius
equation, chemical reaction rates could be doubled with a 10 ◦C temperature increase. Therefore,
thermophilic AD is a possible strategy to improve the process efficiency owing to a higher reaction
rates. Thermophilic AD shows several advantages such as higher loading rates of organic feedstock
and a smaller pathogen degree [6]. Nevertheless, mesophilic AD would have a lower volatile fatty
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acid (VFA) concentration (especially propionate) and could usually support a higher organic loading
rate (OLR) [7,8]. In general, OFMSW has a mutable complicated composition in the form of proteins,
lipids, carbohydrates, and cellulose [9]. However, it is more uncertain whether the AD of OFMSW
would lead to failure or low biogas production.

AD includes four major steps of microbial processes—hydrolysis, fermentation, acetogenesis,
and methanogenesis—which are completed collectively by syntrophic interactions of different
microorganisms [10]. Malfunctioning of the microbial population or activity at any one step can
affect the overall microbial community, resulting in AD inefficiency or failure [11]. One common
speculation for the lower efficiency of thermophilic AD at a high OLR is that higher VFA accumulation
results in an imbalance between acidogenesis and methanogenesis in the microbial community [12].

To better understand the microbiome in AD reactors, molecular methods have been applied
to replace traditional culture-dependent techniques [13]. With the development of next-generation
sequencing technologies such as 454 pyrosequencing, a much larger amount of data can now be
analyzed in a shorter period and has been successfully applied for examining the microbial community
in different conditions [14], including investigations of the microbial diversity in AD [15]. Indeed, there
is a great difference in the microbial community between mesophilic and thermophilic AD. For example,
Guo reported that the methanogens Methanosaeta dominated the archaeal community in a mesophilic
reactor (MR), while Methanothermobacter and Methanoculleus were favored in a thermophilic reactor
(TR) [16]. Although various sequencing data have been obtained, information on the microbial
community in AD is still very limited.

The aim of the study was to compare the dynamics and structure of the microbial communities
using high-throughput sequencing, to compare metabolism between two lab-scale temperature-state
ADs (MR and TR) that were operated at a gradually increasing OLR, and to determine their respective
performances. Due to the inoculum, thermophilic AD took a longer time to adapt.

2. Results and Discussion

2.1. Performance of the Reactors

Initially, the OLR of the MR was gradually elevated with a gradient of 0.5 gVS· L−1· d−1 from
an initial level of 0.5 gVS·L−1·d−1 over 7 days. The TR was acclimated with low concentrations of
OFMSW for 43 days at an OLR of 0.5 gVS·L−1·d−1. Subsequently, the OLR of the MR was increased
with a gradient of 0.5 gVS·L−1·d−1 every week over the next two weeks, and was increased by
0.5 gVS·L−1· d−1 every 25 days from Day 57 to Day 106.

Profiles of the biogas yield (SBY) of the added OLR, methane production and concentration,
intermediate alkalinity to partial alkalinity ratio (IA:PA), and pH of the two reactors are shown in
Figure 1. The two reactors showed different performances at the low OLR concentration, and the MR
exhibited a much better ability for biogas and methane production, implying that a normal atmospheric
temperature seed biomass allows for stronger adaptability of mesophilic AD. In the MR, the SBY
increased in the first 7 days, peaking at 0.54 L/gVSadded*d, decreased over the next 25 days, and
then showed an upward trend in the latter three stages. The SBY of the MR was 0.55 L/gVSadded*d
at 2 g/L*d OLR and was 0.69 L/gVSadded*d at 2.5 g/L*d OLR. In the TR, the SBY remained steady
in the first 43 days, increased to 0.26 L/gVSadded*d over the next week, and then showed an initial
decrease, followed by an upward trend in the last 50 days. The SBY of the TR was 0.16 L/gVSadded*d at
2 g/L*d OLR and was 0.44 L/gVSadded*d at 2.5 g/L*d OLR. Thus, in this experiment, the MR showed
greater biogas production, and had stronger adaptability and gas production efficiency than the TR for
each OLR tested.

The pH of the two digesters ranged from 7.0 to 7.5 and remained in a stable state, as the suggested
condition of anaerobic fermentation [17]. The IA:PA of alkalinity remained below 1 essentially the
whole time for both reactors, implying the stability of the reactors [18]. However, at Day 35 of the TR,
the IA:PA value was 1.16, suggesting that the microbial community showed preliminary adaptation to
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the production of organic acids. There was no accumulation of VFAs, as no VFAs could be detected.
In addition, the NH3–N concentration in both reactors was below 500 mg/L from start to finish,
indicating that the effect of ammonia on the methane yield was negligible in both reactors [19,20].
Therefore, there were minimal inhibition effects in both reactors throughout the operation.

Figure 1. Evolution of biogas/methane yield (A,B), methane production and percentage (C,D), pH,
and intermediate alkalinity to partial alkalinity (IA:PA) ratio (E,F) in both reactors.

2.2. Bacterial Communities Revealed by Pyrosequencing

Comparison of the sequencing data with the database and taxonomic analysis at the species
level were carried out using a high-throughput pyrosequencing technique to investigate the microbial
community structures and dynamics. The samples were collected at Days 0 (inoculum), 42, 81, and 106
from the MR and TR. Table 1 shows the sequence number (Seq num) and the alpha diversity estimators
of three indices (Shannon, ACE, Chao1) for each sample. The Shannon index reflects the community
diversity, and the ACE and Chao 1 indices are used to estimate the total number of species. The higher
Shannon, ACE, and Chao 1 index values of the MR mutually implied the higher diversity of the
bacterial community in this reactor. Nevertheless, Sample T42 had higher values of the diversity
estimators than the inoculum, implying adaptation and an intense change of the bacterial community
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in the TR. For the TR, the values of the diversity estimators increased throughout most of the operation,
and a subsequent decline in diversity indicated that the dominant bacterial community had a greater
advantage in the end (Table 2). For the archaeal community, the diversity showed a different trend
between the MR and TR, in which the diversity of the archaeal community increased from Day 0 to
Day 106, indicating that more archaea were involved in the process of methane production than in
the inoculum. The TR showed the highest diversity of the archaeal community at Day 42, and then
decreased in the latter days. At Day 106, the TR had the lowest diversity of the archaeal community,
implying that fewer archaea were involved in the process of methane production than in the MR.
Overall, the MR and TR showed decreasing trends in the diversity of the bacterial community during
the running time; the diversity of the archaeal community increased in the MR and decreased in the
TR. The diversity of the MR was greater than that of the TR for both bacteria and archaea.

Table 1. Diversity indices of bacterial 16S rRNA gene libraries obtained from pyrosequencing. All values
were calculated at the 0.03 distance limit.

Sample ID Seq num Shannon ACE Chao1

Inoculum 36,968 4.83 2085.72 2003.94
M42 50,721 4.35 1993.82 1993.82
M81 34,881 3.94 1482.31 1196.27
M106 43,495 3.87 1333.54 1290.58
T42 48,268 4.84 2107.76 2010.29
T81 24,640 3.53 819.58 740.92
T106 39,521 3.28 812.26 754.70

Table 2. Diversity indices of archaeal 16S rRNA gene libraries obtained from pyrosequencing. All values
were calculated at the 0.03 distance limit.

Sample ID Seq num Shannon ACE Chao1

Inoculum 37,349 1.81 400.96 358.27
M42 35,726 1.91 479.86 395.59
M81 38,486 2.14 597.13 458.31
M106 38,703 2.33 622.17 497.01
T42 38,494 2.64 608.64 552.93
T81 38,095 2.12 476.57 330.21
T106 39,425 1.13 175.41 158

The phylum-level distribution of sequences is shown in Figure 2. For the bacteria, seven phyla
existed in both digests with a relative abundance higher than 1%. Chloroflexi was the major phylum at
the early stage for both digests. Bacteroidetes was the dominant phylum in the MR while Thermotogae
was dominant in the TR for almost the entire process. Firmicutes appeared in both reactors throughout
the whole period and its relative abundance was much higher in the TR than in the MR. Synergistetes
and Proteobacteria existed throughout the operation period, indicating that these phyla might play
important roles in both reactors even though their proportions were relatively low.

Moreover, the phyla distributions in the two digesters showed different patterns of change during
the operation time. In the MR, the relative abundance of Chloroflexi decreased gradually after an initial
increase. The proportion of the phylum Bacteroidetes increased obviously to 49.49% while those of
Synergistete and Proteobacteria decreased to 7.11% and 2.47%, respectively. Firmicutes remained steady
from Day 0 to Day 106. Cloacimonetes appeared at every stage in the MR, but only appeared initially in
the TR. In the TR, the proportions of both Chloroflexi and Bacteroidetes showed a distinct downward
trend and reached a very low level (0.25% and 3.41%, respectively) at Day 106. Firmicutes increased
significantly and was the most abundant phylum (42.36%) at Day 106. Figure 2 shows that Thermotogae
remained stable at the first and last stages (from Day 0 to Day 42 and from Day 81 to Day 106)
but increased by up to 32.43% from Day 42 to 81, whereas the abundance of Proteobacteria declined
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slightly. After 106 days of operation, the two ADs showed a big difference in bacterial communities
with Bacteroidetes dominant in the MR while Thermotogae and Firmicutes were dominant in the TR.
Analysis of sequencing data provides a better approach to explaining the bacterial communities at the
subdivision level. Hence, the relative abundance at the genus level was computed in every sample.
In total, 39 genera were detected with a proportion higher than 0.1% in at least one sample screened as
the abundant genera. The distributions at the genus level of each sample are shown in Figure 3.

Figure 2. Taxonomic compositions of bacterial communities at the phylum level in each sample
retrieved from pyrosequencing. The number in the sample names represents the day when sampling
occurred. T: thermophilic reactor; M: mesophilic reactor.

As mentioned above, Chloroflexi was present in large proportions and then decreased in both
reactors. The distributions also showed a downward trend in this phylum at the genus level. The major
genus classified to the phylum Chloroflexi was Levilinea, which represented the greatest proportion in the
inoculum as well as in samples M42, M81, T42, and then decreased dramatically from 19.27% to 8.87%
in the MR and from 18.15% to 0 in the TR during operation. Levilinea can convert several carbohydrates
to acetate and hydrogen under conditions of a high sodium concentration [21]. The genera Longilinea
and Ornatilinea also decreased in both reactors, which might indicate their potential ability for organic
matter degradation under hydrolysis acidification conditions [22].

For the MR, the genera in the dominant phylum Bacteroidetes showed obvious changes over the
operation time. Lutaonella decreased initially and then increased significantly to 19.59% in M106,
as this genus can use many organic acids and amino acids [23]. Mariniphaga and Sunxiuqinia showed
an obvious decline in abundance. The former takes advantage of lipids and the latter ferments sugars
with many kinds of acids as major fermentation products [24,25].

In the TR, the major genus assigned to the dominant phylum Thermotogae was Fervidobacterium,
reaching very high levels of 35.63% at Day 81 and 38.07% at Day 106, which suggested its activities in
acetate oxidation [26]. The relative abundance of Clostridium_III classified to the phylum Firmicutes
also increased dramatically to 22.89% at Day 106; Clostridium_III converts complex macromolecules
into alcohols, hydrogen, carbon dioxide, and volatile fatty acids [27].
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Figure 3. Taxonomic compositions of bacterial communities at the genus level for the sequences
retrieved from each sample. Grey, inoculum; red, mesophilic reactor (MR); purple, thermophilic reactor
(TR) (higher relative abundances are shown in deeper colors).
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2.3. Dynamics of Methanogen Communities

The archaeal community dynamics were also revealed by high-throughput pyrosequencing
targeting 16S rRNA gene segments. The patterns of relative abundance at the genus level of archaea
are shown in Figure 4. Overall, methanogens had lower diversity than the bacterial community partly
because of the intrinsically low phylogenetic diversity of methanogens.

Figure 4. Taxonomic compositions of methanogens at the genus level in each sample retrieved from
pyrosequencing. The sample names are the same as those described in Figure 2.

Methanothrix was the most abundant methanogen in the MR throughout the operation and
at Day 42 of the TR, and is considered to be the main methanogen involved in anaerobic
fermentation [28]. Moreover, Methanothrix accounted for the majority of the sequence reads in
the MR, while Methanosarcina was most abundant for the TR at Day 81 and Day 106 at the genus
level, which is commonly observed in thermophilic digesters. Methanothermobacter ranked second in
relative abundance in the TR at Days 81 and 106, which also implied a relation to hydrogenotrophic
methanogens. In general, hydrogenotrophic methanogen species are more commonly detected in
thermophilic digesters [28].

The genus Methanothrix was dominant in the MR throughout the running time with a relative
abundance of 66.89% at Day 42, 58.94% at Day 81, and 47.39% at Day 106, representing an acetoclastic
microorganism [29]. Comparatively, Methanothrix was only the most abundant genus (52.05%) in the
TR at Day 42, and then Methanosarcina became the most abundant of the TR methanogens at 38.37%
by Day 81 and at 57.07% by Day 106; Methanosarcina can produce methane by using H2/CO2, acetate,
and methanol [30]. Methanothermobacter also played an important role in the TR, accounting for 10.62%
at Day 81 and 34.86% at Day 106, indicating important effects of hydrogenotrophic methanogens [30].
Remarkably, Methanoculleus had a relative abundance of 20.20% with an ability for hydrogenotrophic
activity [31]. In consideration of the rapid change in the OLR from Day 42 to Day 81, the microbial
community might also go through a dramatic change in the TR. Overall, acetoclastic methanogens
were dominant in the MR, while hydrogenotrophic methanogens were dominant in the TR, implying
hydrogenotrophic and acetoclastic metabolism processes as the main pathways to methane production
in the TR and MR, respectively.

2.4. Linkage between Metabolism and Reactor Performances

To further understand the impact of OLR and temperature on microbial communities, analysis of
metabolic pathways was conducted. Based on the results of the two-level classification of the PICRUSt
function, the differences of sample or intergroup abundance were compared, and the function of the
significant differences between the samples or the abundance of the group was evaluated. Bacteria
metabolism was compared between samples M106 and T106 to reveal the effect of the operation
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condition in both reactors. For bacteria, all of the metabolic functions are shown in Figure 5. Compared
with that of the TR, the metabolism of the MR showed more active trends in amino acid metabolism,
lipid metabolism, metabolism of cofactors and vitamins, carbohydrate metabolism, and energy
metabolism, which contributed to the acid production step in anaerobic fermentation. Due to the
complex substrate of the OFMSW and no accumulation of VFAs, the rate-limiting step was considered
to be hydrolytic acid production. Amino acid metabolism, lipid metabolism, and carbohydrate
metabolism refer to the degradation of amino acids, lipids, and carbohydrates, respectively. To a certain
extent, the problem of a slow acid production rate has been solved because of the improvement of these
metabolic pathways in the MR. By contrast, in the TR, cell motility, translation, and membrane transport
were more active than in the MR, showing greater potential to adapt to environmental changes.

Figure 5. Different proportions of bacteria metabolic function at 95% confidence intervals between the
MR and TR at Day 106.

For archaea, energy metabolism is considered as the primary methane production process
in anaerobic fermentation [32]. The sequence patterns for metabolism are shown in Figure 6,
demonstrating a proportion in the TR of 11.12%, which is much greater than the 8.39% in the MR. Thus,
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the TR might have more potential for methane production in the presence of a more acidic substrate in
AD. Meanwhile, amino acid metabolism and lipid metabolism in the MR were more active than in the
TR, which might be the main cause of the difference in AD performance.

Figure 6. Different proportions of archaeal metabolic function at 95% confidence intervals between the
MR and TR at Day 106.

3. Materials and Methods

3.1. Anaerobic Digesters

Two identical 60 L cylindrical anaerobic reactors with 50 L working volume and a heating
apparatus were used to maintain internal temperatures at 55 ± 1 ◦C and 35 ± 1 ◦C for the TR and
MR, respectively. The inoculum was taken from a normal atmospheric-temperature AD used for
treating dairy farm wastewater (Kaiping, Guangzhou Province, China). Before feeding the reactors,
the inoculum was filtered through a 1 mm sieve and starved for one week. The seed biomass was
diluted with double-distilled water to 9.7± 0.7 gVS/L in reactors. The MSW was periodically obtained
from a waste yard (Shaoguan, Guangdong province, China). The inorganic portions of the MSW such
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as glass and plastics were removed manually. The selected MSW was subpackaged in several sealing
bags and stored at −18 ◦C after being ground and homogenized. The basic characteristics of the MSW
are shown in Table S1 of the Supplementary Materials. The hydraulic retention time was 20 days,
and the reactors were fed once a day. A stirrer was set at a speed of 60 rpm and ran constantly during
the discharging and feeding time; at other time, it operated for 3 min every 15 min. The biogas was
measured using a wet gas meter (Haide, Dalian, China).

3.2. Chemical Analysis

The total and volatile solid contents were measured by standard analytical methods for the
examination of water and wastewater [33]. The C, H, and N contents were measured using a Vario EL
element analyzer (VarioEL cube, Elementar, Langenselbold, Germany). The concentrations of NH3-N
and COD were analyzed using a commercially available kit (DR2800, Hach, Loveland, CO, USA).
The pH was measured using a pH meter (pHS-3C, Rex, Shanghai, China). The contents of formate
and VFAs—mainly acetate, propionate, and butyrate—were analyzed by high-performance liquid
chromatography (e2695, Waters, Boston, MA, USA) using a refractive index detector and HPX-87
column. The mobile phase was 0.005 N H2SO4 with a flow rate of 0.5 mL/min, and the temperature
of the column was 50 ◦C. Alkalinity was measured with 0.25 N H2SO4 to points of pH 5.7 and 4.3,
to obtain data on IA, PA, and total alkalinity using a Titroline 5000 titrator (Julabo, Seelbach, Germany).

3.3. DNA Extraction and Amplification

DNA extraction was performed with an E.Z.N.ATM Mag-Bind Soil DNA Kit (Omega Bio-tek, Inc.,
Norcross, GA, USA) according to the manufacturer’s specifications. The integrity of DNA
was detected by agarose gel electrophoresis (UVP, Upland, CA, USA) and the Qubit2.0 DNA
detection kit (Life Tech, Shanghai, China). Polymerase chain reaction (PCR) amplification
was performed on a PCR instrument (T100TM Thermal Cycler, BIO-RAD, Hercules, CA, USA).
The 16S rRNA genes were amplified by three rounds of PCR for archaea. The primers were 340F
(5′-CCCTAYGGGGYGCASCAG-3′) and 1000R (5′-GGCCATGCACYWCYTCTC-3′) in the first round,
and were 349F (5′-CCCTACACGACGCTCTTCCGATCTN(barcode)GYGCASCAGKCGMGAAW-3′)
and 806R (5′-GACTGGAGTTCCTTGGCACCCGAGAATTCCAGGACTACVSGGGTATCTAAT-3′)
in the second round. The genes were then PCR-amplified with Illumina nested primers in
the third round. For bacteria, there were two rounds of PCR amplification, using the primers
341F (5′-CCCTACACGACGCTCTTCCGATCTG(barcode)CCTACGGGNGGCWGCAG-3′) and 805R
(5′-GACTGGAGTTCCTTGGCACCCGAGAATTCCAGACTACHVGGGTATCTAATCC3′) in the first
round, and then Illumina nested primers in the second round.

3.4. High-Throughput Pyrosequencing Analysis

The PCR products were sequenced through Illumina Miseq™, and the raw data were then
transformed to sequenced reads through CASAVA Base Calling and deposited under accession number
SRP131631 in the NCBI SRA database. The raw sequences were wiped off the primer sequences using
cutadapt and clustered into operational taxonomic units using Usearch. A total of 295,925 and 282,765
effective 16S rRNA sequences were retrieved with average lengths of 452.91 bp and 417.18 bp for
bacteria and archaea, respectively. Richness and diversity estimators (Shannon, ACE, and Chao1
indices) were calculated using MOTHUR. The microbial community structures were classified by
blastn in Blast (coverage > 90%), and the comparison of metabolism was conducted using PICRUSt
and STAMP.

4. Conclusions

The results of the present study suggest that that mesophilic AD of OFMSW showed better
performance than thermophilic AD during both the adaptive phase and the OLR increasing phase.
Larger shifts in the bacterial community were observed in the TR along with OLR elevation.
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With respect to methanogens, Methanothrix dominated in the MR while Methanosarcina was favored
in the TR. Variations in the mode and efficiency of metabolism between the MR and TR resulted in
different performances with efficiency mainly related to the limiting hydrolytic acid step.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/4/952/s1.
Table S1: Basic characteristics of the food waste used in this study.
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