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Abstract: In this study, the links between performance and microbial communities were investigated
with municipal solid waste (MSW) at two feedstock ratios and eight organic loading rates (OLRs).
The co-digestion systems were stably operated at OLRs of 2.0–6.0 g VS/(L·d). The performance of
the co-digestion system varied with the feedstock ratio. Compared with the 50:50 (hybrid Pennise-
tum:MSW) system, the 75:50 system, GM31, obtained increases of 1.93–17.68% and 0.29–23.29% for
the specific biogas and methane yields, respectively. Whereas a shift in bacterial and methanogen
communities occurred as the operating conditions changed, particularly with OLR variations. The
genera Saccharofermentans, Prevotella, Clostridium, Syntrophomonas, and Proteiniphilum became the
dominant bacteria for the conversion of carbohydrates and nitrogen compounds as the OLR in-
creased. Meanwhile, a shift from acetoclastic to hydrogenotrophic or multifunctional methanogens
was observed.

Keywords: anaerobic digestion; municipal solid waste; Pennisetum hybrid; biogas yield; micro-
bial community

1. Introduction

Anaerobic digestion is a technology applied worldwide. Many kinds of waste, such
as manure and kitchen waste, have been used as renewable energy sources, but the limit-
ing factor of widespread application is supply. One of the most efficient and sustainable
feedstocks for producing bioenergy are perennial energy crops, which are a type of arti-
ficially cultivated biomass with an advantageous perennial nature and superior quality
and yield [1,2]. The potential of biogas yield for some energy crops has been studied and
specific methane yields (SMY) of 174–202 mL/g volatile solids (VS), 247–267 mL/g VS, and
191–309 mL/g VS have been reported for reed canarygrass, Miscanthus, and switchgrass,
respectively [3–5]. However, the mono-digestion systems of energy grass crops fail because
of mechanical breakdown and nutrient deficiency [6,7]. One method to overcome these
shortcomings is co-digestion [8]. An improvement in methane yield was observed for
Indian grass (Eleusine indica (L.)) co-digested with sewage sludge, as compared with the
mono-digestion of the Indian grass [9]. Further, subsequent life cycle assessments showed
that a greater potential for lower phosphorus eutrophication and reduced global warming
was achieved when using a co-digestion system of grass and manure, as compared with
the mono-digestion of dairy cow manure [10]. From the perspective of biogas yield and
environmental performance, co-digestion is an alternative strategy for stabilizing anaerobic
digestion and improving ecological efficiency.
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Municipal solid waste (MSW) is conventional biomass with a complex composition
and season/site-dependence [11,12]. However, it has great potential for producing renew-
able energy, such as biogas production via anaerobic digestion [13]. Specific biogas yields
(SBYs) of 158–553 mL/g VS have been reported for MSW [14]. Factors such as the mixture
ratio of different materials and pretreatment methods have been studied. A ratio of 2:1 was
found to be optimal for the co-digestion of MSW and rice straw with better biodegradability
and higher methane potential [15]. A maximum biogas yield of 558.5 mL/g VSadded was
obtained for the co-digestion system of rice straw, organic fraction of municipal solid waste
(OFMSW), and thickened waste-activated sludge at a ratio of 0.5:3:0.5 [16]. The OFMSW af-
ter extrusion press treatment achieved stable operation with optimum TS content of 15–20%
and 30 days of hydraulic retention time (HRT) [14]. Accelerating the bacteria contributing
to hydrolysis and acidification promoted the hydrolysis of OFMSW by co-digestion with
food waste [17]. However, further research is necessary to determine the optimal operating
performance and potential variation in microbial communities of co-digested MSW with
other materials in a semi-continuous mode.

Hybrid Pennisetum, perennial C4 grass, is considered to be an alternative perennial
energy crop [1]. The reported maximum biomass yield reached 88 metric ton/ha/year
for Pennisetum purpureum [18]. Its SMY ranges from 104–356 mL/g VS [19,20]. In our
previous study, a mono-digestion system feeding Pennisetum hybrid failed at an organic
loading rate (OLR) of 2.0 g VS/(L·d) [21]. In addition, the microbial communities during
the anaerobic digestion corresponded to the operation conditions, such as bioreactor type,
pretreatments technology, feeding ratios, and digestate recirculation [22–24] A shift of
dominant phylum from Firmicutes to Bacteroidetes occurred with the pretreated meth-
ods being changed from protease to carbohydrase-pretreated for anaerobic digestion of
microalgae [25]. Similarly, a change in the dominated methanogens from Methanosaeta
to Methanosarcina and Methanosphaera was observed in the co-digestion system of straw
and manure with operation conditions varying from well-run to inhibited conditions [26].
Therefore, the effect of the operating status on the performance of anaerobic digestion and
the link with microbial communities must be further studied.

Therefore, co-digestion is a feasible strategy for enhancing the performance of anaer-
obic digestion. MSW, an optimal feedstock for anaerobic digestion, might be a potential
mixture material for hybrid Pennisetum. Accordingly, in this study, a system of hybrid
Pennisetum co-digested with MSW was constructed to investigate the links between the
performance and microbial community of anaerobic digestion at different conditions in
a semi-continuous mode. As research related to the microbial community, particularly
for systems feeding the perennial energy grass or MSW, is scarce, this study analyzed the
microbial communities using high throughput sequencing.

2. Materials and Methods
2.1. Materials and Inocula

One mixture material was silage samples of a Pennisetum hybrid planted in Guangzhou,
China [27]. The other mixture material was MSW, which was collected from Heyuan dis-
trict, Guangdong Province, China. The MSW was manually sorted to remove impurities,
such as stones, plastics, glass, foam, and metal products. After sorting, the materials were
crushed and stored in a refrigerator. The characteristics of the materials are listed in Table 1.

The inoculum was collected from a laboratory-scale reactor; that reactor was fed with
microcrystalline cellulose and peptone, and operated at the temperature of 37 ± 1 ◦C. The
total solid (TS) and VS contents were 1.87 ± 0.03% and 1.10 ± 0.01%, respectively.
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Table 1. Characteristics of Pennisetum hybrid and MSW.

Material TS/% VS/% pH C/% N/% C/N

Pennisetum
hybrid

17.64 ± 0.68 16.55 ± 0.66 3.48 41.76 ± 0.25 0.975 ± 0.035 42.86 ± 1.81
15.87 ± 0.62 12.81 ± 0.45 - 39.59 ± 0.04 0.915 ± 0.021 43.28 ± 0.96
20.94 ± 0.84 18.17 ± 0.81 5.04 43.41 ± 0.54 0.695 ± 0.02 62.50 ± 2.68
19.05 ± 1.15 16.48 ± 1.18 4.88 40.51 ± 0.33 0.655 ± 0.021 61.88 ± 2.51

16.68 ± 0.49 13.61 ± 0.96 4.35 38.98 ± 0.57 0.735 ± 0.021 53.06 ± 2.31

MSW

29.42 ± 0.19 20.21 ± 0.06 - 35.97 ± 0.51 1.25 ± 0.28 29.57 ± 6.14
28.11 ± 1.03 20.55 ± 0.85 - 32.84 ± 1.17 1.46 ± 0.01 22.49 ± 1.02
32.62 ± 0.59 24.02 ± 0.22 - 35.27 ± 0.51 1.75 ± 0.04 20.16 ± 0.78
26.82 ± 0.03 19.51 ± 1.70 - 37.13 ± 1.03 0.92 ± 0.12 41.01 ± 6.52

“-” means no analysis.

2.2. Experimental Setup and Procedure

A continuously stirred tank reactor (2 L; Bioprocess Control AB, Sweden) was used
for the experiments. The operating temperature of the reactor was 37 ± 0.5 ◦C, and
the semi-continuous mode was used [21,28]. Previous studies showed that Pennisetum
hybrid co-digested with pig or cow manure increased the stable operational OLRs to
4.5–6.0 g VS/(L·d) [28,29]. On the basis of our previous studies, two hybrid Pennisetum:
MSW ratios were used: 50:50 (GM11) and 75:25 (GM31). Initially, inoculum (1.8 L) was
placed into each reactor. The operative OLR gradually increased from 2.0 to 7.0 g VS/(L·d)
for GM11 and GM31. The hydraulic retention time was 30, 29, 26, and 22 days for the
OLRs of 2.0–5.0, 5.5, 6.0, and 7.0 g VS/(L·d), respectively. During the experiment, the
operation time with OLRs of 2.0–6.0 g VS/(L·d) was 28–32 d according to the daily biogas
yield [30], whereas the reactors operated for 11–12 d at an OLR of 7.0 g VS/(L·d). The
entire experiment lasted for 257–258 days.

2.3. Analytical Methods

The methods employed for measuring the content of TS, VS, elemental C, elemental
N, pH, total ammonia nitrogen (TAN), volatile fatty acids (VFAs, including butyric acid
(Ba), propionic acid (Pa), and acetic acid (Aa)), alkalinity (intermediate alkalinity (IA),
partial alkalinity (PA), and total alkalinity (TA)), and CH4 were described in a previous
study [28,29].

2.4. Analytical Methods for Microbial Communities

Samples for determining the microorganism communities during co-digestion were
collected on days 13 (GM11-2 and GM31-2), 51 (GM11-2.5 and GM31-2.5), 83 (GM11-3.5
and GM31-3.5), 112 (GM11-4 and GM31-4), 144 (GM11-4.5 and GM31-4.5), 172 (GM11-5
and GM31-5), 198 (GM11-5.5 and GM31-5.5), and 235 (GM11-6 and GM31-6) at OLRs of
2.0, 2.5, 3.5, 4.0, 4.5, 5.0, 5.5, and 6.0 g VS/(L·d), respectively. DNA extraction, polymerase
chain reaction amplification, and phylogenetic analysis were performed as described
previously [29].

3. Results and Discussion
3.1. Performance, Process Parameters, and the Microbial Community of GM11
3.1.1. GM11 Performance

For the GM11 reactor, the system was steady at OLRs of 2.0–6.0 g VS/(L·d). The
specific biogas yields (SBY) ranges were 382.83 ± 66.43–515.73 ± 58.95 mL/g VS (Table 2,
Figure S1A,B). Correspondingly, the specific methane yields (SMY) ranges were
199.81 ± 33.00–279.53 ± 33.81 mL/g VS. The volumetric biogas yields (VBY) increased from
1.03 ± 0.12 m3/(m3·d) to 2.67 ± 0.24 m3/(m3·d) as the OLR increased (Table 2 and Figure
S1C). At an OLR of 7.0 g VS/(L·d), the system only operated for 12 days before crashing be-
cause of anaerobic foaming, with SBY and SMY of 403.94 ± 21.90 and 224.27 ± 12.16 mL/g
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VS, respectively. The anaerobic foaming is a key factor that leads to the instability or failure
of the anaerobic digestion process [31]. Similarly, anaerobic foaming was observed at the
OLR of 7.0 g VS/(L·d) for a co-digestion system of animal manure and rice straw [32].

Table 2. Anaerobic digestion performance of GM11 and GM31 at semi-continuous mode.

OLR
/VS·L−1·d−1

GM11 GM31

Volumetric
Biogas Yield
/m3·m−3·d−1

Specific Biogas
Yield

/mL·g VS−1

Specific
Methane Yield

/mL·g VS−1

Volumetric
Biogas Yield
/m3·m−3·d−1

Specific Biogas
Yield

/mL·g VS−1

Specific
Methane Yield

/mL·g VS−1

2.0 1.03 ± 0.12 512.60 ± 57.95 279.53 ± 33.81 1.08 ± 0.10 538.79 ± 49.43 290.67 ± 30.33
2.5 1.25 ± 0.14 515.73 ± 58.95 278.01 ± 33.02 1.44 ± 0.16 525.70 ± 70.81 272.18 ± 51.79
3.5 1.67 ± 0.15 471.78 ± 42.68 271.17 ± 28.29 1.69 ± 0.13 502.29 ± 44.98 262.75 ± 27.98
4.0 1.70 ± 0.15 424.62 ± 37.84 246.15 ± 23.12 1.76 ± 0.30 439.46 ± 75.19 233.48 ± 50.45
4.5 1.78 ± 0.12 395.21 ± 27.61 199.81 ± 33.00 1.84 ± 0.18 404.10 ± 38.93 236.23 ± 21.78
5.0 1.91 ± 0.33 382.83 ± 66.43 210.35 ± 41.77 2.25 ± 0.31 450.52 ± 61.48 259.35 ± 37.18
5.5 2.36 ± 0.22 428.90 ± 40.37 241.62 ± 33.87 2.48 ± 0.17 421.04 ± 30.04 238.66 ± 34.34
6.0 2.67 ± 0.24 445.43 ± 40.23 249.31 ± 22.75 2.55 ± 0.26 424.67 ± 44.01 250.04 ± 30.21
7.0 2.83 ± 0.15 403.94 ± 21.90 224.27 ± 12.16 2.71 ± 0.13 387.78 ± 18.74 241.89 ± 11.69

During the process, the average pH remained between 7.00 and 7.28 (Figure S2A). The
maximum concentrations of Aa (667.64 mg/L), Pa (280.28 mg/L), and Ba (252.22 mg/L)
were obtained at OLRs of 4.0–5.0 g VS/(L·d) (Figure 1A and Figure S2C). For different
systems, the TAN and VFA inhibition thresholds varied depending on the feedstock and
operating conditions. Previous studies have reported that TAN and VFA concentrations of
more than 4100 mg/L and 3500 mg/L, respectively, could result in the toxicity or inhibition
of anaerobic digestion [33,34]. For this co-digestion system, the highest VFAs and TAN
concentrations were 1154.14 and 390 mg/L, respectively (Figure 2A and Figure S2B), which
were lower than the reported inhibition thresholds. Some parameters, such as the IA/PA
and VFAs/TA ratios, are used as stable indicators. Regarding the IA/PA ratios, values less
than or equal to 0.3 suggested that the stability is preserved [35,36]. For a mesophilic reactor
treating sewage sludge, a stable performance occurred at an IA/PA ratio of 0.9 [37]. For the
VFAs/TA ratio, a system feeding food waste was stable at values of less than 0.4, instability
increased at values of 0.4–0.6, and the system destabilized and completely acidized at
values greater than 0.6 [38]. Slightly different critical VFAs/TA values were reported for the
operation manual of anaerobic sludge digestion, which was stable at a value of less than
0.4, experienced some instability from 0.4–0.8, and was significantly destabilized at values
greater than 0.8 [39]. Therefore, the stability threshold based on the process parameters
was related to many factors, including material and operating conditions. For this system,
the VFAs/TA ratio varied from 0.00 to 0.25, and the IA/PA ratios ranged from 0.17 to 0.52
(Figure S3A,B). Considering all the process parameters, including IA/PA, VFAs, TAN, and
VFAs/TA, the system was stable at OLRs of 2.0–6.0 g VS/(L·d).
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Figure 1. The pH, VFAs concentration, and the bacteria in genus level for GM11. (A) The values of pH and VFAs during 
the process. (B) The bacteria participated in the hydrolysis/acidogenesis phase. (C) The bacteria contributed to the accu-
mulation of VFAs. (D) The bacteria involved in converting Pa and Ba. 

Figure 1. The pH, VFAs concentration, and the bacteria in genus level for GM11. (A) The values of pH and VFAs during the
process. (B) The bacteria participated in the hydrolysis/acidogenesis phase. (C) The bacteria contributed to the accumulation
of VFAs. (D) The bacteria involved in converting Pa and Ba.
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GM11. (B) The bacteria contributed to the nitrogen conversion of GM11. (C) The NH3-N concentration of GM31. (D) The
bacteria contributed to the nitrogen conversion of GM31.
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3.1.2. Changes in Microbial Community during Digestion

For the GM11 bacteria, the relative abundance including the phylum Firmicutes,
Bacteroidetes, Proteobacteria, Chloroflexi, and Synergistetes reached 91.38–98.10% of the
total reads of bacteria at OLRs of 2.0–6.0 g VS/(L·d) (Table S2 and Figure S4A). For Bac-
teroidetes, the relative abundance increased to 49.96–65.76% with the OLRs raised to
2.5–4.0 g VS/(L·d), and then the values decreased to 39.03–58.47% with OLRs further
increased. For Firmicutes, the relative abundance reached 22.21–47.87% at OLRs of 4.0–
6.0 g VS/(L·d). Whereas the relative abundance of Proteobacteria and Chloroflexi both
decreased by 96%. For archaea, the dominant microorganisms, including Methanomi-
crobiales, Methanosarcinales, Methanobacteriales, and Desulfurococcales, accounted for
93.30–98.59% of the total archaea reads (Table S2 and Figure S4B). The relative abundance
of Methanomicrobiales reached a peak value of 74.17% at the OLR of 4.0 g VS/(L·d),
and then gradually decreased with OLRs further increased. The relative abundance of
Methanobacteriales increased to 13.43–26.09% as OLRs were raised to 4.5–6.0 g VS/(L·d).
The relative abundance of Methanosarcinales reached a high value of 51.84–61.15% at the
OLR of 2.0–2.5 g VS/(L·d), and then decreased to 9.92–19.51%.

At the genus level, the bacteria included Ruminococcus, Anaerophaga, Mariniphaga, Sac-
charofermentans, Bacteroides, Intestinimonas, Meniscus, Prevotella, Thermogutta, Puniceicoccus,
Clostridium, Geobacter, Smithella, Ornatilinea, Levilinea, Syntrophorhabdus, Syntrophobacter,
Syntrophomonas, Sedimentibacter, Proteiniphilum, Leptolineas, Aminivibrio, Anaerovorax, Pseu-
domonas, and Cloacibacillus. Among these bacteria, Ruminococcus, Anaerophaga, Mariniphaga,
Saccharofermentans, Bacteroides, Intestinimonas, Meniscus, Prevotella, Thermogutta, Puniceic-
occus, and Clostridium participated in the hydrolysis/acidogenesis phase of GM11. The
relative abundances of these bacteria varied as OLRs changed (Figure 1B–D). The relative
abundance of Ruminococcus ranged from 0.06 to 1.47%. Increases in the relative abundances
of Anaerophaga (a peak value of 1.79%) and Saccharofermentans (a maximum value of 9.72%)
were observed as OLRs increased to 6.0 g VS/(L·d), coupled with a decrease for Mariniphaga
and Meniscus.

Among the aforementioned bacteria, Clostridium, Intestinimonas, and Prevotella were
related to the accumulation of VFAs. The total relative abundance of these bacteria reached
5.05% with OLRs increased to 6.0 g VS/(L·d), coupled with a shift in the dominant bacteria
(Figure 1C). The relative abundance decreased by 96–99% for Clostridium sensu stricto as
OLRs increased to 6.0 g VS/(L·d), while the relative abundance increased for Prevotella,
Clostridium XlVa, and Clostridium III. For Prevotella, the relative abundance increased to
1.27–2.42%. For Clostridium XlVa and Clostridium III, the relative abundance increased
by 181–692% in comparison with values at OLRs of 2.0 and 6.0 g VS/(L·d). The results
showed that the increment in the concentrations of Pa and Ba of GM11 at higher OLRs was
attributed to the increase in the relative abundances of Prevotella, Clostridium XlVa, and
Clostridium III.

A steadily operated anaerobic digestion system or reactor is often accompanied by low
concentrations of Pa or Ba, which can be converted by Geobacter, Smithella, Syntrophorhabdus,
Syntrophobacter, and Syntrophomonas (Figure 1D). As the OLRs increased from 2.0–3.0 to 3.5–
6.0 g VS/(L·d), the relative abundance of these bacteria decreased from 4.35–9.85% to 1.04–
3.88%. Notably, the relative abundances of Smithella, Syntrophobacter, and Syntrophorhabdus
decreased by 96–99%, whereas the value of Syntrophomonas increased from 1.06% to 3.75%
as the OLRs were raised from 2.0 to 6.0 g VS/(L·d). Therefore, there was a shift in the
propionate/butyrate oxidization bacteria with OLR changed.

The genera Sedimentibacter, Ornatilinea, Proteiniphilum, Leptolineas, Levilinea, Intestin-
imonas, Aminivibrio, Anaerovorax, Pseudomonas, and Cloacibacillus contributed to the con-
version of nitrogen compounds during anaerobic digestion. The total relative abundance
of these bacteria ranged from 10.80 to 35.46% at OLRs of 2.0–6.0 g VS/(L·d) (Figure 2B).
Among these bacteria, Proteiniphilum became the primary protein-degrading bacteria as
OLRs increased, with the relative abundance reaching 13.54–25.05%. In contrast, the rela-
tive abundances of Ornatilinea, Levilinea, and Sedimentibacter decreased by 98%, 96%, and
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98%, respectively. The results indicated that the change in OLRs caused the succession of
bacteria related to the conversion of nitrogen compounds.

For GM11, the methane content averaged 50.26–57.95%. The formation of methane
was completed by various methanogens, including the genera Methanothrix, Methanolinea,
Methanobacterium, Methanospirillum, Methanomassiliicoccus, Methanosphaerula, Methanoculleus,
Methanomethylovorans, Methanoregula, Methanobrevibacter, and Methanosarcina (Figure 3). The
dominant methanogens varied as OLRs increased, suggesting that a shift in the methane-
forming pathway appeared. Methanothrix was the dominant methanogen at OLRs of
2.0–3.5 g VS/(L·d) and accounted for 36.34–60.88% of the total reads of archaea, indicating
that the acetoclastic mode was the main conversion pathway. When OLRs increased to
5.0–6.0 g VS/(L·d), the total relative abundance of hydrogenotrophic methanogens, includ-
ing the genera Methanolinea, Methanobacterium, Methanomassiliicoccus, Methanosphaerula,
Methanoculleus, Methanomethylovorans, Methanoregula, and Methanobrevibacter increased
to 26.77–34.01%, with a particularly notable increase in Methanobacterium. The relative
abundance of Methanothrix decreased to 5.63–14.12%.
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3.2. Performance, Process, and Microbial Community of GM31
3.2.1. GM31 Performance

For GM31, the system was in a steady state at OLRs of 2.0–6.0 g VS/(L·d). The
SBY ranged from 404.10 ± 38.93 to 538.79 ± 49.43 mL/g VS (Table 2, Figure S5A,B);
correspondingly, the SMY ranges were 233.48 ± 50.45–290.67 ± 30.33 mL/g VS. The VBY
increased from 1.08 ± 0.10 to 2.55 ± 0.26 m3/(m3·d) as the OLR increased (Table 2 and
Figure S5C). At an OLR of 7.0 g VS/(L·d), the system operated for 11 days before crashing
because of sludge bulking, with SBY and SMY of 387.78 ± 18.74 and 241.89 ± 11.69 mL/g
VS, respectively. During the process, the average pH ranges were 7.00–7.27 (Figure 4A and
Figure S6A). The total VFAs concentration achieved a maximum value of 2308.67 mg/L
at an OLR of 5.5 g VS/(L·d), with Aa, Pa, and Ba concentrations of 1206.99, 334.98, and
766.71 mg/L, respectively (Figure 4A and Figure S6C). The TAN concentration was less
than 509 mg/L (Figure 2C and Figure S6B). The VFAs/TA ratio ranges were 0.00–0.34,
whereas the IA/PA ratio ranges were 0.08–0.92 (Figure S7). The results of these process
parameters indicated that the system was in a stable state.

3.2.2. Changes of Microbial Community of GM31 during the Process

For GM31, the bacterial community at the phylum level was similar to that of the
GM11 system. The relative abundance of these bacteria reached 86.92–97.20% of the total
reads of bacteria (Table S3 and Figure S4A). As OLRs increased, the relative abundance
of Bacteroidetes and Firmicutes achieved a high value of 43.98–66.65% and 1.20–29.40%,
respectively. Whereas the relative abundance of Proteobacteria and Chloroflexi decreased.
The archaeal community was dominated by Methanobacteriales, Methanosarcinales, Metha-
nomicrobiales, and Desulfurococcales, which accounted for 88.73–98.33% of the total reads
of archaea (Table S3 and Figure S4B). As OLRs increased to 4.5–6.0 g VS/(L·d), the relative
abundance of Methanomicrobiales and Methanobacteriales increased to 49.02–63.09% and
8.22–14.90%, respectively, while a decrease for Methanosarcinales appeared.

At the genus level, the bacterial community of GM31 was similar to that of GM11,
coupled with the same bacteria participating in the VFAs accumulation, oxidation of Pa or
Ba, and conversion of nitrogen compounds. The total relative abundance for these bacteria
ranged from 32.01% to 69.43% at OLRs of 2.0–6.0 g VS/(L·d) (Figure 4B–D). For bacteria that
participated in the hydrolysis/acidogenesis phase, the relative abundance of Mariniphaga,
Meniscus, and Puniceicoccus decreased by 91–99% as the OLRs increased to 6.0 g VS/(L·d),
and the value of Saccharofermentans reached a maximum relative abundance of 4.01%.

The total relative abundance of bacteria contributing to VFA accumulation obtained a
value of 5.55% at an OLR of 6.0 g VS/(L·d) (Figure 4C). Meanwhile, the relative abundance
of Clostridium sensu stricto decreased by 96%, whereas the values of Prevotella, Clostridium
XlVa, and Clostridium III increased by 182–693%. Therefore, the main contributors to the
increase in Pa and Ba of GM31 at higher OLRs included Prevotella, Clostridium XlVa, and
Clostridium III.

For the bacteria contributing to the consumption of Pa or Ba, the total relative abun-
dance of these bacteria gradually decreased from 3.86–8.58% to 1.61–2.91% with OLRs
raised from 2.0–4.0 to 4.5–6.0 g VS/(L·d) (Figure 4D). Among these genera, the relative
abundances of Smithella, Geobacter, and Syntrophorhabdus decreased, whereas the value of
Syntrophomonas increased from 0.80% to 1.52%. The results suggested that a shift of bacteria
related to propionate/butyrate oxidation appeared as OLRs increased.

The total relative abundance of bacteria involved in the metabolism of nitrogen com-
pounds was 10.88–54.63% at OLRs of 2.0–6.0 g VS/(L·d) (Figure 2D). Proteiniphilum (50.88%)
became the primary protein-degrading bacteria as OLRs increased to 6.0 g VS/(L·d). Mean-
while, a decrease of 96%, 73%, and 89% in the relative abundance of Levilinea, Cloacibacillus,
and Sedimentibacter occurred.

For GM31, the average methane content ranges were 51.51–62.38% (Figure 5). The
communities of methanogens were similar to those observed in the GM11 system. As
OLRs increased to 4.5–6.0 g VS/(L·d), the relative abundance of Methanothrix decreased,
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whereas the values of hydrogenotrophic methanogens and Methanosarcina increased to
24.32–39.69% and 9.14–24.97%, respectively.
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3.3. Comparison of the Performance and Shift of Microorganisms at Different Mixture Ratios
and OLRs

Comparing the performance of the two systems, the mixture ratio of material could
influence the biogas yields of anaerobic digestion. For GM31, higher values of 3.37–17.80%
and 1.93–17.68% in VBY and SBY were obtained at OLRs of 2.0–5.0 g VS/(L·d) compared to
GM11. However, a decrease of 4.00–4.66% in the biogas yield appeared as OLRs increased
further. Moreover, an increase of 0.29–23.29% in methane yield for GM31 was observed at
OLRs of 4.5–7.0 g VS/(L·d), indicating that the mixture ratio also influenced the methane
content. Wei et al. [40] found that the biogas yield of maize straw co-digested with
cow manure averaged 613.8 mL/g VS at a mixing ratio of 1:1 and a feed concentration
of 15 g VS/L. The cumulative methane yield of co-digested cow manure and oat straw
reached 841.77 mL/g VSadded at optimum ratios of 1:2 [41].
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The same bacteria participated in the hydrogenesis/acidogenesis/acetogenesis phase
in both systems, coupled with similar change trends as OLRs increased. The bacteria related
to the hydrolysis of macromolecular organic matter, such as cellulose or hemicellulose,
included Ruminococcus, Saccharofermentans, Anaerophaga, and Mariniphaga. Ruminococ-
cus, a hydrolytic bacterium, can ferment cellulosic and hemicellulosic compounds [42].
Saccharofermentans converts polysaccharides and hexoses into lactate, fumarate, and ac-
etate [43]. Anaerophaga, a strictly anaerobic fermentative microorganism, shows xylanase
activity [44]. Mariniphaga, a facultative anaerobic bacterium, can ferment a variety of
polysaccharides [45]. For both systems, the relative abundance of Anaerophaga and Saccha-
rofermentans increased as OLRs increased, while a decrease was obtained for Mariniphaga
and Meniscus.

For both systems, the main contributors to the VFAs accumulation shifted from
Clostridium IV to Prevotella, Clostridium XlVa, and Clostridium III as OLRs increased. The
genus Prevotella is a main producer of Pa [46,47]. The genus Clostridium, particularly
Clostridium cluster XIVa, is a main producer of Ba [42,48]. The main bacteria for converting
Pa and Ba changed from Smithella, Geobacter, and Syntrophorhabdus to Syntrophomonas as
OLRs increased. Syntrophobacter, Smithella, Syntrophorhabdus, and Syntrophomonas have been
reported as propionate/butyrate oxidizers via syntrophic processes with methanogens [49],
and Syntrophomonas became the key bacteria at higher OLRs [50]. With the combination of
the variation in the bacteria related to VFAs accumulation and propionate/butyrate oxida-
tion, the genera Clostridium IV, Smithella, Geobacter, and Syntrophorhabdus are responsible
for VFAs production and consumption at low OLRs, whereas Prevotella, Clostridium XlVa,
Clostridium III, and Syntrophomonas became the dominant bacteria as OLRs increased.

For both co-digestion systems, there was a shift in protein-degradation bacteria that
appeared as the OLR changed. Proteiniphilum has the ability to convert peptone, arginine
yeast, glycine, and extract to NH3 and acetate [43,47]. Levilinea converts amino acids
to lactate, acetate, and H2 [47]. Ornatilinea ferments carbohydrates and polypeptides,
including microcrystalline cellulose, with the production of H2, ethanol, and acetate [51].
Sedimentibacter ferments proteins to produce VFAs through Stickland-type reactions [47].
Regarding the variation of relative abundance, the dominant bacteria included Ornatilinea,
Sedimentibacter, and Levilinea at an OLR of 2.0 g VS/(L·d), Ornatilinea and Levilinea at an OLR
of 2.5–3.5 g VS/(L·d), and Proteiniphilum with further increased OLRs. He et al. [52] found
that Proteiniphilum became the dominant genus in a system of digested kitchen waste.

For both co-digestion systems, the relative abundance of Methanothrix decreased
as OLRs increased, whereas the values of hydrogenotrophic methanogens, particularly
Methanobacterium, increased. Additionally, the relative abundance of Methanosarcina also
increased. The results indicated that a shift from acetoclastic to hydrogenotrophic or mul-
tifunctional methanogens appeared as the OLRs increased. Feng et al. [53] reported that
for a system in which MSW was digested with a COD concentration of 300–6000 mg/L
recirculation, the dominant methanogens shifted from acetotrophic Methanothrix to hy-
drogenotrophic Methanobacterium. Shi et al. [54] also observed that the methanogenesis
pathway shifted from acetoclastic to hydrogenotrophic when perturbations occurred in a
mesophilic reactor feeding the mixture of food waste and wheat straw.

In conclusion, an obvious effect of OLRs on the microorganism community was ob-
served for both co-digestion systems (Figure 6). The microorganisms responsible for the
hydrolysis/acidogenesis/acetogenesis phase of carbohydrate degradation, such as Saccha-
rofermentans, Prevotella, Clostridium, and Syntrophomonas, became the dominant microbes
as the OLR increased. Similarly, for conversion of nitrogen compounds, Proteiniphilum
and Levilinea became the dominant genera. For methanogens, the dominant genus shifted
from Methanothrix to hydrogenotrophic and multifunctional methanogens. Similarly, Kim
et al. [55] found that Petrimonas, Syntrophomonas, Proteiniphilum, and Fastidiosipila were the
dominant bacterial genera that contributed to hydrolysis and fermentation in a system
treating food waste-recycling wastewater.
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4. Conclusions

In this study, the possible links between the performance and microbial community of
hybrid Pennisetum co-digested with MSW were investigated. Overall, the mixture ratios
influenced the biogas yield, whereas a shift in the bacterial and methanogen communities
occurred as the OLR changed. Further, the systems were stably operated at OLRs of
2.0–6.0 g VS/(L·d). Compared with GM11, an increase of 1.93–17.68% and 0.29–23.29%
in SBY and SMY, respectively, were obtained for GM31. The genera Saccharofermentans,
Prevotella, Clostridium, Syntrophomonas, Proteiniphilum, and Levilinea participated in the
hydrolysis/acidogenesis/acetogenesis phase and became the dominant microbes as OLR
increased. Simultaneously, there was a shift from Methanothrix to hydrogenotrophic and
multifunctional methanogens.
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